Abstract
The MrF study investigates the pathogenesis of low trauma distal forearm fractures in men
and includes volumetric bone mineral density (vBMD) measurements at the ultra-distal
forearm as there are no current data. A standard 64 slice CT scanner was used to determine
if it was possible to adapt the existing Mindways QCT Pro software for measuring vBMD
values at the hip and spine sites. For calculation of intra- and inter-observer reliability 40
forearm scans out of the 300 available were chosen randomly. The images were analysed
using the Slice Pick module and Bone Investigational Toolkit. The 4% length of the radius
was chosen by measuring the length of the radius from the scaphoid fossa distally to the
radial head. The acquired image then underwent extraction, isolation, rotation and selection
of region of interest in order to generate a report on vBMD. A cross-sectional image was
created to allow the generation of data on the cortical and trabecular components
separately. Repeat analyses were undertaken by 3 independent observers who were
blinded as to whether the image was from a participant with or without fracture. The
images were presented in random order at each time point. The following parameters were
recorded: cortical cross sectional area (CSSA), total vBMD (TvBMD), trabecular vBMD
(TrvBMD) and cortical vBMD (CvBMD). Data were analysed by calculating intra-class
correlation coefficients for intra- and inter-observer reliability. The lowest values occurred at
the CvBMD with intra-observer reliability of 0.92 (95% CI of 0.86 to 0.96) and inter-observer
reliability of 0.92 (95% CI 0.89 to 0.96). All other parameters had reliability values between
0.97 and 0.99 with tighter 95% CI than for CvBMD. The method of adapting the Mindways
Pro software using a standard CT to produce vBMD and structural data at the ultradistal
radius is reliable.
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Introduction
The MrF study was conceived to improve the understanding of low trauma distal forearm
fractures in men. The study included measurements of areal (aBMD) and volumetric bone
mineral density (vBMD) at the spine, hip and ultradistal and distal one-third radius. We have
published data showing significantly lower aBMD at all measured sites in fracture compared
with aged-matched control subjects. The greatest percentage reduction in aBMD compared
with controls was at the non-fractured ultra distal forearm, which was also the best
predictor of fracture (1). Dual energy x-ray absorptiometry (DXA) provides very limited
structural information and cannot distinguish between cortical and trabecular bone
compartments. At the forearm these data can be obtained from dedicated peripheral
quantitative computed tomography (pQCT), but these are expensive and only available at
specialist centres. Schneider et al. have published forearm pQCT data in 107 women with
forearm fractures compared with controls, but there are no data in men with forearm
fractures (2).

In the absence of pQCT, it was decided to utilize a standard 64 slice CT scanner and to
determine if it was possible to adapt existing software to obtain reliable forearm
measurements. Such an approach has been used before by Engelke et al. (3) in
postmenopausal women. They found that measurements derived this way had precision
errors less than 3% compatible with known skeletal QCT technology precision and that there
was strong correlation between QCT and DXA for BMD and bone mineral content (BMC) at
between r=0.55 to 0.80 (3).

2

The Mindways QCT Pro software is well-established software for deriving vBMD and
structural data at the hip and spine from a standard spiral CT scanner. Our paper describes a
novel method to adapt the Mindways QCT Pro software to derive QCT data on volumetric
bone density and structure at the ultra-distal forearm from a standard 64 slice CT scanner
and evaluates intra- and inter-observer reliability, which have not previously been reported.
Materials and Methods
The forearm CT scans were chosen from those which were acquired as part of the
pathogenesis of Male distal forearm Fracture study (The Mr F Study). This study compares
100 Caucasian men over the age of 50 years with fragility distal forearm fracture (Fracture
Group) with age-matched healthy men without distal forearm fracture (Control Group) from
the same geographical area. The study has been approved by the National Research Ethics
Committee North East, UK (REC reference 10/H0908/15). All subjects provided written,
informed consent. The details of the study design and subjects have been given previously
in our earlier paper, which gives the results of aBMD measurements from the Mr F study (1).
The current paper gives the results of the first QCT data arising from the study.
The main outcome measure for the study was measurement of the difference in cortical
cross-sectional area at the ultra-distal forearm between fracture and control groups. The
main secondary outcomes were differences in vBMD, bone structure and geometry of the
distal forearm measured by QCT. There were no data available in men at the time of

designing the study and so power calculations were based on data published by Schneider
et al. (2) in women with and without forearm fractures. The significance level was set at
p<0.05, requiring 60 subjects at a power of 90% to detect a statistically significant difference
in mean cortical area of 22.9mm2 and 40 for differences in trabecular vBMD of 33.6
mg/mm3. A total of 100 subjects were needed in each group to detect a statistically
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significant difference in mean Cartesian and polar moments of inertia at a power of 80% of
0.629 cm4 and 1.794cm4 respectively.

All participants underwent a CT of the forearm, with both forearms being scanned in the
control group and the non-fractured arm in the fracture group. Forty forearm scans (20 right
and 20 left forearms) out of the 300 available scans were randomly selected for analysis.
The CT scans of the forearm were performed on a whole-body spiral GE Lightspeed scanner
(GE Healthcare) and images processed using the QCTProTM software Version 4.2.3
(Mindways Software, Inc, Austin, Texas, USA). The participants were positioned on the CT
table prone with the scanned arm extended above their head (“superman position”). The
forearm was placed on top of the CT calibration phantom (Model 3, Mindways Software,
Inc., Austin, Texas, USA) with a gel-filled bolus bag used between arm and phantom to
improve coupling. The arm was aligned to the long axis of the CT table. The forearm was
scanned from mid-carpus to the olecranon. Scans were performed at a set table height
(189.0 cm) with 120 kVp, at 50mA with the current altered between 47 to 51mA according
to patient size using the CT scanner’s SmartmA function. The scan field of view was 500mm,
with a pixel matrix size of 512 giving a spacial resolution of 0.98 lp/mm. Images were
acquired at 0.625mm slice thickness and saved directly from the CT scanner onto CD Rom in
DICOM format. A QA characterisation study was performed at the beginning of the study
and QA monitoring studies were carried out before every CT session using the provided QA
phantom (Mindways, Texas, USA).

Images were uploaded into the QCTProTM software and analysed using the method as
described below. To analyse those images the Slice Pick module and Bone Investigational
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Toolkit (BIT) available as an add-on to the software were used. The Slice Pick module
displays the anterior-posterior (A.P.) and lateral reconstruction images of the forearm which
were used to identify and isolate a series of image slices in the distal forearm. For the
purpose of this study two regions of interest in the forearm were chosen with the aim to
match the commonly defined regions of interest (ROIs) used for DXA BMD measurements at
the forearm: the ultra-distal (UD) site and the distal one-third (1/3) site. In DXA these regions
are defined by measurement of the ulnar length, but there was too much ulnar variance for
this to be reliable. Therefore, the radial length from the scaphoid fossa to the radial head
was used. The two ROIs centered around 4% and 33% of the overall radial length measured
from the scaphoid fossa in the distal radius to the radial head (figure 1). The image series
was set between level markers 9% length either side of the 4% marker and 12% either side
of the 33% marker. The selected images were then saved as two separate QCT files for
further evaluation of volumetric bone mineral density and cross-sectional analysis (figure 2).

Areal and volumetric BMD
The image analysis for measurement of areal and volumetric BMD at both forearm sites was
performed using the QCT PROTM Bone Investigational Toolkit (BIT) in the sequence of steps
given by the software module.
1. Image Extraction: The “Extraction” screen (Figure 3) shows the axial images of the chosen
forearm area and the CT calibration phantom available for each participant. A box is placed
around the phantom (“phantom box”) and a second box placed with its central crosshair in
the middle of the radius as visible in the most proximal slice (“forearm box”). Both boxes are
automatically placed by the software, but manual adjustments were made if necessary. The
software then automatically extracts the chosen forearm bones.
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2. Isolation: The “Isolation” screen (Figure 4a and 4b) displays images of the chosen forearm
area in three planes - axial, sagittal and coronal. The software automatically isolates bone
from none bone image data, but further manual adjustments can be made, e.g. to trim
excess soft tissue and fill holes within bone. Images degraded by artefacts or excess patient
movement were excluded from the analysis.
3. Rotation: The “Rotation” screen displays images of the isolated bones of the forearm in
three planes - axial, sagittal and coronal. Intersection crosshairs, which are visible in all three
images and reference lines, are used to achieve the correct rotation of the images. Initial
rotation is performed automatically by the software and further correction carried out
manually. For both UD and distal 1/3 site the axial image is first aligned so that radius and
ulna are placed parallel to the horizontal reference line. The yellow crosshair is then placed
in the centre of the radius which allows good visualisation of the radius in the other planes.
The coronal and sagittal images at both sites are then rotated so that the ulnar and radial
shafts are parallel to the vertical reference line.
4. Region of interest (ROI): The BIT toolkit includes a software module called CTXA Hip BMD
Application Module, which automatically generates a projection image based on the chosen
rotation. The “ROI” screen (Figure 5a and 5b) shows three different projection images: CT
Value Projection, Volume Projection and Surface Rendering. The Surface Rendering image
provides the best geometry visualisation and is therefore most suitable to aid correct
placement of the ROI. The ROI is shown as a rectangular box of 15 mm height and
automatically placed by the software. At the UD distal site the ROI box was found to be
automatically placed into the centre of the image and therefore contained the 4% region of
the distal radius. No further adjustment was therefore necessary. At the distal 1/3 site the
automatically placed ROI box was not placed in the correct anatomical region of the forearm
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and was therefore manually placed into the centre of the imaged radius, containing the 33%
region of the radius in the centre of the ROI box. The radius was isolated from the ulna at
both sites by reducing the size of the ROI box to only include radial bone. The software
further gave the option to isolate the largest bone within a cross-section of the image
further ensuring that only radial bone was included in the analysis.
5. Results and Report: The “Results” screen displays the areal and volumetric BMD results as
well as mass, area and volume for the chosen site, i.e. UD and distal 1/3 site of the radius,
and provides separate data on cortical, trabecular and total bone area.

Cross-sectional analysis

A cross-sectional image was created at both sites using the BIT module toolkit. The software
automatically places this image within the previously chosen ROI, but may need some
adjustment at the UD site to remove overlap with the ulnar. The software provides options
to view bone only and isolate the largest visible bone to ensure that the cross-sectional
image produced contains the radius only. The generated cross-sectional images were divided
into 16 sectors for the purpose of sectional analysis. It provides data on cortical crosssectional area, cortical thickness and strength parameters across the bone and for each of
the 16 sectors as shown in figure 6 at the UD radius.

As the software is not routinely used to analyse forearm images it was necessary to set a
cortical threshold. The cortical shell at the distal radius can be very thin, in particular on the
radial side and an incomplete cortical shell may be presented if the threshold is too high and
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conversely result in misclassification if set too low. Thresholds between 250 and 450 mg/cm3
were tried and the best compromise felt to be 350mg/cm3.

Reliability of QCT forearm analysis

The QCT analysis of the ultradistal forearm using the QCT PROTM software has not previously
been published. The reliability of the method was therefore unknown. The aim of this paper
is to establish that the method described above delivers reliable measurements intra- and
inter-observer variability for the primary and secondary outcomes of the study at the UD
radius: cortical cross-sectional area (CCSA), total vBMD (TvBMD), trabecular vBMD (TrvBMD)
and cortical vBMD (CvBMD) at the ultra-distal radius site.

An initial small random sample of 20 image analyses of the ultradistal radius were
performed and re-analysed after 14 days by the same observer A. Images were presented in
random order at both time-points. The 20 images consisted of 10 right forearm and 10 left
forearm images. This preliminary work measured the cortical cross sectional area in mm as
this was felt to be the most difficult to reproduce due to the thinness of the cortex in the UD
radius. The standard deviation data were used to establish if the method developed was
likely to be reliable enough to proceed to a larger sample size for intra-and inter-observer
reliability.
Subsequently, a further 40 images were chosen to develop intra- and inter-observer error
values for the method. To ensure reliability, the analysis contained images of the right and
left forearm as well as images from participants with and without fracture. The 40 images
consisted of 10 images each from right and left forearms from participants with fracture as
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well as 10 images each from right and left forearms from participants without fracture.
Images were chosen using random numbers generated in Excel.

Three independent observers analysed all images at two different time points at least three
weeks apart. Each observer came from a different clinical background (Observer A orthopaedic specialty doctor, Observer B - radiology registrar, Observer C - rheumatology
registrar). Observers were blinded as to whether the image was from a participant with or
without fracture and images were presented in random order at each time point. All
observers performed the complete image analysis including picking the relevant slices of the
forearm, performing image rotation and placement of ROI and choosing the cross-sectional
slice for analysis. The obtained data were analysed by calculating intra-class correlation
coefficients (ICC) for intra- and inter-observer reliability using the method described by
Hayen et al. (4). Intra-observer reliability determines the degree to which measurements
taken by the same observer agree and inter-observer reliability determines the degree to
which measurements taken by different observers are correlated. The statistical model
assumed was a two-way random effects ANOVA where subject, rater and time were each
represented by a random effect. The ICC measures the correlation in the measurements of
any two observers at a given time point. The estimate of this with 95% confidence intervals
was obtained by fitting to the data two-way random effects ANOVA where subject and rater
were the random effects.

Results
The preliminary work done by observer A on an initial analysis of 20 randomly chosen
forearm images the standard deviation of the intra-observer reliability for this pilot sample
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was small at 0.020 mm with a 95% CI (0.016, 0.027). This was felt to be sufficiently low to
make further work on intra- and inter observer error to be viable.
The process was then repeated for a further 40 images using the three observers in order to
calculate intra- and inter-observer reliability and these results are shown in Table 1. The
intra-observer reliability was high showing excellent agreement within observers, varying
between 0.92 for CvBMD to 0.99 for TvBMD and TrvBMD. Also, the inter-observer reliability
was high demonstrating excellent agreement between observers, varying between 0.92 for
CvBMD to 0.99 for TvBMD and TrvBMD. The means, standard deviations and CV values for
the four bone parameters as assessed by the three observers on two occasions are given in
table 2. The high values of ICC for both show that image analysis to extract the four bone
parameters may be done reliably.

Discussion

The reliability analysis has shown that the method of adapting the QCT Mindways Pro
software to produce volumetric BMD and structural data at the ultra-distal radius is reliable
with a high degree of intra- and inter-observer agreement. Engelke et al. found that CT
derived measurements at the radius had precision errors less than 3% and that there was a
strong correlation between QCT and DXA for BMD and bone mineral content (BMC) at
between r=0.55 to 0.80 (3). The combination of data from these two studies suggest that
the method of using standard CT in conjunction with appropriate phantoms and adaption of
existing software can be used with confidence.
In our study the intra- and inter-observer reliability by ICC were poorest at the CvBMD. This
may be because the cortex, especially in fracture subjects, can be very thin. CvBMD at the
ultra-distal radius has previously been reported as lacking discrimination between fracture
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and control subjects (2). This has been attributed to the thin cortex at this site resulting in
substantial partial volume effects (2, 5-7).
Major contributors to precision error at this site are operator variability and reproducibility
of location for the region of interest for longitudinal and cross-sectional studies (8-10).
Bonaretti et al. demonstrated in 30 subjects that scan positioning errors had a large impact
on the results of pQCT at the ultra-distal radius and in particular the scan localization
process (9). By good training they were able to improve the intra- and inter-operator
reproducibility considerably.
Bonaretti et al. in a subsequent article also showed that comparability of pQCT bone
measurements was improved by scanning anatomically standardized regions (10). The
variability of the length of the radius introduces significant differences in pQCT
measurements between individuals. This bias was greatest for the radius compared with the
tibia and in particular at cortical bone with up to 19.5% differences in cortical thickness.
They concluded that pQCT should be performed at a standard percentage of total bone
length to avoid substantial measurement bias. At the ultradistal radius it was recommended
to use the 4% length just as has been done in our paper (10).
This study is limited to adult male Caucasians over the age of 50 years. The MrOs study has
clearly demonstrated that differences in bone structure exist in men from different ethnic
backgrounds (11). The method would therefore need to be validated in different ethnic
groups, age ranges and in females. In postmenopausal women pQCT of the distal radius
trabecular bone had a poor correlation with other sites (lumbar spine and hip
measurements by DXA and QCT), but had a strong correlation with DXA ultra-distal BMD:
r=0.62, p=0.0001 (12).
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A further limitation to the widespread clinical use of the technique would be the effective
radiation dose. A forearm areal DXA measurement would deliver approximately 0.004 mSV,
whereas QCT at the forearm is in the order of 10 fold higher at 0.046 mSV (13,14). This
compares with 0.01-0.03 mSV for p-QCT (13,14). However, DXA is only 2 dimensional and
can easily be confounded by differences in bone size as may be found when comparing
races, genders or in paediatric scanning (14). DXA can also not reveal anything about the
underlying structural changes that explain the BMD recorded QCT or pQCT techniques may
therefore be useful in these situations. DXA can also not reveal anything about the
underlying structural changes that determine bone strength. There are therefore some
conditions where DXA does not seem to adequately explain fracture risk, e.g. diabetes
mellitus types 1 and 2 (15). QCT may also have some advantages over p-QCT as it can be
used to measure not just peripheral sites, but also spine and hip thereby allowing
measurements of sites of particular interest in terms of fracture and of varying metabolic
activity. Whereas, p-QCT can only measure appendicular bones, such as radius or tibia that
have low metabolic activity (14).

Conclusions
This paper has demonstrated that it is possible to adapt the Mindways Pro QCT software to
produce volumetric BMD and structural data at the ultradistal radius in men. The method is
reliable with good intra- and inter-observer reliability as measured by ICC providing
confidence in the ability to undertake forearm volumetric data analysis using existing
standard CT scanners. Future work will be required to compare the measurements obtained
using this methodology with those from standard DXA and dedicated peripheral QCT
devices, as well as its utility in fracture discrimination and diagnostic classification.
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Table 1. Intra- and inter-observer errors
Intra-observer reliability (95% CI)

Inter-observer reliability (95% CI)

CCSA

0.984 (0.970, 0.991)

0.970 (0.953, 0.983)

TvBMD

0.992 (0.985, 0.996)

0.991 (0.986, 0.995)

CvBMD

0.924 (0.858, 0.958)

0.924 (0.893, 0.958)

TrvBMD

0.991 (0.983, 0.995)

0.991 (0.986, 0.995)

Table 2. Means, standard deviations (SD) and coefficients of variation (CV)
CCSA
Mean

SD

CV

A_BH

1.146

0.201

17.522

B_BH

1.142

0.209

18.260

A_MS

1.163

0.222

19.088

B_MS

1.151

0.219

19.050

A_BM

1.151

0.219

19.002
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B_BM

1.168

0.230

19.668

Mean

SD

CV

A_BH

218.9

34.575

15.792

B_BH

220.7

35.167

15.938

A_MS

220.3

34.993

15.885

B_MS

219.0

35.089

16.024

A_BM

220.7

34.973

15.849

B_BM

221.1

35.023

15.839

Mean

SD

CV

A_BH

502.7

23.687

4.712

B_BH

500.4

24.494

4.895

A_MS

505.1

26.355

5.218

B_MS

499.1

24.663

4.941

A_BM

499.5

24.616

4.928

B_BM

502.8

26.631

5.297

Mean

SD

CV

A_BH

161.9

23.451

14.488

B_BH

163.1

23.014

14.110

A_MS

161.7

23.073

14.266

B_MS

162.4

23.089

14.221

A_BM

163.0

23.205

14.240

B_BM

162.6

23.399

14.387

tvBMD

cvBMD

trvBMD
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Figure 1. Picture (planar) of Slice pick overview with length measurement antero-posterior
(AP, on left) and lateral (on right)

Figure 2. Slice pick determination of distal forearm region (planar, AP)

Figure 3. Picture of extraction screen UD and 1/3 (cross-sectional and axial)

Figure 4. Isolation Screen UD (a) and 1/3 radius (b). Images are cross sectional and from left
to right are: axial, sagittal and coronal.
4a.

4b.

Figure 5. Picture of ROI placement at UD (a) and 1/3rd radius (b). Images are cross sectional
and coronal.
6a.

6b.

Figure 7. Picture of cross sectional analysis UD. Images are cross sectional and axial.

