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ABSTRACT
Using qualitative backscattered electron (BSE) imaging and quantita-

tive energy dispersive X-ray (EDX) spectroscopy, some investigators have
concluded that cement (reversal) lines located at the periphery of secondary
osteons are poorly mineralized viscous interfaces with respect to surround-
ing bone. This conclusion contradicts historical observations of apparent
highly mineralized (or collagen-deficient) cement lines in microradiographs.
Such conclusions, however, may stem from unrecognized artifacts that can
occur during scanning electron microscopy. These include specimen degra-
dation due to high-energy beams and the sampling of electron interaction
volumes that extend beyond target locations during EDX analysis. This
study used quantitative BSE imaging and EDX analysis, each with rela-
tively lower-energy beams, to test the hypothesis that cement lines are
poorly mineralized. Undemineralized adult human femoral diaphyses (n �
8) and radial diaphyses (n � 5) were sectioned transversely, embedded in
polymethyl methacrylate, and imaged in a scanning electron microscope for
BSE and EDX analyses. Unembedded samples were also evaluated. Addi-
tional thin embedded samples were stained and evaluated with light mi-
croscopy and correlated BSE imaging. BSE analyses showed the consistent
presence of a bright line (higher atomic number) coincident with the clas-
sical location and description of the cement line. This may represent rela-
tive hypermineralization or, alternatively, collagen deficiency with respect
to surrounding bone. EDX analyses of cement lines showed either higher Ca
content or equivalent Ca content when compared to distant osteonal and
interstitial bone. These data reject the hypothesis that cement lines of
secondary osteons are poorly mineralized. © 2005 Wiley-Liss, Inc.
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Remodeling of bone involves two major steps: resorption
of bone by osteoclasts and formation of new bone by osteo-
blasts (Frost, 1990; Parfitt, 1994). During remodeling, os-
teoclasts create a resorption space. The reversal surface
that remains represents the physical demarcation where
bone resorption reverses to bone formation (Sokolof, 1973;
Parfitt, 1984; de Ricqlès et al., 1991; Zhou et al., 1994).
The initial material(s) deposited on this reversal surface
appears as a thin line in transverse sections or a sheath in
three-dimensional space. This thin layer, which may not
be homogeneous, represents the reversal or cement line
(Figs. 1 and 2). In diaphyseal cortical bone, cement lines
typically appear as narrow seams less than 5 �m wide
that often exhibit subtle undulations (crenulated or scal-
loped appearance, corresponding to osteoclast Howship’s
lacunae) at the periphery of secondary osteons (Sissons,
1962; Ham and Cormack, 1979: p. 441–442; Castanet,
1981; Martin and Burr, 1989: p. 49–51). According to some
investigators, cement lines are absent in primary bone
because they are by definition associated with the resorp-
tion of primary or secondary bone and the formation of
secondary bone (Pritchard, 1972; Sokolof, 1973; Jee, 1983;
Currey, 1984: p. 29, 47; de Ricqlès et al., 1991; Fawcett,
1994: p. 224; Zhou et al., 1994) (see Appendix).

Von Ebner (1875) first described the cement line as
“kittlinien” (putty line or glue line). More recent investi-
gators have published microradiographs showing that ce-
ment lines often have brighter gray levels (indicative of
higher mineral content) than surrounding bone (Amprino
and Engström, 1952; Jowsey, 1960, 1964, 1966; Smith,

1963; Philipson, 1965; Heuck, 1971; Lacroix, 1971; Yae-
ger, 1971; Dhem and Robert, 1986). Consequently, the
cement line has been described as a relatively highly min-
eralized material, implying a relatively brittle interface
(Philipson, 1965; Castanet, 1981; Currey, 1984: p. 46;

Fig. 1. Diagrammatic representation of human cortical bone from a
long bone diaphysis showing secondary osteons (O; Haversian systems)
and their central canals (CC), secondary osteon fragments (F), and
resorption spaces (R). Two of each characteristic are labeled. Primary
bone (P) is indicated by parallel lines. Primary osteons and primary
vascular canals are not shown. The outer margin of the resorption space
represents the reversal surface. The material formed on this surface,
which is peripheral to the outermost osteon lamella, is the cement line
(see enlarged portion at bottom). The composition of this region is not
completely known.

Fig. 2. A: Backscattered electron image of adult human femoral
cortical bone (undemineralized and PMMA-embedded; transverse sec-
tion, anterior cortex, mid-diaphysis). Contrary to the hypothesis tested in
this study, these images show thin bright lines (presumably highly min-
eralized) along the peripheral margins of the secondary osteons (arrows).
B: Transmitted light image of a secondary osteon in adult human femoral
cortical bone (undemineralized and PMMA-embedded; transverse sec-
tion, anterior cortex, mid-diaphysis) that has been stained with basic
fuchsin and methylene blue in a buffered acetate solution. Stain uptake
is greatest along a scalloped (crenulated) line at the osteon periphery
(arrows). This line surrounds the entire osteon and is considered the
cement line. The large black features at the bottom of the image are
cracks in the bone, an artifact of specimen preparation. These images
demonstrate the topographic correspondence of bright lines seen in the
backscattered electron images (A) with traditionally appearing cement
lines seen in the light microscope (B).
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Parfitt, 1984). However, the relative mineralization of the
cement line with respect to adjacent bone remains contro-
versial. The composition and mineralization of cement
lines of secondary osteons (Haversian systems) and their
potential influences on bone biomechanical and metabolic
functions have been considered many times since their
original description by Von Ebner (1875), yet these issues
remain unresolved (Schmidt, 1959; Sokolof, 1973; Casta-
net, 1981; Currey, 1984: p. 47; Schaffler et al., 1987; Burr
et al., 1988; Martin and Burr, 1989: p. 51–52; de Ricqlès et
al., 1991; Zhou et al., 1994; Zioupos and Currey, 1994;
McKee and Nanci, 1995; Brunski et al., 2000; Everts et al.,
2002).

Detailed knowledge of the structure and composition of
cement lines and adjacent bone is relevant in both clinical
and biomechanical contexts. In some bone diseases, such
as Paget’s disease, cement lines are prolific and have an
abnormal appearance and possibly abnormal composition
and function (Heuck, 1971, 1993; Rosenberg, 1994),
whereas in other diseases, such as rickets (Jowsey, 1966;
Boyde et al., 1986), cement lines are absent, suggesting
changes in mineralization rates and quality of bone tissue
deposited. Cement lines may also influence fatigue prop-
erties of bone by attenuating or arresting the propagation
of microcracks that form in normal bone (Currey, 1984: p.
264–265, 2002: p. 91; Burr et al., 1985, 1988; Advani et al.,
1987; Martin and Burr, 1989: p. 198–201; Choi and Gold-
stein, 1992; Norman et al., 1995; Schaffler et al., 1995;
Prendergast and Huiskes, 1996; Braidotti et al., 1997;
Norman and Wang, 1997; Boyce et al., 1998; Guo et al.,
1998; Yeni and Norman, 2000; O’Brien et al., 2003; Sobel-
man et al., 2004). For example, investigators have sug-
gested that cement lines are not traversed by collagen
fibers and represent the weakest material in bone, and
some have suggested that this explains the observation
that microcracks tend to follow cement lines rather than
crossing osteons or interstitial lamellae (Weidenreich,
1930; Maj and Toajari, 1937; Dempster and Coleman,
1961; Evans and Bang, 1966; Schaffler et al., 1995; Wang
and Norman, 1996; Norman and Wang, 1997; Boyce et al.,
1998; Jepsen et al., 1999). In turn, it has also been sug-
gested that cement lines have important functions in
other aspects of bone biomechanics, including fracture
processes, energy absorption, elastic properties, and vis-
cous damping (Dempster and Coleman, 1961; Piekarski,
1970; Lakes and Katz, 1974; Carter and Hayes, 1977;
Saha, 1977; Lakes and Saha, 1979; Gottesman and
Hashin, 1980; Katz, 1981; Martin and Burr, 1982; Burr et
al., 1985; Choi and Goldstein, 1992; Norman et al., 1995;
Guo et al., 1998; Currey, 2002; Les et al., 2004). In a given
bone cortex, all of these functions have been considered to
be influenced by the relative degree of mineralization and
differences in the composition of cement lines, and their
associated physical interfaces, with respect to immedi-
ately surrounding bone. Experimental data showing that
cement line regions are enriched with noncollagenous pro-
teins (e.g., osteocalcin, osteopontin, and bone sialoprotein)
and other biochemical factors also suggest that, in addi-
tion to having important local adhesive and modulus mis-
match functions, these narrow seams may also contain
molecules that promote osteoclast-osteoblast coupling
during bone remodeling and thereby help to maintain
bone homeostasis and biomechanical integrity (e.g., influ-
encing microdamage propagation and arrest, and localiza-
tion for their repair) (Frasca et al., 1981b; Mundy et al.,

1982; Baron et al., 1984; Parfitt, 1984; Hauschka et al.,
1986; Ingram et al., 1993; Kagayama et al., 1993; McKee
and Nanci, 1995, 1996a; Hosseini et al., 2000; Everts et
al., 2002; Sit et al., 2003).

The description of highly mineralized cement lines has
been challenged by biomechanical and compositional in-
vestigations (Fawns and Landells, 1953; Lakes and Katz,
1979; Lakes and Saha, 1979; Katz, 1980; Frasca, 1981;
Frasca et al., 1981a; Lakes, 1995). For example, Frasca et
al. (1981a) reported that increased numbers of secondary
osteons in human compact bone specimens tested in shear
resulted in reduced shear modulus and increased viscous
behavior. They attributed these results to the possibility
that cement lines of secondary osteons are more viscous
than the surrounding bone, which, if true, may have al-
lowed movement at interfaces formed between cement
lines and immediately adjacent bone. This hypothesis,
however, was not quantitatively examined at the micro-
scopic level and may also be confounded by the use of only
one cortical bone specimen from the tibia of a skeletally
immature (12-year-old) human (Currey, 1984: p. 46–47;
Parks and Lakes, 1986; Mabrey and Fitch, 1989). Compu-
tational analyses of Katz (1980), using a two-level hierar-
chical fiber-reinforced composite model, include the stiff-
ness of the cement line surrounding secondary osteons in
the effective modulus of interstitial lamellar bone, which
the author assumed is one-quarter as stiff as secondary
osteon bone tissue. Lakes and Saha (1979), observing dis-
placements at the cement line in hydrated specimens sub-
jected to a prolonged torsional load, concluded that the
cement line is relatively more viscous than surrounding
bone. Lakes and Saha (1979), however, referred to “ce-
ment lines” in plexiform bone (a primary, nonsecondary
osteon, bone type) of the diaphyses of bovine limb long
bones. Currey and Zioupos (Currey, 1984: p. 47, 2002: p.
80; Zioupos and Currey, 1994) have argued that these
structures are not homologues of the cement lines of sec-
ondary bone, such as those observed around secondary
osteons, the latter being those that some previous inves-
tigators have described as being relatively highly miner-
alized (Amprino and Engström, 1952; Jowsey, 1960, 1964,
1966; Philipson, 1965; Heuck, 1971; Lacroix, 1971; Yae-
ger, 1971). (Currey’s argument is controversial in the con-
text of nomenclature used by some investigators, who use
the term “cement line” in descriptions of primary bone
microstructure; see Appendix.)

Burr et al. (1988) and Schaffler et al. (1987) have also
challenged the conception of the cement line as a highly
mineralized entity. However, in contrast to previous in-
vestigations conducted a decade earlier, these investiga-
tors specifically analyzed cement lines at the classically
defined anatomical locale: the outermost boundary of sec-
ondary osteons. Based on quantitative scanning electron
microprobe analyses and qualitative observations of gray-
level contrast in backscattered electron (BSE) images of
cortical bone from adult human radii, they concluded that
the cement lines are relatively poorly mineralized when
compared to immediately adjacent bone (compare Fig. 2A
and Fig. 3). This is an important finding not only because
it refutes conventional histological and microradiographic
descriptions noted above, but also because these and other
authors are using these data to describe the influences of
cement lines on the mechanical behavior and fracture
mechanics of bone at the microstructural and macrostruc-
tural levels (e.g., Francillon-Vieillot et al., 1990; Hogan,
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1992; Zioupos and Currey, 1994; Norman et al., 1995;
Courtney et al., 1996; Prendergast and Huiskes, 1996;
Ascenzi et al., 1997; Yeni et al., 1997; Bosshardt et al.,
1998; Clark and Stechschulte, 1998; Guo et al., 1998;

Nanci, 1999; Rho et al., 1999; Brunski et al., 2000;
Donahue et al., 2000; Muir and Ruaux-Mason, 2000;
Phelps et al., 2000; Guo, 2001; Lakes, 2001; Nicolella et
al., 2001; Frank et al., 2002; Sit et al., 2003; Dong and
Guo, 2004; Les et al., 2004; Sobelman et al., 2004). If these
data are truly representative of cement line mineraliza-
tion, and because these data are at variance with the
conventional interpretation of the highly mineralized ce-
ment lines seen in microradiographs, then novel explana-
tions are warranted for the role of cement lines in the
composite material properties of bone.

However, contrary to the observations of Burr et al.
(1988), Boyde et al. (Boyde et al., 1990; Boyde and Jones,
1996; Boyde and Kingsmill, 1998; Howell and Boyde,
1999) have reported observing bright cement lines in BSE
images of cortical and cancellous bone. Other investiga-
tors have also published BSE images of bone showing
similarly bright cement lines (Dorlot et al., 1986; Roschger
et al., 1993, 1997; Grynpas et al., 1994; Fratzl et al., 1996;
Cool et al., 2002). In our laboratory, we have also seen
bright lines coincident with the location of cement lines in
BSE images of both cortical and cancellous bone (Bachus
and Bloebaum, 1992; Bloebaum et al., 1997; Vajda et al.,
1999). In these BSE images, the cement lines are not only
relatively brighter than surrounding bone, but also closely
resemble the dramatic contrast of bright cement lines in
relatively darker surrounding bone seen in microradio-
graphs of some previous studies (Amprino and Engström,
1952; Philipson, 1965; Lacroix, 1971; Yeager, 1971). Ex-
perimental studies have clearly demonstrated that rela-
tively brighter gray levels in BSE images of bone repre-
sent relatively increased mineral content (w/w or v/v) and
density (g/cc) (Reid and Boyde, 1987; Skedros et al., 1993a,
1993b; Roschger et al., 1995; Bloebaum et al., 1997). The
conflicting nature of these independent observations with
reports that suggest a hypomineralized cement line pro-
vided the impetus for the present study and review.

The present study uses advanced techniques to test the
hypothesis that cement lines at the periphery of secondary
osteons in the diaphyseal cortices of adult human long
bones are relatively poorly mineralized relative to imme-
diately surrounding bone. The techniques employed in-
clude quantitative energy dispersive X-ray (EDX) spec-
troscopy and quantitative atomic number contrast BSE
imaging. Comparative observations were also made be-
tween light microscopic images and BSE images of the
same fields of specimens treated with various stains show-
ing uptake in the region of the cement line. Two additional
goals of this study are to examine critically microanalysis
methodologies in selected previous investigations, sug-
gesting why our findings fundamentally differ from those
reported in these previous investigations, and to consider
implications of these disparate observations in a historical
perspective of investigations that have considered cement
line mineralization and/or composition as important for
understanding bone biomechanics and remodeling dy-
namics.

MATERIALS AND METHODS
Specimen Preparation and Processing

Eight femora and five radii were obtained from adult
human males and females with no evidence or history of
skeletal pathology, diseases, or medication use that may
have affected the metabolism or mechanical competence of
the skeletal system (Table 1). Standard bone banking

Fig. 3. Two microscopic images from Burr et al. (1988). A: Backscat-
tered electron image showing two osteons. B: Secondary electron image
of the same region. The same images also appear in Figure 2-21A of
Martin and Burr (1989: p. 51). The original legend for these two images
reads: “Backscattered and secondary electron images of osteonal ce-
ment lines (arrows). A: Backscattered electron image (1,000�) showing
two cement lines from adjacent osteons. The osteon at the bottom of the
micrograph is much more highly mineralized than the one at the top and
is probably much younger. Note the cement line is a region of lower
mass density even when compared to a young, incompletely mineralized
osteon. B: Secondary electron image (1,000�) of the same region as in
A demonstrates that cement lines are topographically indistinct.” We
speculate that in image A the polarity inadvertently was inverted, where
higher atomic number materials have lower (darker), rather than higher
(brighter), gray levels. This is suggested both by the designation of the
lower, more highly mineralized osteon as “younger” and by the contrasts
associated with the speck of debris near the dark arrowhead at the lower
right of both images (marked with our asterisk). This debris, while pre-
sumably topographically higher than the surrounding specimen surface,
shows unexpected contrast (i.e., a paradoxical dark gray level and bright
halo). Images reproduced with permission by Elsevier.
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procedures were used to obtain the bones (Bloebaum et al.,
1993). All bones were dissected free of periosteum and
other soft tissues. They were then stored in 70% ethyl
alcohol for at least 2 months. Two 5 mm thick transversely
cut segments were obtained from the mid-diaphysis of
each bone. In the femora, these segments were between
40% and 50% of diaphyseal biomechanical length as de-
fined by the osteometric axis system of Ruff and Hayes
(1983).

A fragment of bone measuring 6 mm (radii) or 10 mm
(femora) in mediolateral breadth was cut from the ante-
rior cortex of one of the segments and subsequently cut
into three smaller pieces of equal size. The centrally lo-
cated piece was embedded in polymethyl methacrylate
(PMMA) according to established protocols (Emmanuel et
al., 1987), and the remaining two pieces were ashed to
determine mineral content. Pairs of the embedded pieces
were glued together with cyanoacrylate to form two-spec-
imen aggregates that could be accommodated by the stage
in the scanning electron microscope (SEM).

From six (three femora and three radii) of the original
specimens, one additional cortical piece was obtained from
the second transversely cut segment, adjacent to those
that had been embedded in PMMA. These additional
pieces were not embedded, but were dried for several
months over anhydrous CaSO4 (Drierite, W.A. Hammond
Drierite, Xenia, OH) and placed in fast-drying epoxy.
These unembedded and undemineralized samples were
used to compare microscopic data or observations with
results of Schaffler et al. (1987) and Burr et al. (1988) that
were made using unembedded and undemineralized cor-
tical bone.

In order to form a stable construct for imaging, each
specimen aggregate was glued with a fast-drying epoxy
resin into a well that had been milled into a Plexiglas
block. The unembedded dried bone pieces were subse-
quently placed into vertical drill holes adjacent to the
embedded pieces in one of the specimen aggregates. Fast-
drying epoxy was used to anchor peripherally the dried
unembedded specimens into the drill holes. Microscopic
evaluation showed that with this technique the glue did
not penetrate into the deeper locations of the specimens,
where the microscopic analyses were conducted.

Additional drill holes were also made in the surface of
each specimen block. Wires used for BSE image gray-level
calibration standards (Vajda et al., 1995) were coated with
epoxy and inserted into these drill holes. These wires

included 99.8% pure magnesium-aluminum-zinc alloy
(93% Mg, 6% Al, 1% Zi) and 99.9999% pure aluminum
(Johnson Mathey, Seabrook, NH). Both blocks containing
bone pieces and metal standards were then milled,
ground, and polished with a buffing wheel to achieve an
optical scratch-free finish (Bloebaum et al., 1990) on the
surface that was coplanar with the anatomical transverse
plane in which the bone segments were originally cut. The
two polished specimen blocks were then lightly sputter-
coated with gold for 60 sec at 70 �m Hg and 10 mA
(Hummer Model VI-A Sputtering System, Anatech, Alex-
andria, VA). The presence or absence of PMMA embed-
ding medium and the presence of the gold conductive
coating used in the present study each has minimal influ-
ence on the accuracy of BSE gray-level interpretation and
wt % Ca values obtained in quantitative EDX analysis of
bone (Vajda et al., 1998). Additionally, studies conducted
in our laboratory (data not shown) demonstrate that, us-
ing the methods described in the present study, no signif-
icant electron channeling contrast occurs (� 1% change in
BSE gray level) when using these metal calibration stan-
dards in the manner described below.

Backscattered Electron Imaging
The BSE image measurements made in this study

quantify specific mineralization (mineral per unit volume
of bone tissue, excluding porosity) expressed as a percent-
age by weight (w/w) (Roschger et al., 1995; Bloebaum et
al., 1997).

Specimens were imaged using the BSE mode of an SEM,
with beam parameters at 20 keV accelerating voltage,
0.75 nA probe current, and 15 mm working distance.
Backscattered electrons were collected by a four-quadrant
annular-ring semiconductor BSE detector (Tetra, Oxford
Instruments, Cambridge, U.K.) that was configured
around the electron beam. BSE images were captured and
digitized by a computer-controlled image capture and
analysis system for analysis at a later time (eXL, Oxford
Instruments).

In order to increase the signal-to-noise ratio, BSE im-
ages were captured using nine Kalman scans. SEM/BSE
calibration procedures were conducted on the metal stan-
dards using 1,500� magnification according to the meth-
ods of Vajda et al. (1995). Consistent BSE/SEM operating
conditions were maintained with computer control of
brightness, contrast, objective lens strength, and con-
denser lens strength. A probe current detector (SM-16100
probe current detector, Jeol) connected to a picoammeter
(model 485 Keithly Instruments, Cleveland, OH) was
monitored between image collections. This allowed for a
consistent probe current to within � 0.001 nA; deviations
were corrected by manual adjustments of the condenser
lens.

Using methods of Vajda et al. (1995), weighted mean
gray levels (WMGLs) of selected regions were calculated
using a public domain software package using the public
domain NIH image (v1.61) software (http://rsb.info.nih-
.gov/nih-image/). The analyzed gray-level spectrum
ranged from 6 to 256; gray levels 0–5 were excluded for
the purpose of eliminating the contribution of tissue voids
(Bloebaum et al., 1997). Regional variations in weighted
mean gray levels indicate relative differences in mean
atomic number, which directly correlate with regional
variations in mineral content in bone (typically, higher

TABLE 1. List of bone specimens

Bone type Sex Age

Radius Female 18
Radius Female 19
Radius Male 34
Radius Male 61
Radius Male 69
Femur Female 25
Femur Female 34
Femur Female 44
Femur Female 44
Femur Female 59
Femur Male 50
Femur Male 61
Femur Male 80
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WMGL � more mineralized) (Skedros et al., 1993a, 1993b;
Vajda et al., 1998, 1999).

BSE image gray-level analysis was conducted on five
complete secondary osteons that were randomly selected
from each of the 13 PMMA-embedded and six unembed-
ded cortical specimens. For both BSE and EDX images,
the secondary osteons were selected randomly using a grid
placed over the computer screen while viewing the field at
low magnification. Grid boxes were numbered, and each
measured 8 mm � 8 mm. Grid boxes were randomly
selected using a random-number generator. Each osteon
selected using this procedure was complete and exhibited
the classical histological criteria described by Skedros et
al. (1994). The selected osteons represented 10–20% of the
osteons in the sectioned radial and femoral cortical frag-
ments, and retrospective observation demonstrated that
they were representative of the entire cross-section.

Within each selected osteon, the analyzed locations
were also randomly chosen to minimize potential selection
bias and intraosteonal variation. A template resembling a
clock face with 10 radial locations was placed over each
osteon under higher magnification. A random-number
generator was used to identify each location for analysis;
this method also served to eliminate selection bias of a
bright or dark line at the osteon periphery (additional
measures used to reduce selection bias are described be-
low).

A region comprising a cement line and adjacent osteonal
and interstitial bone (identified by localizing the crenu-
lated margin of the secondary osteon) was imaged once at
1,500�, with the diameter of the analysis region being six
pixels (approximately 0.7 �m2). Interstitial bone was typ-
ically secondary osteons or secondary osteon fragments. In
order to preclude selection bias further, the analyses were
conducted in regions selected with respect to the crenu-
lated interface corresponding to the reversal surface, irre-
spective of the presence or absence of a bright or dark line.
Strict adherence to this protocol, ignoring a bright or dark
line, if present, and conducting analyses with respect to
the reversal surface, would eliminate such bias. Therefore,
BSE gray-level analyses were conducted in five mutually
exclusive sites at each of three osteon locations. Pilot
studies comparing three to six sampling locations showed
that three intraosteon locations adequately represented
the variation in the cement line around the perimeter of
the entire osteon. As shown in Figure 4, the five imaged
sites at each of these osteon locations include the follow-
ing: nearby interstitial secondary bone outside of the sec-
ondary osteon, with analysis region centered between 10
and 15 �m from the interstitial bone margin of the rever-
sal surface; peripheral margin of the secondary osteon,
defined by its morphological appearance (a crenulated sur-
face at the periphery of the secondary osteon); peripheral
osteonal bone, centered 0.7 �m from site 2; peripheral
osteonal bone, centered 1.4 �m from site 2 (not overlap-
ping site 3); and nearby osteonal bone, with analysis re-
gion centered between 10 and 15 �m from site 2.

Analysis of sites 2, 3, and 4 sampled the traditionally
defined cement line region. WMGLs were calculated from
the pixel gray-level data that were obtained from each of
the five sites. One image at each site (five sites) at each
location (three locations/osteon) was captured in random
sequence in order to minimize the potential effects of
bleaching (i.e., specimen degradation) that can occur dur-
ing BSE image capture of bone tissue (Vajda et al., 1995,

1998). After imaging of each osteon for BSE or EDX anal-
yses, the entire osteon was examined to determine if the
bright line was present around the entire circumference of
the osteon.

Energy Dispersive X-Ray Analysis
Quantitative EDX analysis was conducted on seven

complete secondary osteons that were randomly selected
from each of the embedded and unembedded cortical spec-
imens. Beam positioning was achieved by viewing a BSE
image at 4,000� magnification to ensure placement on the
reversal interface. For each osteon, EDX analysis was
performed at two osteonal locations and four sites (at each
location) that were examined in random sequence (Fig. 4;
site 3 was not sampled in the EDX analyses): nearby
interstitial secondary bone outside of the secondary os-
teon, with analysis region centered between 10 and 15 �m
from the interstitial bone margin of the reversal surface;
peripheral margin of the secondary osteon, defined by its
morphological appearance (a crenulated surface at the
periphery of the secondary osteon); peripheral osteonal
bone, centered 1.4 �m from site 2 (not overlapping site 2);
and nearby osteonal bone, with analysis region centered
between 10–15 �m from site 2.

The location equivalent to site 3 in the BSE imaging was
not imaged here because the EDX interaction volumes are
too large to resolve differences between sites 2 and 3, or
sites 3 and 4 used in the BSE analyses.

EDX data were collected with a lithium-drifted silicon
EDX detector (Pentafet, Oxford Instruments) equipped
with a beryllium window and compiled for analysis by the
Link eXL system. Spectra were collected during a 130-sec
live sample period using 20 keV accelerating voltage and
35° takeoff angle; 99.99% pure calcium carbonate (CaCO3)
and indium phosphide (InP) were used as reference stan-
dards (Tousimis Research, Rockville, MD) and all data
were quantified with commercially available ZAF correc-
tion (ZAF-4, Oxford Instruments) to account for atomic
number (Z), absorption (A), and fluorescence (F) effects.
The weight percent concentration of calcium (wt % Ca)
was analyzed, while the light elements H, C, N, and O
were characterized as nonanalyzed elements and were
calculated with C selected as the dominant matrix ele-
ment in accordance with ZAF correction methods de-
scribed by Roschger et al. (1995). The K� line of copper
was used for gain calibrations. Pilot studies conducted in
our laboratory have demonstrated that measurements of
wt % P are not as reliable as wt % Ca, which is consistent
with results published in other laboratories (Payne and
Cromey, 1990; Åkesson et al., 1994). This may be the
result of differences in irradiation mass loss between cal-
cium and phosphorous (Edie and Glick, 1979) and/or the
result of preparation methods preferentially leaching
phosphorous from the bone tissue (Nicholson and Demp-
ster, 1980). Therefore, only wt % Ca values are reported.

Percent Ash Content Analysis
The cortical pieces located immediately adjacent to the

imaged specimens were ashed to determine mineral con-
tent (Skedros et al., 1993b). Mineral content (% ash) was
determined by dividing the weight of the ashed bone (Wab)
by the weight of the dried defatted bone (Wdb) and multi-
plying this number by 100 [(Wab/Wdb) X 100]. This was
done in order to ensure that all bones were within a
normal range of mineralization.
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Correlated BSE and Light Microscopic
Evaluations of Stained Sections

Three stains were used to observe cement lines: meth-
ylene blue buffered with potassium biphthalate (Nyssen-

Behets et al., 1994), basic fuchsin and methylene blue
mixture (Bain et al., 1990), and Villanueva (Villanueva et
al., 1986). The stains were applied on thin ultramilled
sections (40 microns) of undemineralized PMMA-embed-
ded bone after BSE images were obtained from several

Fig. 4. A: Diagrammatic representation of the sites analyzed for
atomic number contrast (gray levels) using quantitative calibrated back-
scattered electron imaging. Quantitative wt % Ca measurements made
using EDX did not sample site 3. Site 2 is depicted as a dark line,
consistent with the hypothesis that it is relatively hypomineralized with

respect to immediately surrounding bone. It is plausible that site 3 may
be the region of relatively hypomineralization described by Burr et al.
(1988) as the cement line. B: Backscattered electron image at high
magnification showing sites where the quantitative analyses were per-
formed.

787CEMENT LINES OF SECONDARY OSTEONS



locations of the same sections. After BSE images were
obtained, the specimens were first lightly polished with
cloth to remove gold coating (used for BSE imaging),
stained with one stain, and then imaged in a light micro-
scope (Nikon HFX-IIA, Japan) using equivalent magnifi-
cation. Finally, the regions were reimaged in the BSE
mode of the SEM to determine what effect the stain had on
local gray-level contrast.

Statistical Analysis
A two-way analysis of variance (ANOVA) design (in-

traosteonal site, embedment type) was used for all statis-
tical analyses. The Fisher’s PLSD posthoc test was used to
determine significant differences (P � 0.05) between
paired comparisons. This statistical approach is based on
the fact that WMGL and EDX data have equivalent
amounts of intra- and intersubject variance. Conse-
quently, each osteon is viewed as being sufficiently unique
to be included as an independent data source, and multi-
ple measurements from a single osteon are considered as
repeating factors.

RESULTS
Representative BSE images of cement lines and adja-

cent bone are shown in Figures 5 and 6. Quantitative
results are listed in Tables 2 and 3, and embedded vs.
unembedded BSE image gray-level data are summarized
graphically in Figure 7. Unless otherwise stated, results
are reported as mean � SE (standard error). Results of the
two-way ANOVAs did not reveal significant interactive
effects between intraosteonal analysis sites and embed-
ment type (F � 1.342; P � 0.252).

Backscattered Electron Image Weighted Mean
Gray-Level (WMGL) Data

The BSE images shown in Figures 5 and 6 demonstrate
that site 2, at the peripheral margin of secondary osteons,
is coincident with a line (a thin seam of material � 5 �m
wide) that has distinctly brighter gray level than the ad-
jacent bone (P � 0.01); this bright line appears to be

immediately adjacent to the reversal surface. Without ex-
ception, all secondary osteons observed during BSE imag-
ing exhibited these bright lines (i.e., bright with respect to
osteonal bone at sites 3, 4, and 5) at site 2, and these lines
were continuous around the circumference of each osteon
that was analyzed (including those examined for EDX
analyses).

The average WMGL of site 2 in embedded specimens
(109.1 � 1.5) was significantly (P � 0.01) greater than the
average WMGL of sites 3 and 4 (site 3: 65.7 � 1.4; site 4:
56.8 � 1.5). The average WMGL of site 2 was also greater
than the average WMGL of site 1 (nearby interstitial
bone, 74.2 � 1.6; P � 0.01; Table 2). Average WMGLs of
sites 1 and 2 were each greater than the average WMGL
of site 5 (osteonal bone 10–15 �m from site 2, 64.7 � 1.5;
P � 0.01). In all possible comparisons, there were no
significant differences in WMGL between sites 3 and 4
(the two measurements taken within 2 �m of the osteonal
margin of the reversal line) and the osteonal bone at site
5 (P � 0.15).

Data in unembedded specimens showed relative re-
gional average WMGL differences that are similar to the
embedded specimens (Table 2, Fig. 7). Average WMGLs of
regions in the unembedded specimens, however, were
higher than average WMGLs of corresponding regions in
embedded specimens.

Fig. 5. Backscattered electron image (1,000�) of adult human fem-
oral cortical bone (undemineralized and PMMA-embedded; transverse
section, anterior cortex, mid-diaphysis). Classically defined cement lines
are crenulated in appearance. The bright lines (arrows) in this image are
consistent with this definition.

Fig. 6. Backscattered electron image (1,500�) of adult human fem-
oral cortical bone (undemineralized and PMMA-embedded; transverse
section, anterior cortex, mid-diaphysis; also see Fig. 4B). At top is a
secondary osteon. At bottom is interstitial bone, which is relatively
brighter than the osteon. The cement line region exhibits a thin seam of
relatively bright material (arrows).
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Energy Dispersive X-Ray Analysis Wt % Ca Data
In embedded specimens, average wt % Ca of site 2

(25.13 � 0.46) was equivalent to the average wt % Ca of
site 1 (nearby interstitial bone, 25.11 � 0.44; P � 0.5).
Average wt % Ca of both sites 1 and 2 were each greater

than the average wt % Ca of sites 4 and 5 (P � 0.06; Table
3). There was no significant difference in wt % Ca between
site 4 and 5 (the osteonal bone 10–15 �m from the margin
of the reversal interface; P � 0.5).

In unembedded specimens, the relative regional wt %
Ca differences are similar to the embedded specimens, but
with two notable inconsistencies: average wt % Ca values
of regions in the unembedded specimens tended to be
lower than average wt % Ca values of all corresponding
regions in embedded specimens, and there were statistical
trends or tendencies for the following comparisons: site 2
vs. site 4 (P � 0.08) and site 2 vs. site 5 (P � 0.15).

Variations in WMGL and EDX Data
In approximately 90% of cases, the patterns of varia-

tions in EDX and BSE data among the five sites within
any individual osteon (mean of three locations) were sim-
ilar between all osteons examined. Specific differences at
each location are detailed below.

In the 285 locations (195 in embedded and 90 in unem-
bedded bones) that were sampled in the BSE WMGL anal-
yses, there were no instances where site 2 was darker (i.e.,
had apparent lower mineralization) than sites 3, 4, and 5.
There were 22 instances (7.7%) where site 2 was darker
than the nearby interstitial bone (site 1), 120 instances
(42.1%) where site 1 was darker than site 3, 72 instances
(25.3%) where site 1 was darker than site 4, and 95 in-
stances (33.3%) where site 1 was darker than site 5.

In the 266 locations (182 in embedded and 84 in unem-
bedded bones) that were sampled in the EDX analyses, there

TABLE 2. BSE gray-level results separated by embedment procedure (means � standard errors)*

Site PMMA Unembedded
P value, PMMA vs.

unembedded

Interstitial (site 1) 74.2 � 1.6b–e 92.9 � 2.4b,d,e,g �0.01
Cement line (site 2) 109.1 � 1.5a,c–e 127.8 � 2.6a,c–e �0.05
Site 3 65.7 � 1.4a,b,d,f 87.5 � 2.4b,d,e,g �0.01
Site 4 56.8 � 1.5a,b,c,e 76.5 � 2.3a–c,g �0.01
Osteonal (site 5) 64.7 � 1.5a,b,d,f 77.9 � 2.2a–c,g �0.05

*WMGL, weighted mean gray level, where a higher numerical value represents higher atomic number (presumably higher
mineral content).
aSignificantly different ((P � 0.01) from site 1.
bSignificantly different (P � 0.01) from site 2.
cSignificantly different (P � 0.01) from site 3.
dSignificantly different (P � 0.01) from site 4.
eSignificantly different (P � 0.01) from site 5.
fFor site 3 vs. 5: P � 0.5.
gFor site 1 vs. 3, and 4 vs. 5: P � 0.1.

TABLE 3. EDX weight % calcium separated by embedment procedure (means � standard errors)

Site PMMA Unembedded
P value PMMA vs.

unembedded

Interstitial (site 1) 25.11 � 0.44d,e 23.68 � 0.58 NS
Cement line (site 2) 25.13 � 0.46c,d 24.18 � 0.81f NS
Site 4 23.82 � 0.49b,e 22.88 � 0.56f NS
Osteonal (site 5) 24.14 � 0.38a,b 22.34 � 0.74 NS
aSignificantly different (P � 0.05) from site 1.
bSignificantly different (P � 0.05) from site 2.
cSignificantly different (P � 0.05) from site 4.
dSignificantly different (P � 0.05) from site 5.
eFor 1 vs. 4: P � 0.06.
fFor 2 vs. 4: P � 0.08; 1 vs. 4: P � 0.18; 2 vs. 4: P � 0.16. All other nonsignificant site-to-site comparisons: P � 0.5.

Fig. 7. Histogram doublets comparing backscattered electron image
gray-level data of embedded vs. unembedded specimens. Statistically
significant differences for each doublet are indicated (a, P � 0.01; b, P �
0.05). Statistical differences between the five sites are indicated in Table 2.

789CEMENT LINES OF SECONDARY OSTEONS



were 52 instances (19.6%) where site 2 had lower wt % Ca
than the nearby interstitial bone (site 1), and 46 instances
(17.3%) where site 2 had lower wt % Ca than site 4.

Ash Content Data
Ash percent data from bulk specimens ranged from

68.0% to 71.5%. This range is consistent with mature
nonpathological human cortical bone (Trotter and Hixon,
1974). Pearson correlation coefficients (r values) deter-
mined in all possible comparisons between percent ash
and regional WMGL, EDX-determined wt % Ca, or chro-
nological age of the PMMA-embedded specimens (n � 13)
were all � 0.23 (all P values greater than 0.19).

Analysis of Stained Sections
Figures 8–10 illustrate light microscopic images of clas-

sic-appearing cement lines in undemineralized human
cortical bone with various stains. BSE images of the same
fields demonstrate the topographic correspondence of ce-
ment lines with the bright lines seen in the present study.

DISCUSSION
Two plausible conclusions can be drawn from the

present study. The quantitative BSE image data clearly
indicate a zone of highly mineralized (or alternatively
collagen-deficient) tissue. These data also demonstrate a
region of possibly hypomineralized tissue 1.4 �m from the
osteon periphery (toward the central canal), suggesting a
two-phase mineralization zone. This hypomineralized
zone was, however, only statistically significant in embed-
ded bone tissue. In turn, the EDX data clearly reveal the
absence of consistent significant regional wt % calcium
differences. Hence, the EDX data suggest that there is no
hyper- or hypomineralized zone at the periphery of sec-
ondary osteons. However, the discrepancy between the
two analysis techniques may indicate the resolution limits
of the EDX data, reflecting the sampling of relatively large
interaction volumes that extend beyond the narrow limits
of the target material. Although we used random sam-
pling of relatively distant regions and a relatively lower-
energy electron beam, 20 keV, in contrast to the 60 keV
beam used by Burr et al. (1988), large sampling volumes
are inevitable in EDX analysis (Table 4). Consequently,
the comparatively greater resolution and stability of BSE
image analysis may be the only accurate microprobe tech-
nique employed in the present study. Using either tech-
nique, however, our data contradict previous observations
of hypomineralized cement lines.

Results of the quantitative BSE image analyses con-
ducted in this study are consistent with numerous histor-
ical observations that cement lines of secondary osteons
are coincident with a thin seam of material that is appar-
ently more highly mineralized than immediately sur-
rounding bone (Amprino and Engström, 1952; Jowsey,
1960, 1964, 1966; Smith, 1963; Philipson, 1965; Heuck,
1971; Lacroix, 1971; Yaeger, 1971; Pankovich et al., 1974;
Dhem and Robert, 1986; Nyssen-Behets et al., 1994). For
example, based on microradiographs of thin sections of
femur and rib bone from adult orangutan and whale,
respectively, Philipson (1965) provided evidence that ce-
ment lines are associated with highly mineralized mate-
rial. Consistent with the images of Philipson (1965) and
other recent investigators who have published BSE or
microradiographic images of bone (Dorlot et al., 1986;

Heuck, 1993; Grynpas et al., 1994; Boyde and Jones, 1996;
Fratzl et al., 1996; Roschger et al., 1997; Boyde and Kings-
mill, 1998; Howell and Boyde, 1999; Boivin and Meunier,
2002; Cool et al., 2002), the BSE images in this study
demonstrate gray-level contrasts that are consistent with
the interpretation that cement lines appear relatively
highly mineralized. But, as discussed below, the possibil-
ity that cement lines may be relatively collagen-deficient
appears to be a more parsimonious explanation for the
regional variations in atomic number contrast.

Artifacts of Superimposition and Relatively
Large Sampling Volumes

Burr et al. (1988) challenged the results of Philipson
(1965) by arguing that the thickness (40–200 �m) of the
latter’s specimens could artifactually increase the bright-
ness of the cement line by superimposing these lines over
tissue of adjacent osteons and interstitial bone. The basis
of this argument, however, appears invalid since it incor-

Fig. 8. Backscattered electron images (1,250�) of adult human fem-
oral cortical bone (undemineralized and PMMA-embedded; transverse
section, anterior cortex, mid-diaphysis). Portions of secondary osteons
surrounding interstitial bone (I) are shown. A: Unstained bone tissue; this
shows bright lines (arrows) and osteon lamellar morphology. Differences
in contrast between the osteons and the enclosed interstitial bone
suggest mineralization differences. B: The same region in A stained with
methylene blue buffered with potassium biphthalate. The bright lines
(arrows) are even more apparent than in the image in A, and greater
uptake of the stain appears inside the osteons than in the interstitial
bone, suggesting relatively increased collagen content (or less densely
packed mineral).
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rectly predicts the effects of superimposition. If highly
mineralized tissue were superimposed over less well min-
eralized tissue, then the net effect would be an image gray
level with apparently intermediate mineralization with
respect to the two superimposed materials. Therefore, if
cement lines are relatively mineral-deficient, and if in
microradiographic analysis they were superimposed by
more highly mineralized adjacent tissue, then cement
lines would likely be somewhat artificially brightened, but
would still remain darker than surrounding tissue. We
suggest, as have others (e.g., Sokoloff, 1973), that the
superimposition of bone from adjacent secondary osteons
and/or interstitial bone is a parsimonious explanation for
the absence or variable presence of cement lines in micro-
radiographs of human and nonhuman secondary osteon
bone that have been published by several independent
investigators (Amprino and Engström, 1952; Jowsey,
1960, 1964; Sissons et al., 1960; Sissons, 1962; Smith,
1963; Kornbulm and Kelly, 1964; Pankovich et al., 1974;
Stout and Simmons, 1979; Dhem, 1980; Simmons, 1985;
Zagba-Mongalima et al., 1988; Simmons et al., 1991; Ba-
chus and Bloebaum, 1992; Nyssen-Behets et al., 1994;
Meunier and Boivin, 1997).

A superimposition artifact could have influenced the
data obtained from BSE image gray-level analyses as well
as EDX microprobe analyses conducted in the present
study, since the information obtained from these technol-
ogies is based on electron/X-ray interaction volumes that
can sample tissue volumes exceeding the physical limits of
a cement line (Murata, 1974; Goldstein et al., 1992: p.
69–147). However, BSE images and EDX analysis sample
relatively minute tissue volumes, greatly reducing the
superimposition artifact compared to microradiographs
(Sumner et al., 1990; Bachus and Bloebaum, 1992; Ros-
chger et al., 1995). Consequently, the use of both quanti-
tative BSE and quantitative EDX techniques in the
present study represents a major advance over previous
studies that have used more limited technologies to ad-
dress the same question.

Artifacts of Inadequate ZAF Correction and
High-Energy Electron Beams

While Schaffler et al. (1987) and Burr et al. (1988) used
BSE images only to illustrate cement lines, they also
attempted to overcome the resolution limitations of micro-
radiography by using EDX analysis. However, the un-
availability of atomic number (Z), absorption (A), and flu-
orescence (F; ZAF) correction for data reduction restricted
their ability to correct for the influence of bone matrix on
X-ray generation. To reduce this error, these investigators
used an internal standard ratio technique using intersti-

Fig. 9. Images of adult human femoral cortical bone (150�; undemi-
neralized and PMMA-embedded; transverse section, anterior cortex,
mid-diaphysis). The arrows indicate cement lines in each image. A:
Backscattered electron image of unstained bone tissue to be used as a
baseline for comparison. B: Transmitted light image of bone region in A
stained with a basic fuchsin, methylene blue mixture. The regions of
greatest stain uptake are just inside (i.e., toward the osteon central canal)
of the bright lines seen in image A. C: Backscattered electron image of
stained bone tissue showing regions of increased uptake. The regions of
greatest uptake are just inside bright lines that appear coincident with
cement line locations.
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tial bone as the standard. Notably, this technique assumes
that the matrix composition is equivalent between the
internal standard and all of the sampled regions. Their
data, however, suggest that the mineral and nonmineral
phases of the cement line are not compositionally equiva-
lent to those of the immediately adjacent regions.

In contrast to the 20 keV electron beam used in the
present study, these investigators also used a much
higher accelerating voltage, 60 keV (Table 4). Because
these higher-energy electrons would penetrate much
deeper into the tissue, and probably a considerable dis-
tance beyond the physical limits of the target material,

there could be a marked decrease in accuracy of the infor-
mation obtained (Vajda et al., 1996; Wong and Elliott,
1997; Holmes et al., 2000). Although these previous au-
thors claimed that the electron probe sampled to a depth
of less than 5 microns and the volume of tissue sampled by
the microprobe was well within the boundaries of the
cement line, our calculations suggest that the range of
X-ray generation is much larger. Even if the electron beam
diameter is as small as 100 Ångströms, once the electrons
interact with the specimen, a series of elastic and inelastic
scattering events leads to a substantial broadening of the
sampled region (Fig. 11). X-ray generation range can be

Fig. 10. Four backscattered electron images of adult human femoral
bone (undemineralized and PMMA-embedded; transverse section, an-
terior cortex, mid-diaphysis). A: BSE image of unstained section with
region of interest (170�). B: BSE image of unstained region in A at high
magnification (350�); arrows show cement lines. C: BSE image of

section in A stained with Villanueva stain, which is used to demonstrate
cement lines with light microscopy (170�). D: BSE image of stained
region in C at high magnification (350�); arrows show the same cement
lines indicated in A. Stain uptake is greatest in interstitial bone outside
the cement line. This accentuates the brightness of the cement line.

TABLE 4. Comparison of experimental conditions used in the present study vs. Schaffler et al. (1987)

Experimental conditions Present study Schaffler et al. (1987)

Accelerating voltage (kV) 20 60
Probe current 2.5 nA 20 �Aa

X-ray collection time (sec) 75 60
Magnification 4,000 4,000
Correction method ZAF Internal standard
Processing Unembedded, hand-polished, or ultramilled Unembedded, hand-polished
Coating material Gold Carbon
aEmission current value given instead of probe current value.
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estimated using the Kanaya-Okayama (K-O) range (Ka-
naya and Okayama, 1972). This range can be calculated
using a modified K-O equation (Goldstein et al., 1992: p.
89, 130–133):

RK-O �
0.0276A�E1.68 � Ec

1.68	

Z0.89


where RK-O is X-ray range (�m), A is atomic weight, E is
incident electron energy (keV), Ec is characteristic X-ray

energy of desired element (keV), Z is atomic number, and

 is density [g/cc; some of these values were obtained from
Skedros et al. (1993b)]. This range of X-ray generation
does not take into account X-rays generated from fluores-
cence effects and does not account for the fact that X-ray
generation is not uniformly distributed (Murata, 1974).
Nonetheless, this estimate emphasizes that the volume
sampled using a 60 keV could exceed 35 �m (compared
to � 10 �m in the present study). A large X-ray range can
lead to decreased resolution, excessive absorption effects,
and can violate the fundamental assumption of EDX anal-
ysis that the sampled region is homogeneous (Goldstein et
al., 1992: p. 415–416). This may in part explain the con-
tradiction between the findings of Schaffler et al. (1987)
and Burr et al. (1988) and the data presented in this study
and observations of previous investigators.

Although the interaction volume of EDX analysis limits
the certainty that the sampled volume of tissue is confined
to the desired region, this effect was reduced in the
present study by the use of a relatively lower accelerating
voltage (20 keV) (Holmes et al., 2000). The lower acceler-
ating voltage also reduces the influence of excessive X-ray
absorption. Furthermore, the use of ZAF corrections rep-
resents an advance over the techniques used in previous
studies. However, the accuracy of absolute wt % values of
elements obtained by EDX analysis of bulk biological spec-
imens has recently been questioned (Payne and Cromey,
1990; Vajda et al., 1996, 1998). Conventional EDX does
not directly measure low-energy X-rays generated by the
light elements such as carbon and oxygen, and ZAF cor-
rections may not adequately account for these variables.
Despite these limitations, published experimental data
demonstrate that EDX accurately measures relative dif-
ferences in Ca content (Åkesson et al., 1994; Roschger et
al., 1995; Vajda et al., 1996, 1998).

BSE Image Analysis: Advantages and Artifacts

ZAF corrections. Quantitative BSE analysis solves
several of the inherent weaknesses of EDX analysis. There
are no ZAF corrections to be performed in BSE analysis,
and the interaction volume of incident electrons is sub-
stantially smaller than in EDX analysis (Goldstein et al.,
1992: p. 69–147), increasing the likelihood that the sam-
pled region resides within the cement line. Schaffler et al.
(1987) and Burr et al. (1988) did not perform quantitative
BSE analysis, making a direct comparison with the
present study difficult. They did, however, report that the
cement line “appeared consistently as a dark band be-
tween osteonal and interstitial lamellae” (Burr et al.,
1988). Their BSE photomicrographs appear to support
this statement. This is in stark contrast to the findings
reported in the present study; in 285 observations of BSE
images, the material of the cement line was never mea-
sured as being darker than the nearby osteonal bone.
Additionally, only 42% (120/285) of the observations
showed that site 3 [which may be the cement line sampled
by Burr et al. (1988)] was darker than site 1 (interstitial
bone). Based on qualitative observations, Boyde and Jones
(1996: p. 117) have similarly reported “our BSE data con-
tradict the view of Burr et al. (1988) that cement lines are
normally less mineralized than the surrounding lamellar
matrix.” The smaller accelerating voltage and use of ZAF
corrections in the present study may explain the discrep-
ancy with respect to results of EDX analysis in the present
study with previous studies (Schaffler et al., 1987; Burr et

Fig. 11. Diagrammatic representations of electron range and inter-
action volume differences in a bulk material. BSE � backscattered
electron. A: High electron beam energy or low Z leads to a large electron
range. B: Low beam energy or high Z causes a decrease in electron
range.
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al., 1988) and historical observations (Holmes et al., 2000),
but does not explain the disparity between their qualita-
tive observations in BSE images and the qualitative ob-
servations and quantitative BSE image data reported in
the present study.

Image topography and aqueous vs. nonaqueous
specimen preparation. Subtle surface topography vis-
ible in the secondary images corresponding to the BSE
images of Burr et al. (1988) may have also contributed to
variations in BSE signals near cement line regions (How-
ell and Boyde, 1994; Vajda et al., 1999). In theory, it is
possible that local gray-level contrast in BSE images could
be artificially affected by minute topography, even though
this topography, when present, is only on the order of � �
0.5 microns (Vajda et al., 1999). This is possible since
topographic peaks and troughs can change effective elec-
tron interaction volumes and thereby alter the corre-
sponding backscattered fraction of electrons collected by
the BSE detector (Figs. 12 and 13) (Goldstein et al., 1992:
p. 69–148; Howell and Boyde, 1994, 1999; Vajda et al.,
1999). But recent quantitative experimental studies have
shown that BSE image atomic number contrast associated
with cement line regions cannot be the result of surface
topography of ultramilled or polished specimens at nomi-
nal magnifications (e.g., 50–200�) (Howell and Boyde,
1999; Vajda et al., 1999). Topography may have a greater
effect at the higher magnification used in the present
study. However, the fact that the corroborative techniques
used in the present study demonstrated cement lines with
high atomic number contrast or, generally, regionally
equivalent Ca content in several hundred independent
samples essentially eliminates the possibility of signifi-
cant artifacts attributable to topography.

Roschger et al. (1993) have also demonstrated that the
use of water during grinding/polishing of undemineralized
methacrylate-embedded bone, such as used in the present
study, can produce ultracracks that are visible in magni-
fications from 1,000� to 3,000�. However, their BSE im-
ages demonstrate bright cement lines whether or not wa-
ter was used during grinding and polishing procedures.

Effects of image magnification and tissue em-
bedding techniques. Our published BSE images of cor-
tical bone of calcanei of adult deer (Skedros et al., 1994,
2004), and radii and third metacarpals of adult horses
(Mason et al., 1995; Skedros et al., 1996), do not consis-
tently demonstrate obvious cement lines or gray-level con-
trasts in the vicinity of osteonal cement lines resembling
the contrast seen in the human bones examined in the
present study. Reasons for these discrepancies are clear;
bright lines are consistently present if the images are
viewed at higher magnifications (typically higher than
100�; data not shown).

Embedding media typically used by bone histologists
can influence the results obtained by quantitative BSE
images and EDX analysis by introducing a new material
phase that can significantly affect electron interaction
volumes and the relative absorption of X-rays (Payne and
Cromey, 1990; Wong and Elliott, 1997). Although the ab-
solute wt % Ca and WMGL values varied between embed-
ded and unembedded specimens examined in the present
study, the same pattern of regional differences was gen-
erally observed with both methods of specimen prepara-
tion. EDX analyses showed that in both cases, the bright

Fig. 12. Electron scattering from topographic peaks (A), troughs (B),
and edges (C) of a bulk material. The large vertical arrow in each drawing
represents the incident electron beam. Greater fractions of backscat-
tered electrons (BSEs, smaller arrows) cause peaks and edges to appear
brighter than troughs.

794 SKEDROS ET AL.



lines (site 2) typically were more similarly mineralized
(i.e., had similar Ca content) compared to surrounding
bone tissue. This negates the possibility that the discrep-
ancy between the current study and that of Schaffler et al.
(1987) and Burr et al. (1988) (where unembedded speci-
mens were used) is an artifact due to the specimen em-
bedment.

Bone embedment in resins, such as PMMA, typically
requires aqueous fixation. Fixation in some solutions (e.g.,
EDTA or formalin) can contribute to demineralizing the
tissue and/or translocating molecules (e.g., noncollag-
enous proteins) from one location to another (Nicholson et
al., 1977; Landis and Glimcher, 1978; Frasca et al.,
1981b). However, significant demineralization or translo-
cation is not known to occur with common alcohol fixation
protocols used in the present study. Translocation of min-
eral, occurring in vivo as a result of diffusion and convec-
tive flow, has also been suggested as an explanation for
the relative hypermineralization of central vs. peripheral
lamellae of secondary osteons (Martin, 1993). But this
does not explain the apparent hypermineralization of ce-
ment lines suggested by the BSE analyses in the present
study since relatively young secondary osteons (darker
gray levels in BSE images) also have these bright lines
(Grynpas et al., 1994). However, results of in vitro exper-
iments suggest that the translocation of noncollagenous
proteins (e.g., bone sialoprotein) may account for relative

differences in their relative concentrations between pe-
ripheral and central portions of secondary osteons (Hos-
seini et al., 2000). Alternatively, relative differences in the
protein synthetic and secretory capacity of differentiating
osteogenic cells (which make the cement line) and already
differentiated osteoblasts (which make the successive con-
centric lamellae) may account for these regional differ-
ences (see Appendix) (Marotti, 1996; Hosseini et al., 2000;
Kato et al., 2001; Hofmann et al., 2003).

Effects of tissue age. Boyde and Jones (1996: p. 117)
have observed that “aberrant, nonmineralized ’cement
lines’ may form in elderly bone. In younger individuals, all
cement lines appear to have a higher mean atomic number
(higher density).” We have also made similar observations
(data not shown) in bone specimens from individuals of
advanced age. Although careful inspection of each osteon
examined in the present study did not reveal nonminer-
alized cement lines, a more rigorous analysis of all osteons
in large areas of bone cortex would be necessary to con-
clude whether or not nonmineralized cement lines occur in
our specimens.

Mineral-Enriched vs. Collagen-Deficient
In support of their conclusion that cement lines are

relatively mineral-deficient with respect to surrounding
bone, Schaffler et al. (1987) and Burr et al. (1988) noted
that in a scanning electron microprobe study of cortical
bone from human femora, Mellors (1964) was unable to
demonstrate increased calcium or phosphorous in cement
lines. However, Mellors (1964) did not report quantitative
data dealing with cement lines, but merely included one
graphic illustration of a linear traverse X-ray microprobe
scan showing the Ca K� line across the boundary of two
adjacent secondary osteons. This illustration exhibits
large variations that may have been substantially influ-
enced by signal noise, which makes quantitative interpre-
tation dubious at best.

In a study of the “deposition of cement at reversal lines
in rat femoral bone,” Zhou et al. (1994: p. 367) stated that
“using phase-contrast optics and X-ray microscopy, re-
spectively, cement lines have also been described as bands
of reduced density.” In support of this statement, these
investigators reference the text by Weinmann and Sicher
(1955) and book chapter by Jee (1983). Our perusal of the
Weinmann and Sicher (1955) text, however, did not reveal
any mention of the use of phase-contrast optics or X-ray
microscopy. In fact, Weinmann and Sicher (1955: p. 46)
stated that “in silver-impregnated sections the cement
lines remain entirely unstained. Their strong basophilia is
matched by complete argyrophobia. The lack of stainabil-
ity in silver impregnation proves that these lines do not
contain fibrils. They may consist of cementing substance
only, which shows the same staining reactions of cement-
ing lines.”

Jee (1983) also did not mention or show the use of
phase-contrast optics, but did include one microradio-
graph of bone obtained from Jowsey (Jee, 1983: p. 223).
This microradiograph did not show relatively bright ce-
ment lines, which, as discussed above, might be attribut-
able to superimposition artifact because a 200 micron
thick section was used. Jee stated that “surrounding the
outer border of each osteon is a ’cement line,’ a 1–2 �m
thick layer of mineralized matrix deficient in collagen
fibers.” The term “reduced density” and “deficient in col-

Fig. 13. Backscattered electron image (200�) of adult human fem-
oral bone (undemineralized and PMMA-embedded; transverse section,
anterior cortex, mid-diaphysis). The cement line regions exhibit a dis-
tinctly bright line (two white arrows in top third of image). This image
demonstrates how brightness can be enhanced at edges. This is typi-
cally attributed to topography between the embedding material and
target material. e.g., at margins of central canals (CC, arrows) or cracks
in the bone (arrowheads at far right). However, in some locations, the
brightness along the edges may be influenced by tissue composition or
organization, e.g., the surfaces of osteocyte lacunae (OL, curved arrows)
(Vose and Baylink, 1970; Marotti, 1996). Therefore, correlated topo-
graphic and quantitative analyses are needed to ensure that significant
topography is not present. We have conducted such experiments in our
laboratory and have concluded that topography in PMMA-embedded
cortical bone specimens prepared using the methods described in the
present study cannot explain the stark gray-level contrasts in the cement
line region (Vajda et al., 1999).
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lagen” are not necessarily synonymous in this context
(personal communication, W.S.S. Jee).

The possibility that cement lines at the periphery of
secondary osteons are highly calcified and/or collagen-
deficient with respect to surrounding bone, although not
definitively established, can be critically considered in the
context of the data reported in the present study. In a
strict sense, the physical basis for the gray-level contrasts
seen in BSE images of composite materials is dependent
on corresponding atomic number variations in the target
material (Skedros et al., 1993a, 1993b; Vajda et al., 1996,
1998; Bloebaum et al., 1997; Wong and Elliott, 1997). It is
therefore possible that the bright lines seen in the present
study are collagen-deficient rather than hypermineralized
with respect to surrounding tissue. This interpretation
has been suggested by previous investigators for tradi-
tional (secondary osteonal) cement lines, resting lines, and
hypermineralized lamellae (Schmidt, 1959; Ortner and
von Endt, 1971; Sokoloff, 1973; Frasca, 1981; Tran Van et
al., 1982; Zhou et al., 1994; Skedros et al., 1995; Davies,
1996; Hosseini et al., 2000). Most of these suggestions
were based on light microscope observations of thin sec-
tions of osteonal bone treated with various stains. As
noted, use of the light microscope, in addition to superim-
position artifact, may reduce the ability to discern what
may be two zones at the interface of a secondary osteon
and surrounding bone: the apparently hypermineralized
line and immediately adjacent material of somewhat dif-
ferent composition.

Recent studies have shown that osteoclasts can resorb
bone mineral just beyond the resorption surface (perhaps
up to 1 or 2 microns) (Boyde and Jones, 1987; Zhou et al.,
1994; Nesbitt and Horton, 1997; Salo et al., 1997). It had
been suggested to us that this demineralized zone (organic
material remains) along the resorption surface may sub-
sequently become relatively highly mineralized (i.e., remi-
neralized) with respect to surrounding bone and may be
the bright line seen in the BSE images and microradio-
graphs (personal communication, M.B. Schaffler). Al-
though this interpretation seemed unlikely to us, we de-
signed our experimental protocol to eliminate its potential
influence prospectively on our data by specifically analyz-
ing the cement line region at three locations (sites 2, 3,
and 4 in Fig. 4) in the area of the reversal line, irrespective
of the presence or absence of a bright line. Nevertheless, if
a region of resorbed mineral subsequently becomes hyper-
mineralized, it might not be readily possible to distinguish
this region (also presumably scalloped in appearance)
from the actual resorption surface using BSE imaging.
Thus, the true resorption surface might best be thought of
as a relatively broader zone.

It should be emphasized that the BSE and EDX mea-
surements made in the present study refer to mineral
content of the bone material as a weight fraction (wt
mineral/wt bone) (Roschger et al., 1995, 1997; Bloebaum
et al., 1997). Therefore, it is not always possible to dis-
criminate between increased mineral content and de-
creased collagen content. The weight fraction relationship
could be identical in either case, even if the volume frac-
tions [and hence material density (g/cc)] are different.
Previous investigators (Weidenreich, 1930; Schmidt,
1959; Ortner and von Endt, 1971; Sokoloff, 1973; Frasca,
1981; Zhou et al., 1994; Davies, 1996; Hosseini et al., 2000)
have suggested that the cement lines and/or other cement
line-like structures are collagen-deficient, and the data

provided in the present study do not preclude this inter-
pretation. This is not the same, however, as a “region of
reduced mineralization” as described by Burr et al. (1988).
In fact, the bright cement lines seen in the microradio-
graph in Figure 14 suggest relatively increased mineral-
ization because the physical basis for the gray-level con-
trasts in such images is a direct relationship of X-ray
absorption and the amount of Ca present (Amprino and
Engström, 1952; Bachus and Bloebaum, 1992; Wong and
Elliott, 1997).

Osteon Reversal Region and Evidence From
Ultrastructural and Scanning Acoustic
Microscopy (SAM) Studies

In a recent study using calvariae and metatarsals of
5-day-old mice, Everts et al. (2002) showed that bone
lining cells deposit a layer of proline-rich protein at the
bottom of cleaned Howship’s lacunae. They suggest that
this material, which contains osteopontin, “represents the
so-called lamina limitans or cement line, which demar-
cates sites where formation of new bone is initiated.” Their
definition, however, may be too restrictive for the biome-
chanical and physiologic implications for the composition
and structural interfaces formed by the material of the
cement line region. We suggest that the composition of the
cement line region may be heterogeneous, including the
initial materials deposited by differentiating osteoblasts
and bone lining cells [this role for this cell type is contro-
versial (Mulari et al., 2004)]. Zhou et al. (1994) and Hos-
seini et al. (2000) have also described heterogeneity of the
material constituents across the cement line region. Using
young adult Widstar rats, they describe the cement line in
forming secondary osteonal bone as having two zones:
globular accretions (possibly proteoglycan) that are depos-
ited onto the demineralized resorption surface, and new
collagen fibers formed on the globular accretions, which
subsequently mineralize. They noted that “the [new] glob-
ules increased in size and fused laterally to form a contin-
uous cement layer, which not only interdigitated with the
collagen mesh of the resorption surface but also provided
anchorage for new collagen fibers, which themselves be-
came mineralized” (Zhou et al., 1994: p. 367).

We speculate that, by the time the osteon matures, the
globular region becomes apparently hypermineralized

Fig. 14. Microradiograph of dog rib bone tissue showing relatively
highly mineralized cement lines. Field width is approximately 2.5 mm.
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with respect to immediately surrounding tissue. However,
discretion must be exercised when extrapolating these
data in mice and rats to results of the present study since
these recent investigators do not report relative differ-
ences in the mineralization of these zones, and since these
animals typically do not form secondary osteons. In addi-
tion to these issues, interspecies differences, where re-
gions described as cement lines might not be homoge-
neous, may also limit comparisons with data reported in
the present study (Currey, 1984, 2002; de Ricqlès et al.,
1991).

We suggest that, because of its compositional heteroge-
neity, the traditional cement line region (at the peripheral
margins of secondary osteons) may be more appropriately
described as the osteon reversal region (Fig. 15). This
region is characterized by (1) the interface formed by the
reversal surface and the cement (reversal) line; (2) the
cement line, that is, the material shown to be immediately
adjacent to the reversal surface, to be a bright line in BSE
images, to have Ca content similar to nearby bone tissue
by EDX analysis, and possibly to be enriched with noncol-
lagenous proteins (Schaffler et al., 1987; Burr et al., 1988;
Ingram et al., 1993; McKee and Nanci, 1996a; Hosseini et
al., 2000); and (3) the tissue adjacent to the cement line
(toward the central canal in the vicinity of site 4) that may
have relatively lower mineralization than deeper (site 5)
osteonal bone, and which could also be relatively enriched
with noncollagenous proteins (Ingram et al., 1993; Hos-
seini et al., 2000) and may have lamellar organization that
differs from other deeper lamellae (Martin et al., 1996;
Hiller et al., 2003). If this interpretation is correct, then it
is possible that the load-induced viscous behavior of os-
teonal bone that is attributed to the cement line/region
and/or its interface in secondary osteonal bone (Hogan,
1992; Prendergast and Huiskes, 1996) may in part reflect

different elastic moduli and adhesive/attachment proper-
ties of these specific material constituents across the en-
tire osteon reversal region.

The concept of the osteon reversal region, however, is
not consistent with the SAM images published by Katz
and Meunier (1993), which do not show a notable change
in elastic modulus in the vicinity of cement lines of sec-
ondary osteons in canine and human femoral bone. A.
Meunier (personal communication) suggested to us that
this unexpected finding might be attributable to relative
collagen deficiency of the cement line, making highly min-
eralized cement lines in a BSE image appear to have
equivalent elastic modulus (with respect to immediately
adjacent bone) in their SAM images. This may be one
among other plausible conditions where local composition
and/or ultrastructure is sufficiently heterogeneous to in-
fluence atomic number contrast, hence BSE image gray
levels, in ways that are not expected (Vose and Baylink,
1970; Skedros et al., 1993a, 1993b; Wong and Elliot, 1997).
Further studies are needed to investigate these possibili-
ties. The SAM observations of Katz and Meunier (1993)
may also be confounded by lower resolution when com-
pared to our BSE images (Meunier et al., 1988; Broz et al.,
1995). The resolution using a 600 MHz transducer is
about 3 �m and the volume sampled is proportional to this
value (personal communication, A. Meunier). The SAM
images are obtained in a reflection mode and the thickness
of the specimen affected by the wave is two wavelengths (5
�m; personal communication, A. Meunier). Further inves-
tigation of the possibility that this resolution is not ade-
quate for detecting the bright line seen in the present
study is warranted. Additionally, further study of the
physical basis of gray-level contrasts in SAM images is
warranted since these contrasts have not been investi-
gated with the experimental rigor that has been applied to

Fig. 15. Diagrammatic depiction of the osteon reversal region concept.
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understanding gray levels in BSE images of bone, and this
SAM technology may also be relatively more sensitive to
topographic artifact (Bumrerraj and Katz, 2001).

Implications for Osteon Pullout
The “osteon reversal region” concept also helps explain

more fully the results of osteon pullout studies. Scanning
electron micrographs of pullout surfaces demonstrate that
there is a zone where debonding occurs, and this is not
discretely at the cement line (Piekarski, 1970, 1984; Be-
hiri and Bonfield, 1980; Moyle and Bowden, 1984; Coron-
dan and Haworth, 1986; Bonfield, 1987; Braidotti et al.,
1997; Hiller et al., 2003). The region of pullout appears to
extend across a broader area that includes the cement line
and several of the most peripheral osteonal lamellae. For
example, Braidotti et al. (1997) used scanning electron
microscopy to study failure surfaces of undecalcified sam-
ples of human femoral diaphyses fractured in bending.
They found evidence of some cement line fragments in the
fracture surfaces. Additionally, their micrographs clearly
revealed broken calcified collagen fiber bundles of various
lengths protruding above the fracture surfaces across a
broad area of the osteonal wall in both dry and wet sam-
ples. These observations suggest that a broader zone of
the osteon periphery contributes to failure resistance by
increasing energy absorption capacity. It is hypothesized
that these broader pullout regions are attributable at least
in part to the material heterogeneity such as shown in the
present study and in these previous studies, consistent
with the “osteon reversal region” concept.

Ultrastructural/histocompositional modifications that
modify pullout of secondary osteons can improve local
(e.g., within a cortical region) stiffness, strength, fatigue
resistance, and energy absorption (work of fracture)
(Hiller et al., 2003). Since pullout occurs when the tensile
strength of osteons exceeds the shear strength (Martin et
al., 1998), modifications in the osteon reversal region can
contribute in modifying shear strength in this context.
Tissue enhancements that in theory could correlate with
pullout strength include mineralization of the cement line
and mineralization variations across the cement line in-
terface; ultrastructure and composition of the cement line;
adhesion/attachment of the cement line to surrounding
tissue; osteon diameter; and lamellar organization at the
osteon periphery [e.g., predominantly highly oblique-to-
transverse collagen orientation in peripheral lamellae of
the “hoop” osteons described by Martin et al. (1996)], and
composition of the peripheral lamellae (e.g., enriched with
some noncollagenous proteins such as osteocalcin and os-
teopontin) (Moyle and Bowden, 1984; Schaffler et al.,
1987; Burr et al., 1988; Martin and Burr, 1989; Hogan,
1992; Ingram et al., 1993; Martin et al., 1996; McKee and
Nanci, 1996a; Hosseini et al., 2000; Hiller et al., 2003).

Mineral-Deficient vs. Hypermineralized:
Historical Observations of Cement Line
Composition and Mineralization, and
Implications for Bone Biomechanics and
Remodeling Dynamics

Investigations into the composition of the cement line
have often been motivated by desire to better understand
the remodeling process. For example, the initial materi-
al(s) deposited on the reversal surface is known to be
important for enabling the attachment of osteoblasts (Mc-

Kee and Nanci, 1996a; Everts et al., 2002; Mulari et al.,
2004). These materials appear to be noncollagenous pro-
teins (e.g., osteocalcin, osteopontin, bone sialoprotein),
some of which are correlated with the subsequent initia-
tion and/or degree of cement line mineralization (Hunter
and Goldberg, 1993; McKee and Nanci, 1995, 1996b; Da-
vies, 1996; Hunter et al., 1996; Tye et al., 2003; Pampena
et al., 2004; Xiao et al., 2004). In addition, some of these
proteins have been correlated with osteoclastic recruit-
ment and activation. It is hypothesized that normal fa-
tigue-related microdamage (e.g., microcracks) could be an
event that causes this release/exposure in the cement line
region. In turn, osteoclastic activity could further expose
or release these proteins, thus further stimulating oste-
oclast recruitment and/or activity. Although there are ob-
servations and data that indirectly support these possibil-
ities (Von Ebner, 1875; Baron et al., 1984; Hauschka et al.,
1986; Hauschka and Wians, 1989; Glowacki et al., 1991;
Denhardt and Guo, 1993; Ingram et al., 1993; Gersten-
field, 1999; Terai et al., 1999; Zhu et al., 2001), additional
studies aimed at testing these hypotheses are needed.

As noted earlier, studies of cement lines have also often
been motivated by a desire to understand the mechanical
consequences of the interface formed at the cement line
and the adhesive/attachment properties of this interface.
But it could be argued that either a hypo- or hyperminer-
alized cement line can achieve the mechanically beneficial
stiffness differences across the vicinity of the cement line.
In view of the above discussion and implications of the
present study, however, this emphasis on the mechanical
roles of cement line interfaces should not overshadow the
importance of the myriad functions that cement line ul-
trastructural/histocompositional enhancements (i.e., com-
pared to nearby bone tissue) have in the biomechanics and
remodeling dynamics involving this region. For example,
purely mechanical considerations reveal little about the
potential variations in cellular activities and protein syn-
thesis during early stages of osteon formation. Composi-
tional and ultrastructural heterogeneities of the osteon
periphery might reflect spatiotemporal changes in the bio-
synthetic capacities that differentiating osteogenic cells
undergo as they transition from osteoblasts to osteocytes
(Marotti, 1996; Hosseini et al., 2000; Kato et al., 2001;
Hofmann et al., 2003). Using computer-aided reconstruc-
tion of transmission electron micrographs of bone tissue,
Marotti et al. (1996) provide data that support this idea.
These investigators describe three types of preosteocytes,
which are distinguishable by cell position and shape, ul-
trastructure of the tissue surrounding the cell, and rate of
tissue deposition. In view of these designations, the dif-
ferentiating osteogenic cells responsible for cement line
deposition are closely associated with the successive series
of cells that can produce biomechanically important vari-
ations in osteon lamellar organization (Marotti, 1996;
Martin et al., 1996), which can influence the viscoelastic
behavior of bone (Hiller et al., 2003). Further studies of
the capacities that differentiating osteogenic cells, osteo-
blasts, and preosteocytes have in modifying cement line
mineralization or composition, and/or the organization of
the closely associated peripheral lamellae, might help ex-
plain causal bases for some viscoelastic behaviors of com-
pact bone that have otherwise been difficult to define (for
further discussions, see Currey, 2002; Hiller et al., 2003;
Les et al., 2004).
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Improved understanding of the regulation of the cellu-
lar activities involved in the formation of the heteroge-
neous osteon reversal region and of the bone subsequently
deposited also has implications in the burgeoning field of
endo-osseous implant fixation (Davies, 1996; Brunski et
al., 2000). Skeletal fixation at bone/implant interfaces
(e.g., hip replacements, screws, and Brånemark-type den-
tal implants) appears to involve a series of steps that seem
to mirror osteonal cement line formation. For example, in
an article reviewing in vitro methods dealing with how
new bone is formed on solid surfaces of implants, Davies
(1996) noted that these methods “not only mimic in vivo
phenomena, but also provide a mechanistic understanding
of bone elaboration at implant surfaces.” Although
Davies’s cement line designation encompasses nonos-
teonal bone, the possibility that the sequence of events in
osteonal and nonosteonal cement line formation is highly
similar warrants repeating a summary of his findings here
since they strongly emphasize how detailed understand-
ing of cement line composition, mineralization, and ultra-
structure can have broad implications for basic and ap-
plied bone biology: “The sequence starts with secretion
and adsorption to the [implant] substratum of organic
components, of which the major proteins are osteopontin
and bone sialoprotein. Mineralization of this matrix oc-
curs by the seeding of nanocrystalline calcium phosphate,
which precedes the appearance of morphologically identi-
fiable collagen fibers. This is clearly contrary to the dogma
that collagen is necessary for mineralization of bone, but
is in agreement with specific cases of other, particularly
dental, calcified connective tissues. Although collagen is
synthesized by the differentiating osteogenic cells that
elaborate the cement line interface, it is not adsorbed to
the underlying solid surface. Following the elaboration of
the cement line matrix, collagen fiber assembly occurs and
is then mineralized to produce morphologically identifi-
able bone matrix” (Davies, 1996: p. 426).

Summary and Future Directions
The quantitative data reported in this investigation

support previous studies that have suggested that cement
lines of secondary osteons of adult human cortical bone
are relatively highly mineralized (or collagen-deficient;
BSE analyses) or similarly mineralized (EDX analyses)
when compared to surrounding bone. These data therefore
reject the hypothesis that the traditional secondary-os-
teon cement line is poorly mineralized with respect to
immediately surrounding osteonal bone. The absence of
apparent highly mineralized cement lines in microradio-
graphs of human bone in several independent studies may
be a consequence of superimposition artifact. In contrast
to the term “cement line,” the term “osteon reversal re-
gion” may be more appropriate for describing the struc-
tural and material organization, and the biomechanics of
the complex composite interface that is formed after the
reversal of bone resorption during remodeling.

Additional studies are needed to reevaluate and extend
the scope of previous theoretical and experimental analy-
ses of viscoelastic behavior of cortical bone that are based
on the hypothesis of poorly mineralized cement lines in
osteonal (Haversian) and fibrolamellar or other forms of
nonosteonal bone. Although the results of these previous
studies may accurately depict viscoelastic behavior of
bone, the hypothesis that in tested specimens a substan-
tial proportion of the matrix motion specifically occurs in

the immediate vicinity of, or within, cement lines or ce-
ment line-like interfaces will require additional rigorous
experimental analysis. It has been suggested that regard-
less of whether the cement line is conceived as highly
mineralized, poorly mineralized, or collagen-deficient, all
of these conceptions in theory could provide the point-
specific stiffness differences, fiber-matrix bonding charac-
teristics, and energy transfer qualities desirable in a fiber-
reinforced composite subject to repeated loading.
However, determining the chemical constituents that
comprise the osteon reversal region is an important goal
since they may influence the remodeling process.
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APPENDIX: CEMENT LINE TERMINOLOGY
Cement (Reversal) Lines, Resting Lines, Arrest
Lines, Hypermineralized Lines

Most bone histologists distinguish cement lines of sec-
ondary bone from other similarly appearing distinct mor-
phologic lines or seams. For example, resting (or arrest)
lines, although they appear relatively highly mineralized
and are present in secondary bone, typically do not exhibit
crenulations and are relatively thicker than the tradi-
tional crenulated cement lines of secondary bone (Wein-
mann and Sicher, 1955; Lacroix, 1971; Zagba-Mongalima
et al., 1988; McKee and Nanci, 1995). Furthermore, rest-
ing lines are considered to be either the result of a reduc-
tion in the rate of bone formation or cessation of bone
formation (arrest lines) not proceeded by a resorptive
event (Frost, 1963, 1973; Kornblum and Kelly, 1964; Jaffe,
1972; Pankovich et al., 1974; Parfitt, 1983; de Ricqlès et
al., 1991; Nyssen-Behets et al., 1994; McKee and Nanci,
1995). However, the terms “cement line” (reversal line)
and “resting/arrest line” have been used synonymously in
recent literature (Zhou et al., 1994; McKee and Nanci,
1995). Additionally, there are investigators who have con-
sidered cement lines as the material that is deposited at
initial sites of bone formation, whether the forming bone is
secondary or primary (Frasca et al., 1981a; McKee and
Nanci, 1995; Davies, 1996).

Cement lines at reversal sites are produced by differen-
tiating osteogenic cells. Resting/arrest lines are secreted
by already differentiated osteoblasts. Consequently, the
relative synthetic capacity of these cell types may differ
(Marotti, 1996; Hosseini et al., 2000; Kato et al., 2001;
Hofmann et al., 2003). For example, the relative differen-
tiation of these osteogenic cells has been used to explain
why resting lines contain more bone sialoprotein than
reversal lines (Hosseini et al., 2000). Hosseini et al. (2000:
p. 301) also noted: “That cement lines are devoid of colla-
gen has long been recognized (Weidenreich, 1930). It is not
surprising, therefore, that cells derived from undifferenti-
ated perivascular mesenchyme, and which are not yet
expressing the full osteogenic phenotype, do not assemble
a collagenous extracellular matrix.”

Classically defined cement lines can also be distin-
guished from other apparently hypermineralized lines.
Although having a similar microradiographic appearance
to cement and resting lines, hypermineralized seams of
tissue located short distances from central canals of com-
pletely formed secondary osteons have been called hyper-
mineralized lamellae (Dhem, 1980; Dhem and Robert,
1986; Nyssen-Behets et al., 1994). Unlike cement lines
and resting lines, hypermineralized lamellae in human
bone can be traversed by osteocyte lacunae and can be
associated with hypermineralization around osteocyte la-
cunae (Jowsey, 1964; Dhem and Robert, 1986; Nyssen-
Behets et al., 1994). The term “hypermineralized lamel-
lae” has also been used to describe the prevalent highly
mineralized seams observed within primary bone of ma-
ture deer antler (Skedros et al., 1995).
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