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A B S T R A C T   

Introduction: Ultimate strength-density relationships for bone have been reported with widely varying results. 
Reliable bone strength predictions are crucial for many applications that aim to assess bone failure. Bone density 
and bone morphology have been proposed to explain most of the variance in measured bone strength. If this 
holds true, it could lead to the derivation of a single ultimate strength-density-morphology relationship for all 
anatomical sites. 
Methods: All relevant literature was reviewed. Ultimate strength-density relationships derived from mechanical 
testing of human bone tissue were included. The reported relationships were translated to ultimate strength- 
apparent density relationships and normalized with respect to strain rate. Results were grouped based on 
bone tissue type (cancellous or cortical), anatomical site, and loading mode (tension vs. compression). When 
possible, the relationships were compared to existing ultimate strength-density-morphology relationships. 
Results: Relationships that considered bone density and morphology covered the full spectrum of eight-fold inter- 
study difference in reported compressive ultimate strength-density relationships for trabecular bone. This was 
true for studies that tested specimens in different loading direction and tissue from different anatomical sites. 
Sparse data was found for ultimate strength-density relationships in tension and for cortical bone properties 
transverse to the main loading axis of the bone. 
Conclusions: Ultimate strength-density-morphology relationships could explain measured strength across 
anatomical sites and loading directions. We recommend testing of bone specimens in other directions than along 
the main trabecular alignment and to include bone morphology in studies that investigate bone material 
properties. The lack of tensile strength data did not allow for drawing conclusions on ultimate strength-density- 
morphology relationships. Further studies are needed. Ideally, these studies would investigate both tensile and 
compressive strength-density relationships, including morphology, to close this gap and lead to more accurate 
evaluation of bone failure.   

1. Introduction 

Bone is a heterogeneous, anisotropic tissue that plays an important 
biomechanical role in the human body. Studying the mechanical prop
erties of bone is of major importance for applications such as osteopo
rosis and injury prevention. Quantitative X-ray Computed Tomography 
(CT) based finite element models (FEMs) of bones on the organ scale that 
are frequently used in biomechanical research, are slowly finding their 

way into clinical practice (Pisu et al., 2019; Sternheim et al., 2018). The 
workflow for constructing these models conceptually consists of 
extracting the bone geometry of interest from the CT image data, also 
known as segmentation; generating an FE mesh; and subsequently 
applying heterogeneous CT grey level based material properties to the 
finite elements (Pahr and Zysset, 2009; Poelert et al., 2013; Viceconti 
et al., 2004). The empirical relationships between the CT grey level 
values and the mechanical properties of the bone tissue are of particular 
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interest with respect to the accuracy of the FEMs (Eberle et al., 2013; 
Helgason et al., 2016; Nishiyama et al., 2013). These relationships are 
commonly derived from direct mechanical testing of bone cores of 
various shapes and sizes (Linde and Hvid, 1989), for which density or 
bone volume fraction is measured, retrieved from different species and 
anatomical sites (Carter and Hayes, 1977). Dozens of such relationships, 
between densitometric measures and modulus of elasticity (mod
ulus-density relationships) (Helgason et al., 2008), densitometric mea
sures and yield strength (yield strength-density relationships) (Morgan and 
Keaveny, 2001) or densitometric measures and ultimate strength (ulti
mate strength-density relationships) (Linde et al., 1992), have been pub
lished in the literature. 

A framework for inter-study comparison of modulus-density re
lationships was introduced by Helgason et al. (2008) that concluded that 
more than ten-fold inter-study difference in modulus was present at any 
apparent density range. This was in agreement with the findings of Linde 
et al. (1992). The difference could not be explained solely by method
ological discrepancies, such as different sample geometries, boundary 
conditions during mechanical testing or different anatomical sites. 
Assessing the effect of trabecular architecture (or bone morphology) on 
the mechanical response of bone specimens was not a part of the review 
by Helgason et al. since at the time studies did generally not quantify 
bone morphology. However, ultrasound measurements and computa
tional homogenisation of trabecular bone cubic volume elements sup
port the observation that trabecular orientation or fabric (Cowin, 1985) 
contributes significantly to the determination of anisotropic elastic 
properties (Turner et al., 1990; Zysset et al., 1998; Kabel et al., 1999; 
Zysset, 2003). In fact, assuming homogeneous tissue properties in a 
computer model, up to 97% of the variation in elastic properties of 
human trabecular bone can be explained by volume fraction and fabric, 
and no further morphological parameter improves that performance 
(Maquer et al., 2015). The inclusion of heterogeneous tissue properties 
did not have a strong effect on these elastic properties (Gross et al., 
2012). Morgan et al. (2003) suggested that empirical density-modulus 
relationships depend on anatomical sites, but this dependence seems 
to disappear when fabric is accounted for (Matsuura et al., 2008; Gross 
et al., 2013). Furthermore, these observations could indicate that the 
large inter-study difference in modulus at any given density range re
ported by Linde et al. (1992) and Helgason et al. (2008) could at least 
partially be explained by differences in bone morphology. 

Yield strength-density and yield-strength-morphology relationships 
have been investigated both experimentally and computationally for 
human trabecular bone. In general, yield strength correlates highly with 
modulus and exhibits similar dependences with density and morphology 
(Morgan and Keaveny, 2001; Rinc�on-Kohli and Zysset, 2009). Experi
mentally, volume fraction and fabric explain from 71 to 93% of the 
variation in yield strength (Matsuura et al., 2008; Rinc�on-Kohli and 
Zysset, 2009), while computationally, they explain up to 98% of the 
variation in yield properties (Musy et al., 2017). Again, no other 
morphological variable helps improve the latter result and observed 
differences between anatomical sites may well be explained by fabric. 
Testing numerous human bone specimens retrieved from multiple 
anatomical sites, across a broad range of bone morphology, Matsuura 
et al. (2008) and Charlebois et al. (2010) found significantly better 
correlation between their experimental results and their regression 
models for both modulus of elasticity and ultimate strength when 
normalizing their data with respect to trabecular architecture. In other 
words, there is evidence in the literature to suggest that inter-study 
differences reported for modulus-density relationships, yield 
strength-density relationships, and ultimate strength-density relation
ships can to a large extent be explained by inter-study differences in 
bone morphology. Despite of this, the use of density-morphology based 
relationships to describe mechanical properties of bone have seen 
limited use in FEM studies. This can be explained by the fact that 
deriving morphological information from clinical CT scans is chal
lenging due to insufficient image resolution. This, however, does not 

diminish the importance of understanding how morphology, or lack of 
the inclusion of morphology based material properties in FEM studies, 
affects the accuracy of FEM-based assessment of whole bone strength. 

A systematic review of ultimate strength-density relationships re
ported in the literature has not yet been published despite the fact that 
for many applications, the ultimate mechanical resistance of bone is of 
major importance. Intuitively, one could expect the spread in ultimate 
strength-density relationships reported in the literature to be smaller 
than the spread in modulus-density relationships and yield strength- 
density relationships. This is because modulus-density relationships 
and yield strength-density relationships rely on accurate displacement 
measurements during mechanical testing, which is known to be chal
lenging to achieve. However, ultimate strength-density relationships are 
independent of displacement measurements. It is thus reasonable to 
hypothesize that the spread in ultimate strength-density relationships 
reported in the literature can to a large extent be explained by variation 
in bone morphology, at least in the cancellous bone range where bone 
morphology is more variable than it is in cortical bone. 

Another aspect related to yield or ultimate bone strength, which is of 
considerable interest for assessing load bearing capacity of whole bone, 
pertains to tension-compression asymmetry. It is well accepted in the 
literature, that modulus of elasticity in tension and compression on the 
apparent level are similar (Keaveny et al., 1994) and evidence exists to 
suggest that there is a tension-compression asymmetry in both yield 
strength (Keaveny et al., 1994) and ultimate strength (Burstein et al., 
1976). However, to which extent tension-compression asymmetry ap
plies over the full apparent density range for yield or ultimate strength is 
unclear. 

In the present study, we reviewed the relevant literature reporting 
experimental ultimate bone strength–density relationships, followed by 
a systematic inter-study comparison of these relationships using the 
framework published by Helgason et al. (2008). The aim of this review 
was two fold: First, to investigate whether the literature supports the 
hypothesis that inter-study variance in reported ultimate 
strength-density relationships can be explained by differences in bone 
morphology; Second, to assess tension-compression asymmetry in ulti
mate strength density-relationships reported in the literature. 

2. Materials and methods 

2.1. Literature search 

We carried out a systematic literature search on PubMed using the 
search term “(((((((((bone) OR femur) OR vertebra) OR tibia))) AND 
((((tensile strength) OR compressive strength) OR "Stress, Mechani
cal"))) AND ((((density) OR content) OR volume))) AND Humans 
[Mesh])”. This search resulted in 2667 articles. Using our study inclu
sion and exclusion criteria, a review of the manuscript titles reduced the 
number of articles down to 237. Further review of the article abstracts 
reduced the number of relevant articles down to 123. These articles were 
evaluated based on their full manuscript to identify studies that passed 
the inclusion and exclusion criteria. Additional studies cited within 
these articles were added if they met the inclusion criteria. A total of 30 
studies were included in this review for inter-study comparison. 

2.2. Study inclusion and exclusion criteria 

The most commonly applied experimental technique for measuring 
mechanical properties of bone tissue as a function of densitometric 
variables, is direct mechanical testing of bone cores using materials 
testing machines. The term “ultimate strength” of bone cores (σu) is 
generally reserved for the maximum force recorded by a load cell during 
these tests divided by the nominal cross-sectional area of the specimens 
in the failure zone. Only studies that used this definition of ultimate 
strength were included in the review. Studies that measured ultimate 
strength, using the method described above, were included for further 
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analysis, independent of the terminology used by the study authors. This 
applied e.g. for studies that used the term “yielding strength” or “ulti
mate yield stress” to describe ultimate force divided by specimen cross- 
sectional area (Sun et al., 2008; Britton and Davie, 1990). 

2.3. Other inclusion and exclusion criteria were as follows  

� To limit the effect of the measurement method, only studies where 
ultimate strength was measured by direct mechanical testing in 
tension or compression were included. Studies based on ultrasound 
or indentation methods were excluded.  
� Only studies that reported empirical relationships based on the 

following densitometric measures were included: bone volume 
fraction (BVF), equivalent quantitative computed tomography min
eral density (ρQCT), apparent ash density (ρash), apparent dry density 
(ρdry) and apparent wet density (ρapp). The exact definition of these 
densitometric measures varies from study-to-study. To minimize the 
inter-study difference we use the definition of densitometric mea
sures found in Helgason et al. (2008) when determining which 
metric study authors are reporting independent of the terminology 
the authors of the original study use. These definitions of densito
metric measures from Helgason et al. (2008) are listed in Table 1, for 
clarity and context.  
� Studies testing only animal bones were excluded from this review 

because some species are known to have bones with different 
mechanical properties to that of human bones (Currey, 2004). 
However, studies reporting results from testing a mixture of human 
and animal bone specimens were included.  
� Studies in which specimens were not tested fresh frozen or fresh and 

in wet conditions were excluded since drying and other specimen 
preservation procedures have been reported to significantly alter 
tissue mechanical properties (Martin and Sharkey, 2001).  
� Studies on bone samples from donors that at the time of death had 

diseases which could compromise bone strength were excluded un
less authors would pool such data with data from donors with 
healthy bone tissue. 
� Studies that reported ultimate strength-density-morphology re

lationships were included in the review. For these studies, ultimate 
strength was noted as σu;i when authors reported ultimate strength as 
a function of either MILi or mi where "i" refers to a principal direction 
of the fabric tensor. When authors report ultimate strength as a 
function of the fabric value along the test axis, the ultimate strength 
was noted as σu;test. 

Furthermore, studies that reported ultimate strength-density re
lationships based on 3-point or 4-point bending tests were excluded from 
this review. We support this decision based on the uncertainty associ
ated with quantifying ultimate material strength from the force data 
measured during beam testing. This applies in particular for materials, 
such as bone, that may undergo significant non-linear deformation when 
loaded to failure and to which extent may depend on e.g. tension- 
compression asymmetry in the material strength. Researchers have 
tried to address this by introducing correction factors when deriving 
ultimate strength-density relationships based on bending tests. Howev
er, consensus on the value of the correction factors (Keller et al., 1990; 
Lotz et al., 1991) or whether to use them at all (Snyder and Schneider, 
1991) does not exist in the literature. 

2.4. Selection criteria for strength–density relationships 

Many of the studies that were reviewed report multiple ultimate 
strength-density relationships. In these cases, selection criteria for what 
to include and what to exclude in the review was defined as follows: 

� From studies, that report different ultimate strength–density re
lationships depending on anatomical site, all relationships were 

included. From studies that report multiple ultimate strength-density 
relationships for multiple test directions, all relationships were 
included. When multiple empirical relationships were derived from 
the same data in the same study, only the relationship with the 
highest coefficient of determination was included.  
� Ultimate strength-density relationships, for which densitometric and 

strength information were not derived from the same set of speci
mens, were excluded (see e.g. Tanaka et al., 2001).  
� From studies that derived ultimate strength-density relationships for 

both minimum specimen BVF and average specimen BVF,only the 
relationships based on the latter were included (Perilli et al., 2007, 
2008; Tassani et al., 2010). This is to allow for an easier comparison 
to other studies in the literature, that generally report the results 
from regression between ultimate strength and average densito
metric measures across the full or a large part of the specimen 
volume.  
� When studies report results in the form of ρQCT, only studies that 

calibrate the ρQCT data using hydroxyapatite phantoms or dipotas
sium hydrogen phosphate (K2HPO4) phantoms were included.  
� When studies report separate ultimate strength-density relationships 

for male and female donors respectively (see e.g. McCalden and 
McGeough, 1997), only relationships from the pooled data were 
included if they were reported in the original study.  
� If a strain rate was specified for preconditioning cycles within the 

linear elastic range prior to testing to failure, but without strain rate 
explicitly being specified for testing to failure, the strain rate during 
preconditioning was assumed to apply for testing to failure (see e.g. 
Linde and Hvid, 1989).  
� When studies report results from testing specimens with different 

specimen geometry (see e.g. Linde et al., 1992), only the ultimate 
strength-density relationship with the highest coefficient of deter
mination was included in the review. 

Table 1 
Definitions of bone densities and bone morphological variables. Hydrated tissue 
mass or wet tissue mass: The specimen mass weighted in air after defatting, 
rehydration, centrifuging and drying on a blotting paper (Galante et al., 1970). 
Dry tissue mass: The specimen mass weighted in air after defatting and drying at 
moderate temperatures for more than 4 h. Ash mass: The specimens weight after 
defatting and heating in a furnace at temperature of 500 �C or more for 
approximately 24 h (Galante et al., 1970). Bone tissue volume: Volume of bone 
excluding pores measured either by Archimedes principle (see e.g. Galante et al., 
1970) or by X-ray Computed Tomography (see e.g. Rinc�on-Kohli and Zysset, 
2009).  

Density  

ρreal

h g
cm3

i
¼ Real ðtissueÞ density ¼

hydrated tissue mass
bone tissue volume  

Galante et al. (1970) 

ρapp

h g
cm3

i
¼ Apparent density ¼

hydrated tissue mass
total specimen volume  

Galante et al. (1970) 

ρwet

h g
cm3

i
¼ Apparent wet density ¼

hydrated tissue mass
total specimen volume  

Keyak et al. (1994) 

ρdry

h g
cm3

i
¼ Apparent dry density ¼

dry tissue mass
total specimen volume  

Keller (1994),  
Keyak et al. (1994) 

ρash

h g
cm3

i
¼ Apparent ash density ¼

ash mass
total specimen volume  

Galante et al. (1970) 

ρQCT

h g
cm3

i
¼ QCT equivalent mineral density  Keyak et al. (1994) 

BVF ¼ Bone volume fraction ¼
bone tissue volume

total specimen volume  
Gibson (1985) 

MILn ¼
1
ffiffiffiffiffiffiffiffiffiffi
n:An
p ¼ mean intercept length along direction n  Harrigan and Mann (1984) 

M ¼
3

Tr

0

@A
�
1
2

1

A

A
�
1
2 ¼ normalised fabric tensor  

Zysset et al. (1998) 

mi ¼ normalized fabric eigenvalue along eigenvector i of M  Zysset et al. (1998) 
mtest ¼ n:Mn ¼ normalized fabric along testing direction n  Zysset et al. (1998) 

DA ¼ degree of anisotropy ¼
MILmax

MILmin
¼

MaxðmiÞ

MinðmiÞ

Goulet et al. (1994)  
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Table 2 
Compressive ultimate strength-density relationships from the studies included in the review.   

Study Site Type of 
bone 

Densitometric 
measure 

Density range σuðρ; _εÞ ​ ½MPa� σu

�
ρapp

h g
cm3

i�
½MPa�; at _ε ¼

0:01
�
1
s

�

Test condition Specimen 
geometry cuboid 
(B x W x H) 
cylinder (D x H) 
[mm] 

Strain rate 
�
1
s

�
N R2 

1 Galante et al. 
(1970) 

Vertebra Trabecular ρapp

h g
cm3

i
AP 

ρapp

h g
cm3

i
SI 

ρapp

h g
cm3

i
ML  

0.147-0.357 
0.159-0.271 
0.170-0.300 

σu

�
kp

cm2

�

¼ � 7:61þ 71:74 ⋅ 

ρapp 

σu

�
kp

cm2

�

¼ � 3:79þ 116:93 ⋅ 

ρapp 

σu

�
kp

cm2

�

¼ � 5:04þ 55:14 ⋅ 

ρapp  

σu ¼ � 0:72þ 6:82 ⋅ ρapp 

σu ¼ � 0:36þ 11:12 ⋅ ρapp 

σu ¼ � 0:48þ 5:25 ⋅ρapp  

NR 10 x 10 0.0167 17 
14 
15 

NR 

2 Carter and Hayes 
(1977) 

Pooled Trabecular ρapp

h g
cm3

i
0.07 - 1.8a 

RFG 
σu ¼ 68 ⋅_ε0:06ρapp

2  σu ¼ 51:58 ⋅ρapp
2  Confined 

compression 
20.6 x 5 0.001–10 124 NR 

3 Klever et al. 
(1985) 

Tibia Trabecular ρapp 

h g
cm3

i
0.22 – 0.58 σu ¼ 38 ⋅ρapp

1:5  σu ¼ 38 ⋅ρapp
1:5  Platen 8 x 8 x 8 0.01 17 0.77 

4 Hansson et al. 
(1987) 

Vertebra Trabecular ρdry 

h g
cm3

i
0.05 – 0.3 
RFG 

σu ¼ 85:3 ⋅ρdry
2:24  σu ¼ 71:21 ⋅ρapp

2:24  Platen 10 x 10 x 10 0.009 231 0.76 

5 Mosekilde et al. 
(1987) 

Vertebra Trabecular ρash 

h g
cm3

i
0.07 – 0.24 
RFG 

σu ¼ 78:2 ⋅ρash
1:8  σu ¼ 27:31 ⋅ρapp

1:8  Platen 7 x 5 0.0067 40 0.83 

6 Lang et al. (1988) Vertebra Trabecular ρQCT

h mg
cm3

i1  45 – 200 
RFG 

σu ¼ 3:84 ⋅ 10� 5 ⋅ρQCT
2:12  σu ¼ 101:0 ⋅ 

ð0:52 ⋅ρapp � 0:04Þ2:12  

NR 4 x 13 0.001 76 0.5 

7 Hvid et al. (1989) Tibia Trabecular ρash 

h g
cm3

i
0.05 – 0.34 
RFG 

σu ¼ 70:38 ⋅ρash
1:596  σu ¼ 27:07 ⋅ρapp

1:60  Platen 7.5 x 7.5 0.01 94 0.81 

8 Linde and Hvid 
(1989) 

Tibia Trabecular ρdry

h g
cm3

i
0.237 (SD 
0.055) 

σu ¼ 69 ⋅ρdry
2:1  σu ¼ 57:92 ⋅ρapp

2:1  Platen, oiled 7.5 x 7.5 0.01 33 0.88 

9 Odgaard et al. 
(1989) 

Tibia Trabecular ρdry

h g
cm3

i
0.2 – 0.8 
RFG 

σu ¼ 17:05 ⋅ρdry
1:82  σu ¼ 18:85 ⋅ρapp

1:82  Platen, oiled 5 x 7.5 0.00015 50 0.83 

10 Britton and Davie 
(1990) 

Ilium 
Vertebra 

Trabecular ρapp

h mg
cm3

i
130 – 870 
RFG 
90 – 560 RFG 

σu ¼ � 2:18þ 0:0125⋅ρapp 

σu ¼ � 1:53þ 0:016⋅ρapp  

σu ¼ � 2:33þ 13:36 ⋅ρapp 

σu ¼ � 1:64þ 17:10 ⋅ ρapp  

NR 8 x 5 0.0033 154 
234 

0.80 
0.76 

11 Lotz et al. (1990) Femur Trabecular ρapp

h g
cm3

i
0.18 - 0.95 
RFG 

σu ¼ 25 ⋅ρapp
1:8  σu ¼ 23:41 ⋅ρapp

1:8  Platen 9 x 5 0.03 49 0.93 

12 Linde et al. (1991) Tibia Trabecular ρdry

h g
cm3

i
0.22 - 0.59 
RFG 

σu ¼ 40:2 ⋅ _ε0:073ρdry
1:65  σu ¼ 25:03 ⋅ρapp

1:65  Platen, oiled 5.5 x 8.25 0.0001–10 60 0.86 

13 Anderson M 
JSkinner (1992) 

Tibia Trabecular ρdry

h g
cm3

i
0.14 - 0.49 
RFG 

σu ¼ 51: 3 ⋅ρdry
2:09  σu ¼ 43:10 ⋅ρapp

2:09  Platen 10 x 10 x 20 0.01 30 NR 

14 Linde et al. (1992) Tibia Trabecular ρdry

h g
cm3

i
0.16 – 0.78 σu ¼ 76:5 ⋅ρdry

2:23  σu ¼ 63:52⋅ρapp
2:23  Platen, oiled 7.5 x 7.5 0.01 31 0.88 

15 Goulet et al. 
(1994) 

Pooled Trabecular BVF 0.06 – 0.36 logðσu;iÞ ¼ 2:79þ 1:44⋅ 
logðBVFÞþ 2:41⋅logðMILiÞ �

0:58⋅logðDAÞ

σu;i ¼ 264:49 ⋅ρ1:44
app MIL2:41

i ⋅ 
DA� 0:58  

Platen 8 x 8 x 8 0.01 104 0.91 

16 Keller (1994) Vertebra 
Femur 
Pooled 

Trabecular 
Cortical 
Both 

ρash

h g
cm3

i
0.028–0.182 
0.092-1.221 
0.028-1.221 

σu ¼ 284 ⋅ρash
2:27 

σu ¼ 116 ⋅ρash
2:03 

σu ¼ 117 ⋅ρash
1:93  

σu ¼ 73:10 ⋅ρapp
2:27 

σu ¼ 34:47 ⋅ρapp
2:03 

σu ¼ 36:91 ⋅ρapp
1:93  

Platen, oiled 10 x 10 x 10 
8 x 8 x 8 
combined 

0.01 199 
297 
496 

0.79 
0.93 
0.97 

17 Keyak et al. 
(1994) 

Tibia SI 
Tibia AP 
Tibia ML 

Trabecular ρash

h g
cm3

i
0.055 – 0.27 
RFG 

σu ¼ 137 ⋅ρash
1:88 

σu ¼ 58:0 ⋅ρash
1:64 

σu ¼ 70:2 ⋅ρash
2:05  

σu ¼ 44:53 ⋅ρapp
1:88 

σu ¼ 21:76 ⋅ρapp
1:64 

σu ¼ 20:60 ⋅ρapp
2:05  

Platen 15 x 15 x 15 0.01 12 
12 
12 

0.91 
0.93 
0.80 

18 Ebbesen et al. 
(1997) 

Ilium 
(Female) 

Trabecular ρash

h mg
cm3

i
70 – 440 RFG σu ¼ 1:31 ⋅10� 5 ⋅ρash

2:25 

σu ¼ 2:39 ⋅ 10� 5 ⋅ρash
2:15  

σu ¼ 19:66⋅ρapp
2:25 

σu ¼ 19:08 ⋅ρapp
2:15  

NR 7 x 5 0.0067 41 
54 

0.94 
0.94 

(continued on next page) 
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Table 2 (continued )  

Study Site Type of 
bone 

Densitometric 
measure 

Density range σuðρ; _εÞ ​ ½MPa� σu

�
ρapp

h g
cm3

i�
½MPa�; at _ε ¼

0:01
�
1
s

�

Test condition Specimen 
geometry cuboid 
(B x W x H) 
cylinder (D x H) 
[mm] 

Strain rate 
�
1
s

�
N R2 

Ilium 
(Male) 

19 McCalden and 
McGeough (1997) 

Femur  Trabecular ρdry

�
kg
m3

�
220 – 580 
RFG 

logðσuÞ ¼ � 3:723þ 1:784⋅ 
logðρdry Þ

σu ¼ 40:80 ⋅ρapp
1:79  Platen 10 x 10 0.0017 255 0.94 

20 Kaneko et al. 
(2003) 

Femur Cortical ρQCT

h mg
cm3

i2  1176-1271 σu ¼ � 63:6þ 0:184⋅ρQCT  σu ¼ � 69:82þ 100:48 ⋅ ρapp  Clamped Dumbbell shape 
2 x 5 x 6 

0.001 8 0.90 

21 Kaneko et al. 
(2004) 

Femur Trabecular ρash

h mg
cm3

i
102-331 σu ¼ 0:000592 ⋅ρ1:75

ash  σu ¼ 36:98 ⋅ρapp
1:75  Platens, 

extensometer 
15 x 15 x 15 0.01 52 0.89 

22 Perilli et al. 
(2007) 

Femur Trabecular BVF [%] 9 – 44 
RFG 

σu ¼ 0:06 ⋅BVF1:67  σu ¼ 49:19 ⋅ρapp
1:67  End-caps, 

extensometer 
10 x 20 0.01 37 0.84 

23 Duchemin et al. 
(2008) 

Femur Cortical ρQCT

h mg
cm3

i3  422–1457 σu ¼ � 5:95þ 0:097 ⋅ρQCT  σu ¼ � 16:17þ 66:99 ⋅ ρapp  Platen 3 x 3 x 5 0.002 46 0.72 

24 Perilli et al. 
(2008) 

Femur Trabecular BVF [%]4 9 – 44 
RFG 

σu ¼ 0:07 ⋅BVF1:65  σu ¼ 52:96 ⋅ρapp
1:65  End-caps, 

extensometer 
10 x 20 0.01 50 0.84 

25 Rinc�on-Kohli and 
Zysset (2009) 

Pooled Trabecular BVF 0.044-0.466b σu;i ¼ 43:82⋅BVF1:351m2:182
i  σu;i ¼ 23:34⋅ρapp

1:351m2:182
i  End-caps 8.0 x 10 0.00065 17 0.98 

26 Tassani et al. 
(2010) 

Femur Trabecular BVF [%] 17.5 – 43 σu ¼ � 6:22þ 0:71⋅BVF  σu ¼ � 6:22þ 39:45 ⋅ρapp  End-caps, 
extensometer 

10 x 20 0.01 25 0.53 

27 Charlebois et al. 
(2010) 

Pooled Trabecular BVF 0.042-0.376 σu;ii ¼ 48:1⋅BVF1:75m3:22
test  σu ¼ 19:43⋅ρapp

1:75m3:22
test  End-caps 7.5 x 11.5 0.0013 148 0.79 

28 Cook et al. (2010) Femur Trabecular ρapp

h g
cm3

i
0.1-0.4 logðσuÞ ¼ 1:38þ 1:91⋅logðρapp Þ σu ¼ 22:71 ⋅ρapp

1:91  End-caps 9 x NR 0.025 NR 0.63 

29 €Ohman et al. 
(2011) 

Femur and 
tibia pooled 

Cortical ρash

h g
cm3

i
0.59 – 1.29 
RFG 

σu ¼ 144:7 ⋅ρ2:0
ash  σu ¼ 38:12 ⋅ρapp

2  End-caps, 
extensometer 

3 x 12 
2 x 8 

0.1 94 0.91 

NR: Not reported. AP: Anterior-posterior direction. SI: Superior-inferior direction. ML: Medial-lateral direction. 
1 ρCT using a K2HPO4 phantom. 
2 ρCT using a HA phantom. 
3 ρCTusing a HA equivalent phantom. 
4 BVF min was used. This BVF is derived from a sub-volume of the specimen. 

a Testing range between ρapp of 0.1–0.6 g/cm3 but ultimate strength-density relationship derived based on the assumption that ρapp ¼ 1.8 g/cm.3. 
b Data provided by authors. 
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2.5. Inter-study comparison 

Inter-study comparison was carried out for two groups; compressive 
ultimate strength-density relationships and tensile ultimate strength- 
density relationships, respectively. All ultimate strength-density re
lationships were normalized to apparent density (ρapp) based on the 
following mathematical relationships used in the study of Helgason et al. 
(2008): 

ρappðg =cm3Þ ¼
ρash
0:55 , based on Keyak et al. (1994). 

ρappðg =cm3Þ ¼
ρdry
0:92 , based on Keyak et al. (1994). 

ρappðg =cm3Þ ¼ BV
TV 1:8 ðg =cm3Þ, based on Gibson (1985). 

Furthermore, when studies report ultimate strength density- 
relationships in terms of ρQCT, where ρQCT is derived from CT grey 
levels using hydroxyapatite (HA) phantoms, the following conversion 
from Schileo et al. (2008) was used to translate ρQCT (in g/cm3) to ρash (in 
g/cm3): 

ρash ¼ 0:0789þ 0:877ρQCT 

Corresponding conversion from ρQCT to ρash for studies that derived 
ρQCT based on dipotassium hydrogen phosphate phantoms was based on 
the work of Keyak et al. (1994): 

ρash ¼ 0:0389þ 1:06ρQCT 

Since studies test specimens under different strain rates, all strength 
density relationships were normalized to a strain rate of 0.01/s using 
this equation from Rice et al. (1988): 

σu;ðat 0:01=sÞ ¼

�
0:01=s

_εorig

�0:06

σu;ðat orig _εÞ

where σu;ðat orig _εÞ is the ultimate strength as reported in the original 
study, _εorig is the strain rate during the testing in the original study, and 
σu;ðat 0:01=sÞ is the estimated ultimate strength at a strain rate of 0.01/s. 

All ultimate strength-density relationships were plotted on the same 
graph, showing the full apparent density range, as well as for low density 
range only (0–1 g/cm3), for readability. When studies reported only the 
mean and standard deviation (SD) of their densitometric measurements 
but not range, the corresponding empirical relationship was plotted 
assuming a symmetric range of �1.96xSD around the mean of the 
densitometric variable. For compressive ultimate strength-density- 
morphology relationships we plotted only a single curve based on the 
average values of the morphological variables that the authors used in 
their regression when deriving the empirical relationship (see Table 4 
for details). 

Separate plots were generated for compressive ultimate strength- 
density relationships and tensile ultimate strength-density relation
ships. Additional plots were generated for compressive ultimate strength 
based on splitting the data up based on anatomical site. This was not 
done for the tensile strength data due to the low number of studies 
reporting tensile ultimate strength-density relationships. For studies that 
reported tensile ultimate strength-density-morphology relationships, we 
plotted only a single curve based on the average values of the 
morphological variables that the authors used in their regression when 
deriving the empirical relationship (see Table 4 for details). 

To test our hypothesis that the inter-study difference in ultimate 
strength-density relationships reported in the literature can be explained 
by difference in morphology in the cancellous bone range, a separate 
comparison was carried out by plotting the full range of the ultimate 
strength-density-morphology relationships on top of the ultimate 
strength-density relationships. This was done by plotting the upper and 
lower limits for the ultimate strength-density-morphology relationships 
overlaid on top of the ultimate strength-density relationships. The upper 
and lower limits were based on the extreme values of the morphological 
variables reported by the authors for the respective studies (see Table 4 
for details). This comparison was only carried out for the compressive 

ultimate strength-density relationships and only using the ultimate 
strength-density-morphology relationships that tested specimen across a 
broad spectrum of bone morphology. 

To assess whether consensus can be found in the literature on the 
tension-compression asymmetry in ultimate strength as a function of 
density, a comparison was carried out where the ultimate tensile and 
ultimate compressive strength-density relationships were plotted on the 
same graph for the full apparent density range as well as for cancellous 
bone density range. 

3. Results 

3.1. All studies 

From the 30 studies that passed the review criteria, a total of 41 
ultimate strength-density relationships were recorded. Of these re
lationships, 37 described compressive ultimate strength as a function of 
density, and 4 described tensile ultimate strength as a function of den
sity. We decided to include the compressive ultimate strength-density 
relationships from the highly cited study by Carter and Hayes (1977), 
even though the regression work in the study deviated from the other 
studies included in this review. The authors based their regression on the 
assumption that dense cortical bone has a density of 1.8 g/cm3 and a 
compressive strength of 221 MPa at a strain rate of 1/s. Goulet et al. 
(1994) reported different ultimate strength-density-morphology re
lationships for specimens tested along the anterior-posterior (AP), 
superior-inferior (SI) and medial-lateral (ML) directions, respectively. 
From this study, we only included the empirical relationship for the 
pooled data since all of the relevant morphological data was not avail
able for the different testing directions. Pooling data across different 
testing directions the Goulet et al. (1994) found an empirical relation
ship including BVF, MIL and DA to explain the variance in the testing 
results marginally better than a relationship including only BVF and 
MIL. In the inter-study comparison, we used the relationship including 
DA but fixed the value of it to the average reported value (see Table 4 for 
details). 

Table 2 summarizes all the papers that were included in the inter- 
study comparison for ultimate compressive strength-density and ulti
mate compressive strength-density-morphology relationships. Table 3 
contains the summary of all the ultimate tensile strength-density and the 
ultimate tensile strength-density-morphology relationships. For each 
study, the following information and parameters were included in Ta
bles 2 and 3: anatomical site, type of bone, densitometric measure, 
testing range, testing conditions, specimen dimensions, strain rate, 
number of samples tested, ultimate strength–density relationship, and 
the corresponding determination coefficient. A plot of all the compres
sive ultimate strength relationships as a function of apparent density and 
normalized with respect to strain rate, is provided in Fig. 1. At any given 
density in the cancellous bone range (0–1 g/cm3), the inter-study dif
ference in compressive ultimate strength was almost eight-fold. The 
tensile ultimate strength relationships are plotted in Fig. 2. Only one of 
the four tensile relationships found in the literature covered bone in the 
cancellous bone range. The other three relationships reported results 
from testing cortical bone. In Fig. 3, the compressive ultimate strength 
relationships in the cancellous bone range have been split into sub-plots 
depending on anatomical site. 

Influence of morphology 

The compressive ultimate strength-density relationships listed in 
Table 2 are plotted in the cancellous bone density range in Fig. 4, with 
the full range of the results from ultimate strength-density-morphology 
studies from Goulet et al. (1994) and Charlebois et al. (2010) overlaid, 
but these authors tested specimens from multiple anatomical sites across 
a broad range of bone morphologies (see Table 4 for details). It is evident 
that the extremes of the pooled results from Goulet et al. (1994) and 

I. Fleps et al.                                                                                                                                                                                                                                     



Journal of the Mechanical Behavior of Biomedical Materials 110 (2020) 103866

7

Charlebois et al. (2010) overlap all the compressive ultimate 
strength-density relationships except the ultimate 
strength-density-morphology relationship published by Rinc�on-Kohli 
and Zysset (2009) that tested specimens from multiple anatomical sites 
loaded along the strongest trabecular orientation. The specimens were 
harvested, with the help of radiographs, so that the loading axis would 
be as close to the strongest specimen axis as possible. 

Tension-compression asymmetry 

Fig. 5 illustrates a comparison between the tensile and compressive 
ultimate strength-relationships that passed the inclusion criteria. Two of 
these studies published both compressive and tensile ultimate strength 
relationships in the cortical bone range. The tension-compression 
asymmetry ratio for ultimate strength, at ρapp of 1.8 g/cm3, was found 
to be 0.62 and 0.50 according to Kaneko et al. (2003) and Duchemin 
et al. (2008), respectively. The tension-compression asymmetry ratio for 
trabecular bone was analysed according to Rinc�on-Kohli and Zysset 
(2009) when assuming the anisotropy in both tension and compression 
corresponding to mi ¼ 1.4, which is close to the average mi reported by 
the authors. The asymmetry ratio for ρapp of 0.1 g/cm3, 0.3 g/cm3, and 
0.5 g/cm3 were 1.35, 0.68, and 0.5, respectively. 

4. Discussion 

The first aim of this review was to investigate whether the literature 
supports the hypothesis that inter-study variance in reported experi
mental ultimate strength-density relationships for bone can be explained 
by differences in bone morphology. We found this to hold true for 
compressive ultimate strength-density relationships in the cancellous 
bone range; however, drawing similar conclusions for tensile ultimate 
strength-density relationships is not possible due to lack of data. The 
second aim of this review was to assess whether a consensus exists in the 
literature on tension-compression asymmetry in ultimate strength across 
the full spectrum of bone density. We found insufficient body of litera
ture reporting tensile ultimate-strength relationships in the cancellous 
bone range to allow for detailed conclusions to be drawn on this aspect 
of the review. 

Despite that inter-study difference in compressive ultimate strength 
can be as high as eight-fold, at cancellous bone density, we found that 
the compressive ultimate strength-density-morphology relationships 
reported by Goulet et al. (1994) and Charlebois et al. (2010) to almost 
fully explain the inter-study variance across studies in the cancellous 
bone range (Fig. 4). Whether this holds true after splitting the data 
depending on anatomical site is unclear because the only site dependent 
ultimate strength-density-morphology relationships we found in the 
literature were reported by Matsuura et al. (2008), but this study did not 
pass our review criteria because specimens were fixed in formalin prior 
to testing. However, splitting the data depending on anatomic site 
(Fig. 3) showed that there is difference in BVF between sites at least 
between specimens harvested from vertebra as opposed to other sites, 
which is by no means a novel finding (see e.g. Matsuura et al., 2008; 
Rinc�on-Kohli and Zysset, 2009). Furthermore, Fig. 3 also indicates 
considerable intra-site spread in the data for all anatomical sites except 
for specimens harvested from human ilium bone, where only 3 studies 
are available. 

The inter-study difference in ultimate compressive strength for 
cortical bone density of 1.8 g/cm3 was found to be around 40%. After 
excluding the study by Carter and Hayes (1977), which did not 
measured cortical bone but assumed a literature based strength for an 
ρapp of 1.8 g/cm3, the inter-study difference is around 15%. The lower 
inter-study variance for cortical bone compared to cancellous bone, can 
at least partially be explained by similarities between studies in terms of 
how specimens are harvested from long bones and generally loaded 
along the long bone axis. Furthermore, anisotropy due to trabecular 
architecture transforms into anisotropy in vascular porosity in dense Ta
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cortical bone. However, it is a well-known fact that there is tissue level 
anisotropy in cortical bone. For instance, Reilly and Burstein (1975) 
reported compressive strength in the transverse directions, for speci
mens harvested from human femurs, to be 36% lower than compressive 
strength in the longitudinal direction. The authors reported a corre
sponding difference for specimens tested in tension to be 61%. 

The ultimate strength-density-morphology relationships studied in 
this review are based on data fitting for specimens tested in the 
cancellous bone range and apart from that, they do not include tissue 
level anisotropy. As a result, these relationships cannot be extrapolated 
to cortical bone density range. If isotropy is assumed (mi ¼ 1), the 
empirical relationship reported by Charlebois et al. (2010) would pre
dict a compressive strength for cortical bone of 48.1 MPa at a density of 
1.8 g/cm3, which is a lower compressive ultimate strength for dense 
cortical bone than studies measuring cortical bone are reporting. In 
other words, although the ultimate strength-density-morphology re
lationships can explain the inter-study difference in the cancellous bone 
range, they cannot be extrapolated to predict cortical bone properties. 
Extending the ultimate strength-density-morphology relationships to 
cover the full bone density range can be achieved with an adjustment of 
the exponent in the power fit or with a piecewise power function (see e. 
g. Dall’Ara et al., 2013). 

Limited data is available on ultimate tensile strength-density re
lationships in the literature. Needless to say, it is not because tensile 
failure in bone is less important to study than compressive failure. We 
suspect that this finding could be associated with the fact that testing 
bone cores in tension is somewhat more challenging than testing them in 
compression due to different specimen preparation procedures for ten
sile testes, which optimally would involve milling specimens to dog 
bone shape and gluing the specimens into end-caps. Only one study 
reporting ultimate strength-density relationship in the cancellous bone 
density range passed our inclusion criteria. It should be added though, 
that the study of Røhl et al. (1991) reported a relationship between 
tensile ultimate strength and CT attenuation coefficients of the speci
mens that they tested, but we did not find a way to normalize this 
densitometric measure in this review. Røhl et al. found ultimate tensile 
strength to be significantly higher than ultimate compressive strength in 
specimens harvested from human proximal tibiae. Other studies that 
compared tensile ultimate strength and compressive ultimate strength of 
cancellous bone found conflicting evidence. Carter et al., 1980 found no 
difference between ultimate tensile and ultimate compressive strength. 
The data reported by Rinc�on-Kohli and Zysset (2009) showed ultimate 
tensile strength in the cancellous bone range to be higher than ultimate 
compressive strength for very low bone mineral densities, but lower 
than ultimate compressive strength for higher cancellous bone densities. 
The tension-compression asymmetry ratio for yield stress was reported 
to be 0.63 and 0.85 by Morgan and Keaveny (2001) and Rinc�on-Kohli 
and Zysset (2009), respectively. Since ultimate strength of trabecular 
bone correlates highly to yield stress, the findings in this review are 
consistent with the experimental and computational findings for yield 
strength mentioned in the introduction. 

Ultimate tensile strength-density relationships for cortical bone that 
passed our inclusion criteria, were only found in three studies. All three 

ultimate strength-density relationships were linear, resulting in unrea
sonable strength at low density range meaning that they cannot be used 
for predicting ultimate strength across the full range of apparent bone 
density. The tension-compression asymmetry ratios for dense cortical 
bone of 0.62 and 0.50 according to Kaneko et al., 2003 and Duchemin 
et al., 2008 respectively, are slightly lower than reported by e.g. Burstein 
et al., 1976 and Reilly and Burstein, 1975 that reported asymmetry ra
tios of approximately 0.68 and 0.65, respectively. 

There are several limitations associated with this review as well as 
small observations that are worth noting. First, despite our best effort 
towards normalizing the results of different studies to allow for a 
meaningful inter-study comparison, several factors not accounted for, 
may generate inter-study discrepancies. For instance, studies do not 
generally split up the results depending on donor age despite the fact 
that ultimate strength of bone tissue is known to decrease with age 
(Mosekilde et al., 1987; Wang et al., 2002). Specimen preparation, 
storage, specimen aspect ratio and support end-conditions during me
chanical testing can also contribute to inter-study discrepancies. Split
ting the data depending on these factors is possible but does not allow 
for subtle differences to be detected because the trabecular orientation 
appears to be the largest contributor to the inter-study differences. 
However, we have no way of normalizing the data from different studies 
with respect to architecture when bone architecture is not quantified. 
Second, the strain rate normalization that we applied to all studies is 
based on testing of cancellous bone in compression and might not be 
valid for cortical specimens or specimens tested in tension. For instance, 
Hansen et al. (2008) found the ultimate compressive strength of cortical 
bone not to increase monotonically with strain rate. Moreover, they 
found ultimate tensile strength of cortical bone to be negatively corre
lated with strain rate. Third, except for the study of Charlebois et al. 
(2010), the ultimate strength-density-morphology relationships that we 
investigated the present review, are based on the assumption that the 
bone specimens are loaded along one of the principal eigenvectors of the 
trabecular architecture. This means that any off axis components of the 
fabric tensor is ignored when the relationships are derived. In spite of 
that, the relationships for the pooled data published in the studies of 
Goulet et al. (1994) and Charlebois et al. (2010) manage to explain 91% 
and 79% of the variance of the measured compressive ultimate strength 
reported in these studies, respectively. Fourth, in the studies of Perilli 
et al. (2007), Perilli et al. (2008), and Tassani et al. (2010) the authors 
found compressive ultimate strength to be highly correlated with min
imum specimen BVF and more so than with whole specimen BVF. To 
allow for a meaningful comparison with other studies in the literature, 
we did not include the relationships based on regression with minimum 
BVF. However, we believe that correlating ultimate strength with min
imum BVF is meaningful since at least intuitively, the specimens are 
likely to fail first in the region were the BVF and trabecular alignment is 
least favourable. This is worth considering in future studies that measure 
ultimate strength of bone cores. However, how small the volume of in
terest should be for determining the min BVF and corresponding fabric 
tensor is unclear. 

Table 4 
Range of morphological variables reported in the studies of Goulet et al. (1994), Rinc�on-Kohli and Zysset (2009), and Charlebois et al. (2010).  

Study Anatomical site mtest average mtest min mtest max mi average mi min mi max MIL average MIL min MIL max DA average 

Goulet et al. (1994) Pooled (C) – – – – – – 0.31 0.19 0.55 1.65 
Rinc�on-Kohli and Zysset (2009) Pooled (T)a – – – 1.395 1.144 1.742 – – – – 
Rinc�on-Kohli and Zysset (2009) Pooled (C)a – – – 1.361 1.171 1.545 – – – – 
Charlebois et al. (2010) Pooled (C) 1.124 0.678 1.510 – – – – – – – 

(C): compression; (T): tension; MIL: mean intercept length in millimeters; DA: degree of anisotropy; mtest: normalized fabric tensor value along the testing direction; mi: 
normalized fabric tensor value along the eigenvector i closest to the testing direction. 

a Data provided by the authors. 
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Fig. 1. Compressive ultimate strength-density and compressive ultimate strength-density-morphology relationships reported in the literature normalized to a strain 
rate of 0.01/s. Full density range (a). Cancellous bone density range (b). Studies are color coded according to anatomic site: Femur (blue), tibia (orange), vertebra 
(yellow), iliac crest (green), and pooled (black). (For interpretation of the references to color in this figure legend, the reader is referred to the Web version of 
this article.) 
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Fig. 2. Tensile ultimate strength-density and tensile ultimate strength-density-morphology relationships reported in the literature normalized to a strain rate of 0.01/ 
s. Full density range (a). Cancellous bone density range (b). Studies are color coded according to anatomic site: Femur (blue) and pooled (black). (For interpretation 
of the references to color in this figure legend, the reader is referred to the Web version of this article.) 
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Fig. 3. Compressive ultimate strength-density and compressive ultimate strength-density-morphology relationships in the cancellous bone range for different 
anatomical sites. (a) vertebra, (b) tibia, (c) femur, (d) ilium and (e) pooled. The results are normalized to a strain rate of 0.01/s. 
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4.1. Recommendations 

The question that remains is how to best utilize the findings in this 
review, especially given that information on bone morphology is 
generally not available from clinical X-ray CT scans due to insufficient 
image resolution. In other words, mapping morphology based 
mechanical properties to FEMs based on clinical CT data only, is 
currently not feasible. However, we believe that advancement of 
e.g. bone atlases including bone architecture and statistical shape 
models could help overcome this limitation (Panyasantisuk et al., 2018). 
This would pave the road towards using non site-specific empirical 
relationships in our field for mapping mechanical properties to FEMs if 
future studies support our findings. In this spirit, we would like to make 
the following recommendations for future studies to consider. 

� Although we have found evidence to support that compressive ulti
mate strength-density-morphology relationships, derived using a 
wide spectrum of morphology data can explain the inter-study 
variance in compressive ultimate strength-density relationships in 
the literature, we believe that our finding should be verified with 
further testing. This can be done by authors systematically reporting 
per specimen morphological data in future studies. This would allow 
for independent validation of our findings apart from allowing for a 
potential update of the ultimate strength-density-morphology re
lationships investigated in the present review, once a broader spec
trum of test data has been published in the field.  
� Our findings indicate a clear need for studies that report the outcome 

of testing cancellous bone in tension across the full spectrum of bone 
density and bone morphology. Preferably, such studies would test 
specimens in both tension and compression with the same specimen 

preparation procedures to the extent possible. This will allow for 
stronger conclusions to be drawn on tension-compression asymmetry 
in ultimate strength than was possible based on this review.  
� We did not find ultimate strength-density relationship for cortical 

bone tested in directions other than along the long axis of long bones. 
Investigating this aspect of strength-density relationships for cortical 
bone, tested both in tension and compression, is of considerable in
terest with respect to improving our understanding of anisotropy of 
bone tissue.  
� Since experimental tests suffer from a large number of artefacts, 

computational approaches such as FE homogenisation could be 
engaged to quantify ultimate strength in tension, compression and 
multiaxial loading on a large collection of human bone samples from 
various anatomical sites, across the full spectrum of apparent density 
and architecture. This could potentially lead to a compact set of ul
timate strength-density-morphology relationships that can be used 
for describing ultimate bone strength for different loading directions 
independent on anatomical site. 

5. Conclusion 

In summary, we found that differences in bone morphology can 
explain the inter-study differences in the literature that reports 
compressive ultimate strength-density relationships in the cancellous 
bone range. However, we recommend that this finding be further 
investigated in future studies with richer data. We found insufficient 
body of literature reporting tensile ultimate-strength relationships for 
both cancellous and cortical bone. We recommend that further studies 
be carried out that focus on the measurements of tensile properties of 
bone on the apparent level. 

Fig. 4. Compressive ultimate strength-density and compressive ultimate strength-density-morphology relationships reported in the literature in the cancellous bone 
range, normalized to a strain rate of 0.01/s. The full range of the ultimate strength-density-morphology relationships reported by Goulet et al. (1994) and Charlebois 
et al. (2010) are overlaid (see Table 4 for details). 
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Fig. 5. Compressive and tensile ultimate strength-density and ultimate strength-density-morphology relationships reported in the literature, normalized to a strain 
rate of 0.01/s. Full density range (a). Cancellous bone density range (b). Compressive ultimate strength-density relationships in grey and tensile ultimate strength- 
density relationships in red. (For interpretation of the references to color in this figure legend, the reader is referred to the Web version of this article.) 
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