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Abstract. The purpose of the present study was to 
evaluate the accuracy of peripheral quantitative com- 
puted tomography (pQCT) in measuring the thickness 
of the radial cortex. Thirty left forearm specimens were 
scanned on an XCT 960 Stratec pQCT device using a 2.5 
mm thick slice at the junction of the middle and the 
distal third of the radius. Cortical and trabecular areas 
were assessed using a threshoId procedure; cortical 
thickness was subsequently calculated assuming a circu- 
lar ring model for the radius. Cortical thickness was also 
measured on the true shape of bone using an iterative 
contour detection procedure. Subsequently 2.5 mm 
thick resin-embedded cylindrical radial specimens, 
matched with the site of pQCT examination, were 
obtained and contact radiographs were performed. 
After tenfold magnification, the cortical and trabecular 
areas of the specimens were measured using computer- 
ized planimetry and cortical thickness was calculated 
assuming a circular ring model. The cortical thickness 
could be assessed by pQCT in all cases using the 
threshold algorithm (mean (SD) 2.51 (0.58) mm) and in 
21 cases could be directly measured on the true shape of 
bone (2.62 (0.32) mm). The cortical thickness of the 
specimens showed good correlation and high proportio- 
nality with that measured using pQCT with either the 
threshold algorithm (r = 0.941, slope = 0.976) or the 
iterative contour detection procedure (r = 0.883, slope 
= 0.987). In conclusion, pQCT is able to assess the 
thickness of the radial cortex, at the junction of the 
middle and the distal third, with high accuracy. 
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Introduction 

In recent years there has been a growing awareness that 
trabecular osteopenia is not the only risk factor for 
osteoporotic fracture. More emphasis has been put on 
cortical bone [1], as it has been shown that small 
changes in the amount of compact bone make a large 
difference to bone strength [2,3]. An age-related thin- 
ning of the cortical wall has been incriminated as a 
potential mechanism for osteoporosis [4,5] and previous 
studies have attempted to assess the size of cortical bone 
at the level of either the second metacarpal [6], the 
radius [4,7], the femur [8] or the lumbar vertebrae [9]. 
Most of these studies were performed using quantitative 
computed tomography either in vivo [4] or on cadaveric 
specimens [7,9]. 

In the present study we studied the thickness of 
cortical bone at the junction of the middle and the distal 
third of the radius in 30 forearm specimens, using a 
Stratec peripheral quantitative computed tomography 
(pQCI') device. We assessed cortical thickness using 
two distinct procedures available on the pQCT software 
(threshold algorithm and iterative contour detection) 
and compared the values obtained with the thickness 
measured on resin-embedded specimens, using com- 
puterized planimetry on a contact radiograph after 
photographic magnification. Our objective was to 
evaluate the accuracy of pQCT in measuring the thick- 
ness of the radial cortex. 
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Materials and Methods 

Materials 

This study was performed on 30 left forearm specimens, 
excised from 30 cadavers obtained from the Anatomy 
Department of our School of Medicine. All cadavers 
had been preserved using an injection into the vessels of 
formalin solution. All were women (mean age 72 years, 
range 61-85). The cause of death was cerebrovascular 
insult (11 cases), heart failure (10 cases), acute infection 
(6 cases) and pulmonary embolism (3 cases). Malig- 
nancy, chronic infection, diabetes or treatment known 
to interfere with bone metabolism were not present in 
any of the cases. 

Methods 

defined. The cortical area thus defined is saved and all 
other voxels are eliminated. This software provides a 
direct measurement of cortical thickness, based on the 
true shape of the bone. The coefficient of variation, 
calculated on 10 measurements of two specimens as with 
the threshold algorithm procedure, is 1.1-1.4%. 

Preparation of the Specimens. The forearms were dis- 
sected after pQCT examination in order to obtain radius 
specimens. Five millimetre thick slices were cut with a 
diamond circular saw, each slice including in its central 
part the 2.5 mm thick region studied on pQCT, located 
using the metal pin. Every effort was made to cut 
perpendicular to the long axis of the radius. After 
removal of endosteal trabecular bone by grinding with 
carborundum paper, the specimens were embedded in a 
polyester resin. Subsequently the thickness was reduced 
to 2.5 mm. 

Peripheral Quantitative Computed Tomography 
(pQCT). All scans were performed using a newly 
developed specially built scanner (single energy pQCT: 
XCT 960, Stratec, Germany) with an X-ray tube (38.5 
kV) as the source of radiation (10). Computed torno- 
graphic single slice measurements (2.5 mm thick) were 
made at a site corresponding to one third of the length of 
the radius from its distal end. After completion of the 
scanning, a metal pin was screwed into the forearm 
specimen at the exact site of the scanned slice. Trabecu- 
lar and cortical density were assessed separately and 
expressed as milligrams hydroxyapatite of calcium per 
millilitre. 

Assessment of Cortical Thickness from pQCT Images. 
The cortical bone was separated from the trabecular 
bone using research software that included two different 
procedures: 

Threshold algorithm. This procedure separates the 
voxels by a chosen threshold density, all voxels with a 
lower attenuation coefficient than the threshold setting 
being eliminated. We decided to fix the threshold at a 
linear attenuation coefficient of 0.93 cm -1 to minimize 
the partial volume effect. The software measures the 
cortical area (A~) and the trabecular area (At); the 
cortical thickness (T~) is subsequently calculated - 
assuming a circular ring model for the radius - using the 
formula: 

rc=~/ (Zc + At) _ ~  

The reproducibility of cortical thickness evaluated from 
10 repeated measurements of two forearms is (coeffi- 
cient of variation) 1.0-1.2%. 

Iterative contour detection. With this procedure, the 
threshold attenuation coefficient is set automatically by 
the algorithm. The algorithm automatically finds the 
first voxel of bone edge, then looks at the neighbouring 
voxels to determine the next bone edge. This process is 
continued until the algorithm returns to the start point 
and the inner and outer contours of the cortical shell are 

Assessment of Cortical Thickness from Contact 
Radiographs of the Specimens. We performed contact 
radiographs of the 30 specimens (Fig. 1). We used a 
dedicated mammography device (CGR, Paris, France) 
and high-sensitivity films specifically devised for mam- 
mography. Radiographs were performed at 22 kV and 
20 mAs. One advantage of this method was that it kept 
the true dimensions of the specimen. Subsequently we 
performed a tenfold photographic magnification. In 
each specimen, the cortical area and the trabecular area 
were measured using computerized planimetry. An 
adapted version of the table code Applesoft written for 
an Apple graphic table coupled with an Apple II 
computer (Computerland, Brussels, Belgium) was used 
for planimetric analysis. Repetition of the procedure 
three times showed good reproducibility, the mean 
(SD) coefficient of variation on three consecutive mea- 
surements being 2.0 (1.2)%. Cortical thickness was 
subsequently calculated - assuming a circular ring 
mode l -  using the same formula as that used with pQCT 
image analysis. 

, ¢ ~ i ~  'N~' :~ ,k ~ ~i i :  ̧  ~ • 

Fig. 1. Contact radiograph of a resin-embedded specimen of radial 
cortex. 
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Fig. 2. Linear regression of the cortical thickness calculated by planimetry on the specimens, against the cortical thickness assessed during forearm 
examination with pQCT, using the algorithm threshold procedure. Both thicknesses are expressed as millimetres. 
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Fig. 3. Linear regression of the cortical thickness calculated by planimetry on the specimens, against the cortical thickness assessed during forearm 
examination with pQCT, using the iterative contour detection procedure. Both thicknesses are expressed as millimetres. 

Results 

Mean (SD) cortical thickness assessed on the forearms 
scanned with the Stratec pQCT device, using the thres- 
hold algorithm method, was 2.51 (0.58) ram. Using the 
iterative contour detection method, cortical thickness 
could be assessed in 21 cases, while the software failed 
to provide a measurement in the remaining 9 cases. In 
this subgroup (n = 21) mean (SD) cortical thickness was 
2.62 (0.32) mm versus 2.54 (0.50) mm using the thres- 
hold algorithm method and a circular ring model 
assumption. These two measures of cortical thickness 
showed close correlation (r = 0.942). 

Mean (SD) cortical density assessed on the forearms 
was 1259.6 (51.7) mg/ml using the threshold algorithm 
method and 1277.2 (65.2) mg/ml using the iterative 
contour detection method. The between-subject coeffi- 
cient of variation of cortical density was respectively 
4.1% and 5.1% with each method. 

Mean (SD) cortical thickness assessed on the speci- 

mens using planimetric analysis was 2.57 (0.60) mm. 
The regression lines of the cortical thickness of the 
specimens (y) versus that measured on the forearms 
using pQCT (x) are shown in Figs 2 and 3. Equations 
were y = 0.976 x + 0.12, r = 0.941 (threshold algorithm) 
and y = 0.987 x - 0.19, r = 0.883 (iterative contour 
detection). The standard error of the estimate was 
respectively 0.18 mm (7.2% of the mean) and 0.21 mm 
(7.6% of the mean). 

Discussion 

In the present study involving the thickness of cortical 
bone, we chose the radius as a bone containing a 
relatively high proportion of compact bone. Indeed in a 
previous study focused on the cortex of lumbar verte- 
brae we found that the measured thickness of a thin 
cortical wall using a segmentation procedure with 
quantitative computed tomography was heavily 
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influenced by the cut-off chosen for segmentat ion [9]. 
We decided to study the radius at the junction between 
its middle third and its distal third, rather  than at the 
ultradistal site usually assessed for routine mineral  
density examination [11], because studies based on area 
momen t  of inertia have suggested that this junction 
shows an increased vulnerability to fractures [7]. 
Fur thermore ,  we focused the study of bone size on 
cortical wall thickness, rather  than on cortical cross- 
sectional area, since it was recently shown in osteo- 
porotic patients that cortical thickness of the radius is 
substantially reduced, while cortical area is slightly 
increased [5]. 

The mean  cortical thickness measured in this study at 
the junction of the middle third and the distal third of 
the radius was 2.51 mm,  using the threshold algorithm 
method and a circular ring model  assumption. This 
result compares  well with that measured in two previous 
studies per formed with thin slice pQCT.  Indeed,  Rueg- 
segger et al. [4], using a Densiscan apparatus,  found a 
mean thickness of 2.35 mm,  while Hsu et al. [7], using a 
Picker International  Synerview 1200 SX, showed that 
the radial cortical thickness is constant around 2.8 m m  
in the middle third, but decreases towards the proximal 
and distal ends. Hangar tner  et al. [12] have emphasized 
that a constant density of compact  bone is necessary for 
the accurate measurement  of cortical thickness. In their 
experience the between-subject  coefficient of variation 
in cortical density ranges f rom 2.5% to 4.6%, depend- 
ing on the bone structure studied [12], while the coeffi- 
cient of variation in this study varied between 4.1% and 
5.1%. 

The design of the present  study included the cutting of 
cylindrical radial specimens, centrated on the level 
examined by pQCT,  embedding in a polyester resin, a 
further reduction to 2.5 m m  thick cylindrical specimens, 
contact radiography and finally computerized plani- 
metry  following photographic  magnification. This 
methodology was originally developed in our laboratory 
on lumbar ver tebrae  [9,13] and later successfully 
adapted to radial specimens. This procedure  allowed us 
to evaluate the accuracy of the Stratec p Q C T  in measur-  
ing cortical thickness, taking the thickness calculated 
f rom planimetric analysis of the contact radiographs of 
the specimens as the reference standard. We found that 
the thickness assessed by p Q C T  and that measured on 
the specimens showed a close correlation and a high 
proportionali ty.  Using the threshold algorithm pro- 
cedure, p Q C T  underes t imated cortical thickness by 
0.12 m m  on average,  probably  because using the 0.93 
threshold the calculated outer  contour is slightly smaller 

than the actual one. The iterative contour  detection 
method was able to provide a direct measurement  of 
cortical thickness, based on the true shape of the bone,  
without making any geometrical  assumption, but the 
procedure  failed in a minority of cases. Finally, it should 
be emphasized that this study involved the junction of 
the middle and the distal third of the radius and that 
extrapolation of our results to the ultradistal site usually 
assessed is currently not legitimate. 
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