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Abstract. High definition macroradiography was used to 
provide an image of the detailed structural organization of 
the cancellous bone in human lumbar vertebrae. The fractal 
signature analysis (FSA) method was used to quantify the 
horizontal and vertical trabecular organization recorded 
within the image. Comparison of the FSA of the postero- 
anterior and lateral macroradiographs in postmortem lumbar 
vertebrae showed that neither the superimposition of the 
neural arch nor the radiographic angle affected the trabecu- 
lar measurement within the vertebral body. FSA analysis of 
the trabecular structure measured from the macroradio- 
graphs of lumbar vertebrae in two groups of postmenopausal 
women, with high and low bone mineral density (BMD), 
showed that the large vertical trabecular structures corre- 
lated with the women's  body weight (P < 0.01-0.03) and 
body mass index (P < 0.005-0.05), the fine horizontal struc- 
tures correlated with the women's age (P < 0.005-0.05), and 
fine vertical trabecular structures were significantly greater 
(P < 0.005-0.05) in the low compared with the high BMD 
group. 
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Osteoporosis can be defined as " a  decrease in bone mass 
and strength leading to an increase in fracture" [I]. Although 
this definition requires fractures to have occurred before the 
condition is identified clinically, low bone density will have 
been present for some time. The need to identify those pa- 
tients at risk of  fracture has been helped by the development 
of a number of techniques for determining bone mineral den- 
sity (BMD) [2, 3]. However, recent studies [4] have indi- 
cated that these measurements alone may be insufficient in 
determining the strength and solidity of  cancellous bone, and 
that other techniques are needed to assess factors such as 
the trabecular architecture [5, 6] and to determine the rela- 
tionship to the bone's  mineral density and strength. 

We report the results of  a new method for quantifying the 
trabecular organization within human lumbar vertebrae. The 
detailed organization of  the bone was recorded by high def- 
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inition macroradiography [7, 8] and quantified using a re- 
cently developed method of fractal signature analysis (FSA) 
[9, 10]. The advantage of combining these two techniques is 
that the former records with unusually good resolution the 
fine detailed structural organization of cancellous bone, 
which is then quantified by FSA. Fractal analysis measures 
the degree of 'roughness' of an image of those structures, 
and also quantifies the change in roughness with alterations 
in spatial scale [11]. Self-similar images (looking the same at 
all magnifications) [12] are said to be 'fractal' and have as- 
sociated with them a fractal dimension, between two and 
three for a surface [11]. When the pattern of a structure has 
altered at a particular size or sizes so as to be no longer 
self-similar, the 'fractal signature' of its image quantifies the 
alteration in the fractal dimension of the structure, and the 
size(s) at which those changes have occurred [9, 10]. The 
fractal dimension, and similarly the fractal signature, has no 
units as it is calculated from the ratio of two areas [11]. The 
fractal dimension of cancellous bone assesses the composite 
nature of the tissue, which is determined principally by tra- 
becular number, spacing, and cross-connectivity [!3], fea- 
tures referred to here as trabecular structures. The method 
of FSA provides more information than the mean fractal 
dimension employed by previous investigators [10, 11] 
which only quantifies the overall appearance of cancellous 
bone, whereas FSA measures separately the fractal dimen- 
sion of the horizontal and vertical trabecular structures 
within the cancellous bone [9, 10] and quantifies how the 
fractal dimension varies with the size of the structures. 

Our own [9, 101 and previous studies [14, 15] have shown 
that fractal analysis appears to be a robust method which is 
independent of a range of factors that are susceptible to vari- 
ation during routine radiographic procedures: the effect of 
radiographic magnification and projection geometry [9, 10, 
15], changes in object or patient position [%15], and varia- 
tions in the sensitometric properties of radiographs such as 
film contrast and mean density [9, 10, 15]. 

Two investigations were carried out in this study. The 
first was undertaken on postmortem lumbar vertebrae to as- 
sess the effect of superimposition of the neural arch on the 
FSA measure of cancellous bone organization within the 
vertebral body. In the second study, a comparison was made 
of the FSA obtained from the lumbar vertebrae between two 
groups of postmenopausal women, one with high and the 
other with low bone mineral density, to determine whether 
this method could detect differences in the trabecular orga- 
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Table l. Details of the number of early postmenopausal women allocated to the groups with high and low BMD 
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All patients (n = 47) High BMD group (n = 28) Low BMD group (n = 19) 

Mean SD Range Mean SD Range Mean SD Range 

Age (years) 54.1 3.2 42-60 53.6 3.5 42-58 54.9 2.5 49-60 
Weight (kg) 65.6 11.2 47-99 65.8 10.6 47-92 65.5 12.2 48-99 
Height (m) 1.61 0.07 1.47-1.77 1.60 0.07 1.50-1.75 1.62 0.08 1.47-1.77 
BMI (kg m -2) 25.5 4.2 19.4-36.4 25.8 4.3 19.4-35.9 25.1 4,3 19.%36.4 
Time since last menstrual 

period (months) 53.3 9.5 31.0-71.0 54.5 8.6 38.0-71.0 51.6 10.7 31.0-70.0 

Table shows the mean (SD) and range for the age, weight, body mass index (BMI), and time since last menstrual period 

niza t ion.  Fu r the r ,  the  F S A  for  hor i zon ta l  and  ver t ica l  tra- 
becu la r  s t ruc tu res  was  c o m p a r e d  wi th  the  w o m e n ' s  demo-  
graphic  da ta  to d e t e r m i n e  w h e t h e r  any  assoc ia t ion  exis ted  
b e t w e e n  height ,  weight ,  b o d y  mass  index  (BMI) ,  age, and  
ve r t eb ra l  B M D  and  the  ve r t eb ra l  t r abecu la r  o rganiza t ion .  

Materials and Methods 

Experimental Procedure 

Ten, clean and dry postmortem human lumbar vertebrae, with no 
obvious pathology, had high definition macroradiographs [7, 8], 
taken in the lateral and postero-anterior (P-A) views at x4 magnifi- 
cation. The vertebrae were grouped in threes and held together in 
the anatomical position with an elastic band around the pedicles. 
The bodies of each vertebra were separated by foam pads in place of 
intervertebral discs. A 15-cm water bath was used as a soft tissue 
substitute. A steel ball (2 mm in diameter) was placed alongside the 
vertebrae for the accurate assessment of radiographic magnification. 
In addition, BMD measurements for each vertebral body were ob- 
tained by dual energy X-ray absorptiometry (DXA), using the Ho- 
logic QDA-1000. 

Clinical Study Procedure 

One hundred postmenopausal women were recruited who were be- 
tween 6 and 36 months postmenopausal (as documented by time 
since last normal menstrual period and raised gonadotrophin levels). 
None had a history of metabolic bone disease, were taking drugs, or 
had coexistent diseases known to affect bone metabolism. All re- 
cruits were either nonsmokers or smoked less than 10 cigarettes/ 
day. Women were excluded if they had had a hysterectomy or en- 
dometrial ablation. Informed consent was obtained from all women 
and the protocol was approved by the Guy's Hospital Ethical Com- 
mittee. 

Bone density measurements for each woman were obtained by 
DXA in the lumbar spine (L1-L4) using the Hologic QDA-1000. The 
precision error, based on repeat measures, was on average 1.1%. 
Height, weight, and age were obtained at the time of the scan. Post- 
menopausal women were allocated into two groups with high and 
low BMD. The women were ranked in order of their vertebral BMD 
from the highest to the lowest. The top and bottom 30 women in the 
list were invited into the study. Of these, 28 with high and 19 with 
low BMD attended and comprised the two groups studied, mean 
(SD) BMD values for the groups were 1.056 (0.119) and 0.854 (0.107) 
gm cm -z. Details of the patients demographic data are given in 
Table 1. 

A high definition macroradiograph [7, 8], at x 4 magnification, of 
the lumbar spine (L1-L4) was obtained in the P-A view for each 
patient (Fig. 1). Patients were secured within a stereotaxic unit to 
ensure that the spine was vertical and the body perpendicular to the 
X-ray beam. A steel ball (2 mm in diameter) was placed over the 
spine of L3 to allow the radiographic magnification to be measured. 

Digitization of the Macroradiographs 

The regions of interest selected for digitization in the macroradio- 

graphs of the postmortem vertebrae are shown in Figure 2. The area 
demarcated was digitized using a CCD camera (Videk Megaplus) 
linked via a frame grabber on a display board in an IBM PC-AT 
80486 computer [9, 10]. By adjusting the camera to film distances, 
the effective pixel size was set to 0.06 mm (corresponding to 0.24 
mm on the macroradiographs taken at x 4 magnification). The digital 
images were written to a SUN SPARCstation IPX (SUN Microsys- 
tems Ltd) and programs written in C were used to calculate the 
fractal signature [9, 10] for regions of interest in the images. As 
vertebral trabecular thickness and medullary space size in women is 
generally within 0.6-1.2 mm [16], the fractal signature calculations 
were carried out on data ranging from 1 to 20 pixels, corresponding 
to a scale of image feature sizes from 0.06 to 1.2 mm. In the P-A 
views of both the postmortem and patient vertebrae, the two regions 
of interest in each vertebra were combined (Fig. 2). For the patient 
study, the data from all the vertebrae, recorded in the macroradio- 
graph (L1-L4), were combined and analyzed to give a single fractal 
signature for horizontal and vertical structures for each patient. 

We assessed accuracy by determining the variations in measure- 
ments of FSA for horizontal and vertical structures from the mac- 
roradiograph of a vertebra redigitized six times, and for test-retest 
reliability by digitizing the macroradiographs of a vertebra reposi- 
tioned and reradiographed six times. For the FSA of horizontal and 
vertical trabecular structures, the coefficients of variation were 
0.87% and 0.89%, respectively. 

Analysis of Experimental Data 

The FSA for horizontal and vertical trabecular structure obtained 
from the lateral view of the vertebral body was compared with that 
obtained from the P-A view. The Wilcoxon matched pairs test was 
used to determine the difference in the FSA between the two radio- 
graphic views. The extent of the difference between the two views 
was assessed in relation to the coefficient of variation for errors of 
measurement and test-retest. 

Pearson's correlation coefficient (R) and the nonparametric Ken- 
dali's tau-c test were used to assess the degree of association be- 
tween the FSA for horizontal and vertical trabecular structures and 
the BMD values. The Kendall's tau-c test was used because of its 
greater power in determining the degree of association between pa- 
rameters that may not have a strict linearity of fit [17]. 

Analysis of Clinical Data 

Fractal signature analysis calculations, for each postmenopausal 
woman, were carded out blind as to whether they were from the 
high or low BMD group. Pearson's correlation coefficient (R) and 
the nonparametric Kendall's tau-c methods were used to assess the 
correlations between the FSA values for the horizontal and vertical 
trabecular structures and the patients' demographic data for height, 
weight, BMI, age, and vertebral BMD. The BMI was calculated 
using the formula: body weight kg/[height (m)] 2 [18]. 

Differences in fractal signature values, for horizontal and vertical 
trabecular structures, between the high and low BMD groups were 
examined using the Mann-Whitney test. Differences between the 
fractal signatures for horizontal and vertical structures were ana- 
lyzed using the Wilcoxon matched pairs test. 
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Fig. 1. Third lumbar vertebrae from part of a macroradiograph of the spine. Original magnification x4, reproduced at x2.25. 

Y 
A ~ B 

Fig. 2. Diagrams of the P-A (A) and lateral (B) radiographic views of the lumbar vertebrae, illustrating the regions of interest located within 
the same horizontal plane of the vertebra, selected for fractal signature analysis of the trabecular organization. 

Results 

Experimental Data 

No significant difference was found in the FSA for vertical 
and horizontal trabecular structures between vertebrae ra- 

diographed in the lateral and in the P-A planes (Fig. 3). Any 
differences in the fractal signature between the two views 
were within two SDs of the coefficient of variation for errors 
of measurement and test-retest. These findings indicate that 
in the P-A view of the vertebrae, the presence of trabecular 
structures within the neural arch did not affect the FSA 
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Fig. 3. Fractal signatures for (A) vertical and (B) horizontal trabecular structures within a postmortem lumbar vertebra, showing no difference 
in the signature obtained from either the P-A (&) and lateral (O) radiographic planes. 
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Fig. 4. Comparison of the overall fractal dimension with bone mineral density (BMD) showed an inverse correlation with vertical (A) and no 
correlation with the horizontal (B) trabecular structures, in the 10 postmortem vertebrae. 

assessment of trabecular organization within the vertebral 
body. In addition, the results showed that a difference in the 
radiographic angle of view as great as -+90 ~ had no significant 
effect on the estimate of the fractal signature for either hor- 
izontal or vertical trabecular structures. 

Vertebral BMD was found to correlate inversely with the 
FSA for vertical trabecular structures (Fig. 4), between the 
image feature sizes of 0.18--0.90 mm (Pearson R - 0.66, tau 
c -0 .42 ,  giving P < 0.04). No correlation was found be- 
tween the FSA for horizontal trabecular structures and BMD 
measurements (Fig. 4). 

Clinical Data 

In the group of postmenopausal women as a whole, vertebral 
BMD correlated inversely with the FSA values for the image 
of the fine vertical trabecular structure (ranging in size from 
0.12 to 0.42 mm) (Tables 1 & 2). The women's  weight and 
BMI correlated with the FSA values for coarse vertical tra- 
becular structures only (for weight: image features ranging in 
size from 0.48 to 1.08 mm; and BMI: ranging in size from 
0.42 to 1.14 mm) (Tables 1 and 2). The women's  age corre- 
lated with the FSA values for the image of the fine horizontal 
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Table 2. Mean (SD) fractal signatures for vertical and horizontal trabecular structures and the significance of correlations calculated using 
Kendall's % between fractal signatures and spinal BMD, patient weight, BMI, and patient age 

Mean (SD) fractal signatures Significance of correlation with fractal signatures 

Vertical Horizontal 
Image Vertical Horizontal trabecular structures trabecular structures 
feature trabecular trabecular 
size (mm) structures structures BMD Weight BMI Age 

0.12 2.71 (0.07) 2.80 (0.07) 0.05 
0.18 2.69 (0.07) 2.72 (0.08) 0.03 
0.24 2.71 (0.09) 2.69 (0.09) 0.007 
0.30 2.69 (0.10) 2.67 (0.09) 0.005 
0.36 2.67 (0.12) 2.65 (0.12) 0.008 
0.42 2.67 (0.12) 2.63 (0.12) 0.04 0.05 
0.48 2.67 (0.13) 2.62 (0.12) 0.02 0.005 
0.54 2.67 (0.14) 2.62 (0.12) 0.02 0.007 
0.60 2,69 (0.14) 2.63 (0.13) 0.04 0.02 0.02 
0.66 2.70 (0.15) 2.65 (0.15) 0.01 0.02 
0.72 2.71 (0.17) 2.66 (0.15) 0.02 0.02 
0.78 2.73 (0.18) 2.67 (0.16) 0.03 0.03 
0.84 2,77 (0.20) 2.69 (0.16) 0.03 
0.90 2.82 (0.21) 2.71 (0.18) 0.02 0.03 
0.96 2.89 (0.25) 2.75 (0.21) 0.01 0.009 
1.02 2.91 (0.26) 2.80 (0.26) 0.03 0.009 
1.08 2.94 (0.27) 2.83 (0.27) 0.03 0.02 
1.14 3.01 (0.31) 2.87 (0.32) 0.02 

0.02 
0.005 
0.05 

Nonsignificant correlations (P > 0.05) are not shown, and significant correlations were positive except for that between fractal signature and 
BMD which is an inverse correlation 
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Fig. 6. The mean (SE) fractal signature for horizontal trabecular 
structures was similar in early postmenopausal women with low (11) 
and high ( � 9  bone mineral densities. 

difference was found in the F S A  for horizontal  t rabecular  
structures be tween  the high and low BMD groups (Fig 6). 

t rabecular  structures (ranging in size from 0.12 to 0.24 mm) 
(Tables 1 and 2). No  correlat ion was found be tween  the wo- 
men ' s  height and the fractal  signature for ei ther  horizontal  or  
vert ical  t rabecular  structures.  

Figures 5 and 6 show the F S A  for the radiographic image 
of  horizontal  and ver t ical  t rabecular  structures in the verte-  
brae of  pos tmenopausa l  w o m e n  with high and low BMD. In 
the w o m e n  from the lat ter  group,  the F S A  for the image of  
the vert ical  s tructures had increased above that recorded in 
the w o m e n ' s  ver tebrae  f rom the high BMD group (Fig. 5). 
This difference in the F S A  be tween  the two groups reached 
significance in the vert ical  t rabecular  structures with image 
features ranging in size f rom 0.18 to 0.42 mm, with the great- 
est difference at sizes f rom 0.30 to 0.36 mm (Fig. 5). No  

Discussion 

Further  ev idence  of the robustness  of  the F S A  technique  
[9-15] was provided in this study by the low coeff icient  of  
variat ion for the method of  fractal  signature measurement ,  
and its independence  f rom both var ia t ions  in the radio- 
graphic angle of  project ion within the t ransverse  plane of  the 
body,  and of  the effect of  superimposi t ion of  the neural  arch. 
Thus,  F S A  of  the ver tebral  cancel lous bone can be obtained 
equally f rom radiographs taken in the pos tero-anter ior  as 
f rom the lateral  view.  In our  studies, the P-A view was 
adopted because  it resulted in a lower  radiation dose to the 
patient,  and a concordance  be tween  the data  obtained f rom 
the macroradiographic  and densi tometr ic  methods  not ob- 
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Fig. 7. Macerated preparations of lumbar vertebrae showing differ- 
ences in the trabecular organization of vertebrae from subjects with 
'normal' structure (A) and mild osteoporosis (B). The appearance of 
'roughness' in the trabecular structure of (B) is greater than in (A) 

due to the larger number of trabeculae visible, resulting from nar- 
rowing of the trabecular plates visible in (A). (Reproduced with 
permission from Remagen [24].) 

tained from the lateral projection. In addition, the results 
indicated that the laminae either possessed few trabeculae 
and/or had a trabecular structure of similar dimensions to 
that within the vertebral body. 

In the postmenopausal women, FSA of the trabecular 
organization recorded in the macroradiographs of the lumbar 
spine showed that the coarse vertical trabecular structures, 
with an image size ranging from a half to over 1 mm, corre- 
lated significantly with both women's  overall weight and 
BMI (Tables 1 & 2), conforming to the expected association 
between bone and load transmission [19-21]. No similar re- 
lationship was found between BMD and the coarse vertical 
trabecular structures. Instead, BMD correlated inversely 
with the fine vertical trabecular structures not only in the 
postmenopausal women (Tables 1 & 2), but also in the group 
of postmortem vertebrae. Under these circumstances, bone 
mineral loss would appear to correspond to the description 
of the early stages of axial bone loss in postmenopausal 
women [19]. This process begins with the focal perforation 
of coarse vertical trabecular plates and progresses by con- 
verting these fenestrated plates into a lattice of bars and rods 
[19]. These changes would result in an increase in the num- 
ber and cross-connectivity of fine trabecular structures and a 
higher fractal signature value due to the increased appear- 
ance of 'roughness'  of the trabecular organization. The dif- 
ference between this pattern of trabecular organization and 
that in 'normal, '  healthy vertebrae is illustrated in the sec- 
tions of macerated vertebrae in Figure 7. 

Further, the women's  age correlated directly with the 
FSA regarding the very fine horizontal trabecular structures 
recorded in the macroradiographs of the vertebrae. Age- 
related changes in the vertebral cancellous bone detected by 
conventional radiography have been described as a reduc- 
tion in the number of horizontal trabeculae [16, 19, 22, 23]. 
The high spatial resolution (<50 Ixm) and primary magnifi- 
cation obtained with microfocal radiography have made it 
possible to show that within the age range of the women 
(40-60 years), very fine horizontal trabeculae, not detected 
by conventional radiography, were more numerous in older 
than the younger women. Comparison of the FSA obtained 
from the group of postmenopausal women with high and low 
BMD showed that the increase in the fine vertical structures 
correlated with decreased bone density. 

Although the present results are encouraging, further 

studies are still required to provide more information on the 
precise relationship between FSA of the macroradiographic 
image and the structural organization of the cancellous bone. 
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