Letters to the Editor

To the Editor

One of the primary difficulties in quantitative backscattered
electron (BSE) imaging has been to obain calibrated, standard-
ized images, which allow for comparison of resulis between
studies. In the recent study by Roschger et al.,® the investigators
modified previous calibration techniques in an effort to simplity
the BSE analysis technigue. Studies such as that performed by
Roschger et al® are important in the advancement of this
technique.

We disagree, however, with their interpretation of the BSE
histogram. Roschger et al.® suggest that the BSE gray-level
histogram was an indication of the mineral density distribution;
implying that the height of the histogram at any given location
corresponded to the quantity of mineralized tissue of a given
density. It has previously been demonstrated that the BSE signal
is not a function of density, but rather a function of atomic
number.' In bone, the BSE signal is most highly correlated with
the weight fraction of mineral (weight mineral/weight bone
tissue).>® The deseription of the BSE signal as a density function
is o misnomer, Furthermore, while it is undoubtedly true that
mineral distributions alTect the BSE histogram, as the authors
have so nicely demonstrated, additional factors also influence
histogram width. This can be clearly seen in comparative BSE
histograms from human cortical bone and a pure (99.9999%
pure} aluminum sample (full width at half maximum [FWHM| =
36 and 17 gray-levels, respectively; Figure 1). The large histo-
gram width for aluminum suggests cither that aluminum has a
substantial “density distribution™ or that as much as 50% of a
bone’s histogram width can be viewed as the result of the
stochastic electron scatlering process. Human cortical bone has a
relatively broad histogram when compared with bones from
other species.” thus the differences between bone and pure
materials may be even smaller.

Roschger et al.* realized this limitation and suggested that
histograms could be deconvoluted from histograms of pure
compounds, but argued that the benefit would be *. . | sufficient-
Iy small to justify omission of this correction.” We do not agree
with this statement; BSE histograms are extremely varable using
the method suggested by Roschger et al.® This can be demon-
strated with a simple experiment. Three BSE images of a spec-
imen containing pure C and A1 were collected at probe currents
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Figure 1. BSE histogram of aluminum and bone captured under identi-
cal operating conditions.
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Figure 2. BSE histograms of carbon (A} and aluminum (B) analyzed in
one operating session at three different probe currents.

af 0.1 nA, 1 nA, and 10 nA, respectively. Brightness and contrast
settings were adjusted so that the mean C and Al gray levels
remained calibrated in each image as previously described ™" It
is clear that the histogram width of both materials decreased
dramatically with increasing probe current (Figure 2). For alu-
minum, FWHM was 16, 5, and 2, respectively. This represents an
cightfold variation in the “mineral density distribution™ for cal-
ibrated images. A similar efTect can be achieved by varving the
scan rate.

Ciiven that BSE histogram widths are influenced by electron
probe current, scan rates, and other factors, such as topography,®
we do not believe that BSE histogram widths can be deseribed in
terms of their fractional calcium weight. Although we disagree
with the authors’ interpretation of the BSE histogram, it does not
mean that the BSE histogram is not influenced by mineral
variations. Within one study, relative comparisons of histogram
widths are likely 1 be meaningful, and other investigators have
adopted this approach.®” The issue with the present study is the
absolute quantitative values applied to the BSE histogram, which
are likely 1o be erroneous due to the multitude of factors that
affect BSE histograms, We suggest that investigators compare
relative differences in histogram widths and refrain from the use
of the term “mineral density,”
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Response

Vajda and Skedros, in their Letter to the Editor, addressed two
major points concerning our quantitated backscattered electron
imaging (qBEI) method. First, they criticized our use of the term
%one mineral density distribution® (BMDD) for our gray-level
histograms, since we do not measure weight mineral/bone matrix
volume (density), but rather degree of mineralization of the bone
matrix in weight percent calcium.?® We are aware of the fact that
BMDD is not a precise term, but we introduced it for practical
use in continuation of the term @one mineral density® (BMD).
Second, Vajda and Skedros doubt that a precise determination of
the true distribution of mineral content in bone can be derived
from the BE signal in the scanning electron microscope, as they
show a number of gray-level distributions that vary greatly in
width, when the experimental conditions of BEI are changed (see
their Figures 1 and 2). We appreciate their pertinent remarks,
which now give us the opportunity to explain some of our
procedures more precisely.

We are convinced thatBwith proper precautionsbit is pos-
sible to obtain quantitative data of mineral content in bone by
using BEI. In what follows we compute the effects of counting
statistics that lead to observed variations in the data and show
how they can be minimized: Calling N the number of electrons
hitting a given specimen position (area corresponding to a pixel
in the BE image) and v the number of electrons scattered back
into the detector, then the probability that v/N = xisgiven by the
binominal distribution:

a(x, p) = ('v“)p“(l v &)

where p is the mean probability for backscattering within the
specified pixel area. N is proportional to the incident electron
current as well as to the counting time per pixel, t. When N is
large enough, the standard approximation yields a gaussian for

a(x, p):

a(x, p) = g NI @)

\2mNp
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Figure 1. Backscattered electron gray-level histograms of carbon (C),
auminum (Al), and mineralized bone matrix (bone) obtained at two
different counting times (scanning speeds). The other instrumental set-
tings (C and Al calibration, probe current) were identical to those
described in our study.® A dramatic effect of counting time on width of
the C and Al gray-level distribution can be seen. By comparison, the
effect on the gray-level distribution from bone was only moderate.

When a BE image is analyzed, every pixel will have its true
electron backscattering probability and the true distribution, f(p),
is related to the measured gray-level distribution, g(x), by:

9(x) = f dp a(x, p) f(p) (©)

If Nwasinfinite (i.e., extremely large measuring time or electron
current), then the distribution f(p) or g(x) would be the same.
However, due to the effects of counting statistics, g(x) is usually
broader than f(p). Figure 1 shows the gray-level distribution,
f(x), for two different counting times but otherwise identical
instrument settings. The measurement with shorter counting time
gives a broader distribution because N is smaller in this case. In
principle, f(p) can be obtained numerically from g(x) by inverting
equation (3); however, to avoid this tedious deconvolution pro-
cedure (which may also introduce artifacts) we have chosen to
operate under conditions in which distributions g(x) and f(p) are
not too different. To be more precise, we have evaluated the
effect of counting statistics on gaussian distributions of the type:

1 ~ (p=po)?
2wb e “)
A

When f(p) has such a gaussian shape with width b = b,, the
integral (3) aso yields, for g(x), a gaussian, but with awidth, b:

b*= b3 + po/N ®)

Again, when either the incident current or the measuring time
become large, N becomes very large and b ~ b,. On the other
hand, the mean backscattering probability, p, is proportional to
the atomic number (Z), and hence depends linearly (at least in the
Z-range considered) on the maximum position (M) of the gray-
level distribution. Introducing thisinto equation (5) the measured
width, b, of a gray-level distribution can be described by:

b? = b2 + K(M + M)/t (6)

where b, is the true width of the distribution. K and M, are
constants, depending on the instrumental setting, which can be
determined experimentally as we see in what follows.
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Figure 2. b? determined by fitting equation (4) to the gray-level distri-
bution, in dependency of counting time, given in units of 1/t. For C, Al,
and bone, four different scanning speeds (8, 16, 100, 330 sec/image) were
tested. The other instrument settings were identical to those described in
our study.* The probe current was set to 0.11 nA and the brightness and
contrast were adjusted in such away that C and Al had gray levels (GL)
of 25 and 225, respectively. The values (in units of GL) of the true width,
b,, and FWHM (full width half maximum) of the distributions were
obtained by the intercept of the regression lines with the y axis. (The
transformation from b, to FWHM is described in the legend to Figure 3.)

Totest thistheoretical expression (6), we measured gray-level
distributions of carbon (C), aluminum (Al), and a bone specimen
for a number of counting times, but otherwise identical settings.
These distributions were fitted with a gaussian [e.g., equation
(4)]. Figure 2 shows the values of b? obtained as a function of t.
The predicted linear dependence [equation (6)] is nicely followed
for all the data (linear regression, with R? > 0.99). The extrap-
olation to 1/t = 0 (limit of extremely long measuring times)
yieldsthe true width, b, of the distribution. It is also obvious that
the width of the gray-level distributions from C and Al increase
dramatically when the counting statistics get worse. The effect
for bone is smaller due the much larger inherent width of the
distribution. It is also visible that (under the given instrumental
conditions), after about 100 sec of counting time, there is no
longer a large difference between the measured and the true
value. Moreover, the slopes of the curves in Figure 2 give the
values for K and M,, in equation (6). K and M, are the only two
parameters defined by the actual instrument settings (e.g., gain
and offset voltage of the BE amplifier) and can be determined for
any instrument and instrumental setting, using the procedure just
outlined.

To obtain reliable results for the gray-level distribution and,
ultimately, for BMDD, it is essential to choose the appropriate
counting time for every setting of instrument parameters. Figure
3 shows the counting time needed to obtain a <5% difference
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Figure 3. Counting time (in sec/image) needed to reach a 5% precision
for FWHM is shown for C, Al, and bone (materials different in gray-level
distribution maxima), again using standard instrument settings. The true
FWHM was calculated by the equation, FWHM = b (8 In 2)¥2,

between true and observed distribution width under the instru-
ment settings also used in Figure 2. This estimate is based on
equation (6). The main conclusion is that the counting time
needed depends on both the true width of the gray-level distri-
bution (b,) and its maximum position (M). For bone, a counting
time (using the instrument settings given in Figure 2) of about
100 sec appears sufficient, which is precisely the value used in
our study.t

In conclusion, we have demonstrated that the gray-level
histograms of bone shown in our study?® accurately indicate the
mineral content in the samples, thus justifying to scale the
distribution in units of percent weight of calcium.
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