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A B S T R A C T   

Animal bones are commonly used to test the mechanical competence of bone screws since they are easier to 
obtain compared to human bones. Nevertheless, selecting an appropriate animal sample that correctly represents 
the human bone architecture where the screw is implanted is frequently overlooked. This study presents a 
protocol for bone sample selection for screw mechanical testing based on a characterization of the local CT- 
derived bone morphology. For this, 36 human radii were used to quantify the local peri-implant bone 
morphology of 360 osteosynthesis screws, 10 per bone, whose implantation site and depth were fully known. A 
cylindrical volume of interest was created along the screw path and used to measure the local morphology. With 
this, 10 average peri-implant bone morphologies were defined. Additionally, two animal models, pig, and sheep, 
were selected and used as potential sample sources. From each model, six bones were selected for analysis. Based 
on a surface mesh of each bone a computational algorithm was created to automatically extract cylindrical 
probes in several locations from which the local bone morphometry was calculated. A multi-parametric bone 
similarity score was developed and used to compare the local morphology of each animal bone to that of the 
human average peri-implant bone morphology. The score was then mapped to the surface of the bone thus 
allowing to visually identify regions on the animal bone with human-like bone morphology. By using this 
methodology, the use of human bones can be avoided since samples with human-like bone morphologies can be 
found on animal bones. This is not only useful in cases where strict ethical constrains must be fulfilled, but also in 
studies where the relationship between morphology and screw competence is to be studied, something that is 
hard to replicate with commercially available synthetic alternatives.   

1. Introduction 

Due to the increasing rate of bone fractures, particularly in older 
population prone to bone degenerative diseases such as osteoporosis, the 
use of orthopaedic implants is on the rise. A wide number of orthopaedic 
implants are hold in place by metal screws which are prone to compli-
cations including, but not limited to, screw cut-out [1], screw loosening 
[2–4] and screw breakage [2,3,5] which require costly and inconvenient 
revision surgeries. Furthermore, several studies have presented the 
relationship between screw purchase and/or holding power and the 
underlying bone architecture. More specifically, peri-implant bone 
volume [6], bone volume fraction [7], bone mineral density [8] and 
cortical thickness [9] have been demonstrated to be good predictors of 
implant stability. What most studies have in common is the use of 

human bone, either whole or harvested biopsies, with most of these 
studies focused on the proximal humerus, femoral head, spine, and tibia. 
The reasons for testing orthopaedic screws in human bone are clear, 
there is the possibility of placing the implants in the real implantation 
site and subject them to real anatomical loading scenarios. Despite this, 
testing human bones has significant drawbacks such as limited number 
of suitable specimens [10] with high inter-subject variation and limited 
demographic representation [11] since most bone donors are older and 
often diseased patients; this in addition to the need of long and very 
strict ethic revisions in basically every case. 

Commercially available synthetic bone models, frequently made of 
expanded PU foam, offer a viable alternative for testing orthopaedic 
implants since they accurately represent the elastic mechanical prop-
erties of bone [12,13]. Previous studies have used synthetic bone 
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analogues for testing different screw thread designs [14,15], materials 
[16] or type [17], i.e. cortical vs. trabecular screw. However, as pointed 
out in previous works [13,18] common synthetic bone analogues do not 
accurately represent the failure and plastic mechanical properties of 
bone in addition to the variability present in human bone structures 
[19], which means that they are not ideal for testing the influence of the 
underlying bone morphology on the mechanical competence of an 
implanted screw. additionally, these materials might not be available 
everywhere which makes them expensive and time consuming due to 
lengthy shipping times and fees. 

Animal bone samples, which could compensate the inherent draw-
backs of testing in human bone samples and synthetic bone analogues, 
have been used in the past for screw and implant related research with 
general success [20]. Nevertheless, to the best of the authors knowledge 
there is not a defined methodology or protocol for sample selection. 

As a general rule, the size, shape and number of implants (under-
stood hereon and for the purpose of this study, as screw shaped objects) 
determines the animal model that should be used [21], meaning that the 
chosen implant must be tested in an animal bone with a size comparable 
to its human counterpart [22]. Because of this, animal bones and animal 
bone biopsies are selected mostly based on anatomical correspondence, 
that is for example, pedicle screws implanted in calf, sheep or pig spines 
[23–27] and dental implants placed in ovine, porcine and canine 
mandible [28–32]. However, is not uncommon to find ”odd” combina-
tions such as dental screws implanted in bovine tibia [33] and porcine 
ribs [34,35] when certain morphological characteristics are desired, 
such as variable cortical thickness or specific bone volume fraction 
respectively, or dental screws implanted in sheep spine [6] with sample 
selection based purely on bone availability. The point here is not to 
question the validity of the aforementioned studies, since it has been 
proved that animal bone samples have comparable mechanical proper-
ties to human bones [36–38], but rather point out to the fact that, as it 
has been done by several authors before [21,39–41], there is an 
increasing need for ”gold standard” method for animal surrogate sample 
selection for orthopaedic implant testing. 

Recent efforts have successfully determined the similarity between 
bone tissue samples and synthetic materials, such as bio-ceramic scaf-
folds, by quantifying the structural parameters (for example porosity or 
degree of anisotropy) of both samples, biological and synthetic, and 
defining a multi-parametric similarity score which rates how close both 
structures are to each other [42–44]. Furthermore, this same approach 
has been used to compare the tactile properties of liver tissue and soft 
polymeric samples [45] suggesting that this same approach can be 
successfully adapted to a different set of descriptive parameters, for 
example mechanical properties. 

At an organ level, bones present regional morphological variations 
[46] which can complicate the definition of an ideal bone sample source 
for screw mechanical testing. It is common that a single screw type is 
used to hold in place an osteosynthesis plate system that covers a large 
portion of the bone, as it can be seen in [47,48], meaning that a single 
screw is implanted in different types of bone architectures. Because of 
this, a similar approach to that presented in [48] where a cylindrical 
bone segment along the screw path is isolated and used to determine the 
peri-implant bone morphology can be used to define the ”average” 
peri-implant bone morphology in which a certain type of screw is 
implanted. Furthermore, local bone morphometry from an animal bone 
can be recorded in several locations all over the bone and compared to 
the aforementioned average peri-implant bone morphology using a 
similarity score close to those presented in [42] or [45] which would in 
turn point to an ideal sample harvesting location on an animal bone. 

With this in mind, the aim of this study is the development and 
implementation of a methodology for surrogate sample selection from 
an animal bones which can be used to test orthopaedic implants. In other 
words, the proposed methodology provides a path for identifying sample 
harvesting locations on animal bones which best represent the local 
bone morphometry in which a certain screw type is implanted, for 

example, a human distal radius osteosynthesis screw. This is something 
of great importance when assessing the mechanical competence of or-
thopaedic screws and the effect of the underlying bone morphology but 
has not yet been thoroughly studied to the best of the authors knowl-
edge. In the future, this could be of considerable advantage for biome-
chanical studies, especially if human tissue is hardly available for 
science. 

2. Materials and methods 

A graphical overview of the methodology followed on the this study 
is presented in figure 1 and will be thoroughly explained in the following 
sections. 

In short, local CT-derived bone morphometric values (CT-MV) were 
calculated from 36 human radii [47,49] on which 10 distal radius 
osteosynthesis screws (360 screws in total) were implanted. The im-
plantation sites, orientations and depths of every screw was fully known. 
The local peri-implant CT-MVs were calculated from a cylindrical vol-
ume of interest along the screw path which was extracted from a 
computed tomography (CT) image taken prior to screw implantation 
and used to define ten average peri-implant CT-MVs, one for each im-
plantation site. Simultaneously, a set of 12 animal bones taken from both 
pig and sheep (six each) were analysed using an in-house built compu-
tational algorithm in which a large number of locations on the surface of 
each bone were probed and the local CT-MVs were recorded. These 
values were compared to the ten average peri-implant human bone 
CT-MVs by means of a multi parametric bone similarity score (BoSS) 
based on that presented in [42] but using the parameters suggested in 
[50] which are widely considered standard bone micro structural mea-
surements. The resulting BoSS was projected as a colour map to the 
surface of each animal bone. In order to better interpret these results a 
range of human BoSS values was determined by comparing each 
peri-implant bone segment to its respective average bone segment and 
used to define a threshold of human-like BoSS values. Finally, the BoSS 
colour maps were remapped to reflect the established human-like cat-
egories and, thus, simplifying the identification of optimal regions for 
sample harvesting. 

2.1. Human bone analysis 

Detailed information about human bone provenance and handling 
can be found in [47] and [49], studies from where the CT scans were 
procured. In these studies, all human bones were scanned using a 
HR-pQCT device (XtremeCT, ScancoMedicalAG, Brttisellen, 
Switzerland) with a voxel size of 0.082 mm a tube potential of 60 kVp 
and a current of 900 μA. Afterwards, ten 2.5 distal radius locking screws 
were used to secure a distal radius volar plate implant making the im-
plantation position and depth (x-y-z coordinates of the entry and end 
points) of each screw fully known. Screw implantation was done using 
the manufactures drill guide block thus guaranteeing a consistent im-
plantation angle in each site. 

With this information (implantation coordinates), a peri-implant 
bone segment corresponding to a cylinder mask with a 4 mm diam-
eter, shown in figure 2, was created around every screw implantation 
site from which the local bone MVs were calculated. all image pro-
cessing was done using python scripts made for medtool (Medtool 4.3, 
Dr. Pahr Ingenieurs e.U., Pfaffstätten, Austria). The diameter of the VOI 
was selected based in [33] and [48] which was kept constant for both 
animal and human specimens. The length was set to coincide with the 
implantation depth of each screw. 

This process was repeated for 36 human radii yielding a total of 360 
peri-implant bone segments, ten per each implantation site marked in 
the plate (figure 2) from 1 to 10. For each peri-implant bone segment the 
following MVs were recorded:  

• Ct.Th.: Cortical thickness [mm]
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• Ct.Th.Dev.: Cortical thickness measurement deviation [mm]

• Ct.Vol.: Measured cortical volume [mm3]

• BV/TV: Bone volume fraction, only calculated for the trabecular 
bone phase [-]

• Tb.Th.: Trabecular thickness [mm]

• Tb.Sp.: Trabecular spacing [mm]

Ct.Th., BV/TV, Tb.Th. and Th.Sp. were included in the calculation 
since they are among the standard set of cortical and trabecular struc-
tural parameters used to characterize bone structures [50]. It is also 
suggested there to report cortical area, but this was replaced by cortical 
volume in the present study in order to better differentiate between 
mono and bi cortical implantation. Cortical thickness measurement 
deviation, defined as the standard deviation of the measured cortical 
thickness using the method defined in [51], was selected to account for 
inhomogeneous cortical thickness (see Figure 3) and, thus, favour 
samples with uniform, ”coin-shaped” cortical bone phases, similar to 
those observed in most peri-implant 3D images. 

The recorded MVs of each peri-implant bone segment were then 
arranged in vector form as follows: 

Fig. 1. Methodology overview.(A) Measuring 
the CT-derived peri-implant morphometric 
values from human bones and creating of target 
average bone segment at a specific screw loca-
tion. (B) Virtual probing and recording of local 
CT-derived morphometric values on multiple 
location on animal bones. (C) Calculation of 
bone similarity score between target bone seg-
ments and animal probes projected to the bone 
surface (C1, done for each target bone segment) 
as well as target and peri-implant samples (C2). 
(D) Human-like recolouring of BoSS values 
based on C2 for sample harvesting region 
identification.   

Fig. 2. Human bone analysis. Peri-implant bone morphometric values were 
calculated for 10 cylindrical volume of interests along the screw paths in 36 
human radii CT images. 
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humMVs,m =

⎡

⎢
⎢
⎢
⎢
⎢
⎢
⎣

Ct.Th.
Ct.Th.Dev.

Ct.Vol.
Tb.Th.
Tb.Sp.

BV/TV

⎤

⎥
⎥
⎥
⎥
⎥
⎥
⎦

(1) 

Where s represent the implantation site (1 to 10) and m represents 
each human radius (1 to 36) so, for example, humMV10,36 represents the 
peri-implant bone segment at the implantation site number 10 on the 
human radius number 36. By averaging the recorded humMVs,m on each 
screw implantation site (1 to 10) across the 36 human radii, the MV 
vectors of 10 average implantation bone segments were calculated as 
follows: 

targetMVs =
1
36

∑36

m=1

humMVs,m (2) 

These average target bone segments, defined by their respective 
targetMVs vector, were then used as target values for the BoSS calculation. 

2.2. Animal bone preparation 

Four bones were harvested from each animal model: radius, hu-
merus, tibia and femur. All bones were procured from slaughter age 
specimens (4-12 months for pig, 3-4 years for sheep) from local abattoirs 
in the state of Lower Austria. Soft tissue was carefully removed from 
each bone before placing a cut through the middle of the diaphysis thus 
isolating the proximal and distal fragments for the bone. Each fragment 
of bone and kept frozen at − 22∘C prior to CT scanning. 

2.3. micro CT scanning and image processing 

From each animal model, six bone regions were selected for 
scanning:  

• Proximal and distal tibia  
• Proximal and distal femur  
• Proximal humerus  
• Distal radius 

scanning was performed in a micro-CT scanner (Bruker Skyscan 1173, 
Bruker Corp., Billerica MA, USA) using a voxel size of 0.076 mm, tube 
potential of 115 kVp and current of 30 μA. This voxel size was selected to 
match, as close as possible, that of the reference human scans. Cortical 
and trabecular bone phases were manually segmented from each bone 
using an open source slicing software (see www.slicer.org), which can 
be seen in Figure 4. 

2.4. Computational approach for animal bone probing 

Based on a surface mesh of each animal bone, a computational al-
gorithm was designed to extract virtual cylinder probes on several lo-
cations covering the total triangulated bone surface from which the 
defined MVs were recorded. The exact location of these probes was set as 
the geometric centre point of each triangle on the surface mesh and 
oriented parallel to the normal vector of said triangle, this process can be 
seen in figure 5. The probe diameter was set to 4 mm (same as human 
samples) while the length was taken as the average screw implantation 
depth (14.6 2.76 mm with overall values ranging between 9.17 and 
24.03 mm) calculated from the human CT scans. The number of tri-
angles/probing points for each mesh ranged between 3000 and 4000. 
This value was chosen not only to preserve the bone geometry but also to 
have isometric triangles with an estimated edge length of ∼ 2 mm. 

For each proving point p, the local MVs were recorded and arranged 
in vector form as: 

probeMVp =

⎡

⎢
⎢
⎢
⎢
⎢
⎢
⎣

Ct.Th.
Ct.Th.Dev.

Ct.Vol.
Tb.Th.
Tb.Sp.

BV/TV

⎤

⎥
⎥
⎥
⎥
⎥
⎥
⎦

(3)  

2.5. Similarity score calculation 

The definition of the bone similarity score (BoSS) begins by calcu-
lating the structural distance between the target bone segment (defined 
by equation 2) and each probe extracted from the animal models 
(defined by equation 3). Since both, target, and probe, are defined as 
vector expressions the calculated structural distance is also defined as 
vector whose individual components i correspond to: 

Fig. 3. Sample with uniform, ”coin shaped”, cortical section compared (A) 
compared to one with inhomogeneous cortical thickness (B). Cortical thickness 
measure deviation was used to favour probes similar (A) to the former and 
penalize (B). 

Fig. 4. Animal bones selected for analysis. For every bone, cortical and 
trabecular bone phases were segmented and analysed separately. 

Fig. 5. Computational probing scheme. A virtual probe was placed on the 
center point of each triangle of an almost isometric (∼2 mm edge length) sur-
face mesh of each bone and the corresponding morphometric values 
were recorded. 
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probeds,p,i =
|targetMVs,i −

probeMVp,i|
targetMVs,i

(4)  

where i = 1...6 represents each component of the MV vector. So, for 
example, the BV/TV (i=6 in the MV vector) distance between the probed 
location 1000 and average target bone segment number 10 will be 
written as: 

probed10,1000,6 (5) 

The BoSS is then defined as the inner product of the distance vector, 
probeds,p, with a weighting vector f as follows: 

probeBoSSs,p = f⋅probeds,p (6) 

For the present study, all the weighting vector f components were set 
to 1.0. 

2.6. Human bone bone similarity score 

In order to better interpret the results following the method 
described above it was necessary to define a range of values that the 
BoSS can realistically have. this was done by comparing each peri- 
implant bone segment from each human radius (humMVs,m) with its 
corresponding target bone segment (targetMVs) by modifying equations 6 
and 4 to: 

humds,m,i =
|targetMVs,i −

humMVs,m,i|

targetMVs,i
(7) 

Similar to the previous case, the BV/TV distance, between the 
average target bone segment at location 10 and the peri-implant bone 
segment extracted from radius 36 at the same location will be written as: 

humd10,36,6 (8) 

The corresponding BoSS will then be: 

humBoSSs,m = f⋅humds,m (9) 

This information was used to create a spectrum of human BoSS 
values which was then used to define thresholds for structural similarity 
between animal and human bone probes. Based on this it could be 
established whether a bone sample harvested from an animal model can 
be considered human-like based on its BoSS value and thus, kept for 
further mechanical testing. 

2.7. Sample harvesting location based on BoSS 

Based on the analysis on human radius samples presented in the 
previous subsection, the minimum probeBoSSs,p location can be replaced 
by regions on the bone surface where samples with human-like BoSS 
values can be found. This representation can help overcome the 
following limitations of having a specific point for sample harvesting:  

• Although possible, it is highly unlikely that two bones of the same 
type, e.g. pig distal radius, would present the exact minimum BoSS 
values in exactly the same location. This is problematic since most 
studies on orthopaedic implants need a large number of samples, 
which need to be harvested from more than one single bone.  

• There is the possibility that a bone sample cannot be optimally (if at 
all) harvested from the resulting location of the minimum BoSS 
value.  

• Even if the minimum BoSS location coincides between bones and a 
sample can be reliably harvested from said location, the computa-
tional time needed to individually analyse a large number of bones 
could be considerably high, all of which can make implementing this 
methodology impractical. 

It will also be useful if these regions overlap among different bones. 

This would make it possible to define a consistent sample harvesting 
location based on a smaller number of individuals, even if the exact 
minimum probeBoSSs,p location does not coincide across the studied 
bones. Based on this, two further pig distal radii were analysed in order 
to determine if overlapping regions with low probeBoSSs,p values could be 
identified. The corresponding colour maps were modified to better 
display the sample harvesting regions where human-like samples are 
found. The bones were acquired from the same abattoir with one week 
between each acquisition thus guaranteeing different bone provenance. 
The idea behind this test was to determine if an ideal sample source 
location could be identified in the three specimens which will present 
similar BoSS values. 

3. Results 

A total of 420 surface colour maps, 70 for each one of the studied 
animal bones, were created with the methodology presented above 
(BoSS colour map plus seven specific distances per target bone segment). 
To avoid presenting repetitive information, the figures presented in this 
section correspond only to one animal model (pig proximal radius) 
unless the contrary is indicated. Despite of this, the information pre-
sented here is consistent among all animal bones with the figures only 
serving as visual aid for better interpreting the accompanying infor-
mation. With this in mind, the following sections will then be dedicated 
to present the main results of this study following the general order 
defined in the methods section. All bones were analysed in a dedicated 
computing server (2x AMD EPIC 7551 CPUs with 32 Cores, 256 GB 
RAM) with average processing time for every animal bone ranging be-
tween 2 and 8 hours, depending on the bone size i.e., CT image size. 

3.1. Human bone morphometric values 

The calculated average target morphometric values can be seen in 
table 1. 

Ct.Th., Ct.Th.Dev., Ct.Vol., and Tb.Sp. columns show that peri- 
implant bone segments number 1-6 have lower average values 
compared to 7-10. Conversely, the BV/TV column shows that the 
opposite happens for these same groups, i.e. peri-implant bone segments 
1-6 show higher values. This information was useful for identifying 

Table 1 
Average morphometric values and their standard deviation averaged over the 36 
human radii samples calculated for every screw implantation location. Every 
measured morphometric value showed variation with the anatomical location 
(proximal to distal) with the exception of trabecular thickness which remained 
mostly constant.  

s Ct.Th. 
[mm] 

Ct.Th.Dev. 
[mm] 

Ct.Vol. 
[mm⌃3] 

BV/TV 
[-] 

Tb.Th. 
[mm] 

Tb.Sp. 
[mm] 

1 0.45 
0.12 

0.10 0.05 5.45 2.06 0.21 
0.08 

0.29 
0.03 

0.89 
0.29 

2 0.53 
0.19 

0.12 0.06 6.87 3.21 0.29 
0.08 

0.32 
0.04 

0.69 
0.10 

3 0.46 
0.15 

0.10 0.03 6.35 3.08 0.29 
0.08 

0.31 
0.03 

0.68 
0.13 

4 0.49 
0.19 

0.13 0.07 7.07 5.70 0.34 
0.09 

0.33 
0.03 

0.60 
0.10 

5 0.72 
0.25 

0.14 0.05 9.98 3.97 0.22 
0.08 

0.29 
0.03 

0.80 
0.19 

6 0.93 
0.32 

0.19 0.05 11.89 4.33 0.27 
0.08 

0.30 
0.02 

0.68 
0.16 

7 1.54 
0.31 

0.29 0.08 39.87 9.53 0.13 
0.07 

0.29 
0.02 

1.38 
0.82 

8 1.66 
0.35 

0.32 0.09 42.75 
10.48 

0.11 
0.06 

0.29 
0.02 

1.53 
0.86 

9 2.00 
0.40 

0.41 0.10 54.53 
11.96 

0.06 
0.04 

0.28 
0.04 

2.26 
0.97 

10 2.06 
0.43 

0.43 0.13 55.68 
13.09 

0.06 
0.04 

0.29 
0.05 

2.43 
0.97  
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which screws were implanted in the diaphyseal and epiphyseal regions 
of the bone indicating the type of implantation (that is, mono or bi 
cortical implantation). Average Tb.Th. appeared to be the same for all 
the peri-implant bone segments. Using this data the specific MV dis-
tances and bone similarity scores were calculated for every target bone 
segment, for all the scanned animal bones. 

3.2. Animal bone morphometric distance and BoSS mapping 

The specific structural distances probeds,m,i were recorded separately 
thus allowing to examine each one separately. This helps identify spe-
cific regions on a bone with desired morphological characteristics, for 
example low/high cortical thickness. An example of this mapping can be 
seen Figure 6. 

For the purpose of this study, all MV distances were weighed equally 
(that is f = [1.0, 1.0, 1.0, 1.0, 1.0, 1.0]) as mentioned before. Figure 7 
shows the BoSS value mapping for target bone segment 1 on a pig distal 
radius as an example. 

This mapping process was repeated for every target bone segment on 
every animal bone which allowed to locate the global minimum BoSS 
values for each one of the target bone segments among the tested bones. 
The location of the minimum probeBoSSs,p values corresponds to the 
sample harvesting sites with the closes MV values to those of the peri- 
implant bone segments. These are shown in figure 8 with the location 
marked by an arrow. 

Minimum probeBoSSs,p values for target bone segment 1,4,7-9 were 
found on the pig distal femur, target bone segments 2, 3 and 6 were 
found on the pig proximal humerus and target bone segments 5 and 10 
were found on the pig proximal femur and distal tibia, respectively. 

3.3. BoSS calculation for human samples 

In order to better interpret the results presented above it was 
necessary to define a reference bone similarity score spectrum which 
could in turn help determine high or low BoSS values. For this, the 
humBoSSs,m values for all peri-implant bone segments (s) across all human 
radii (m) was calculated as per equations 7 and 9. The humBoSSs,m value 
distributions for all peri-implant bone segments can be seen in figure 9. 

Mean peri-implant humBoSSs,m values ranged between 1.46 and 3.05 

with overall values ranging between 0.26 and 18.5. The figure also 
shows that for every target bone segment the peri-implant humBoSSs,m 

values, meaning all the values between the minimum and maximum 
observations excluding outliers (whiskers), fall between 0 and 4. This 
allows to create a first BoSS category, i.e. ”human-like” values. 
Furthermore, a considerable set of outliers fall between 4 and 10. While 
it is possible to separate these values between mild and extreme outliers, 
it is more convenient to group these values in a second category, 
”moderately human-like”, allowing and treat these bone segments as a 
single group. Likewise, only three humBoSSs,m values were found above 
10 which could be labelled ”not human-like”. Based on this, the defined 
categories for humBoSSs,m value ranking are:  

• Human-like: humBoSSs,m values between 0 and 4, representing 93% of 
all peri-implant bone segments 

• Moderately human-like: humBoSSs,m values between 4 and 10, repre-
senting 6% of all peri-implant bone segments  

• Not human-like: humBoSSs,m values above 10, representing 1% of all 
peri-implant bone segments 

Fig. 6. Morphological distances (with ”d” referring to probeds,m,i) projected to the surface mesh of a pig distal radius for target screw number 1.  

Fig. 7. Bone Similarity Score (probeBoSS1,p) mapped to the bone surface for 
target bone segment number 1. Low BoSS value region, marked in blue, 
represent ideal sample harvesting locations for a particular target 
bone segment. 
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Figure 10 shows the probability density distributions of the grouped 
peri-implant bone segments humBoSSs,m values as well as a the ”traffic 
light” system for sample segregation. 

Based on this, the probeBoSSs,p colour maps (figure 7) can be adjusted 
to better match the defined traffic light system, which is shown in figure 
11. 

3.4. BoSS for sample source selection 

It is unlikely that two bones from different specimens will have the 
exact same number of probing location and moreover the exact 
probeBoSSs,p values for every probe. Because of this, it was also of the 
interest of the study to evaluate whether bones with different prove-
nance (meaning different specimens of the same species) would have 
similar probeBoSSs,p values and colour maps. The results obtained after 
analysing two further pig distal radii are shown in Figure 12 which 
presents the colour maps, adjusted to fit the defined traffic light system, 
calculated for target bone segment 8 as an example. 

While the specific minimum probeBoSSs,p locations and value for every 
bone were not the same, the presented colour maps show qualitative 

similarity in addition to comparable probeBoSSs,p value ranges which can 
be seen in Table 2. 

4. Discussion 

The purpose of this study was to develop a method for sample se-
lection for screw mechanical testing on animal bones based on local 
bone morphometric values from real screw implantation sites. The 
proposed method could be used to identify regions in animal bones from 
where samples with ”human-like” CT-derived morphology could be 
harvested and used for orthopaedic screw implantation and mechanical 
testing. A total of 360 virtual bone probes were extracted from 36 human 
radii [47,49] and used to quantify the average target bone morpho-
metric values of ten real implantation sites. A computational algorithm 

Fig. 8. Lowest probeBoSSs,p locations for each target bone segment (1-10) found 
in the selected animal bone models marked on the surface of each bone with an 
arrow. For every target bone segment the lowest probeBoSSs,p location was found 
on a pig bone, with most of them being found in the distal femur (5 target bone 
segments), followed by the proximal humerus (3) distal tibia (1) and proximal 
femur (1). 

Fig. 9. Box and whiskers plot of the bone similarity score calculated for the 
human peri-implant bone segments. Mean values for each for are presented as 
green triangles. 

Fig. 10. Probability density distribution of the human peri-implant bone sim-
ilarity score. A so-called traffic light system was used to categorize the values 
between an define acceptable BoSS value ranges for selecting animal bone 
sample sources. 
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was then created to extract a large number of virtual probes from an 
animal bone and compare the corresponding local CT-MVs with the 
calculated average peri-implant values resulting in a bone similarity 
score, BoSS for short. This information was then used to identify regions 
in animal bones with low BoSS values which could be used to identify 
sample harvesting locations for orthopaedic screw testing. The following 
sections will discuss the results presented above. 

4.1. Human bone morphometric analysis 

The human bone morphometric values calculated here are compa-
rable to those presented in [46], where the morphometric indices from 
100 human distal radii with a comparable donor age (average age 
(years): men 79.7, women 81.5) to that of the patients of this study (82.4 
years) were recorded using a different approach, that is whole bone 
instead of screw implantation site. Cortical thickness, trabecular bone 
volume fraction and trabecular spacing showed comparable overall 
values in both studies with the recorded values being dependent on the 
anatomical position, that means higher Ct.Th. and Tb.Sp. in more 
proximal regions of the bone with the opposite trend observed for 
BV/TV. While overall trabecular thickness values in both studies were 
comparable, the reported increase in trabecular thickness from the distal 
to proximal end of the bone was not observed in this study, as it was 
already mentioned before. 

4.2. Structural distance and BoSS value mapping 

The structural distance maps (Figure 6) show that specific CT-MVs 
from older individuals can be accurately located in large portions of 
the animal bones following the methodology presented here. This seems 
to contradict the results presented by other authors where animal bones, 
particularly pig and bovine bones, are better suited to replace those of 
young athletic humans [11,36] since older patient tend to have 
degraded bone architecture due to bone degenerative diseases. By 
combining the specific morphometric values in a multi-parametric 
similarity score it can be seen how the structurally similar regions 
considerably narrow down (figure 7). This accurately reflects the 
aforementioned results and also demonstrates that some specific loca-
tions on a young animal bone could serve as sample sources for osteo-
porotic bone analogues; this is further depicted in Figure 8 were all the 
average target bone segments are located in animal bones with high 
structural similarity. 

4.3. BoSS based sample selection for screw testing 

To the best of our knowledge, there is no defined methodology or 
protocol for animal bone sample source selection based on multi- 
parametric characterization of local bone morphology. By studying the 
inter subject variability of the BoSS score (figure 12) it was shown that 
the BoSS value distributions among different subjects can indeed be 
compared, thus allowing the selection of a consistent sample harvesting 
site on the bone where the structural distance to a human sample will be, 
ideally, minimum. This result is particularly interesting because, even if 
the specific BoSS values are not the same, the selected regions still 
represent acceptable matches found on a specific bone and they overlap 
among several bones. Despite this, a broader study with more test sub-
jects is highly recommended in order to fully determine if BoSS mapping 
is consistent among several individuals. 

4.4. Guidelines for bone surrogate sample selection for orthopaedic screw 
testing 

As mentioned in [42], a major setback for the presented methodol-
ogy is the lack of BoSS value threshold or limit value which could help 
determine whether an animal sample is indeed structurally similar to a 
human bone. An attempt to overcome this problem is presented here by 
calculating a bone similarity score for virtual human samples. Figure 9 
indicates that most of the harvested human samples with a humBoSSs,m 
value between 1 and 4 will fall into a sort of ”human-like” category 
which can be further observed in figure 10, were two further categories, 
moderately human-like and not human-like are defined. Using this in-
formation, an alternative path to sample selection can be drawn as 
follows: 

Fig. 11. Bone similarity score colour space remapped to the defined traffic 
light system. 

Fig. 12. Repetition tests done on a set of 3 pig distal radii for target bone 
segment number 8. Similar high/low BoSS value regions were found in common 
anatomical location across the three bones; the surface colour maps were 
adjusted to match the previously defined traffic light system. 

Table 2 
BoSS value ranges for every target bone segment for the three pig distal radii i.e. 
specimens 1-3. Across the three bones, BoSS value ranges were comparable for 
every target implantation bone segment.   

BoSS range 

s Specimen 1 Specimen 2 Specimen 3 

1 0.60-16.1 1.70-21.9 2.21-20.5 
2 0.46-13.5 0.61-19.4 1.44-18.3 
3 0.58-15.4 0.98-21.7 1.39-20.3 
4 0.61-13.7 0.73-19.7 1.21-18.7 
5 0.79-12.8 0.80-14.3 1.52-14.1 
6 0.50-12.2 0.79-12.7 1.21-12.9 
7 0.96-15.5 1.26-17.6 1.71-17.8 
8 0.93-17.3 1.52-19.6 1.82-19.7 
9 1.64-22.1 1.47-25.2 1.60-25.4 
10 1.27-22.5 1.27-25.6 1.44-25.8  
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1. A small number of bones is fully analysed in order to identify ideal 
sample harvesting locations from which a larger number of samples 
will be harvested  

2. All the harvested samples are scanned and the respective BoSS values 
are calculated  

3. Based on the BoSS values, the samples are categorised (human-like, 
moderately human-like or not human-like) and either discarded or 
kept for further testing 

A graphical schematic of these steps can be seen in 13. 
As it has been pointed out before, the underlying bone morphology 

where a screw is implanted has an effect on its mechanical competence 
[6,7,9]. By following the steps presented above, this methodology al-
lows to test orthopaedic screws intended for human bones in samples 
harvested from animal bones. This makes it possible to test the influence 
of the human bone architecture on the holding capacity of an implanted 
bone screw while at the same time avoiding the shortcomings of con-
ducting mechanical test on human bones and synthetic bone analogues. 

4.5. Limitations 

The main drawback from this study is that it is not known if two 
samples with similar bone similarity score values have similar me-
chanical properties. As pointed out before, some underlying bone 
morphometric values, such as cortical thickness and bone volume frac-
tion, correlate well with the screw holding capacity this, however, needs 
to be further confirmed experimentally. 

Another major drawback from the sample selection approach pre-
sented here is the extensive computational cost associated with this 
analysis. This issue could be improved by optimizing the implemented 
scripts or using a more efficient programming language such as 
FORTRAN or C++. A different approach to reduce the computational 
cost is to reduce the number of probing points by using a coarser mesh. 
By reducing the mesh size by ∼ 40 percent the computational time is 
proportionally reduce without compromising either the geometric rep-
resentation of the bone or the BoSS mapping onto the bone surface. 
furthermore, it might not be necessary to analyse a whole bone if its 

already known that certain regions (the articular surface, for example) 
are not suitable for screw implantation. By analysing only a section of 
the bone, in combination with a coarse mesh, the computation time can 
be cut to under 1 hour. 

That being said, without a dedicated computing server it might not 
be possible to conduct a study using this approach with a high mesh 
resolution. 

Another limitation, as pointed in both [42] and [45] is related to the 
weighting of the individual morphometric values (f). For the present 
study 6 individual structural indices were selected but there was not a 
rigorous study of which ones were more determinant, especially in the 
context of mechanical testing. It is somehow evident that parameters 
like cortical thickness and bone volume fraction have a direct effect on 
the mechanical properties of the bone samples but the same cannot be 
said of cortical thickness measure deviation or trabecular spacing. A 
more rigorous quantification of the impact of each individual factor is 
then strongly advised. Furthermore, as mentioned in the discussion 
section, the suggested path for sample selection is based on the analysis 
of only three bones. Despite the obtained results being satisfactory for 
the purposes of this study, it is necessary to increase the sample size for 
confirmation. 

Finally, it is worth mentioning that probing depth can also have an 
impact on the calculated bone similarity scores. For the present study, 
the probing depth was kept constant and equal to the average screw 
insertion depth in order to decrease the overall computational cost. The 
problem with doing this is that it is assumed that the average insertion 
depth of every peri-implant bone segment is the same which is not the 
case. A further study where the influence of the insertion depth of each 
individual peri-implant bone segment is then advised in order to 
determine if this should be considered or not. 

5. Conclusions 

The methodology presented here provides a procedure for bone 
surrogate sample selection which is not known to be previously re-
ported. The results presented here allow to conclude that human-like 
bone samples can be found in any of the analysed animal bones by 

Fig. 13. Proposed path for sample selection. (1) A common region with known low BoSS values is selected for sample harvesting. (2) The harvested samples are 
scanned and analysed, that is, the morphometric distances and bone similarity score is calculated. Based on the latter, (3) the samples are either discarded or kept for 
further mechanical testing. 
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quantifying the local bone morphology. The described methods can be 
easily replicated, given the availability of the required computational 
power, and it relies on well-established image processing methods. 
Furthermore, this approach can be expanded to cover more screw types 
and other screw-like orthopaedic implants which reduces the need for 
testing human bones and the associated drawbacks of doing it. In the 
future, this sample selection method could be of considerable advantage 
for biomechanical studies, especially if human tissue is limited or not 
available for being studied. 
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