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Summary: X-ray absorption and backscattered electron 
(BSE) microscopies are two commonly used techniques for 
estimating mineral contents in calcified tissues. The resolu
tion in BSE images is usually higher than in x-ray images, but 
due to the previous lack of good standards to quantify the grey 
levels in BSE images of bones and teeth, x-ray microtomog
raphy (XMT) images of the same specimens have been used 
for calibration. However, the physics of these two techniques 
is different: for a specimen with a given composition, the x
ray linear attenuation coefficient is proportional to density, 
but there is no such relation with the BSE coefficient. To un
derstand the reason that this calibration appears to be valid, 
the behaviour of simulated bone samples was investigated. In 
this, the bone samples were modelled as having three phases: 
hydroxyapatite (CalO(P04)iOH)2)' protein, and void (either 
empty or completely filled with polymethylmethacrylate 
(PMMA), a resin which is usually used for embedding bones 
and teeth in microscopic studies). The x-ray linear attenuation 
coefficients (calculated using published data) and the BSE 
coefficients (calculated using Monte Carlo simulation) were 
compared for samples of various phase proportions. It was 
found that the BSE coefficient correlated only with the x-ray 
attenuation coefficient for samples with PMMA infiltration. 
This was attributed to the properties of PMMA (density and 
mean atomic number) being very similar to those of the pro
tein; therefore, the sample behaves like a two-phase system 
which allows the establishment of a monotonic relation be
tween density and BSE coefficient. With the newly developed 
standards (brominated and iodinated dimethacrylate esters) 
for BSE microscopy of bone, grey levels can be converted to 
absolute BSE coefficients by linear interpolation, from which 
equivalent densities can be determined. 

Address for reprints: 

ES.L. Wong 
Department of Paediatric Dentistry 
St. Bartholemew's and the Royal London School of Medicine and 

Dentistry 
Queen Mary and Westfield College 
Turner Street 
London,EI2AD, U.K. 

Key words: BSE coefficient, mean atomic number, micro
tomography, mineral density 

Introduction 

Basic Principles of Backscattered Electron Microscopy 

In scanning electron microscopy (SEM), images are 
formed using the secondary electrons (SEs) produced by in
teractions of the primary electron beam whose depth of pene
tration is -1-5 f.1I11 below the surface of bone (Bloebaum et al. 
1990). After penetrating the surface, the paTTIaI]' electrons are 
involved in multiple elastic and inelastic scattering events 
with atoms in the specimen. As a consequence, a proportion 
of the incident primary electrons, the backscattered electrons 
(BSEs), are deflected back out of the specimen. The BSE co
efficient, 17, is defined as the number of BSEs (11 BSE) divided 
by the number of primary beam electrons (np )' 

Monte Carlo Simulation: Monte Carlo simulation is a gen
eral statistical technique which can be used in this case to 
study the interactions between incident electrons and a large 
number of atoms within a specimen. A simulation can only be 
as good as the extent and quality of the experimental data on 
which it is based. Nevertheless, BSE coefficients obtained 
from Monte Carlo simulations are at least comparable with 
other methods of estimation (Herrmann and Reimer 1984) 
even though they are based on a limited database and a wide 
spread of values is found among various workers (Joy 1995a). 
The parameters needed to calculate 17 for an element by simu
lation are: the energy and the direction of the primary electron 
beam, the atomic number (2), the relative atomic mass (A), 
and the density (p). For specimens of mixed elements, the 
mean atomic number (Z) and mean atomic mass (li) are used. 
For Z, Lloyd (1987) used the expression: 

i=n 

L(NAZ)i 
Z = ..:..:i~:!..·~n---

L(NA)j 
i=l (1) 

where N is the number of atoms of element i in the specimen. 
Because (NA) i is the formula mass contribution attributable to 
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element i in the specimen with total formula mass L(NA);, 
Eq. 1 can be simplified to: 

i=n 

Z=LwiZ; 
;=1 (2) 

where Wj is the mass fraction of element i, thus giving the 
same equation used by Muller (1954). However, there are 
some disputes about the summing rules for calculating the 
mean atomic number (Hernnann and Reimer 1984). For ex
ample, from Everhart's single scattering model (Everhart 
1960), Herrmann and Reimer (1984) derived a more complex 
expression for Z which was: 

lW;Z;2 
Z=....,.;.=....:..I_

l-n 

LW;Z; 
;=1 

whereas Howell and Boyde (1994) used: 

l(NZ); 
Z - -,-;=...:,..1 __ 

- IN; 
;=1 

(3) 

(4) 

to calculate the mean atomic number of hydroxyapatite 
(HAP) and polymethylmethacrylate (PMMA). Since using 
Eq. 2 for the mean atomic number in Monte Carlo simula-

~ 
tions gives the closest fit of calculated 11 to the experimental 

\:'1. data (Joy 1995b), it was used in this study. The mean atomic 
. mass is also required and is given by: 

C 

\~ cit A=twA 
C . 

~. : 

(5) 

Linear Attenuation Coefficient: When a monochromatic x
ray beam passes through an absorbing medium, the transmit
ted intensity, L obeys Beer's law. so that 

1 = 10 exp( -I jl(S)dS) 
(6) 

where lois the incident x-ray intensity, Jl(s) the linearattenua
tion coefficient at a distance (s) into the specimen and z the 
thickness. For a single-phase specimen composed of n differ
ent elements i, the following composition rule is followed: 

;=n 

11m = Lmillmi 
;=\ (7) 

where Jlm is the mass attenuation coefficient (cm2 g-l) and 11; 
the mass fraction of element i with mass attenuation coeffi
cient Jlmi" A multiphase specimen in which individual phases 
are dispersed at a scale substantially smaller than the width of 
the beam will behave like a single- phase specimen. Thus, 
phases can be regarded as equivalent to elements in Eq. 7. 
Using the relation that Jlm = Jllp where p is density gives 

;=n 

11 = L)1;vj 

;=1 

where Vj is the volume fraction of phase i. 

The Meaning of Grey Levels in Backscattered 
Electron Images of Calcified Tissues 

(8) 

In BSE images, local variations in 11 are usually represent
ed by different shades of grey colours (grey levels) or pseudo
colours. Using this technique to depict biological hard tissues. 
differences in grey levels have been attributed to regional vari
ation in "mineral density" (Boyde and Jones 1983. Boyde et 
al. 1992, Fearne et al. 1994, Reid and Boyde 1987), "mineral 
content" (Reid 1986), "density" (Boyde and Reid 1983, 
Boyde et at. 1986. Mechanic et al. 1990, Reid 1986, Reid and 
Boyde i987), and "mass density" (Burr et at. 1988). It has 
been demonstrated both experimentally (Bloebaum et at. 
1990) and by Monte Carlo simulation (Nelson 1990) that 11 
has a monotonic relationship withZ (as defined in Eq. 2); thus 
to interpret 11 by terms that include "density" (it has the mean
ing of gravimetric density in this context) conflicts with the 
basic physics of the BSE imaging technique. If bone is re
garded as a two-phase system comprising mineral and organ
ic phase (including unresolvable vascular and cellular 
spaces), and the composition of the phases is assumed to be 
constant, it can be concluded from Eq. 2 that the grey levels'of 
a BSE image represent the relative mass fraction of the two 
phases. 

The Relation between X-Ray Linear Attenuation 
Coefficient and Backscattered Electron Coefficient 

Although density does not appear directly in Eq. 8, it is ob
vious that the linear attenuation coefficient for a specimen 
with constant fractional elemental composition changes with 
its bulk density. The difference between the physics of BSE 
and x-ray microscopy means that the images obtained from 
both techniques should also be different. However, for calci
fied tissues. there is a striking similarity between BSE images 
and contact microradiographs (Nelson 1990) or x-ray micro
tomography (XMT) images (Fearne et at. 1994. Mechanic et 
al. 1990). Thus, the aim is to study this apparent coilflict by 
comparing BSE coefficients obtained from Monte Carlo sim
ulations with linear attenuation coefficients calculated from 
published data for various simulated bone specimens. 
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Methods 

Simulation of Bone Specimens 

Bone was assumed to be a three-phase mixture comprising 
mineral (ignoring the small amount of associated water), or
ganic matrix, and spaces once occupied by blood vessels and 
cells. The mineral is taken as pure HAP, CalO(PO J6(OH)2' 
with density 3.16 g cm-3; the organic matrix (Org) as protein 
(p = 1.3 g cm-3) with C, H, S, 0, and N mass fractions of 
0.525,0.070,0.015,0.225, and 0.165, respectively (Weast 
1976); and the space (void), assumed to be filled with air, with 
negligible density and elemental content. The "bone" was re
garded as dehydrated and with any small amount of residual 
water ignored, but was embedded in polymethylmethacrylate 
(PMMA) with empirical formula CSHg02 and density 1.17 g 
cm-3.1\vo groups of bone samples were simulated by varying 
the volume contribution of each phase. The first (Table I) and 
second (Table m groups had zero, and complete infiltration of 
PMMA into all the voids, respectively. 

Calculation of Backscattered Electron and Linear 
Attenuation Coefficients for the Model Bones 

Using the mixture rules ofEqs. 2 and 5, the mean atomic 
n~mbers for HAP (ZHAP)' organic matrix (Zolg)_and PMMA 
(Z PMMA)' and the mean atomic masses for HAP (AHAP), organ
ic matrix (Ao ) and PMMA (A PMMA) were calculated (Table 
ID). These tw~ equations were also used to calculate the mean 
atomic number and mean atomic mass for each simulated 
bone specimen (Tables I and IT). The BSE coefficients for 
these samples were obtained from a Monte Carlo plural elec
tron scattering simulation (MC-SET. Napchan 1992). The 
electron beam. comprising 10.000 electrons and accelerating 
voltage of 20 ke V, was normal to the surface of the specimen. 

The linear attenuation coefficients for each phase were cal
culated (Table ID) from published mass attenuation data 
(McMaster et ala 1969) for 22.105 keY x-rays. These were 
used to calculate the linear attenuation coefficient for each 
simulated bone specimen using Eq. 8 (Tables I and IT). 

Results 

No PMMA Infiltration 

Table I gives the calculated values for samples of bone with 
various phase contributions. which shows 

1. no relationship between 1] and J1 (Fig. 1) or density [Fig. 
2(a)]; 

2. an essentially linear relationship over the range studied be
tween 11 and mean atomic number [Fig. 2(a)]; 

3. an essentially linear relationship over the range studied be
tween J1 and density [Fig. 2(b)]; and 

4. no relationship between J1 and mean atomic number [Fig. 
2(b)]. 

TABLE I Calculated X -ray linear attenuation (22.105 ke V) and BSE co-
efficients of simulated bone specimens without infiltration of PMMA. 
Model parameters: volume fractions of hydroxyapatite (vHAP)' void 
(VVOlD) and protein (va)' mean atomic number (2), mean atomic mass 
(A), and calculated lin~ attenuation coefficient (P), density (p) and BSE 
coefficient (11) 

VHAP VVOlD VO'8 Z A Jlcm-I pgcm3 11 

0.8 0.2 0.0 14.06 28.31 12.19 2.53 0.168 
0.3 0.7 0.0 14.06 28.31 4.57 0.95 0.162 
0.1 0.9 0.0 14.06 28.31 1.52 0.32 0.163 
0.8 0.1 0.1 13.69 27.53 12.26 2.65 0.157 
0.5 0.4 0.1 13.48 27.10 7.69 1.71 0.159 
0.5 0.2 0.3 12.55 25.16 7.82 1.97 0.152 
0.5 0.1 0.4 12.17 24.37 7.88 2.10 0.142 
0.3 0.2 0.5 10.95 21.84 4.91 1.60 0.132 
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FIG. 1 The relationship between linear attenuation coefficient (22.105 
ke V) and backscattered electron (BSE) coefficient of simulated bones 
with no (0) and complete infiltration (A) by PMMA. 

Complete PMMA Infiltration 

Table II gives the calculated values for samples of bone 
with various phase contributions, which shows 
(1) an essentially linear relationship over the range studied 

between 1] and J1 (Fig. 1), 
(2) an essentially linear relationship over the range studied 

between 11 and mean atomic number. as well as density 
[Fig. 3(a)]; and 

(3) an essentially linear relationship over the range studied 
between J1 and density, as well as mean atomic number 
[Fig.3(b)]. 

Discussion 

The interpretation of the grey levels in BSE images is not 
straightforward. As was discussed earlier. model calculations 
show that 1] depends mainly on the mean atomic number and 
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FIG. 2 No PMMA grou~ (a) The relationships ofbackscattered elec
tron (BSE) coefficient versus density (A) and BSE coefficient versus 
mean atomic number (e). The line is a linearly fitted curve to show the 
monotonic relation between BSE coefficient and mean atomic number. 
(b) The relationships of linear attenuation coefficient (22.105 ke V) vs 
density (.6.) and linear attenuation coefficient (22.105 ke V) versus mean 
atomic number (0). The line is a linearly fitted curve to show the monot-
0nic relation between linear attenuation coefficient and density. 

not on the density. Thus, it is surprising to see a marked simi
larity between the BSE image of a bone and its corresponding 
radiographic image, bearing in mind that the more x-ray 
opaque regions correspond to higher densities. Indeed, 
Skedros et at. (1993), using epoxy-HAP mixtures to simulate 
bone and measuring their BSE coefficients, showed that there 
was a strong relationship between density and mean atomic 
number. This correspondence implies that 1] is an increasing 
monotonic function of density, in apparent conflict with the 
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FIG.3 PMMA infiltrated group- (a) The relationships of backs cat
tered electron (BSE) coefficient versus density (A) and SSE coefficient 
vs mean atomic number (e). The line is a linearly fitted curve to show 
the monotonic relation between SSE coefficient and density. (b) The re
lationships of linear attenuation coefficient (22.105 ke V) versus density 
(.6.) and linear attenuation coefficient (22.105 ke V) versus mean atomic 
number (0). The line is a linearly fitted curve to show the monotonic re
lation between linear attenuation coefficient and mean atomic number. 

model calculations. The resolution of this conflict, as dis
cussed below, is that the apparent relation between mean 
atomic number and density is only valid for two phase sys
tems and not, in general, if more phases are present. 

First consider a two-phase system with one phase in which 
both its mean atomic number and density are higher than the 
corresponding values for the other phases. The mean atomic 
number of the two-phase system will be given by Eq. 2 with 
the summation over the two phases (it is assumed these can-
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TABLE II Calculated X-ray linear attenuation (22.105 keY) and BSE 
coefficients of simulated bone samples with infiltration of PMMA. 
Model parameters: volume fractions of hydroxya'patite (v HAP), PMMA 
('7MMA) and protein (v Olg)' mean atomic number (Z), mean atomic mass 
(A), and calculated linear attenuation coefficient (P), density (p) and BSE 
coefficient (11) 

vHAP VpMMA VOIg Z A pcm-I pgcm3 11 

1.0 0.0 0.0 14.06 28.31 15.24 3.16 0.172 
0.8 0.2 0.0 13.40 26.99 12.30 2.76 0.159 
0.8 0.0 0.2 13.35 26.82 12.32 2.79 0.156 
0.8 0.1 0.1 13.37 26.91 12.31 2.78 0.153 
0.5 0.4 0.1 11.92 24.02 7.90 2.18 0.145 
0.5 0.2 0.3 11.88 23.84 7.92 2.20 0.140 
0.5 0.1 0.4 11.85 23.76 7.94 2.22 0.136 
0.3 0.2 0.5 10.34 20.68 5.01 1.83 0.127 
0.0 0.5 0.5 6.33 12.57 0.59 1.24 0.074 
0.0 1.0 0.0 6.24 12.76 0.53 1.17 0.070 
0.0 0.0 1.0 6.42 12.4 0.67 1.30 0.074 

not be spatially resolved). Thus the overall 17 and overall den
sity will both increase as the fraction of the phase with the 
higher values increases. Therefore, there will be a monotonic 
relation between density and 17. Note, however, that if one of 
the phases is a vacuum, the mean atomic number calculated 
from Eq. 2 will be independent of the ratio of the two phases, 
so there will be no relation between 17 and density. 

Now add an additional phase to give a three-phase system 
with the new phase chosen so that it has a higher mean atom
ic number, but a lower density, compared with the other two 
phases. If only the original two phases are now changed as 
before, there will still be a monotonic relation between den
sity and 17. However, if the fraction of the third phase is in
creased, 11 will increase, but the overall density will now de
crease. Hence, for a general change in relative phase 
fractions, if 17 increases there might be either an increase or 
decrease in density. Thus, for systems comprising more than 
two phases, there can, in general, be no monotonic relation 
between 17 and density. 

Returning to the problem of bone, it has been modelled in 
this work as a three-phase system comprising mineral, organ
ic material, and space. The Monte Carlo calculations show 
that there is no monotonic relation between 17 and density. 
This is in accord with the above discussion. We now fill the 
spaces with a polymer resin, as is usual for BSE imaging, and 
note that the parameters that determine 11 and the density of 
the polymer are very similar to those of organic material 
(Table III). This means that as far as the overall 17 and density 
are concerned, the infiltrated bone behaves as a two-phase 
system, so there should now be a monotonic relation between 
11 and density, as is in fact observed. 

Modelling bone as a three-phase system is valid for con
ventional radiographic and XMT techniques because their 
typical resolution (> 1 flI11) is not high enough to distinguish 
between mineral, organic matrix, and small vascular and cel
lular spaces. With BSE, the lateral resolution may be < I flI11 
and cellular spaces can be identified. Nevertheless, the depth 
of penetration of the electron varies according to the local 

TABLE ill Mean atomic number (Z), mean atomic mass (A), BSE coef
ficient (11), linear attenuation coefficient (fl22.105 ke V) and density (p) 
for various compounds. BrDME-brominated dimethacrylate ester, 
lOME-iodinated dimethacrylate ester. *From Boyde et aL 1995. 

Z A 11 pcm-I p gem3 

Hydroxapatite 14.06 28.31 0.172 15.24 3.16 
Protein 6.42 12.76 0.074 0.67 1.30 
PMMA 6.24 12.40 0.070 0.53 1.17 
BrDME 10.75 22.97 0.128 9.20 1.41* 
IDME 16.70 37.99 0.188 7.11 1.55* 

density of the sample. Therefore it can be argued that bone 
specimens investigated by BSE should also be considered as 
three-phase mixtures because of the unresolvable space under 
the surface of the specimen. However, since in BSE mi
croscopy the calcified specimen is usually infiltrated with 
PMMA as an embedding resin, making it a pseudo two-phase 
system, the interpretation of the grey level variation as local 
variation in "mineral density" (e.g., Boyde and Jones 1983, 
Reid and Boyde 1987) is now theoretically correct. 

In XMT, the specimen is not usually embedded in resin. 
However, because JlpMMA is so small compared with JlHAP at 
the typical x-ray energy used, even when resin is present, its 
contribution to the overall linear attenuation coefficient will 
be so small that it is virtually the same as air. Hence, it is valid 
to calibrate the BSE image of a resin-infiltrated specimen by 
the XMT image of the same unembedded specimen, as has 
been done for a rat femur (Boyde et al. 1992) and deciduous 
human teeth (Feame et al. 1994). 

Recently, two novel brominated and iodinated dimethacry
late esters, C22H2501oBr (BrDME) and C22H250 IOI (lOME), 
were found to be good standards for quantifying BSE images 
of bone (Boyde et al. 1995) because their grey level values 
straddled those for bone. This finding means that pixels in 
bone tissue images can now be assigned a BSE coefficient or 
mean atomic number. First, the mean atomic numbers, mean 
atomic masses, and BSE coefficient of BrDME and lOME 
were calculated (Table ill, the densities and the linear attenu
ation coefficients are also listed for completeness, but not dis
cussed here ).In the paper by Boyde et al. (1995), the grey lev
el values for BrDME, lOME, and bone (fetal cranial bone) 
peak at about 30,225, and 120, respectively. Assuming that 
the grey level varies linearly with the BSE coefficient, the 
bone specimen has a BSE coefficient of 0.156. From the re
sults of the model calculation [Fig. 3(a)], this corresponds to a 
density of about 2.3 g cm-3. This value is consistent with the 
often quoted density of 2.0 g cm-3 for bone (Williams and 
Elliott 1989). The slightly higher value may be because we 
have assumed that the nonminera1/nonorganic spaces were 
filled with PMMA which has a density higher than for water 
and air. 

In this study, the sequence of BSE coefficients obtained 
from Monte Carlo simulations for PMMA, bone; and the 
brominated and iodinated dimethacrylates is consistent with 
the experimental sequence (Boyde et al 1995). This is in 
agreement with Howell and Boyde (1995) when they used the 
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same summing rule (Lloyd 1987) used here. However, using 
the fonnula 11 = 2-9NZ , Howell and Boyde found that only the 
use of the summing rule of Castaing or of Writty (both cited 
in Hemnann and Reimer 1984) would correctly give the se
quence for PMMA, bone, and the two dimethacrylates. 
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