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The mechanical properties of bones are greatly influenced by
the ratio of organic constituents to mineral. Determination of
bone mineral content on a macroscopic scale is straightfor-
ward, but microscopic variations, which can yield new in-
sights into remodelling activities, mechanical strength, and
integrity, are profoundly more difficult to measure. Measure-
ment of microscopic mineral content variations in bone ma-
terial has traditionally been performed using microradiogra-
phy. Backscattered electron (BSE) imaging is a technique
with significantly better resolution than microradiography
with demonstrated consistency, and it does not suffer from
projection-effect errors. We report results demonstrating the
applicability of quantitative BSE imaging as a tool for mea-
suring microscopic mineral content variations in bones rep-
resenting a broad range of mineralization. Bones from ten
species were analyzed with Fourier-transformed infrared
spectroscopy, X-ray diffraction, energy dispersive X-ray
spectrometry, ash measurements, and BSE imaging. BSE
image intensity (graylevel) had a very strong positive corre-
lation to mineral (ash) content. Compositional and crystallo-
graphic variations among bones had negligible influence on
backscattered electron graylevels. The present study con-
firms the use of BSE imaging as a tool to measure the
microscopic mineral variability in a broad range of miner-
alized tissues. (Bone 20:485-490; 1997) © 1997 by Elsevier
Science Inc. All rights reserved.
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Introduction

The measurement of mineral content in bones and mineralized
tissue at the macroscopic level is of great interest to biologists
and zoologists. Bone mineral content can be viewed in two
contexts, as described by Martin and Burr.?” Volumetric miner-
alization is a measure of the amount of mineral per unit volume
of whole bone, and is therefore influenced both by mineral
content and porosity of the bone. Specific mineralization, how-
ever, is a measure of the amount of mineral per unit volume of
bone tissue (excluding porosity). This study addresses the mea-
surement of specific mineralization.
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It is well established that small adjustments in specific min-
eral content can significantly affect the mechanical properties of
bone.!?!4!> In nature, there are conspicuous examples of some
bones that have adapted their relative mineral content to accom-
modate specific mechanical loading conditions. For example,
deer antler is low-mineral-content bone, making it ductile with a
large work of fracture.'® This accommodates the impact loading
conditions that antlers of most deer species must endure during
the mating season. In contrast, the whale tympanic bulla is very
highly mineralized, an adaptation that is not for mechanical
loading, but for acoustic impedance.'?

Microscopic variations in a bone’s mineral content, although
difficult to measure, may explain much of the variation in its
mechanical properties, particularly in pathological mineralized
tissue. Microradiography was developed as a technology to
evaluate microscopic mineral content variations in thin sections
of bones and other mineralized tissues.!?®3>4! However, the
utility of microradiography is limited by resolution. The highest
resolution of microradiographs of bone has been estimated?>-3 to
represent a cylindrical volume on the order of 400—-4000 pm>.
Errors caused by projection effects>*? can further limit the
accuracy and use of microradiography in histometric and mineral
content analyses. Additionally, studies requiring the microradio-
graphic analysis of relatively large numbers of specimens can be
difficult to accomplish because all specimens must be ground or
milled to a uniform thickness (typically 100 pm) and calibration
between laboratories has yet to be documented.

To circumvent these problems, backscattered electron (BSE)
imaging in the scanning electron microscope (SEM) was devel-
oped as a tool for determining qualitative differences in the
mineralization of bone and dental tissues.”%!® Depending on
SEM operating conditions, Howell and Boyde®? estimated that
the volumetric resolution of BSE images in bone ranged from
0.07 to 137 pm?®, which is considerably better than the highest
resolution in microradiography. This is probably an underesti-
mation of the resolution because Howell and Boyde incorrectly
calculated the atomic number of bone using a simple mean,
rather than a weighted mean.2>3*3% If Howell and Boyde?® had
estimated the atomic number of hydroxyapatite to be 14.1 rather
than 11.4, then the resolution would be even greater.”*3° Due to
the improved resolution, BSE imaging technology has been
extensively used for qualitative analysis,”®1%182! but has only
recently been developed into a rigorous, calibrated, quantitative
method>6-2-31:33.38.39.43.44 f mineral content analysis with ex-
perimentally demonstrated consistency.”344

The use of BSE imaging to determine mineral content is
based on the well-established principle that the fraction of
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Table 1. List of bone specimens and their anatomical provenances
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Species

Anatomical location

Human (S162)

Human (S141)

Cow

Fin whale

Rocky Mountain mule deer
Rocky Mountain mule deer
King penguin

Homo sapiens

Homo sapiens

Bos taurus

Balaenoptera physalus
Odocoileus hemionus hemionus
Odocoileus hemionus hemionus
Aptenodytes patagonica

midshaft, anterior cortex, femur
midshaft, anterior cortex, femur
midshaft, anterior cortex, femur
tympanic bulla

proximal shaft, cranial cortex, calcaneus

antler
midshaft, cortex, humerus

Ovis aries
Canis familiaris
Canis familiaris
Canis familiaris
Lepus sp.

Sheep

Greyhound dog (D282)
Greyhound dog (D56)
Greyhound dog (D85)
Rabbit

Semiaquatic turtle

White leghorn chicken Guallus domesticus

Chelydra serpentina

midshaft, anterior cortex, tibia
midshaft, anterior cortex, femur
midshaft, anterior cortex, femur
midshaft, medial cortex, tibia
midshaft, cortex, femur
midshaft, cortex, tibia
diaphysis, whole femur, embryo

“Numbers in parentheses after human and dog specimens are accession numbers used to distinguish specimens.
The two human and three dog specimens were obtained from five different donors.

electrons that collide with a target sample and then travel to a
detector as backscattered electrons, increases monotonically as a
function of the average atomic number of the sample.?? The
resulting BSE signal can be converted into a digital black/white
image where the intensity (graylevel) of any pixel in the image is
proportional to the mean atomic number of the corresponding
location on the target material. Some investigators have sug-
gested that the BSE signal, therefore, represents the mineral
density of bone.”%3143 This interpretation may be incorrect
because experimental evidence reveals that the BSE signal is not
proportional to density in pure elements.* Other investigators
have demonstrated that graylevels in calibrated BSE images of
simulated bone tissues have a strong positive correlation with
both mineral content and density.>® Similar results have been
observed in bones obtained from chickens ranging in age from
embryo to adult.® However, these early studies measured vol-
ume percent mineral (vol. mineral/vol. total), and, as Roschger et
al.»? suggested on theoretical grounds, the use of weight percent
mineral (wt. mineral/wt. total) would be preferable. Neverthe-
less, a strong linear relationship was observed in these earlier
studies, and is undoubtedly the result of the strong positive
correlations among density, weight percent mineral, and volume
percent mineral.* These correlations have not yet been validated
in bone tissues from various species over a broad range of
mineralization. Additionally, the effect that variations in compo-
sition and crystallography have on the BSE signal in bones has
not been adequately assessed. Small variations in the composi-
tion of the mineral phase of bone, which have been observed
between species,® may alter BSE image graylevels. Mineral
crystallite size and orientation may also play a role in BSE image
graylevels. The objectives of this study are to: (1) quantitatively
demonstrate that BSE images graylevels in bone are linearly
correlated to ash fraction over a broad range of species with a
broad range of mineralization; and (2) demonstrate that compo-
sitional and crystallographic variations have minimal influence
on BSE graylevels.

Materials and Methods
Specimen Preparation

Bones selected for this study were obtained from various ana-
tomical locations in ten species (Table 1). Each bone was cut
into five adjacent segments. One segment from each bone was
used for BSE image graylevel analysis. Two segments from each

bone were used for ash percent measurements. The remaining
two segments from each bone were used for compositional and
crystallographic analyses. The embryonic chick femur was too
small to be sectioned into five individual segments, and therefore
compositional and crystallographic analyses were conducted on
the femora from age-matched chicks. All five segments from
cach bone were defatted in a large volume of reagent grade
chloroform, dried in an oven at 80°C for 5 days, and weighed on
an analytical balance. Volume of all five segments from each
bone was measured using a helium micropycnometer.*> Bone
density was calculated from the volume and weight measure-
ments of each segment.

BSE Analysis

Specimens that were analyzed in the BSE mode of the SEM were
embedded in polymethyl methacrylate,'!”-*¢37 cut into cubes with
a band saw, and glued together with a cyanoacrylate glue. The
composite specimen block was ground and polished with 0.5-pm
alumina to an optical finish, and lightly sputter-coated with gold.
The composite specimen block was placed on the stage of a Jeol
6100 SEM (Jeol USA, Inc., Peabody, MA) equipped with a Tetra
(Oxford Instruments, Cambridge, UK) solid-state BSE detector,
with the polished surface perpendicular to the incident electron
beam. SEM operating conditions included: 30-kV accelerating
voltage; 15-mm working distance; 0.75-nA probe current; and
images were captured in the BSE mode with nine scans using a
Kalman frame averaging technique. SEM operating conditions
were stored in computer memory and restored prior to every
image capture. Probe current was measured with a SM-16100
probe current detector (Jeol) attached to an external picoammeter
(Keithley Instruments, Cleveland, OH) prior to every image
capture and manually adjusted by fine alterations of the con-
denser lens strength as necessary. Five BSE images were col-
lected from each embedded bone segment at 200X. BSE images
were collected as 512 X 512 pixel, digital images with 256
distinct graylevels. The weighted mean graylevel (WMGL) of
each image was calculated following the equation previously
described***:

3 AGL,

< 4,

WMGL =

where: A; = area of ith graylevel; GL, = ith graylevel; and A, =
total area imaged. This provides a mean value for the backscat-
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tered signal, independent of porosity (black pixels 05 in the BSE
image). To ensure instrument stability, BSE-image WMGLs
were calibrated at 20-min intervals using a magnesium alloy
(99.8% pure; 93% Mg, 6% Al, and 1% Zn; Johnson Matthey,
Inc., Seabrook, NH) and pure aluminum (99.9999% pure, John-
son Matthey) as calibration standards following the protocol of
Vajda et al.** A mechanized stage was utilized to ensure that the
same microscopic regions of the calibration standards were
analyzed throughout the course of the experiment. Quantitative,
experimental studies have demonstrated the applicability of this
technique.>44

Ash Measurements

Bone segments used for ash percent measurements were defatted
and dried, as described previously, and placed in an oven at
550°C for 24 h to remove organic constituents. The weight of the
specimens was determined before and after ashing using a
precision analytical balance. Ash percent is expressed as ashed
bone weight (W, ) divided by dry, defatted bone weight (W)
multiplied by 100 [(W,g/Wpg)*100].

Compositional Analysis

Compositional and crystallographic analyses consisted of Fou-
rier-transformed infrared spectroscopy (FTIR), energy dispersive
X-ray spectrometry (EDX), and X-ray diffraction (XRD). FTIR
samples were ground with a mortar and pestle, and FTIR spec-
troscopy was performed on 1-mg samples pressed in 300 mg KBr
pellets with a Nicolet 5SDXC FTIR spectrometer.

EDX measurements were performed on a Jeol 6100 SEM
equipped with a beryllium window X-ray detector (Pentafet,
Oxford Instruments). Measurements were performed on the same
composite specimen block used for BSE analysis. Operating
conditions included an accelerating voltage of 20.0 kV, working
distance of 15 mm, probe current of 2.50 nA, and a live capture
time of 130 sec. Pure CaCO; and InP were used as reference
standards for ZAF corrections.’® ZAF corrections were per-
formed using the zaF-4 software program (eXL Image Analysis
System, Oxford Instruments). EDX measurements were used to
obtain Ca/P molar ratios.

Powder X-ray diffraction measurements using Cu Ko radia-
tion were performed on samples ground with a mortar and pestle,
packed in stainless-steel sample holders, and scanned with a
Scintag TTGON10 0-6 goniometer. XRD samples were analyzed
from 4° to 35° 20 with a step size of 26/step. Counting time was
set at 20 sec/step. Bone samples were qualitatively compared
with a pure sintered hydroxyapatite standard (Calcitek Calcitite
4060-2, Lot #892436, Norian Corp., Cupertino, CA). Scherrer
crystal sizes'! were calculated using the 002 peak near 26° 260.
The Scherrer formula provides an estimate of the average perfect
crystallite size in one dimension, based on XRD peak widths. FTIR
and XRD analyses were performed by the Norian Corporation.

Results

Density and ash percent measurements (Table 2) demonstrate
broad variability among the species. Visual inspection of BSE
images revealed conspicuous graylevel differences among the
species (Figure 1). Low-mineral-content tissues appeared much
darker than high-mineral-content tissues. Morphological fea-
tures, lamellar patterns, and graylevel differences were observed
within individual images. Pearson correlation demonstrated that
ash percent was very strongly correlated (# = 0.937; p <
0.000001) to WMGL (Figure 2). A moderate positive correlation
(r* = 0.622; p < 0.001) was also observed between density and
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Table 2. Density data (g/cm®), ash percent data (%), weighted mean
graylevel (WMGL) data (graylevels), calcium-to-phosphorus
(Ca/P) molar ratios (mol/mol), and Scherrer crystal size calcu-

lations (&)
Ash
Species Density percent WMGL Ca/P  Scherrer
Human (S162) 2.11 . 70.7 1099  1.66 203
Human (S141) 213 70.1 1076 172 203
Cow 212 735 1270 1.62 172
Fin whale 2.49 85.8 1722 1.61 190
Mule deer calcaneus 2.06 71.4 109.5 1.61 190
Mule deer antler 1.89 61.6 57.7 1.55 143
King penguin 221 74.7 1253  1.63 172
Sheep 2.17 744 1253 1.66 190

Greyhound dog (D282)  2.20 722 1115 1.63 203
Greyhound dog (D56) 2.13 73.4 1235 1.65 203
Greyhound dog (D85) 2.11 70.5 104.0 1.62 172

Rabbit 2.34 754 136.6  1.62 163
Semiaquatic turtle 2.10 68.3 969 1.84 136
White leghorn chicken 0.77 52.1 534 171 NA

NA = not available,

WMGL (Figure 2). Both ash percent and density correlations
dramatically improve if the data excludes the embryonic chick
femur, which appears to be an outlier (#* = 0.973 and #* =
0.858, respectively; Figure 2).

FTIR showed all samples to be comprised of a carbonated
apatite. No significant variation in the composition of the mineral
phase was observed among specimens. EDX measurements of
weight percent calcium and phosphorous were used to calculate
Ca/P molar ratios, which confirmed compositional similarity
among the specimens (Table 2). No correlation (+* = 0.030; p >
0.5) between Ca/P molar ratios and WMGL was observed. X-ray
diffraction data demonstrated that all specimens were poorly
crystalline carbonated apatites. Perfect Scherrer crystal size es-
timates (Table 2) ranged from 136 A (turtle) to 203 A (human
and dog). No significant correlation between Scherrer size and
WMGL was found with a Pearson correlation (+* = 0.170; p >
0.1). The XRD spectra obtained from the embryonic chick femur
were masked by noise and it was not possible to reliably
calculate the Scherrer crystal size. The embryonic chick femur
was therefore not included in the Pearson correlation.

Discussion

The high positive correlation between ash percent and WMGL
over a broad range of mineralized tissue demonstrates that
mineral content can be reliably determined from graylevel anal-
ysis of BSE images. Similarly, density was strongly correlated to
WMGL, with the exclusion of the embryonic chick femur, which
supports the conceptual model of bone mineralization, as de-
scribed by Richelle and Onkelinx.*? Their model predicts that,
during normal bone mineralization, progressive increases in
mineral content are primarily the result of progressive increases
in the packing density of mineral crystals in and on the collagen
framework. Therefore, a higher mineral content would be ex-
pected to coincide with increased density. However, the strength
of the correlation coefficients was not equal. A stronger corre-
lation was observed between BSE graylevels and mineral content
than between BSE graylevels and density, supporting Roschger
and co-workers’? suggestion that future investigators should
interpret BSE-image graylevels as proportional to weight
percent mineral.

The most noticeable deviation from these correlations is the
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Figure 1. Backscattered electron photomicrographs of four specimens with varied mineral content. In all four images, morphological features are
clearly visible. The images are arranged in order of decreasing overall graylevel (mineral content): (a) fin whale tympanic bulla; (b) rabbit femur; (c)
human femur; and (d) Rocky Mountain mule deer antler. Brightness and contrast have been set to allow visualization of all specimens in one imaging
session. Optimal visual appearance for any individual species, which would have a smaller range of mineral content values, could be improved by
increasing contrast. Cracks in the specimens are unavoidable artifacts of preparation. Similarly, the bright border surrounding the cracks cannot be
interpreted as regions of highly mineralized tissue. Rather, they are artifacts due to electron interactions near the crack surface.

embryonic chick femur, which has a lower mineral content and
lower density than would be expected from the correlation data.
The embryonic chick skeleton is typically composed of rapidly
forming bone with substantial pore volume.>® Therefore, manual
removal of marrow and soft tissues is considerably more difficult
than in the other bones. The relatively rapid renewal of bone
tissue in the embryonic stage,'® compared with the other bone
specimens which are from mature animals, would also result in
a larger residual amount of unmineralized bone (osteoid) in the
embryonic chick. With the SEM contrast and brightness settings
used in this study, osteoid and soft tissue that had not been
completely removed from the chick femur would appear black in
a BSE image, making it indistinguishable from the polymethyl
methacrylate embedding media. Failure to adequately remove
soft tissues and infiltrate the pores with polymethyl methacrylate
would therefore not be expected to dramatically affect the
WMGL. The presence of these soft tissues would, however,
artificially increase the dry, defatted bone weight which would
decrease ash percent (mineral content) and density, accounting
for the deviations from the regression line.

FTIR and EDX data demonstrate that all of the tissues in-
volved in this study have similar mineral composition. Small quan-
tities of brushite, whitlockite, and other minerals have been reported

to occur in bone in previous studies, %2434 but were not observed
in this study. Small compositional variations in the mineral
phase, if present in this study, are so small (<{1% by weight) that
they are beyond the detection limits of the FTIR and EDX
analysis methods and hence are not likely to explain the large
variations in graylevel intensity observed in the BSE images.
XRD data demonstrate that all of the specimens in the study
were relatively microcrystalline. Published data confirm that the
range of crystallite size estimates in this study are of an order of
magnitude comparable to other bones in previous studies.?®
Comparison with XRD data from a sintered hydroxyapatite
standard shows that even the most ordered of the bone specimens
in this study (fin whale tympanic bulla) is far less structured than
pure, sintered, stoichiometric hydroxyapatite, indicating rela-
tively poor crystallinity. The lack of correlation between Scherrer
crystal size and WMGL suggests that average crystal size and
order in bone has minimal influence on BSE image graylevels.
This study demonstrates that it is not only possible to measure
variations in the mineralization of bone at the macroscopic level,
which is of great interest with respect to mechanical properties,
but it is possible to use BSE imaging technology to measure
mineral variations at the microscopic level without disrupting the
underlying morphology. The coefficient of determination (+%) of
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Figure 2. Scatterplot between backscattered electron image weighted
mean graylevel (WMGL) and ash percent demonstrating a high positive
correlation (solid symbols; ¥ = 0.937). Scatterplot between WMGL and
density shows a moderate positive correlation (open symbols; r» =
0.622). The embryonic chick femur (squares) appears at the low end of
the WMGL scale and is an apparent outlier. Correlations dramatically
increase with the exclusion of the embryonic chick femur (r* = 0.973 and
r* = 0.858 for ash and density, respectively).

0.973 signifies that greater than 97% of the variation in WMGL
of tissues examined in the present study can be attributed to
mineral content variations. The lamellar patterns and anomalous
graylevel values seen near cracks cannot, however, be interpreted
solely as mineral content variations. Other investigators have
suggested that the lamellar patterns are the result of topograph-
ical fluctuations and can be eliminated by diamond micromilling
specimens,®2? rather than the conventional grinding and polish-
ing used in the present study. Examination of published pho-
tomicrographs of micromilled specimens®3340 reveals that la-
mellar contrast may be reduced, but it is not eliminated. The
lamellar patterns may be the result of both surface topography
and mineral content variation, and the relative contribution of the
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two factors is unknown. This calls into question the ultimate
resolution at which BSE graylevels can be correlated to ash
content. In studies that seek to examine mineral differences in
extremely small regions (e.g., between two individual lamellae)
topographical relief must be considered a potential complicating
factor. Theoretical calculations of the relative importance of
topography have been previously addressed,?® and experimental
investigations are currently being conducted in our laboratory.
Nonetheless, the present study experimentally demonstrates that
BSE graylevels obtained from microscopic regions of bone are
highly correlated to mineral content. The contribution of topo-
graphical relief to the BSE signal in the current study must
undoubtedly be minor, as greater than 97% of the variation in
BSE graylevels can be accounted for by mineral content alone.

It is illustrative to compare BSE technology with the more
traditional measurement of microscopic mineralization, microra-
diography. The resolution of BSE is unquestionably superior?>3>
as can be clearly observed in comparative images (Figure 3).
The present study clearly demonstrates the strength of the cor-
relation between BSE graylevels and mineral content. Previous
studies have quantified the consistency of repeated measure-
ments.>** The present investigators are unaware of similar de-
tailed studies of the accuracy, precision, and reproducibility of
microradiographs. Additionally, BSE imaging does not require
that all specimens be ground or milled to uniform thickness, thus
greatly reducing specimen preparation time. Image capture is
performed “on-line” allowing the investigator to rapidly visual-
ize regions of interest and obtain images accordingly. Image
capture takes approximately 10 sec, which is far less than the
30-45 min it takes to obtain a microradiograph. Collection of the
approximately 100 images obtained in the present study, includ-
ing calibration, took less than 4 h. Furthermore, because all
images are digitally collected and stored on magnetic media for
future analysis, the development of photographic films is not
required. This eliminates the need for cumbersome video digiti-
zation and nonlinear calibration routines®®2” for quantitative
analysis of microradiographs.

The relative ease of use and accuracy of BSE imaging make
it an ideal technique for investigating microscopic mineral vari-
ations. Large-scale studies involving numerous specimens, which
were previously more technically difficult with the use of micro-
radiographic techniques, can be examined more efficiently. Po-
tential applications of this technology include both basic bone

Figure 3. (a) Microradiograph taken from the vertebral body of a 3-year-old male beagle dog. The specimen was ground to a thickness of 100 wm and
imaged with a custom-made microradiograph unit, using high-resolution spectroscopic plates. (b) BSE photomicrograph obtained from the same region
as (a). Resolution of morphological features is superior in the BSE image. Similarly, enhanced graylevel discrimination can be observed in the BSE image.
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research, clinical histometry, and mineral content analysis. The
study of pathological mineralization, aging influences, the devel-
opment of animal models for mineralization studies, and re-
sponses to treatment therapies should benefit from the further
application of quantitative BSE imaging to bone.
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