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Abstract 
A lifetime of successive bone remodeling events leads to trabeculae which are composed of a patchwork of bone structural units (BSUs) called 
hemi-osteons or trabecular packets. Traditionally, only intact surface BSUs have been studied, which are those that have been created most 
recently. Accordingly, the complex changes in the size and distribution of BSU throughout the trabeculae have been overlooked. In this study, 
the BSUs within the trabeculae of the second lumbar vertebrae were manually traced, using ImageJ software, in osteopontin immunostained 
sections of eight young women (aged 19-38 yr) and eight older women (aged 69-96 yr). A series of BSU profile properties including area, width, 
length, and perimeter were quantified, along with properties of each trabecular profile such as the number of BSU and cement line length. 
The relationships between these properties and age, as well as selected trabecular microstructural properties assessed with microcomputed 
tomography, and bone strength assessed on the neighboring third lumbar vertebrae, were investigated. The median BSU profile length and 
perimeter decreased with age, while the median BSU profile area and width was unchanged. Moreover, age was associated with an increase in 
the number of BSU profiles and cement line length per trabecular profile area. However, changes in BSU profile geometry, the number of BSU 
profiles, and the cement line length per trabecular profile were strongly correlated with trabecular bone volume fraction, structure model index, 
and bone strength. Further research is needed to understand how these changes in BSU properties affect the mechanical and failure properties 
of trabecular bone. 
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Lay Summary 
Trabecular bone is a highly porous tissue found within the body of the vertebrae and at the ends of long bones. The body adapts and repairs 
the structure of this 3D network of plates and rods (trabeculae) by removing and adding small, discrete volumes of tissue over time. The 
cumulative effect of years of these events is that the microstructure of trabeculae resembles a patchwork of different bone structural units 
(BSUs) separated by thin layers of cement line, analogous to a wall of bricks and mortar. The BSU “bricks” get smaller with age, which is 
believed to increase the proportion of cement line. These changes could increase someone’s fracture risk, because the cement line is believed 
to be more brittle than the BSU; however, neither of these hypotheses have ever been tested. Changes to the trabecular microstructure were 
measured in the vertebrae of 8 young (19-38 yr) and 8 post-menopausal (69-96 yr) women. The BSU length was found to decrease with age, 
whereas the number of BSU and the proportion of cement line were found to increase. Having confirmed that these microstructural changes 
exist, further work is needed to understand what role they play in the increased risk of fracture with age.
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Graphical Abstract 

Introduction 
Age-related fractures, which affect a large portion of the 
population in industrialized countries, most commonly occur 
in regions with high proportions of cancellous bone, such as 
the hip, wrist, and spine.1 These fractures have a significant 
impact on both those who sustain them and the health-
care systems that treat them. Because the incidence of age-
related fractures is expected to rise with ageing demograph-
ics,2 efforts have been made to better predict fracture risk in 
the elderly. Areal BMD (aBMD), determined by dual-energy 
X-ray absorptiometry, is commonly used to assess fracture 
risk and forms the basis of the WHO criteria for diagnosing 
osteoporosis. However, aBMD has been shown to be an 
imperfect predictor of fracture risk, and fails to account for 
approximately one-third of traumatic fractures.2–4 In order to 
overcome this, a Fracture Risk Assessment Tool (FRAX) has 
been developed to estimate the fracture probability based on 
multiple risk parameters beyond aBMD.5 Neither aBMD nor 
FRAX includes bone volume fraction (BV/TV) or architectural 
properties such as trabecular thickness (Tb.Th) or structure 
model index (SMI), which have been shown to improve the 
prediction of fractures.6 Moreover, the trabecular mechanical 
properties, composition, and microstructure are also ignored. 

Two microstructural features of trabeculae that have 
received little attention to date are the bone structural units 
(BSUs) and the cement lines “gluing” them together. In 
some papers, BSUs are referred to as trabecular packets7 or 
hemiosteons8 in trabecular bone, and as osteons in cortical 
bone,8 although BSU is the preferred term for trabecular bone, 
as well as also applies to cortical osteons, and is included 
in standardized histomorphometry nomenclature.9,10 Bone 
structural units are regions of lamellar bone tissue formed 
during an individual bone remodeling transaction. The 
cumulative results of multiple, discrete bone remodeling 
transactions are trabeculae that are composed of a patchwork 
of BSUs of different ages separated from one another by 
cement lines.8 The structure is analogous to a brick wall 
composed of (irregularly shaped) BSU “bricks” separated 
by mortar (cement lines). Due to the way trabecular bone 
is remodeled, the BSUs at the bone surface are newer, and 
thus less mineralized, than those remaining at the center of 
the trabeculae.11 This morphological composition results 
in heterogeneous material properties, which are expected 
to affect the mechanical properties of trabecular bone. 
Consequently, the size, distribution, and composition of 
the BSUs are expected to be important determinants of the 
mechanical properties of the bone tissue. 

Only a few studies have characterized changes in trabecu-
lar BSU morphometry with age. Instead, most studies have 
focused exclusively on characterizing the mean wall thick-
ness (W.Th) of the newest BSUs and have found that W.Th 
decreases with age and osteoporosis.12–15 Wall thickness is 
estimated by averaging multiple measurements of the wall 
width (W.Wi) between the quiescent bone surface and the 
cement line of the newest BSUs, and then multiplying this 
value with π /4 in order to convert the 2D width to a 3D thick-
ness.10 The few studies that considered other morphometric 
parameters such as the area and length of BSUs reported that 
they also decreased with age.16–18 However, a limitation of 
these previous studies is that they only considered the surface 
(newest) BSUs that have not yet been altered by subsequent 
remodeling events. Although studying only the most recent 
BSUs will provide insight into the recent state of bone for-
mation, it fails to address how repeated remodeling cycles 
form the mosaic-like BSU populations which may influence 
the mechanical properties of trabeculae. 

Limiting the analyses to only the surface BSUs also over-
looks changes to the amount of cement line present. To 
continue the wall analogy—which is not a new concept, as 
cement lines were originally called “kittlinien” (glue or mortar 
line)19—if there are a greater number of smaller bricks in the 
wall then the proportion of mortar holding them together 
increases exponentially. In 2D, the length of the mortar is 
roughly proportional to the square of the number of bricks. In 
other words, halving the brick dimensions results in a 4-fold 
increase in the length of mortar; the relationship would be 
cubic in 3D. Following this logic, small age-related decreases 
in BSU size can be expected to result in large increases in 
the proportion of cement line, as measured in length per unit 
area, throughout the trabeculae. Any such microstructural 
changes could affect the mechanical behavior, as cement lines 
are thought to play an important role in preventing crack 
propagation and in energy absorption.20 Although little is 
known about its mechanical properties, some studies suggest 
that cement lines are weaker and more brittle than bone 
matrix,20,21 while others have highlighted that the difference 
in mineralization between cement lines and the surrounding 
matrix decreases over time.22 Recently, it was shown that 
the apparently hypermineralized cement lines contain fewer 
nanochannels (∼30 nm in diameter) and canaliculi chan-
nels penetrating the mineralized extracellular matrix than the 
adjacent lamellar bone,23 while the extracellular matrix itself 
is similar in the two.24 Moreover, microcracks have been 
observed to grow preferentially along cement lines of BSUs



JBMR Plus, 2025, Volume 9 Issue 1 3

(osteons) in cortical bone25–27 and BSUs in trabecular bone,28 

supporting the concept that cement lines deflect propagating 
microcracks. 

Therefore, an increase in the proportion of cement lines 
associated with age-related decreases in the size of the BSUs 
is expected to affect the mechanical properties of trabecular 
bone. Yet the nature of the effect remains unclear. Studies 
have shown that an increased proportion of cement lines is 
associated with increased fatigue life in cortical bone.29 This 
is thought to result from crack blunting and deflection, similar 
to grain size effects observed in some metallic systems.30 

Alternatively, the increased number of preferential pathways 
for crack growth may lead to earlier failure. A better under-
standing of the properties and behavior of cement lines versus 
BSUs will be needed to clarify the effect. However, before 
the mechanical implications can be understood, a method for 
quantifying the size and distribution of trabecular BSUs is 
needed. 

The objective of the present study was to quantify changes 
in the 2D size and distribution of trabecular BSUs in the 
lumbar spine, as well as the surrounding cement lines, in 
relation to age, 3D volumetric and architectural parameters, 
and compressive bone strength. In a recent study, the authors 
quantified the change in the newest surface BSUs with age in 
16 lumbar vertebrae from young and old women. The same 
16 samples are re-analyzed to include all BSUs rather than 
just the most recent ones, and the trabecular profile in which 
they are located. New metrics are introduced to quantify 
the length of cement line and number of BSU profiles per 
trabecular area. We hypothesize that these metrics increase 
in the vertebrae of old compared to young individuals, and 
correlate with architectural parameters and compressive bone 
strength of the vertebrae. This would support the notion that 
the BSU composition affects the mechanical properties of 
trabecular bone. 

Materials and methods 
Bone specimens 
Second lumbar vertebrae (L2) from 8 young (aged 19-
38 yr) and 8 old (aged 69-96 yr) Caucasian women were 
examined. These specimens were used in a previous study by 
the authors18 and represent a subset, selected as the 8 youngest 
and 8 oldest women within the biobank of 41 L2 vertebrae 
previously collected, which were chosen to obtain having 
the greatest difference in microstructural and biomechanical 
parameters.31 Individuals with identified vertebral fracture, 
cancer, metabolic disease, severe liver or kidney disease, the 
use of medication affecting bone metabolism, or those who 
had a period of more than 2 wk of immobilization prior to 
death were excluded, as previously described.31 Consequently, 
the individuals studied represent a normal population that 
were considered to be in reasonably good health prior to their 
death. 

The L2 vertebral bodies had been halved along the medial 
plane. A roughly 9-mm-thick frontal section was taken from 
the center of the one half vertebra, embedded in methyl 
methacrylate while undecalcified, and imaged in a μCT scan-
ner (μCT35 Scanco Medical AG, Brüttisellen, Switzerland) 
with an isotropic voxel size of 18.5 μm. A volume of interest 
was selected (average dimensions 20.9 × 6.3 × 25.9 mm3) 
within each scan, Gaussian and threshold filtered, and 
analyzed to determine various microarchitectural parameters 
including BV/TV and SMI.31 

The strength measures used in the current study, which are 
reported elsewhere,36 were obtained from the corresponding 
L3 vertebrae from the same individuals. Briefly, the vertebral 
bodies were loaded in compression at a constant rate of 
5 mm/min. The strength (σmax) was determined by dividing 
the maximum applied load (Fmax) during the test by the cross-
sectional area at the center of the vertebral body. 

Specimen preparation 
The undecalcified vertebral specimens described above, 
already embedded in methyl-methacrylate,31 were further 
analyzed in this study. The embedded samples were cut in 7.5-
μm-thick frontal sections using a Leica SM 2500 microtome 
(Leica Biosystems; Wetzlar, Germany), placed on microscope 
slides, and immunohistochemically stained for osteopontin. 

Immunohistochemistry 
The sections were immunohistochemically stained for 
osteopontin to outline the cement lines of the BSU, as 
previous described.18 In short, the sections were first 
blocked with 0.5% casein and an avidin/biotin blocking kit 
(Dako; Glostrup, Denmark), and then incubated in a goat 
anti-osteopontin antibody solution (305-065-046; Jackson 
ImmunoResearch; West Grove, PA, USA). The primary 
antibody was detected with alkaline-phosphatase-conjugated 
BrightVision anti-rabbit IgG (ImmunoLogic; Duiven, The 
Netherlands) and visualized with Liquid Permanent Red 
(Dako; Glostrup, Denmark). The stained sections were 
mounted with Aquatex mounting medium. 

Trabecular BSU histomorphometry 
The prepared microscope slides were digitized at a reso-
lution of 0.46 μm/pixel using a high-resolution scanner 
(NanoZoomer 2.0HT; Hamamatsu; Iwata City, Japan). A 
75 mm2 region of interest (ROI) orientated along the supe-
rior–inferior direction of the vertebral body was identified 
from each scan for 2-D analysis (Figure 1A). 

The contour of each BSU within the analysis area was 
manually traced in ImageJ32 by a single operator (Britney 
A. Lamache) and given a BSU profile identification number 
(Figure 1B). In order to reduce bias from objects that extended 
beyond the borders of the ROI, any BSUs that straddled the 
upper and right borders of the ROI were included in the 
analysis, while any crossing the lower or left borders were 
not. When the staining was ambiguous, the slides were viewed 
using polarized light microscopy to distinguish between the 
lamellar patterns of adjacent BSU. The previous study of these 
samples, which considered only the most recent BSUs, found 
little evidence of modeling-based formation (minimodeling). 
Therefore, based on this previous result, and the challenge of 
identifying scalloped cement lines in older, partially resorbed 
BSUs, no efforts were made to distinguish BSUs created by 
remodeling- or modeling-based bone formation. 

As the profiles of the BSUs were traced, their area 
(BSU.Pf.Ar), width (BSU.Pf.Wi), perimeter (BSU.Pf.Pm), and 
length (BSU.Pf.Le) were recorded using a measurement 
function in ImageJ. The BSU profile width was defined as 
the diameter of the maximum inscribed circle,33 while the 
BSU profile length was the maximum distance that would 
be measured by calipers (Figure 1C). Although BSU.Pf.Wi 
is similar, in terms of what is being measured, to the W.Wi 
used in previous studies, the latter relies on the average length 
of lines oriented normal to the BSU surface as opposed to
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Figure 1. Histomorphometric analysis of BSUs and their delimiting cement lines in osteopontin immunostained sections. (A) The region of interest (ROI) 
included a 75 mm2 rectangle (dotted line) within a half of a frontal section of an L2 vertebra. (B) All trabeculae and their BSUs within the ROI were traced 
manually and given an identification number using ImageJ. (C, D) The area (BSU.Pf.Ar), length (BSU.Pf.Le), width (BSU.Pf.Wi), and perimeter (BSU.Pf.Pm) 
were recorded for all BSUs within the ROI. Abbreviation: BSU, bone structural unit. 

the largest inscribed circle. Therefore, BSU.Pf.Wi is used 
throughout to make these differences clear. 

Additionally, each trabecular profile within the analyzed 
area was traced. In the present study, a trabecular profile 
was defined as a discrete and continuous area of trabecular 
bone in the 2D section, but which does not necessarily corre-
spond to a single trabecula in the 3D structure (Figure 1D). 
Trabecular profile area (Tb.Pf.Ar) and perimeter (Tb.Pf.Pm) 
were measured for each trabecular profile. These parameters 
allowed for the number of BSU profiles per trabecular profile 
area (BSU.Pf.N/Tb.Pf.Ar) to be recorded, and for the length of 
cement line per trabecular profile area (Cm.Ln.Pm/Tb.Pf.Ar) 
to be calculated, such that: 

Cm.Ln.Pm/Tb.Pf.Ar = 
1 
2

[(∑
BSU.Pf.Pm

) − (
Tb.Pf.Pm

)]

Tb.Pf.Ar 

Although the one term represents an areal number density 
(BSU.Pf.N/Tb.Pf.Ar), while the other is a length per unit 
area (Cm.Ln.Pm/Tb.Pf.Ar), they will be referred to as “BSU 
density” and “cement line density” for convenience. These 
terms should not be confused with the true density (mass per 
unit volume) of either phase. 

Statistical analysis 
A first analysis was performed to quantify differences in the 
distribution of BSU.Pf.Ar, BSU.Pf.Wi, BSU.Pf.Pm, BSU.Pf.Le, 
Cm.Ln.Pm/Tb.Pf.Ar, and BSU.Pf.N/Tb.Pf.Ar between the 
young and old individuals. A nested analysis in Stata 
(StataCorp LLC; College Station, TX) was used to determine 
the best-fit model and compare the two groups. The nested 
analysis considered the group, individual, and trabecular 
profile from which measures were obtained, which accounted
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for the varying number of BSU or trabecular profiles measured 
in each individual. The best-fit model was selected on logical 
grounds from three mixed-effect models: a normal (Gaussian), 
a negative-binomial, or a gamma distribution. No other 
distributions were considered due to a risk of overstating 
the results or breaching assumptions due to the positive-
skewed shape of the data. The differences, if significant, were 
quantified by a z-value, which is a standardized variable given 
when using a mixed-effect model (similar to a t-score), and 
evaluated with reference to a standard normal distribution 
and reflects the strength of the group effect within the 
regression. There were not enough specimens in this study 
to justify a statistical comparison between models; however, 
if two models fit the data similarly, analysis was performed 
for both models to ensure the conclusions would not depend 
on the model selected. 

For the second set of analyses, the summary statistics for 
BSU.Pf.Ar, BSU.Pf.Wi, BSU.Pf.Pm, BSU.Pf.Le, Cm.Ln.Pm/ 
Tb.Pf.Ar, and BSU.Pf.N/Tb.Pf.Ar were tabulated for each 
individual. Simple linear regressions were performed using 
Prism (GraphPad Software; San Diego, CA), where the 
individual’s morphometric parameters were plotted against 
their age, as well as against their 3D architectural parameters 
obtained through μCT and compression strength determined 
in prior studies.31,34,35 These 3D architectural parameters 
include BV/TV, SMI, connectivity density (Conn.D), trabecu-
lar number (Tb.N), trabecular separation (Tb.Sp), and Tb.Th. 
Median values of the BSU profile parameters were used if 
the data followed a gamma or negative-binomial model to 
represent the positive skew of the data better, while the means 
were used if the parameter followed a normal distribution. 
In these analyses, the p-values indicate the significance of the 
slope being non-zero. 

Because the samples selected were chosen to represent 
young and old populations, with no individuals from 39 to 
68 yr, age was also considered as a discrete rather than a 
continuous variable. T-tests were performed on the medians 
of the BSU and profile metrics for the young and old groups 
to assess whether the results were dependent on the analysis 
method. 

Values of p < .05 were considered significant for all 
analyses. 

Results 
In all, 664-1526 BSU, from 40 to 105 trabecular profiles 
were measured for each individual (Figure 1). Spreadsheets 
containing the 2D metrics for all 16 851 BSU and 1137 
trabecular profiles are available for download as open data; 
summary statistics are provided as PDF tables. Finally, the 
3D architectural parameters of L2, along with the compres-
sive bone strength of the adjacent L3 obtained in previous 
studies,35,36 are also accessible. Consult the Data Availability 
Statement for more details. 

BSU size distribution of young and old groups 
BSU.Pf.Le (z = 2.15, p = .031) was significantly lower in 
the younger women (median = 169.1 μm) than in the older 
women (median = 143.4 μm), which was best described by 
a negative binomial model. BSU.Pf.Pm also followed a neg-
ative binomial model, and was significantly larger (z = 2.28, 
p = .023) in the younger women (398.7 μm) compared to the 

older women (342.3 μm). BSU.Pf.Ar and BSU.Pf.Wi followed 
gamma distributions, but their medians did not differ between 
the younger and older women (Figure 2). 

BSU and cement line density distribution of young 
and old groups 
The analysis of the profile metrics revealed that BSU 
density (BSU.Pf.N/Tb.Pf.Ar) followed a gamma model 
and that the number of BSU per unit area was signifi-
cantly (z = 3.12, p = .002) higher for the older women 
(median = 292 BSU/mm2) than for the younger women 
(median = 172 BSU/mm2) (Figure 3). Cement line density 
(Cm.Ln.Pm/Tb.Pf.Ar) followed a normal (Gaussian) distri-
bution. The older women had significantly more cement 
line per unit area (mean = 31.0 mm/mm2) compared to the 
younger women (mean = 26.0 mm/mm2), (z = 2.02, p = .043) 
(Figure 3). 

Correlation of BSU size with age, trabecular bone 
volume, and architecture 
When linear regression was performed on the individuals’ 
summary statistics, all four BSU profile parameters were 
significantly correlated to BV/TV and SMI, but only BSU 
perimeter and length were correlated to age (Figure 4). Except 
for BSU.Pf.Wi, which was positively correlated to Tb.Th 
(p = .031, r2 = 0.029, y = 0.15 × x + 21), none of the BSU 
profile parameters were significantly correlated to any of the 
other 3D architectural parameter (Conn.D, Tb.N, Tb.Sp, or 
Tb.Th). 

Two-tailed t-tests were also performed on the medians of 
the BSU metrics for the young and old groups, given that 
the samples were selected based on age. The linear regres-
sion analysis proved to be a more conservative approach. 
Significant differences were found between the young and 
old groups for three of the profile parameters (BSU.Pf.Ar: 
p = .044; BSU.Pf.Pm: p = .015; BSU.Pf.Le: p = .021) when 
using the t-test, with only BSU.Pf.Wi (p = .113) failing to reach 
significance. 

Correlation of BSU and cement line density with 
age, trabecular bone volume, and architecture 
When linear regression was performed on the trabecular pro-
file parameters, BSU.Pf.N/Tb.Pf.Ar was significantly corre-
lated to age (p = .046), BV/TV (p = .001), and SMI (p < .001), 
while Cm.Ln.Pm/Tb.Pf.Ar was only correlated to BV/TV 
(p = .008) and SMI (p = .001) (Figure 5). Age was also signifi-
cant for BSU.Pf.N/Tb.Pf.Ar (p = .015) when two-tailed t-tests 
were performed on the medians of the young and old groups, 
but not for Cm.Ln.Pm/Tb.Pf.Ar (p = .093). 

Correlation between BSU and cement line 
parameters and compression strength 
When analyzed individually, all four BSU profile parameters 
and both trabecular profile parameters were significantly 
linearly correlated with compression strength (Figure 6). 
The BSU parameters were positively correlated to bone 
strength, while BSU.Pf.N/Tb.Pf.Ar and Cm.Ln.Pm/Tb.Pf.Ar 
were negatively correlated to bone strength. However, 
BSU.Pf.N/Tb.Pf.Ar and Cm.Ln.Pm/Tb.Pf.Ar have less explana-
tory power of bone strength than either BV/TV (p < .001, 
r2 = 0.90) or SMI (p < .001, r2 = 0.73) alone.
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Figure 2. Frequency distribution of BSU.Pf.Ar, BSU.Pf.Wi, BSU.Pf.Pm, and BSU.Pf.Le within L2 vertebrae from 8 younger women (aged 19-38 yr) and 8 
older women (aged 69-96 yr). The frequency plots are not normalized to account for different numbers of BSU per individual; however, the p-values are 
for the nested analyses (GROUP → INDIVIDUAL → TRABECULAR PROFILE) which do. Abbreviation: BSU, bone structural unit. 

Figure 3. Frequency distribution of BSU.Pf.N/Tb.Pf.Ar and Cm.Ln.Pm/Tb.Pf.Ar within L2 vertebrae from 8 younger women (aged 19-38 yr) and 8 older 
women (aged 69-96 yr). The frequency plots are not normalized to account for different numbers of trabecular profiles measured per individual; however, 
the p-values are for the nested analyses (GROUP → INDIVIDUAL → TRABECULAR PROFILE) which do. Abbreviation: BSU, bone structural unit. 

Discussion 
This study set out to quantify the size of trabecular BSUs, 
as well as the number of BSU (BSU density) and length of 
cement line in a trabecular profile (cement line density), and 
determine the relationships of these parameters with age, 3D 
microstructure, and compressive strength. To this end, over 
16 000 BSU profiles from a defined ROI in 16 human lum-
bar vertebrae were quantified within 1137 unique trabecular 
profiles. To our knowledge, these results provide the first 
evidence linking the size and density of BSUs, as well as cement 
line density, with trabecular bone volume and architecture, 
vertebral compressive strength, and—to a lesser extent—age. 

These findings are summarized in Figure 7 and discussed in 
the paragraphs below. 

BSU size correlates more strongly with trabecular 
bone volume and architecture, than age 
The BSU profile sizes are highly variable within each indi-
vidual, as well as among the individuals within the included 
younger and older women. The BSU profiles of all BSUs are 
smaller than the most recently formed BSU along the bone 
surface.16–18 This difference reflects the fact that the deeper 
embedded older BSUs have been partially resorbed during 
the subsequent remodeling transactions, leaving only part of
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Figure 4. Linear regression of median BSU.Pf.Ar, BSU.Pf.Wi, BSU.Pf.Pm, and BSU.Pf.Le with respect to age, BV/TV, and SMI. If the slope of the linear 
regression is significantly different from zero, the corresponding p-value is shown in bold. Abbreviations: BSU, bone structural unit; BV/TV, bone volume 
fraction; SMI, structure model index. 

the original BSU behind, thereby forming a mosaic of BSU 
of different ages. 37 In this study, we assume that changes in 
the size of the 2D BSU profiles overall reflect changes in the 
size of the 3D BSU, but that the size of individual 2D BSU 
profiles may not be directly transferable to the size of 3D 
BSU in trabecular bone. The true size of individual 3D BSU 
in trabecular bone remains, however, to be investigated and 
warrants further study. 

In this study, the BSU profile size parameters were only 
slightly decreased with age when comparing the younger 

and older women using both distribution plots and linear 
correlations, and only significantly for BSU profile length and 
perimeter, but not BSU profile area and width. This result 
is in contrast to our previous study that focused on the 
recently formed superficial BSU of the same individuals,18 

where we observed a stronger link between all the BSU profile 
size parameters and age. This difference is not surprising, as 
superficial BSUs reflect the recent events, while BSUs at the 
interior may be years or decades old and reflect the remains 
after subsequent bone resorptions. On the other hand, the
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Figure 5. Linear regression of median BSU.Pf.N/Tb.Pf.Ar and Cm.Ln.Pm/Tb.Pf.Ar with respect to age, BV/TV, and SMI. If the slope of the linear regression 
is significantly different from zero, the corresponding p-value is shown in bold. Abbreviations: BSU, bone structural unit; BV/TV, bone volume fraction; SMI, 
structure model index. 

size parameters of both superficial 18 and all [this study] BSU 
profiles in trabecular bone show a stronger correlation with 
the trabecular bone volume and architecture (SMI), than age. 
Structure model index is widely used to measure the extent of 
rods (SMI = 3) versus plates (SMI = 1) in trabecular bone. It is 
clear that individuals having a lower trabecular bone volume 
also have a more disconnected, rod-like trabecular structure, 
which would result in smaller, disconnected trabecular profiles 
in 2D with smaller BSU profiles. This relationship supports 
the notion that the BSUs are smaller in trabecular rods versus 
plates, where the plate-to-rod transition is the result of a 
reduced trabecular bone volume and, to some extent, age.38,39 

Future 3D studies of individual rods and plates, and the size 
of their respective BSU populations, may confirm this notion. 

BSU and cement line density correlate more 
strongly with trabecular bone volume and 
architecture, than age 
In order to understand the population of BSUs that make 
up trabecular bone, one should not only focus on the size 
of the individual BSU profiles, but also on the density of 
BSU profiles and cement lines. In this study, two novel tra-
becular BSU microstructural parameters were introduced: 
BSU density (BSU.Pf.N/Tb.Pf.Ar), as the number of BSU pro-
files per trabecular profile area; and, cement line density 
(Cm.Ln.Pm/Tb.Pf.Ar), as the cement line length per trabecular 
profile areas. Utilizing both these microstructural parameters, 
the frequency distribution of BSU and cement line densities 
was found to increase significantly in the old group compared 
to the young group. It is interesting that the BSU density 
increased significantly with age, while the area of the BSU 

profiles did not show significant age-related changes. This 
trend is likely due to the fact that when normalized by trabecu-
lar area—which tends to be smaller in the old individuals—the 
values are amplified. On the other hand, both BSU and cement 
line density show a stronger correlation with the trabecular 
bone volume and architecture (SMI) than with age, similar to 
what was observed for the BSU profile size parameters. 

This link between BSU size, and BSU profile and cement 
line density, can be explained through the brick-and-mortar 
analogy, where bricks representing the BSU and the mortar the 
cement line (Figure 7). Smaller bricks increase both the num-
ber of bricks, and the length of mortar, per unit area. Similarly, 
smaller BSUs increase BSU density (BSU.Pf.N/Tb.Pf.Ar) and 
the cement line density (Cm.Ln.Pm/Tb.Pf.Ar), changes which 
are correlated with decreased BV/TV, and increased SMI and 
age. These increases in BSU and cement line density could have 
implications on the fracture risk, as will be discussed in the 
next section. However, it is important to note that the method 
of measuring the cement line results in a 1D property (length), 
while any change in the thickness of the cement line was not 
measured. Better visualization techniques would be required 
to measure the thickness of the cement lines due to their small 
scale. 

The BSUs measured in the present study were limited to 
those from the second lumbar vertebrae in healthy women. 
Changes in BSU geometry and increases in the length of 
cement line, and their behavioral consequences, should also 
be examined in other scenarios. Age-related changes in men 
compared with women, skeletal site-to-site differences, and 
effects of drug treatment are all of interest, as are pathological 
changes to the amount and distribution of the cement lines. 
For example, Paget’s disease, which manifests as aggressive
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Figure 6. Linear regression of median BSU.Pf.Ar, BSU.Pf.Wi, BSU.Pf.Le, BSU.Pf.Pm, Cm.Ln.Pm/Tb.Pf.Ar, and BSU.Pf.N/Tb.Pf.Ar of L2 vertebra with 
respect to compression strength of the adjacent L3 vertebra. If the slope of the linear regression is significantly different from zero, the corresponding 
p-value is shown in bold. Abbreviation: BSU, bone structural unit. 

bone remodeling, results in crenated, jigsaw-like cement lines. 
Individuals suffering from this disease are prone to incomplete 
fractures and bowing of the affected bones due to increased 
tissue heterogeneity and plasticity. 40,41 Autosomal dominant 
osteopetrosis, also known as Albers–Schönberg disease, is 
likewise of interest because it results in thickened cement 
lines.42 

Vertebral compressive strength correlates with 
trabecular BSU size and density, and cement line 
density 
The BSU profile size, and BSU and cement line density of 
the L2 vertebrae, all exhibited significant correlations with 
the compressive strength of the adjacent L3 measured in 
a previous study43; however, the relationships were much 
weaker than those for BV/TV or SMI alone. Testing of 

individual trabeculae may provide clearer understanding of 
how changes in microstructure affect mechanical properties 
and failure behavior by eliminating the confounding effects 
of microarchitecture. 

As stated earlier, cement lines are likely harder and more 
brittle than the surrounding tissue due to its apparent 
higher level of mineralization and its collagen deficiency.20,21 

Though very little research has been done to further 
understand its local mechanical properties, cement lines 
have been shown to deflect microcrack propagation, causing 
microcracks to run along the cement lines in both cortical25–27 

and trabecular28 bones. An extended finite element model 
study found that when assigning high strength and low 
toughness to cement line—consistent with a hard and brittle 
material—the load required to initiate cracks decreased.26 

Similarly, an increase in the number of osteons per area in 
cortical bone resulted in a lower ultimate tensile strength, and
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Figure 7. An analogy comparing the trabecular BSU mosaic/composition to that of a brick-and-mortar wall, where bricks reflect the BSUs and mortar the 
cement lines. The brick-and-mortar wall either has larger bricks and less mortar, or smaller bricks and more mortar. Reduced trabecular bone volume, 
increased SMI, reduced vertebral compressive strength, and to some extent age correlated with a shift to the right, toward trabeculae with smaller bricks 
and more mortar. Abbreviations: BSU, bone structural unit; SMI, structure model index. 

this change was attributed to an increase in the amount of 
brittle cement line that accompanied an increased number 
of osteons. 44 Conversely, an increased proportion of cement 
lines has been shown to be associated with longer fatigue life 
in cortical bone.29 Numerical simulations such as these may 
prove helpful in clarifying whether an increased proportion of 
cement lines has a beneficial or deleterious effect on trabecular 
bone strength. 

Non-geometric studies of BSU 
Although the current research is the first to characterize the 
geometry of the entire population of BSU profiles throughout 
the cross-section of trabeculae, geometry alone is not the sole 
determinant of fragility in cancellous bone. For example, BSUs 
at the surface of the trabeculae have been found to have lower 
mineralization levels and stiffness relative to those deeper 
within the trabeculae.7,45 This gradient through the cross-
section is associated with a concentration of microdamage 
within that deeper, more mineralized, stiffer tissue.45 Both 
experimental46 and numerical studies47 have shown that the 
orientation of the lamellar bone within the BSUs affects crack 
growth. Finally, the mineralization of cement lines is not 
constant, but seems to be correlated to the mineralization 
of the adjacent BSUs in cortical bone.22 All these geometric, 
compositional, and mechanical differences will need to be con-
sidered in concert to understand their individual contributions 
to trabeculae fragility. 

Study limitations 
This study has a few limitations. First, the 2D measurements 
reported herein do not necessarily reflect the complexity of the 
3D BSU morphology. A BSU that wraps around the periphery 
of a rod-like trabecula, for example, has the possibility of 
being sectioned such that it appears as two separate BSUs. This 
would lead to an underestimation of the actual area, width 
and length, and an overestimation of the number of BSUs. 
Similarly, both the trabeculae and the BSUs are anisotropic, 
and their orientations relative to the sectioning plane can 
result in over- or underestimations of the parameters. 

A related issue is that the size of the BSU profiles may 
be dependent on the rod- or plate-like geometry of the 
trabeculae from which they are measured. Given that 

the trabecular bone becomes more rod-like with age, an 
architecture-dependence of BSU geometry could possibly 
skew the 2D results. A method of considering the local 
trabecular architecture in which the BSUs are located should 
be considered in future work. 

The manual tracing of the BSU may also incorporate some 
subjectivity into the results. Although this effect was mini-
mized in the current study by having a single operator per-
form all the measurements with the help of polarized light 
microscopy, as well as by the high resolution of the imaging 
relative to the size of the features being measured, it cannot 
be eliminated. 

Finally, it was not possible to perform a meaningful power 
calculation before the study was conducted as key outcome 
parameters such as BSU density and cement line density are 
newly introduced in this work. Consequently, information on 
mean values and standard deviations for these parameters was 
not available before the study was conducted. Prior studies 
focus on the size and shape of the recently formed BSU 
revealed highly significant differences between the young and 
old groups,18 supporting that the group sizes have a sufficient 
power to obtain valid conclusions. The study was designed 
to investigate the trabecular BSU composition across age in 
women; therefore, further studies are needed to address any 
sex-related differences. 

Conclusion 
In the trabecular bone of human lumbar vertebrae, the BSU 
profile size (only length and perimeter) decreases with age, 
while the BSU and cement line density increase with age. 
Interestingly, the BSU profile size, along with the BSU and 
cement line densities, has much stronger correlations with 
the trabecular bone volume, architecture (plate-to-rod transi-
tion), and vertebral compression strength, than with age. The 
implication of these differences in trabecular BSU populations 
requires further investigation. 
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