
LABORATORY INVESTIGATIONS

Analysis of Trabecular Bone Structure with Multidetector Spiral
Computed Tomography in a Simulated Soft-Tissue Environment

Jan S. Bauer Æ Thomas M. Link Æ Andrew Burghardt Æ
Tobias D. Henning Æ Dirk Mueller Æ Sharmila Majumdar Æ
Sven Prevrhal

Received: 28 August 2006 / Accepted: 27 February 2007 / Published online: 23 May 2007

� Springer Science+Business Media, LLC 2007

Abstract We investigated the influence of soft tissue

(ST) on image quality by high-resolution multidetector

computed tomography (MDCT) scans and assessed the

effect of surrounding ST on the quantification of trabec-

ular bone structure. Eight bone cores obtained from hu-

man proximal femoral heads discarded during hip

replacement surgery were scanned with micro-computed

tomography (lCT) as well as with MDCT both without

(w/o) and with (w) simulated surrounding ST, where a

phantom imitated a human torso. Signal-to-noise ratio

(SNR) and contrast-to-noise ratio (CNR) were measured

in all scans. Apparent trabecular bone structure parame-

ters were calculated and compared to similar parameters

obtained in coregistered sections of the lCT scans.

Residual errors were calculated as root-mean-square

(RMS) errors relative to the lCT measurements. Com-

pared to lCT results, trabecular structure parameters were

overestimated by MDCT both w and w/o ST. SNR and

CNR were significantly higher in the scans w/o ST.

Significant correlations between lCT and MDCT results

were found for bone fraction (r = 0.90 w/o ST, r = 0.84 w

ST), trabecular number, and separation. RMS ranged from

10% to 15% for MDCT w/o ST and from 10% to 17% for

MDCT w ST. Only bone fraction showed significantly

different RMS and correlations for scans w/o vs. w ST

(P < 0.05). This study showed that MDCT is able to

visualize trabecular bone structure in an in vivo-like set-

ting at skeletal sites within the torso such as the proximal

femur. Even though ST scatter compromises image

quality substantially, the major characteristics of the tra-

becular network can still be appreciated and quantified.
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Introduction

Osteoporosis represents a major health problem, causing

more than 2 million fractures per year in the United States
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with a burden of $19 billion to the health-care systems in

2005 [1, 2]. On the microscopic level, bone is subject to a

constant remodeling or turnover process to adapt to

mechanical challenges or replace overly aged tissue,

consisting of bone resorption and subsequent formation.

In osteoporosis, higher net loss of bone at the remodeling

site then leads to deeper resorption lacunae, penetration

and even removal of whole trabeculae, and ultimately

compromised mechanical integrity. Prominent features of

increased bone turnover and resorption are therefore an

increase in trabecular separation (Tb.Sp) and decreases in

bone volume fraction (BV/TV), trabecular number

(Tb.N), and trabecular thickness (Tb.Th).

With the development of multidetector spiral computed

tomography (MDCT), spatial resolutions as well as imag-

ing speed have improved substantially, and in-plane spatial

resolutions of down to 300 lm are now clinically achiev-

able. This is close to the size and spacing of single tra-

beculae (50–200 lm and 1,000–2,000 lm, respectively).

In an experimental setting, micro-computed tomography

(lCT) provides even higher spatial resolution, usually be-

low 50 lm (synchrotron-based devices provide less than

1 lm), and is therefore able to display the true three-

dimensional (3D) trabecular structure in bone specimens

ex vivo [3].

Several studies have shown that the spatial resolution

of MDCT is poorer than required for measuring the size

of individual trabeculae but potentially sufficient for

assessing trabecular spacing and different texture proper-

ties of the trabecular network [4–8]. These studies were

able to improve the assessment of bone strength with such

structural measurements [4–8]. However, most of these

studies have either been performed at peripheral skeletal

sites or used bone samples without surrounding soft tissue

(ST). None of these studies has examined the effect of

surrounding ST on image quality and the ability to dis-

play trabecular structure, which can be quite substantial.

Since beam hardening and noise characteristics are

strongly influenced by the size and composition of the

whole scanned cross section and the trabecular dimen-

sions are at the spatial resolution limit of current CT

technology, a ST environment is expected to reduce

contrast, CT value homogeneity, and spatial resolution.

The effect on the quantification of trabecular structure is

yet unknown.

The aim of this study was therefore (1) to acquire

MDCT images of trabecular bone without (w/o) and with

(w) simulation of the ST environment to be expected

in vivo and (2) to analyze the ST effect on structural

parameters, analogous to standard histomorphometry,

using lCT measurements as a standard of reference.

Materials and Methods

Specimens

Four femoral heads were obtained from patients who

underwent total hip replacement surgery due to advanced

osteoarthritis. The study was performed in line with leg-

islative and institutional guidelines for human research.

Two cylindrical specimens with a diameter of 0.8 cm and a

length of 2.5 cm were harvested from each of the four

femoral heads. The specimens were placed in sealed and

labeled plastic tubes filled with saline solution and de-

gassed prior to MDCT for at least 24 hours. Between the

imaging procedures, the specimens were stored at –80�C;

before scanning, each specimen was allowed to thaw to

room temperature for about 18 hours.

lCT

Using X-ray-based lCT, 3D bone structure of whole ana-

tomic specimens can be measured nondestructively in a

reliable way [9]. High correlations between conventional

histomorphometric and 2D lCT analysis have been found,

and the method has been established as a standard of ref-

erence for the study of bone architecture [3, 10]. lCT was

carried out on a Scanco (Bassersdorf, Switzerland) lCT40.

A spatial resolution with a voxel size of 8 x 8 x 8 lm was

obtained, and the imaging time was approximately 4 hours/

specimen. Trabecular bone structure calculations from

these data sets were used as the gold standard for com-

parison with those derived from MDCT.

MDCT

Axial MDCT images of the femur specimens were ob-

tained with a standard 16-row MDCT (MX-8000; Philips

Medical, Cleveland, OH). Specimens were positioned on a

CT Calibration Phantom (Mindways Software, Austin,

TX), which was used as a CT number reference standard.

The phantom contained five rod-shaped inserts of solid

reference materials calibrated against K2HPO4/water

solutions that allowed for conversion of CT Hounsfield

units to K2HPO4-equivalent bone mineral density (BMD)

values.

Two scan protocols were employed: w and w/o sur-

rounding ST. The scans w/o ST simulation were performed

by placing the small water-filled plastic tubes containing

the specimens directly on the phantom. The tube current

was 120 kVp with 300 mAs/slice and a scan time of about

12 seconds/bone sample. A slice thickness of 0.8 mm was

chosen with an increment of 0.4 mm and a collimation of
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16 x 0.75 mm. Images were reconstructed with a high-

resolution ‘‘D’’ kernel at a very small field of view of 11.1

cm and a standard image matrix size of 512 x 512 pixel,

yielding an in-plane spatial resolution of 0.35 mm (50%

point spread function).

For the ST simulation, the specimens were placed in an

oval, special-purpose phantom, made of porcine muscles,

fat, and bone, equal to an average 75 kg person at the hip.

The design of the phantom was based on the evaluation of

several in vivo CT scans of patients at our institution

(Fig. 1). The scan protocol was similar to the one used in

the scans w/o ST. Just a larger field of view of 17.8 cm had

to be used, to cover both bone sample and calibration

phantom in one image. However, the spatial resolution

remained similar compared to the scans w/o ST as the

limiting factor for the spatial resolution was the modulation

transfer function. The modulation transfer function is

dependent on the radiation dose as well as the kernel used,

which were similar in both scan protocols.

Image Analysis

To perform the image analysis, the lCT and MDCT data

were transferred to a workstation equipped with software

developed in-house using IDL (Interactive Display Lan-

guage 6.0; ITT Visual Information Solutions, Boulder, CO,

USA). In a first step, image data sets were visually co-

registered. All regions available in the three image data sets

were used for further evaluation. To compare image

quality, signal-to-noise ratio (SNR) and contrast-to-noise

ratio (CNR) were calculated for every specimen and image

modality. In case of MDCT, SNR was defined as the mean

signal intensity of the bone specimen divided by the stan-

dard deviation of the background (air). In case of lCT,

SNR was defined as the signal intensity of bone divided by

the standard deviation of the background. The CNR was

calculated as the mean signal intensity of the bone minus

the mean signal intensity of the marrow space divided by

the standard deviation of the background. The CT signal

homogeneity (CTSH) was defined as the mean signal

intensity of water divided by the standard deviation of

water.

For quantitative evaluation of trabecular bone structure,

all images were binarized by absolute thresholding to bone

(‘‘on’’ pixels) and marrow (‘‘off’’ pixels). We applied a

global threshold to all images, which was optimized visu-

ally prior to all analysis procedures as described by other

researchers [6, 7, 11]. The aim of this optimization was to

match the structure revealed by MDCT in the binarized

images with the visual impression in the gray-scale images.

Due to partial volume effects, care has to be taken that

specimens with dense trabecular bone structure do not only

consist of ‘‘on’’ pixels and osteoporotic specimens still

show trabecular structure, thus not only ‘‘off’’ pixels. This

threshold was determined to be 157 g/cm3 hydroxyapatite

in case of the MDCT images w/o ST and 108 g/cm3

hydroxyapatite in case of the MDCT images w ST. This

hydroxyapatite threshold was reconverted to Hounsfield

units for every image using the CT calibration phantom. In

the lCT images, where no phantom was used, the best

threshold was chosen based on the bimodal histogram. It

was determined to be 8,000 in the lCT-specific gray-value

distribution. After binarization of the images with this

threshold, a circular region of interest (ROI) with a diam-

eter of 6 mm was selected for every slice in the center of

the specimen.

Four morphological parameters analogous to standard

bone histomorphometry were calculated within these ROIs.

The current standard of image processing to calculate these

parameters is 3D distance transformation. However, as the

slice thickness of the MDCT images was substantially

higher than the in-plane spatial resolution, parameters

could not be calculated using this simple method. There-

fore we used a plate-rod model proposed by Parfitt et al.

[12], which considers the different spatial resolutions and

assumes a plate-like bone structure [see also 13]. The

underlying computations were based on the mean intercept

length method [14]. For reasons of comparability, the same

method was used for the lCT data sets. This analysis was

performed with software built in-house using an IDL

interface [12, 15]. Parameters were calculated for every

single slice and then averaged for 1.2-mm-thick sections

containing three MDCT slices and the corresponding

150 lCT slices. The morphological parameters assessed in

Fig. 1 One of the CT slides (left) of the hip that were used as a

reference to build the phantom (middle). On the right is a

representative section of three specimens inside the phantom. Note

that the outer parts of the phantom are not visualized in this section

due to the limited circular reconstruction in high-resolution scan

mode
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this study were BV/TV (bone volume/total volume),

Tb.Th, Tb.N, and Tb.Sp. They were labeled apparent (app.)

as a model was used for the calculation [16].

Statistical Analysis

Mean and standard deviation were calculated for all 1.2

mm sections. The MDCT-derived parameters w and w/o

ST were correlated with the lCT parameters. The resulting

correlation coefficients were compared using Fisher’s Z-

transform to evaluate significant differences. Residual er-

rors of the predicted MDCT measurements were calculated

as root-mean-square (RMS) errors, in absolute values and

as a percentage of the mean lCT measurements. RMS

differences were tested for significance using analysis of

variance. The threshold for significance was P < 0.05 for

the whole study. All statistical computations were pro-

cessed using JMP 5.1 (SAS Institute, Cary, NC) and SPSS

(Chicago, IL) 11.5 software.

Results

In the eight analyzed specimens, 126 corresponding 1.2-

mm-thick sections were compared among the different

imaging modalities (Fig. 2). SNR was highest in the

MDCT images w/o ST (437, Table 1). It was eight times

lower in the MDCT images w ST (54.3) and lowest in the

lCT data (15.1). A similar trend was found for CNR

(Table 1). The signal homogeneity was five times higher

w/o ST compared to the scans w ST. The differences can

be appreciated in Figure 2.

As revealed by lCT, average app. BV/TV of all samples

was 0.19 (Table 2). There was a substantial variation

Fig. 2 Representative,

corresponding section from

specimen 7 obtained by lCT

(left), CT w/o ST (middle), and

CT w ST simulation (right).
Upper row represents

unprocessed image data; lower
row represents thresholded

images. Note the scattering

artifacts in the CT image w ST

that compromise image quality;

however, the major trabecular

characteristics are still visible

Table 1 Major image characteristics for the different scan protocols

(SNR, CNR, CTSH)

lCT MDCT MDCTsoft tissue

Spatial resolution in plane (mm) 0.008 0.35 0.35

Slice thickness (mm) 0.008 0.8 0.8

SNR 437 54.3

CNR 138 16.8

CTSH (%) 110 20.4

Table 2 Mean values and standard deviations of the structural

parameters of the eight bone specimens: relative difference factor

compared to lCT-derived parameters (in parentheses)

lCT MDCT MDCTsoft tissue

BV/TV 0.19 ± 0.06 0.28 ± 0.15 (1.5) 0.39 ± 0.12 (2.0)

Tb.N (1/mm) 1.79 ± 0.34 0.34 ± 0.10 (0.2) 0.37 ± 0.07 (0.2)

Tb.Sp (mm) 0.48 ± 0.11 2.26 ± 0.83 (4.7) 2.88 ± 1.15 (6.0)

Tb.Th (mm) 0.15 ± 0.01 0.83 ± 0.40 (5.7) 0.89 ± 0.37 (6.1)

Fig. 3 BV/TV for all 126 evaluated sections in the eight specimens

for the lCT (black), CT (dark gray), and CT w ST simulation (light
gray)
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throughout the sections, with a minimum of 0.06 and a

maximum of 0.37 (Fig. 3). This variation corresponded to

the location of the harvest site: the trabecular structure was

denser in the central region of the femoral heads compared

to the periphery. Comparing MDCT and lCT, app. BV/TV

was overestimated by MDCT by a factor of 1.5 w/o ST and

by a factor of 2.0 w surrounding ST (Table 2). Average

app. Tb.N was 1.8/mm as measured by lCT and was

underestimated by a factor of 5 by MDCT independent of

ST presence. Average app. Tb.Sp was 0.5 mm in the lCT

scans and overestimated by MDCT by a factor of 4.7 w/o

ST and by a factor of 6.0 w surrounding ST. Apparent

Tb.Th was 5.7 times higher in the MDCT scans w/o ST and

6.1 times higher in the MDCT scans w surrounding ST

compared to 0.15 mm in the lCT scans. This was the

largest relative difference between the lCT and MDCT

scans (Figs. 2 and 3).

Although the relative differences between parameters

obtained with lCT and MDCT were quite substantial,

significant correlations were found between the different

methods. MDCT showed the highest correlation with lCT

in case of app. BV/TV w/o ST (Table 3, r = 0.90). This was

significantly higher compared to MDCT w ST (P < 0.05, r

= 0.84). Lower but still significant correlation coefficients

were found for the parameters app. Tb.N and app. Tb.Sp

(both r = 0.76 w/o ST; r = 0.71 and r = 0.72, respectively,

w ST). For these parameters, the difference between scans

w and w/o ST was not significant (P > 0.05). No significant

correlation was found between lCT and MDCT for app.

Tb.Th for both scans w and w/o ST.

The RMS of the residual errors for MDCT are shown in

Table 4. In case of BV/TV, they were 13% in the scans w/o

ST and 17% in the scans w ST. This was the only

parameter showing a significant difference for MDCT w

ST as opposed to w/o ST. The RMS for the other param-

eters ranged from 10% to 15% for MDCT w/o ST and from

10% to 16% for MDCT w ST.

Comparing MDCT w and w/o ST, significant correla-

tions were found for all parameters, ranging from r = 0.85

for app. Tb.Sp to r = 0.70 for app. Tb.N (app. BV/TV r =

0.83, app. Tb.Th r = 0.82; all P < 0.05).

Discussion

In this study, we investigated the feasibility of trabecular

structure assessment with multirow-detector whole-body

CT. Although similar studies have been reported, this is the

first to our knowledge to investigate the feasibility of

structural measurements in a simulated in vivo scenario at

the proximal femur by including ST with associated loss of

spatial resolution and image contrast. The significant, ro-

bust correlations of trabecular architectural parameters

with lCT as the standard of reference indicate that MDCT

is able to reveal trabecular structure patterns in vivo, even

at skeletal sites within the torso such as the proximal fe-

mur. Even though scattering artifacts compromise visual

image quality substantially, the major characteristics of the

trabecular network still can be visualized and quantified.

The introduction of multirow solid-state detector tech-

nology in whole-body CT has recently improved CT per-

formance characteristics considerably [17, 18]. MDCT

scanners are providing much faster volume coverage.

Ultrahigh-resolution modes have vastly improved spatial

resolution, achieving near-isotropic in-plane and across-

plane spatial resolutions of down to 300 lm, making

MDCT clearly superior to standard CT for analyzing tra-

becular bone structure [5].

However, beam hardening and noise characteristics are

strongly influenced by the size and composition of the

whole scanned cross section. SNR and CNR decreased

about eightfold in the scans w ST in this study. The scat-

tering artifacts can clearly be appreciated in the presented

images. Efforts are under way to reduce these artifacts, but

problems remain in high-resolution imaging with limited

radiation dose [19–21]. At the same time, new CT systems

are being developed to further improve spatial resolution

[22].

Prior studies showed that high–resolution MDCT is

useful for evaluating trabecular structure in different ana-

Table 3 Correlation coefficients of the 126 evaluated sections of the

eight specimens between lCT and CT w and w/o surrounding ST

r (Pearson) lCT vs. MDCT lCT vs.

MDCTsoft tissue

MDCT vs.

MDCTsoft tissue

BV/TV* 0.90 0.84 0.83

Tb.N 0.76 0.71 0.70

Tb.Sp 0.76 0.72 0.85

Tb.Th n.s. n.s. 0.82

*Differences in correlation coefficients between CT w and w/o sur-

rounding ST were significant only for BV/TV (P < 0.05). n.s., not

significant

Table 4 Residual errors, calculated as RMS errors of the 126 eval-

uated sections in the eight specimens between lCT and CT w and w/o

surrounding ST

RMS error lCT vs. MDCT lCT vs. MDCTsoft tissue

BV/TV* 0.03 (13%) 0.03 (17%)

Tb.N (1/mm) 0.22 (12%) 0.23 (13%)

Tb.Sp (mm) 0.07 (15%) 0.08 (16%)

Tb.Th (mm) 0.01 (10%) 0.01 (10%)

Relative errors are shown in parentheses. *Differences in RMS errors

between CT w and w/o surrounding ST were significant only for BV/

TV (P < 0.05)
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tomic regions of the body [4, 5, 23, 24]. Cortet et al. [24]

showed that structural parameters of trabecular bone (app.

BV/TV, app. Tb.N, app. Tb.Sp) as determined from CT

images of the calcaneus correlate strongly with those

determined using histomorphometry under in vitro condi-

tions. Link et al. [4] found that structural parameters

determined in MDCT images of the distal radius may be

used to determine trabecular bone structure. Patel et al. [7]

calculated structural parameters from MDCT images of the

calcaneus acquired with four different protocols. Using

high-dose, high-resolution protocols, donors with and

without osteoporotic vertebral fractures could be differen-

tiated best. All these studies were performed at peripheral

skeletal sites.

Comparing different skeletal sites, weak correlations

were found for bone strength as well as for BMD [25, 26].

Thus, fracture risk should be determined at the site of

interest. In osteoporosis, clinically the most severe frac-

tures occur at skeletal sites within the torso, such as the

spine and the proximal femur [27, 28]. Several studies have

analyzed the trabecular structure of the central skeleton and

the proximal femur [5, 6, 8, 23, 29, 30]. Gordon et al. [23]

found that assessment of vertebral trabecular structure from

high-resolution CT images is useful in discriminating

subjects with vertebral fractures and potentially useful for

predicting future fractures in vivo. Bauer et al. [5] calcu-

lated structural parameters of vertebral specimens using

MDCT images. They found significant correlations with

structural measurements of lCT. Correlations with bio-

mechanical strength were significantly higher for structural

parameters than for BMD in that study. Although all these

studies showed the ability of MDCT to depict trabecular

bone structure, only one study used scans with surrounding

ST at the thoracic spine: Ito et al. [6] performed in vivo

scans of the thoracic spine in 82 postmenopausal women.

Using the derived structural parameters, patients with and

without vertebral fractures could be differentiated signifi-

cantly better compared to BMD calculated by dual-energy

X-ray absorptiometric measurements.

To our knowledge, so far, no study has yet analyzed

trabecular bone in in vivo scans of the lumbar spine or the

hip, where significantly more ST is present compared to the

thoracic spine. The hip especially is a site of major interest

in osteoporosis as fractures here have the most severe

health consequences for the patient [27, 28]. This study

collected first experience for potential in vivo MDCT tra-

becular bone imaging at the femoral head. Other skeletal

sites, like the femoral neck, the trochanteric region, and the

spine, still have to be investigated. Stauber and Muller [31]

revealed major differences in local bone morphology and

isotropy among different skeletal sites. However, as the

femoral head shows a high anisotropy and a high BMD, it

may be one of the most challenging skeletal sites to image

trabecular structure in vivo. On the other hand, the femoral

head proved to be the best-suited site to predict femur

strength using trabecular structural parameters [8].

In contrast to magnetic resonance imaging, MDCT can

be applied with less operator interaction and is thus well

suited for standardized and automated evaluation of tra-

becular and cortical bone. In particular the thresholding can

better be standardized as a calibration is possible with

specific phantoms. In recent MDCT studies, the threshold

was optimized visually just for the specific study. With this

approach, the range of structural patterns within one study

could be visualized best but a comparison between differ-

ent studies was not possible. Future research is needed to

provide a consistent and objective thresholding technique

for different MDCT studies.

Krug et al. [32] recently tried to visualize trabecular

structure of the hip using magnetic resonance (MR). De-

spite the use of a 3.0T MR scanner, SNR was still a major

problem and only a relatively low spatial resolution could

be achieved. The data of this study suggest that MDCT is

able to provide trabecular bone structure information: the

correlation between lCT and MDCT was high for three out

of four structural parameters in the scans w and w/o sur-

rounding ST equivalent. The parameters Tb.N and Tb.Th

showed no significant difference between the scans w and

w/o ST, concerning the correlation with lCT. In case of

BV/TV, the limitations introduced by the ST were visible:

the correlation with lCT decreased, while the residual er-

rors increased significantly. The range of the derived values

for BV/TV was smaller in the scans w ST, as demonstrated

in Figure 4 by the reduced slope in the regression curve.

The correlations found in this study, both w and w/o ST,

were in the same range compared to other studies, per-

formed without surrounding ST: Phan et al. [33] found

correlations between lCT-derived and MR-derived tra-

becular structural parameters of up to 0.87 for app. BV/TV

and of up to 0.79 for app. Tb.N. Bauer et al. [5] compared

lCT and MDCT data sets of the spine in 20 bone speci-

Fig. 4 Regression curves of bone fraction (BV/TV) for MDCT w ST

and w/o ST vs. lCT
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mens and found correlations of up to 0.89 for app. BV/TV

and of up to 0.91 for app. Tb.N. The parameter app. Tb.Th

did not show significant correlations between MDCT and

lCT. This was not unexpected as the average trabecular

thickness is below the used voxel size of MDCT. Other

studies had similar results [5, 34].

Due to the experimental setup of this study, some lim-

itations may have to be considered. First, some air was

present within the phantom and only a small bone volume

was analyzed; thus, the setup may not represent a truly

in vivo-like situation. However, the hip shows a high

anisotropy; as we wanted to minimize averaging effects of

the structural parameters within one analyzed volume, the

compared regions had to be small: 126 matching regions

seemed to be sufficient for this purpose. Second, only one

skeletal site was analyzed. Although the femoral head

seems to be the most challenging site for determination of

trabecular structural parameters in vivo, the results of this

study may not be applicable for different parts of the

proximal femur and other skeletal sites. The samples were

obtained from patients with osteoarthritis; thus, osteopo-

rotic bone was not analyzed specifically. In our experience,

apparent structural parameters can be calculated more

accurately in osteoporotic bone as trabeculae are less dense

and, thus, partial volume effects are less pronounced.

Third, only visual image registration was applied and ro-

bust image registration is required when analyzing tra-

becular bone at the whole proximal femur in vivo.

Automated software for this purpose is not yet available for

in vivo scans, but this work is currently in progress at our

institution.

In conclusion, structural analysis of the proximal femur

in an in vivo-like setting is limited by scattering artifacts

that substantially compromise image quality and result in

an eightfold decrease in SNR and CNR. However, the

major characteristics of the trabecular network can still be

appreciated and quantified. MDCT-based techniques

therefore have the potential to visualize and quantify tra-

becular structure in vivo at skeletal sites within the torso

such as the proximal femur.
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