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Abstract

Microradiography and backscattered electron
(BSE) imeaging are techniques used to investigate the
morphologic, histometric, and mineral content
changes at the bone/biomaterials interface.
Investigators have shown that the superimposition of
multiple tissue layers can cause errors with both the
morphologic observations and the histometric
measurements of bone. The objective of this study
was to document errors in the bone mineral content
measurements associated with overlapping tissues.

Using a digital image analysis system,
microradiographic and BSE images from canine
cortical and cancellous bone were captured and
analyzed. The results of this study showed that
microradiography had more projection effect errors
associated with the morphology and histometry. The
BSE technique provided substantially better
resolution of the bone morphology and showed
significantly more (p<0.05) bone surface perimeter
than the microradiographic technique. Contrary to the
literature, the BSE images did not show less bone
area than the microradiographic images of the
identical regions. This discrepancy was explained by
projection effect errors and over penetration artifacts
of the X-ray beam.

Unique to this study was the documentation
that microradiography has inherent projection effect

errors associated with mineral content
measurements. The BSE images had significantly
more (p<0.05) graylevels present than the

microradiographic images. Due to the limited tissue
overlap, the BSE images provide excellent
morphologic resolution, accurate bone histometry and
the ability to accurately measure the mineral content
of cortical and cancellous bone at a microscopic level.
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Introduction

Researchers are attempting to understand how
biomaterials, mechanical ioading, and pharmaceutics
affect bone tissue at the microscopic level. However,
progress towards understanding the microscopic
changes that occur between bone and biomaterials
have been limited by the inability to quantitatively
correlate the morphology and histometry [42] with the
mineral content [60, 67, 68].

Overlapping layers of tissue have been shown
[11, 42, 72] to mask morphologic structures and to
skew histometric measurements of bone -- especially
cancellous bone. The magnitude of these projection
effect errors is related to the thickness of the
specimen being imaged. The thicker the specimen,
the more overlapping layers are imaged and thus, the
greater the potential for error. It was shown as early
as the 1920s, when a geologist reported that when
looking down onto multilayered objects, that the
resulting boundary is defined by the widest projection
of the overlapped structures [41].

There are many imaging methods that help
investigators to study the microscopic structures of
bone. Not all of these techniques give the
investigator the ability to correlate the mineral content
of the bone with its morpholegy and histometry. For
example, light microscopy is the most common
imaging tool used to investigate the morphology and
histometry of bone. Bulk staining techniques have
been reported [34, 35, 38, 55, 76] to enhance the
morphologic detail of the tissues. Since these stained
specimens are typically ground and polished to 20 to
30 pum in thickness [13], they inherently have
overlapping tissue structures and associated
projection effect errors. In an attempt to minimize
projection effect errors in bone, surface staining
techniques [1, 39, 50, 54, 55] have been used.
Unfortunately, the lack of inter- and intra-laboratory
uniformity of the staining technique can limit
morphologic details and accuracy. Furthermore,
neither bulk nor surface staining techniques can
provide investigators with any quantitative measure of
the bone mineral content.

Computed tomography (CT) [29, 32, 47, 51, 64,
66, 71, 75], and microcomputed tomography
(microCT) [36, 37, 48, 49], are imaging tools that are
being used to help visualize the structure of bone.
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MicroCT, a higher resolution imaging technique, can
resolve about 40 to 90 um [33, 36, 48, 49]. However,
the size of individual lacunae, canaliculi, and
Haversian systems are typically on the order of 7 to
12 um in size -- roughly 6 times smaller than even
microCT can resolve. Finally, as with light
microscopy, neither CT nor microCT can provide the
investigator with quantitative mineral content
information of the bone at the microscopic level.

The mineral content of bone has been
measured using various techniques [70]. The mineral
content of relatively large bone specimens can be
measured by either ashing [8, 25], using chemical
assays [8], or by photon absorptiometry [2, 14, 15, 23,
26, 43, 52, 61, 65, 74]. While these techniques can
determine the mineral content of bone tissues, none
are able to accurately measure the mineral content of
an individual osteon or trabecula at the microscopic
level.

Microradiography is a technique that has been
used for over four decades to quantify the microscopic
mineral content changes in cortical bone [31, 44, 45,
46, 50, 55, 56, 73, 77, 78]. The graylevel contrast in
microradiography is based primarily on the incident
beam attenuation by the mineral content of the
specimen. The greater the amount of mineral in the
tissue, the fewer the number of X-rays passing
through the bone specimen and the whiter the image.
Jowsey et al. [45, 46] have recommended that
sections of cortical bone be ground and polished to
100 um in thickness to obtain optimal visualization of
the morphologic, histometric, and mineral content of
the bone. However, since cancellous bone
specimens of this thickness inherently have
overlapping trabeculae and projection effect errors,
the use of microradiography for correlative
morphologic, histometric, and mineral content
analysis of cancellous bone has been avoided.

Backscattered electron (BSE) imaging is a
relatively recent application of the scanning electron
microscope (SEM) that is being advocated by
biomaterial, orthopaedic, and bone researchers [3, 4,
5,6,10, 11,12, 16, 17, 18, 19, 20, 21, 22, 42, 58, 59,
67]. Backscattered electrons are high energy
electrons that penetrate into the surface of the bone
specimen approximately 5 um [18, 58, 67, 68] and
reflect back to the BSE detector. It has been well
established that the number of electrons reflected
from the surface layer of pure elements or compounds
are proportional to its average atomic number [7, 9,
10, 24, 40, 53, 62, 63, 67, 68]. Specimens with a
higher average atomic number reflect a greater
fraction of backscattered electrons producing whiter
BSE image graylevels in biomaterials and bone.
Conversely, specimens with a lower average atomic
number reflect a smaller fraction of backscattered
electrons and display darker BSE image graylevels.
Not only is the BSE signal proportional to the average
atomic number, but work by Skedros et al. [67, 68]
has shown that the BSE signal is proportional to the
bone mineral content and density (g/cc).

Recently, three teams of investigators [11, 42,
72] have shown the advantages of using the BSE
imaging techniques to describe the morphologic
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detail and to accurately quantify the histometry of
cancellous bone and biomaterials. These
investigators [11, 42, 72] have all concluded that the
projection effect errors caused by the tissue overlap in
bone, are minimized with the BSE imaging
techniques. However, they have limited their
comparative studies of projection effects only to the
morphology and histometry of bone. To date, there
has not been a correlated BSE and
microradiographic study that investigates how tissue
overlap influences the graylevel distribution
measured mineral content data of bone.

Using correlated microradiographic and BSE
imaging techniques, the objective of this study is to
document any errors in the mineral content
measurements of bone tissue associated with
overlapping bone tissue structures.

Methods

Cortical and cancellous bone specimens used
in this study were supplied by the Division of
Radiobiology, University of Utah School of Medicine.
The specimens were cross-sections of a vertebral
body retrieved from a 3 year old beagle dog. The
bone specimens had been dehydrated in ascending
grades of alcohols, embedded in polymethyl
methacrylate [30], and reduced to an average
thickness of 100 um [45, 46]. Microradiographs of
both cortical bone and neighboring cancellous bone
were provided on high resolution spectroscopic
plates (IMTEC Emulsion Type 1A, Sunneyvale, CA)
using a custom made microradiograph unit. The
microradiographs with the greatest contrast between
the mineral phases of the bone were imaged using a
light microscope (Nikon Optiphot, Nikon Inc., Garden
City, New York) equipped with a video camera (Dage
Series 68, Dage-MT]I, Inc., Michigan City, IN). Using
the imaging system described elsewhere [10, 16],
unfiltered, digital images of microradiographed
cortical bone (Figure 1a) and cancellous bone (Figure
2a) were captured and stored for subsequent image
analysis [10].

After microradiography, the top surface of each
embedded bone specimen was sputter coated with a
thin layer of gold at 100 mTorr for 60 seconds
(Hummer, Model VIA, Technics Inc., Alexandria, VA).
The gold coated bone specimens were placed into
the chamber of an SEM (JEOL T-330A, JEOL USA,
Inc., Peabody, MA) equipped with a pair of
semiconductor BSE detecting elements (T300-BE152
Backscattered Electron Detector, JEOL Technics
LTD., Tokyo, Japan) and imaged at 30 kV, 100 pA at a
working distance of 15 mm. The brightness and
contrast of the SEM were set such that the weighted
mean graylevels (WMGLs) of the BSE bone images
were calibrated [16] with the WMGLs of the identical
regions of the microradiographic images. Unfiltered,
digital BSE images of cortical bone (Figure 1b) and
cancellous bone (Figure 2b) were captured [10, 16],
at the magnification and locations that matched the
microradiographic images. The morphology of bone
was observed and qualitatively compared between
the two imaging techniques.



Projection effect errors in bone research

Figure 1: Comparison of the same region of canine cortical bone imaged using (a) microradiography and (b)
backscattered electron imaging techniques. Note the increased image resolution of the backscattered image.

Figure 2: Comparison of the same region of canine cancellous bone imaged using (a) microradiography and (b)
backscattered electron imaging techniques. Note the increased image resolution of the backscattered image.

Each of the 512 by 570 pixels of the captured
image [10] had an associated integer value (range 0
to 255) which designated the graylevel intensity.
Black pixels on the image have a value of 0, while the
brightest white pixels have the value 255. The
remaining values between 1 and 254 represented
discrete shades of gray from near-black to near-white.
Analysis of the images was controlled by using
microcomputer-based software routines. Bony
regions with distinctive structural features were
chosen for comparison of the histometric parameters
-- bone surface perimeter and bone area -- between
the digital images captured from the
microradiographic and BSE techniques. The
histometry program used a thresholding technique
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[28] which allowed the operator to select the
appropriate graylevels of the images that represented
bone. The area and surface perimeter of the selected
regions were measured and recorded.

As with the histometric measurements, the
mineral content analysis of the images was controlled
by using a microcomputer-based software routine.
The mineral content program also used the
thresholding technique [28] to select the appropriate
graylevels of the images that represented bone. The
256 graylevels of each image were grouped into 51
subranges or "bins" (i.e., graylevels 0-5, 6-10, 11-15,
..., 261-255). In this manner, graylevel sensitivity
could be maintained while significantly reducing the
analysis time.
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Figure 3: Number of graylevels from each image was
determined from measuring the base of the graylevel
histogram profile as defined by the 5 percent level.

The result was a series of 51 numbers
representing the proportion of the selected region
occupied by pixels of each graylevel bin. These
numbers may be plotted against graylevel in
histogram form to obtain a standard "image graylevel
histogram" [28]. A best-fit curve, a graylevel
histogram profile (GHP) connecting the values of the
histogram, was determined from data collected from
seven visually distinct cortical regions and from seven
distinct regions of cancellous bone.

The number of graylevels, a measure of the
image contrast, was determined from measuring the
base of the GHP (Figure 3). The base of a given GHP
was defined as the number of graylevels that were a
minimum of 5 percent of the peak of the GHP.

Morphological observations were compared
qualitatively. The histometric and graylevel data were
statistically analyzed using the Mann-Whitney Test for
nonparametric, data [27, 69]. Statistical significance
was determined with a predefined p-value of less
than or equal to 0.05.

Results

Morphologic Observations

The BSE imaging technique provided better
resolution of both cortical and cancellous bone
structures when compared to microradiography
(Figures 1, 2). BSE images showed the size and
elliptical shape of the lacunae, lamellar patterns and
cement lines of the bone. The microradiographic
images had less resolution and showed less
morphologic details. Using microradiography, the
lacunae, lamellae and cement lines of the bone were
not as clearly observed as with the BSE technique.
Histometric Results

The histometric results from this study are
presented in Table 1. Measurements from the
microradiograph images of cortical bone indicated
that the average surface perimeter measured 112.6 *
1.9 um (range 109.9 to 115.6 um) while the average
cancellous surface perimeter measured 211.0 £ 55.9
um (range 126.1 to 312.1 um). In contrast,
measurements from the BSE images of cortical bone
showed that the surface perimeter measured 130.8 *
1.9 um (range 129.4 to 134.5 um) while the
cancellous region measured 328.2 + 101.8 um (range
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217.4 to 427.7 um). The surface perimeters of both
the cortical bone (p=0.018) and the cancellous bone
(p=0.043) measured using the BSE technique were
determined to be significantly greater than the
perimeters measured using microradiography.

The microradiographed specimen had 76.1 +
0.4 square um (range 75.3 to 76.5 square um) of
cortical area and 39.0 + 0.3 square um (range 38.6 to
39.5 square um) of cancellous bone area. The BSE
imaged specimen had 75.9 + 0.3 square um (range
75.6 to 76.3 square um) of cortical area and 30.6 +
0.2 square um (range 30.4 to 30.9 square um) of
cancellous bone area. Although BSE did not produce
images of cortical bone that were perceivably different
(p = 0.237) than microradiography, the BSE images
did have significantly less (p=0.018) cancellous bone
area than the microradiographed image from the
identical regions.
Mineral Content Results

The GHPs of the calibrated images are
presented in Figures 4a and 4b. The WMGLs
measured from the images of the bone are listed in
Table 2. The microradiographs had an average
WMGL of 59 + 13 (range 35 to 73) for the cortical
bone regions and 111 + 6 (range 102 to 119) for the
cancellous bone regions. Matching regions from the
BSE images had an average WMGL of 64 + 15
(range 42 to 87) for the cortical bone regions and 101
+ 13 (range 85 to 119) for the cancellous bone
regions. Statistically, there was no measurable
differences between the WMGLs of the
microradiographs and the BSE images for either the
cortical bone (p=0.447) or the cancellous bone
(p=0.178). This confirmed that the WMGLs from the
BSE images were calibrated with the WMGLs of the
microradiographs.

The number of detectable graylevels (Table 2)
from the microradiographs averaged 21 + 6 (range 15
to 30) for the cortical bone and 24 + 2 (range 20 to 25)
for the cancellous bone. The number of detectable
graylevels from the BSE images averaged 43 + 6
(range 35 to 50) for the cortical bone and 37 + 13
(range 15 to 50) for the cancellous bone. The BSE
images had significantly more graylevel contrast than
the microradiographs for both the cortical (p=0.018)
and cancellous (p=0.046) bone.

Di ion

The observations of this study showed that the
BSE technique could more accurately discriminate
the morphology, histometry, and mineral content in
bone. The morphologic observations confirmed the
reports made by previous investigators [11, 42, 72].
The BSE technique provided substantially better
resolution of the bone morphology and had less
projection effect errors when compared with
microradiography. The surface perimeters of both the
BSE imaged cortical and cancellous bone were, as
previously reported [11, 42, 72], substantially greater
than the surface perimeters measured from the
microradiographic images. This greater amount of
surface perimeter found in the BSE images of bone
was attributed to the noticeably better resolution of the
images.
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TABLE 1:

Bone surface perimeter and bone area of the specimen imaged using microradiography (uRad)

compared with the same region imaged using backscattered electron (BSE) imaging. The mean, one standard
deviation (STDS), minimum (MIN), maximum (MAX), and p-values are given. Significant differences (p<0.05)
between the microradiographic and BSE imagin¢ techniques are indicated by an asterisk (*).

Cortical Bone Cancellous Bone
Region Perimeter (um) Area (sq.um) Perimeter (um) Area (sg.um)
Number uRad BSE uRad BSE pRad BSE uRad BSE
1 113.0 129.4 75.3 75.6 126.1 383.1 39.0 30.9
2 111.0 131.5 76.5 76.1 199.1 409.2 38.9 30.4
3 114.0 129.4 76.2 75.6 201.0 427.7 39.3 30.4
4 115.6 134.5 75.9 76.1 199.7 225.9 39.5 30.6
5 112.0 130.3 76.5 75.6 199.1 2175 39.0 30.6
6 112,86 131.4 75.9 76.3 239.6 217.4 38.8 30.7
7 109.9 129.4 76.5 76.1 312.1 416.3 38.6 30.6
MEAN 112.6 130.8 76.1 75.9 211.0 328.2 39.0 30.6
STDS 1.9 1.9 0.4 0.3 55.9 101.8 0.3 0.2
MIN 109.9 129.4 753 75.6 126.1 217.4 38.6 30.4
MAX 115.6 134.5 76.5 76.3 3121 427.7 39.5 30.9
p-value *0.018 0.237 *0.043 *0.018

TABLE 2: Comparison of the number of graylevels of identical regions of bone obtained using microradiography

and backscattered electron (BSE) imaging.

The mean, one standard deviation (STDS), minimum (MIN),

maximum (MAX), and p-values are given. Significant differences (p<0.05) between the microradiographic and

BSE imaging techniques are indicated by an asterisk (*).

Weighted Mean Graylevel (WMGL) Number of Graylevels
Region Cortical Bone Cancellous Bone Cortical Bone Cancellous Bone
Number uRad BSE wRad BSE uRad BSE uRad BSE
1 72 77 113 114 15 45 25 40
2 67 58 107 119 20 85 25 40
3 73 69 102 102 25 45 20 15
4 52 56 108 85 25 35 25 45
5 35 42 112 95 20 50 25 25
6 57 56 116 86 30 45 25 50
7 56 87 119 107 15 45 20 45
MEAN 59 64 111 101 21 43 24 37
STDS 13 15 6 13 6 6 2 13
MIN 35 42 102 85 15 35 20 15
MAX 73 87 119 119 30 50 25 50
p-value 0.447 0.176 *0.018 *0.046

Contrary to the literature, the data from this

could over penetrate thin regions of bone.

study did not indicate that microradiographs always
have larger bone area measurements than the
corresponding BSE images [11, 42, 72]. Depending
upon the bone's 3-dimensional structure, the amount
of overlapping tissue layers, and the X-ray techniques
used, microradiography can give the investigator
either the same, less, or more bone area when
compared to BSE images -- depending upon the
individual bone specimen, section, and field selected.
If the specimen is a solid piece of cortical bone,
microradiography and BSE can give similar bone
area results. However, when cortical bone has fairly
large voids that occur below the surface of the bone
specimen, potential histometric errors can occur. For
example, the amount of X-rays that would be needed
to properly expose the thick regions of cortical bone
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Finally, recall that when looking down onto
multilayered objects, the resulting boundary is
defined by the widest projection of the overlapped
structures [41]. If there is less bone on the specimen
surface than results from the summation of the
individual layers, there will be an impression of more
bone present than actually there. This phenomenon
was described by Holmes et al. [42], Bloebaum, et al.
[11] and Sumner, et al. [72] when they showed that
microradiographic images have more bone area than
BSE images. All three investigators found regions
with less bone on the top surface of the specimen that
had been BSE imaged than the summation of the
individual layers using the microradiographic
technigue. This gave the impression that there was
more bone present in the microradiographic bone
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Figure 4: Graylevel histogram profiles of the (a)
microradiographic images of cortical and cancellous
bone and (b) BSE images of cortical and cancellous
bone. Graylevel calibration of the two imaging
techniques was accomplished by adjusting the BSE
brightness and contrast to give similar weighted mean
graylevels the cortical and cancellous bone.

image than in the BSE image. Cancellous bone,
being made up of many individual trabeculae, can
especially be a problem.

Especially unique to this study was the data
showing that projection effect errors can affect the
mineral content measurements of bone. Work from
our lab [67, 68] has demonstrated that the BSE
graylevels of bone are proportional to the mineral
content and density (g/cc) of the tissue. The data from
this study showed that the BSE images can
discriminate significantly more graylevels than the
microradiographs. This is because the thickness of
the microradiographed specimens tends to mask the
multiple mineral phases by averaging the graylevel
information over the entire 100 um thickness of the
specimen.

The regions of superimposition of the tissues
image using microradiography may appear to have
incorrect mineral content values. Just as with the
histometric measurements, over and under
penetration of the X-ray beam through the 100 um
thick specimen can seriously distort the mineral
content measurements, even using calibrated
techniques [16, 67, 68]. The same overlapping tissue
structures imaged using BSE would appear much
differently. Since the electrons only pass through the
first few um [42, 57, 67, 68] of the specimen surface,
the structure would not only have more contrast in the

graylevel images, but also show the correct mineral
content of the individual microscopic structures using
published calibration methods [16, 67, 68]. Although
using the BSE technique would require a large
number of stereologic planes to be analyzed to obtain
information from a specimen, correct mineral content
data, with good contrast, could be measured
throughout the entire specimen without concerns of
artifacts caused by projection errors inherent in
microradiography.

Correlating the morphologic, histometric, and
mineral content of bone at the interface of
biomaterials continues to be a goal in biomaterials
and basic bone research. Using the BSE mode of the
SEM can give investigators the ability to overcome
the resolution limitations of the other imaging
techniques [1, 8, 25, 31, 35, 36, 37, 46, 47, 48, 49, 51,
54, 55, 56, 64, 66, 70, 73, 75, 76, 77, 78] currently
used to measure the bone response to biomaterials.
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Discussion with Reviewers
S.C. Miller: Discussion and comparison of

backscatter electron imaging and surface area
measurements obtained by light microscopy should
specifically indicate that "light microscopy" refers to
ground sections and not to routine histological
specimens. Histological sections, frequently used for
histomorphometry, are often 3 to 7 um in thickness.
Authors: That is true. However, when analyzing the
bone at the interface of many biomaterials, the frailty
of the implant specimens limits the minimum
thickness to, in many cases, over 10 times the
thickness of common histologic specimens.

S. C. Miller: It seems that the primary reason for the
difference in gray scale patterns and surface and area
measurements in microradiography (particularly in
cancellous bone) would be due to section

obliqueness.
Authors: The comparisons that were made in this

study were between images of the same region of
bone using two different techniques. The differences
in the histometry and the mineral content are a result
of the technique, not the specimens. However,
section obliqueness is one the many examples of
projection effect errors inherent in thicker specimens.

P. G. T. Howell: How do the graylevels created
correlate with mineral content?

Authors: Two recent publications from our laboratory
[67, 68] give experimental data for this question. The
first study, "The meaning of graylevels in
backscattered electron images of bone", uses
simulated bone mixtures to model various bone
mineral contents. The second study, "Influence of
mineral content and composition on graylevels in
backscattered electron images of bone" used chicken
bone tissue from various embryo, hatchling, 2 week
and 1 year of maturity. Together, these two studies
show how the graylevels of the BSE images correlate
with the bone mineral content.

T. Gruen: There are conventional histomorphometric
parameters and it is not clear as to how the
histometric parameters in this study compare with the
others.

Authors: This study was interested in establishing the
potential role of projection effects on the histometry
[42] of bone tissue. Measurements of the "bone
surface perimeter" and "bone area" were made from a
section of embedded bone imaged using
microradiography and BSE imaging techniques. We
were not attempting to serially section and
stereologically reconstruct the entire specimen to
obtain the classical histomorphometric parameters of
mineralized surface area and mineralized bone
volume. It is worth noting that since the
histomorphometric and stereologic parameters sum
the results over several sections, the projection effect
errors measured using microradiography could
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theoretically accumulate with each section. More
research could be conducted to determine the effects
of projection effect errors on other histomorphometric
parameters. It is the author's opinion that this would
likely be unnecessary since there are now several
studies [11, 42, 72] showing projection effects with
microradiography.

T. Gruen: If the "thick" sections are 100 um for
microradiography, then how can 10 um lacunae be
evident in such thick sections of cortical bone unless
they are superimposed on top of each other from top
to bottom of the "thick" section?

Authors: Figure 1 of this article illustrates the
microradiograph and the BSE images of the cortical
bone. Distinct, individual osteocyte lacunae are not
clearly observed in the microradiographic image --
only in the BSE image. The "lacunae" that you refer
to in Figure 1a are in fact, Haversian canals. These
osteonal structures could be imaged using either
imaging technique since the canals run throughout
the entire 100 um thick specimen. So depending on
the amount of detail needed for the study, the
projection effect errors that are associated with
microradiography may or may not be an important
aspect of the study.

Unidentified Reviewer: Radiographic projection
errors are very well known in the literature and are to
be expected. The results of the study show that
microradiography had more projection errors
associated with the morphology and histometry -- a
result which can be predicted from pure logic.
Projection effects will be increased with decrease in
the depth of resolution of any system.

Authors: Before we began this study, we would have
agreed with the reviewer's statements. Projection
effect errors associated with the morphological and
histometric measurements of bone have been
investigated and reported in the literature [11, 42, 72].
The objective of this study, as stated at the end of the
Introduction, was to "document any errors in the
mineral content measurements of bone tissue
associated with overlapping bone tissue structures.”
We feel that the data from this study gave us the
ability to achieve this objective. Unexpected to the
authors, to the literature, and it seems, to the
unidentified reviewer, was "the data from this study
did not indicate that microradiographs always have
larger bone area measurement than the
corresponding BSE images." As the authors
indicated in the Discussion, we felt that "Depending
upon the bone's 3-dimensional structure, the amount
of overlapping tissue layers, and the X-ray techniques
used, microradiography can give the investigator
either the same, less, or more bone area when
compared to BSE images -- depending upon the
individual bone specimen, section, and field
selected.”
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