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Mechanical metric for skeletal
biomechanics derived from spectral
analysis of stiffness matrix

Petr Henys?, Michal Kuchai?*™“, Petr Hajek? & Niels Hammer3*5*

A new metric for the quantitative and qualitative evaluation of bone stiffness is introduced. It is
based on the spectral decomposition of stiffness matrix computed with finite element method.

The here proposed metric is defined as an amplitude rescaled eigenvalues of stiffness matrix. The
metric contains unique information on the principal stiffness of bone and reflects both bone shape
and material properties. The metric was compared with anthropometrical measures and was tested
for sex sensitivity on pelvis bone. Further, the smallest stiffness of pelvis was computed under a
certain loading condition and analyzed with respect to sex and direction. The metric complements
anthropometrical measures and provides a unique information about the smallest bone stiffness
independent from the loading configuration and can be easily computed by state-of-the-art subject
specified finite element algorithms.

The stiffness is usually defined as a resistance to deformation. This is a natural mechanical behavior and it
describes the capacity of a structure to retain an amount of deformation energy. The stiffness should be consid-
ered as a combination of both material and structural properties, which form a mechanical response to a given
load. The stiffness is a one of the key measures in bone mechanics. A correlation between stiffness and bone
strength was shown by several authors'~. The fracture risk was shown to be correlated with bone stiffness®~°. The
stiffness is also a key component for analyzing the skeletal or intraskeletal adaptation and changes in response
to a given loading™'’. The stiffness may also help to better understand the dynamics of the human pelvis dur-
ing side falls"! or alike injury. Moreover, age and sex dependence of stiffness was shown!>"'%: osteoporosis was
investigated by analyzing the stiffness™'.

The bone quality directly influences the patient’s health (i.e., osteoporosis) and hence novel methods for pre-
dicting bone mechanics in vivo, ideally non-invasively, are of high interest in contemporary trauma, orthopedics
and endocrinology research.

Digital models are often used in biomechanics community to analyze bone mechanics virtually. Nevertheless,
such computer models should be driven by clinical patient’s data according to a paradigm of so-called digital
twin. Although the paradigm of digital twin provides a step towards real clinical applications, the bone mechanics
must be precisely known before make fully use of digital models.

Bone stiffness is generally location and direction-dependent, and requires a precise and often complex experi-
mental protocols'"'*!¢17_ or computational approaches such as finite element (FE) models'>'*-%°. In this study,
we introduce an alternative way to estimate bone stiffness. The key idea is to apply spectral decomposition of a
stiffness matrix (usually obtained from a FE model) based on the previous authors’ study?!. The resultant eigen-
pairs composed from eigenvalues and associated eigenvectors contain a unique information about the modal as
well as static stiffness. These pairs have following properties:

(A) rotation/translation invariant,
(B) naturally considering the structural/intrinsic bone properties (i.e., bone shape, internal structure, bone
material, bone elasticity, bone density),
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Figure 1. The description of eigenvectors associated with three modal stiffnesses. The arrows represent the
direction of deformation. The scalar field represents the magnitude of eigenvector. Minimum markers are not
shown for fixed model FEMP-I, given the minima are localized at fixed boundary locations shown in Fig. 6. The
histograms show the static stiffness [N/mm)], based on the first modal stiffness and considered as the smallest
static stiffness.

(C) under certain conditions provide the minimal bone stiffness for given boundary conditions together with
associated deformation shape,
(D) does not necessarily require boundary conditions defined.

(A) This property allows to compare arbitrarily rotated bone geometries, and it has furthermore been demon-
strated in shape analysis?>*. (B) The stiffness is constructed often by FE method, where the geometry and mate-
rial properties are discretized together and represented by a big sparse matrix. (C) The stiffness matrix should
be symmetric (positive definite) and constant to obtain minimum static stiffness and corresponding eigenvector.
(D) If no kinematic boundary conditions are provided, the spectrum of eigenvalues close to zero contains the
eigenvalues corresponding to rigid movement of the body (it means the three translational and three rotational
moves of a body in 3D.) followed by regular deformable eigenvalues. The rigid eigenvalues will not be in the
focus of this study.

In this study, we stated a hypothesis that newly formulated mechanical metrics in*! provide high sex classifica-
tion accuracy. Moreover, we compared them with common anthropometric measures and natural frequencies of
pelvic bone. We further analyzed the smallest static stiffness of the pelvis with respect to the applied boundary
conditions. Our new metric can be considered as modal stiffness, which allows to reconstruct the static stiffness of
a bone. Through the study, modal stiffness, smallest static stiffness and natural frequency are called eigenmetric.

On the potential usage of eigenmetric. It has been shown that bone robustness (the ratio of stiffness
and weight) reflects the evolution of skeletal system and how the skeletal system maintains its mechanical func-
tion under different enviromental and genetical factors"'®*. The robustness is predominantly analysed for long
bones, for which the bending stiffness is considered as most relevant>®*>* and, according to our approach,
the bending stiffness is the smallest one possible for long bones?'. Moreover the stiffness of long bone can be
uniquely expressed for almost any crossection. Nevertheless, it is not clear or it is difficult to define the stiffness
for geometrically complex bones or bone assemblies (such pelvic bone or foot* or hip-spine complex). At this
point, our eigenmetric comes into play, because it provides the direction (qualitative measure) and magnitude
(quantitative measure) of stiffness based only on bone morphology and bone material properties. The eigenvec-
tor in our study can be seen as a resultant deformation after aplying certain bone load, which produces a corre-
sponding modal/static stiffness-this raises the question whether loading modes of pelvic bones within the range
of physiological loads corresponded to some eigenvectors. Analyzing such load correspondence could help to
better understand anthropological or anatomical variations/evolution of bone, for example by proving that bone
is physiologically loaded under its static smallest stiffness. The eigenmetric can be also be benefitial in analysis
of hip-spine syndrome and load disbalance after hip total replacement or spinal fusion”’-*’. Another potential
use of our eigenmetric can be seen in forensic biomechanics as unique bone descriptor (with exaggeration, this
given eigenmetric could be called “mechanical DNA of bone”).

Results

Modal stiffnesses and eigenvectors description. The first eigenvector for model FEMP-1 might rep-
resent a torsion deformation with maximal value located in proximity to the pubic tubercle and minimal value
below the termination of the anterior gluteal line, see Fig. 1. The second eigenvector contains two significant
deformation zones and is rather of bending character. Its maximum is located at the iliac crest and minimum at
the central part of gluteal surface. The third eigenvector is of a rather complex bending deformation, with tree
localizations at different regions of the iliac wing and ischiopubic ramus. The minimum and maximum values
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Figure 2. The sex and side classification ability of ten modal stiffnesses s for model FEMP-I. The blue curves
indicate mean values ROC, grey fill the standard deviation. The mean ACU/AUC with standard deviation is
computed within cross-validation step.

are localized close to the anterior superior iliac spine and the dorsal portion of the acetabular margin, respec-
tively. The rest of eigenvectors quickly becomes much more complex and there are no significant deformations
interpretable in terms of bending, torsion nor tension. For model FEMP-II, the maximum value for the first
eigenvector is located at the anterior portion of the iliac crest. The maximum value for the second eigenvector
is projected to ischial tuberosity and the maximum for the third eigenvector represents anterior superior iliac
spine. Minimal values of all foregoing modes are the points of fixation, i.e., the symphyseal and auricular sur-
faces of the pelvic bone. The smallest static stiffness was found with the first modal stiffness and is different for
female and male. For female, the mean static stiffness is 170 N/mm with standard deviation 48 N/mm for model
FEMP-I and mean 97 N/mm with standard deviation 35 N/mm for model FEMP-II. For male, the mean values
are 267/206 N/mm with standard deviation 64/59 N/mm for FEMP-I and FEMP-II respective.

Comparison of stiffness metrics with anthropometric measures.

FEMP-1.

Fixed boundary conditions model
The sex/side classification with modal stiffness in case of fixed model FEMP-I are shown in Fig. 2.

Only the first modal stiffness allows to classify sex with an accuracy 85%, while none of modal stiffnesses have
the potential to classify the side. The other predefined metrics’ classification ability such static stiffness S and
natural frequency f are given in Table 1. The best sex classification accuracy of static stiffness metric S as well
as natural frequency fis reached for first eigenpair. The best accuracy 0.62 for side classification was reached by
static stiffness metric S for the first eigenpair. In Fig. 3 a relation between anthropometric distances defined in*!
and modal stiffnesses are shown. Only moderate correlations were observed for both sexes with the maximal
positive value 0.49 with (CI95% [0.26, 0.67] and p* = 0.0004) for a pair 7-My for male.

Free boundary conditions configuration FEMP-II.

Sex/side classification accuracy of FEMP-II model is shown

in Fig. 4. The modal stiffnesses sy, s5, sg were able to reach a classification accuracy higher than 85%, while none
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Metric/eigen number # | 1 | 2 | 3 4 5 6 7 8 9 10

Sex

N 0.82/0.85 0.60/0.53 0.68/0.66 0.67/0.67 0.62/0.55 0.78/0.79 0.70/0.71 0.75/0.69 0.72/0.73 0.66/0.55
f 0.63/0.58 0.63/0.59 0.60/0.59 0.53/0.54 0.53/0.52 0.55/0.51 0.60/0.58 0.54/0.51 0.60/0.58 0.57/0.54
Side

N 0.62/0.53 0.58/0.55 0.60/0.54 0.53/0.52 0.49/0.51 0.48/0.52 0.51/0.51 0.52/0.51 0.52/0.53 0.50/0.51
f 0.53/0.52 0.58/0.55 0.55/0.53 0.61/0.59 0.52/0.51 0.55/0.51 0.52/0.51 0.53/0.52 0.59/0.55 0.61/0.58

Table 1. Sex and side classification accuracy ACU/AUC of different metrics for model FEMP-1. The CI95%
are not shown due to readability, but generally are in range 0.05-0.17.

Male
Figure 3. Relation of anthropometric distances and modal stifftnesses computed with model FEMP-I. Blue
points represent raw data, while the red curve is regression line fitted.

of the modal stiffnesses can classify side. The static stiffness S; is also able to predict sex with accuracy higher
than 85% according to Table 2. A correlation between modal stiffnesses and anthropometric distances for model
FEMP-II is shown in Fig. 5. The highest correlation of value 0.55 with CI95% [0.35, 0.70] and (p* = 0.00001)
was found for a pair 1 — M, for male.

Classification accuracy of antropometric distances. The sex/side classification ability of anthropometric meas-
ures M is shown in Table 3. The measures M3, M5 and M reached classification accuracy at least 85%.

Discussion

The mechanical properties of bone are given by the geometry and the intrinsic structure together with mate-
rial properties. This mix of unique bone properties is highly individual and hence its precise capturing seems
a paramount of current in silico biomedical engineering. In this study we provide a unique signature which
captures all mentioned bone properties within a set of so-called eigenpairs. Those eigenpairs are derived from
a truncated spectral decomposition of bone stiffness and mass represented by algebraic matrices produced by a
finite element discretization. Using all eigenpairs computed one could get the full information on bone stiffness
(as the stiffness matrix is fully recovered). Practically, only a few eigenpairs are required to capture most of the
information about stiffness. In this study, ten modal stiffnesses close to zero were presenting 94% of the bone
static stiffness. The smallest eigenvalue corresponded to the smallest natural frequency f. Nevertheless, modal
stiffnesses do not necessarily follow the same order as natural frequencies since they are rescaled with respect to
the power of the eigenvectors amplitude?'. Interestingly, the modal stiffness corresponding to a first eigenvalue
was always the smallest one in our analyses presented here. The corresponding eigenvector maximum magni-
tude can point to a location and direction of the smallest static stiffness, which can be considered as the most
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Figure 4. The sex and side classification ability of ten modal stiffnesses for model FEMP-II. The blue curve
indicates the mean ROC, while grey fill the standard deviation. The mean ACU/AUC with a standard deviation
is computed within cross-validation step.
Metric/eigenpair # 1 2 3 4 |5 6 7 8 9 10
Sex
S 0.88/0.89 0.65/0.63 0.64/0.65 0.78/0.79 0.75/0.74 0.84/0.81 0.66/0.67 0.84/0.84 0.62/0.65 0.66/0.55
f 0.83/0.84 0.59/0.61 0.59/0.54 0.62/0.57 0.62/0.54 0.60/0.63 0.52/0.59 0.62/0.61 0.55/0.52 0.60/0.52
Side
S 0.59/0.61 0.57/0.55 0.52/0.59 0.55/0.54 0.55/0.61 0.59/0.55 0.50/0.55 0.51/0.54 0.44/0.52 0.55/0.58
f 0.55/0.61 0.58/0.57 0.58/0.62 0.59/0.56 0.62/0.54 0.59/0.61 0.59/0.53 0.53/0.54 0.50/0.53 0.56/0.55

Table 2. Sex and side classification accuracy ACU/AUC of different metrics for model FEMP-II. The CI95%
are not shown due to readability, but generally are in range 0.03-0.15.

interesting and important. And last, deeper analysis is required to analyze nor explore relations between modal
stiffness/smallest static stiffness and important mechanical properties such bone strength, density and anisotropy.

Interpretation of eigenvectors with respect to static stiffness. The smallest static stiffness can
be approximated by modal stiffness if there exist a load and kinematic boundary conditions that produce a
deformation of bone, which is similar to an eigenvector. This relation was already demonstrated in the authors’
previous study?! and in*2. This relation can be also explained by a so-called modal reduction technique, where
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Figure 5. Relation of anthropometric distances and modal stiftnesses computed with model FEMP-II. Blue
points represent raw data, while the red curve is regression line fitted.

# M; M, M3 My M;5 Ms M7 Mg My Mio
Sex 0.59/0.55 | 0.85/0.84 |0.82/0.83 |0.70/0.65 | 0.93/0.92 |0.60/0.55 |0.79/0.78 | 0.63/0.65 |0.71/0.72 | 0.85/0.91
Side 0.54/0.61 | 0.64/0.52 | 0.57/0.55 |0.44/0.51 |0.59/0.57 |0.56/0.59 |0.39/0.51 |0.58/0.55 |0.58/0.54 | 0.54/0.55

Table 3. Sex and side classification accuracy ACU/AUC of antropometric measures M. The CI95% are not
shown to improve readability, but generally range within 0.03-0.18.

the quantities of interest are projected on to a reduced space spanned by a few eigenvectors to decrease compu-
tational complexity while maintaining model as accurate as possible?!.

Eigenmetrics predict sex, although are only moderately correlated with anthropometric
measures. This fact corresponded to an origin of eigenmetrics, which can be seen as spectral components
of bone shape and material information. In fact, the eigenmetrics include apart from geometry information the
topological and intrinsic characteristics of bone, which cannot be simply captured by the gold-standard method.
Further, we include a side classification as a complementary test to validate tested metrics. As it was expected, no
significant side difference was observed from classification tests with tested metrics. The sex classification accu-
racy of defined metrics comparing to gold-standard seems considerable for individual eigenvalues and depends
on the boundary conditions defined. Nevertheless, including used eigenvalues simultaneously into classification
algorithm, the final accuracy is excellent (ACC/ACU 98.1%/97.1% * 0.01%). Moreover, the sex classification
accuracy of gold-standard anthropometric landmarks was also comparably high (ACC/ACU 93.3%/92.1% +
0.01%).

Boundary conditions affect metrics sensitivity. We demonstrated that natural frequencies, modal
and static stiffnesses (eigenmetrics) can be computed for a configuration without boundary conditions defined
(FEMP-II). This presents a serious advantage, given the proper modelling of often complicated anatomical
boundary conditions is difficult and introduces an additional uncertainty into the model. Moreover, results
showed that our metrics computed on the model FEMP-II have better description and classification accuracy
than a constrained model FEMP-I. In a sex classification, the FEMP-II metrics contain four sensitive eigenvalues
(Fig. 4), while FEMP-I metrics only one (Fig. 2). Moreover, FEMP-II model can be well validated by an experi-
mental modal analysis with good results®. Apart from these advantages, the drawback of FEMP-II model is the
difficulty in interpreting the static stiffness as it is computed within an ill-posed static problem. One interpreta-
tion could be in an analogy with an alternative model with suitable boundary conditions defined that produces
a deformation corresponding to FEMP-II eigenvector. This hypothesis was partially touched in previous author’s
study on beam bending analysis?!.
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Relation of eigenmetrics and modal analysis. The static stiffness is related to modal stiffness in fol-
lowing way. The static stiffness is computed as an inverse sum of modal compliances (compliance is an inverse
of stiffness), see relation (8). The modal properties of bone were analyzed to assess the natural frequencies and
associated vibration eigenvectors in line with previous experiments*** and as a reliable experimental protocol
to calibrate computational models®**. In fact, the squared angular frequencies computed from modal analyses
corresponded with the eigenvalues in this study up to scale constant given by modal mass contribution (the mass
matrix can be seen as a scaler of eigenvalues, often called in literature as a mass-norm™). The eigenvectors are,
up to a constant of the same shape as shape from modal analysis. The natural frequencies were considered as a
metric as well, which complements modal and static stiffness metrics. Further, our computed natural frequencies
of pelvic bones in the dataset are consistent with those in literature®**4*.

Clinical relevance to hip-spine syndrome. The current clinical experience indicates that prior surgi-
cal treatment of lumbar spine decreases the outcome of total hip replacement?”-*®. This unwanted interaction
could be explained through lumbosacral-pelvis junction, which can be considered as load-sharing mechanical
node*?. In other words, lumbosacral-pelvis complex could be responsible for load balance in hip and lumbar
spine. Therefore, what happens to load balance after total hip replacement or lumbar spine fusion? The overlly
stiff hip implants (both femoral stem and acetabular cup) “reinforce” femoral and pelvic bones. Fusing two
vertbraes or inserting overly stiff cage between them lead again to increased stiffness (or lower flexibility). Such
artificial stiffness may cause a disbalance of the load distribution and hence overloading of other hip-spine
regions. This implies implants should be designed such they minimize the load disbalance. Nevertheless, the
implant desing strategy is unclear and our stiffness metric could be a good starting point as it provides quantita-
tive (direction) and qualitative (magnitude) of minimall stiffness of bone or bone-implant assembly. Therefore,
the influence of implant stiffness on load balance of hip-spine complex is an important topic for next study.

Study limitations. The presented material model of bone has been defined based on the density-elasticity
relation from literature with internal calibration®® of used CT. The lack of individual calibration of density-elas-
ticity relationship may potentially decrease the accuracy and reliability of the finite element models used. This
potential source of bias will be analyzed in future experiments. Further, although the proposed metrics can be
used without boundary conditions defined, we demonstrated that these metrics’ changes are sensitive to bound-
ary conditions. The boundary conditions in this study roughly mimic physiological conditions (model FEMP-I)
and their precise definition (potentially including the ligaments and other soft tissues) must be included to
extend the usability our proposed metrics. We have obtained that smallest modal stiffness corresponds to a
smallest static stiffness. Nevertheless, this observation is rather heuristic as we were not able to provide a suit-
able prove that the first eigenvector always points to a smallest stiffness, see the study?!. On the other hand, this
limitation does not decrease a potential of proposed metric for studying bone mechanics, because the smallest
stiffness can be still found by careful analyzing of stiffness spectra or optimization-based approach proposed
in?!. The smallest static stiffness and corresponding load configuration of a bone have been yet demonstrated
on digital models only and will be experimentally verified in a future study. In this study, we simplified material
model of bone to be linear and isotropic. This simplification together with density—elasticity relationship could
introduce potential sources of errors, which should be carefully investigated in future study. The bone (cortical
and trabecular) contains a microstructure that is the source of anisotropy in mechanical properties and signifi-
cantly alters elastic response and hence the stiffness as well**~*. The direction of anisotropy is known for long
bones and for mandible*>*’. Nevertheles, little is known for the pelvic bone. The artifitial direction® or X-ray
based direction field**** was considered for mandible bone with good accuracy in mechanical response. These
approachech could be the good initial attemp for pelvic bone. Of course, there is also a question how the smallest
stiffness is sensitivite to material anisotropy. Therefore, the sensitivity of developed eigenmetrics with respect to
material anistropy should be carefully investigated.

Methods

Finite elementmodelpipeline. Theheterogeneous sample population CT data obtained from anonymized
routine CT scans (mean age 64 + 13.5, gender balanced 100 females/males) consisting of N = 200 left/right pel-
vis bones collected from the Faculty Hospital in Hradec Kralové under ethical approval 202102I02P. The written
informed consent was waived due to the retrospective nature of the analysis. All methods were performed in
accordance with the relevant guidelines and regulations.

The CT data was resampled to have a uniform isotropic resolution 0.8 x 0.8 x 0.8 mm. To extract the geom-
etry, the pelvic bones were segmented using a semi-automatic method based on the interactive GraphCut
algorithm*>*%. The masks from CT segmentation were converted to an STL (stereolitography format) represen-
tation (VTK library*). Consequently, the volume finite element meshes were automatically built with library
TetWild*, see Fig. 6. The CT values were transformed to an effective density in order to compute total mass of
the bones pe = bCT, where the scaling coefficient is b = 658 %“9. To estimate Young’s modulus, the CT scans
were calibrated internally resulting in hydroxyapatite content in bone®. The density-Young’s modulus in [MPa]
relationship

10200021, pagy > 0.486
E(pasp) = { 2389, 0.486 > pug > 0.3 (1)
33900022, pash < 0.3

Scientific Reports |

(2021) 11:15690 | https://doi.org/10.1038/s41598-021-94998-5 nature portfolio



www.nature.com/scientificreports/

Surface/volume meshing
Segmentation

. Kinematic boundary Stiffness & mass .
pHa/E mapping conditions matrices Spectral analysis

i
| Ky, M,
v
g » | [Modal stiffness Si,m

] Ko, M
‘\‘Lr 2 » | |Eigenvectors ~ Ui,m
> P [(discretization®™| . [®|Eigensolver
» | |Natural fi
frequencies nm

» | [Static stiffness Sy,

K Ny M N
v L/ Template bone shape Fully automated pipeline
Template bone builder > \\ & > Image registration
|
S
A

Boundary regions markers

Figure 6. A pipeline of building the FE model based on the CT data. The boundary points(green/orange) are
used to apply the kinematic boundary conditions.

was used where p,g, = 0.877pga + 0.08 é“’“. The Poisson’s ratio v is defined as a constant 0.3*° over the
whole bone domain. Two sets of boundary conditions were built. The first model FEMP-I described the fixed
boundary conditions, see Fig. 6. The fixed boundary conditions were inspired by previous works* and mimic the
physiological conditions up to some extent. The second model considers no kinematic and no force boundary
conditions, called FEMP-II. Based on the bone geometry, isotropic linear model of bone and boundary conditions
defined, the stiffness and mass matrices K, M are constructed with help of finite element method in a usual sense:

K=J / Vu, : C(E,v), : Véu, dQ,, @)
e’ e
M= U / Pele - S, A2, (3)
eeQ ¥ e

The operator V is a symmetric gradient of displacement u. The displacement u and its variation §u are approxi-
mated with an arbitrary linear piece-wise continuous functions (in Fenics notation: P1 Lagrange finite element™),
while C, represents the tensor of material coefficients inferred from density-elasticity relationship and approxi-
mated on the discontinuous finite element space of zero order (i.e., in Fenics notation DGO0). The stiffness matrix
was discretized on tetrahedral mesh domain €2 representing the bone geometry. The characteristic element size
is 1 mm, which corresponds to 700,000-1,000,000 elements. The element size is estimated at auxiliary conver-
gence study on five eigenvalues, which should change up to 5% between two mesh resolutions. Once the element
particular quantities are constructed, the global stiffness matrix K is assembled (assembling operator  J). The
details of presented FE discretizations of stiffness matrix can be found for example in***>. The homogeneous
fixed boundary conditions are injected into stiffness matrix K on an algebraic level by proper zeroing rows and
columns (see, the manual for Fenics library®*). Once the stiffness matrix is built up, the following generalized
eigenvalue problem (modal analysis) can be formulated:

Kntim = 2imMmUim, i=1,...,n, m=1,...,N 4)

where 2; , and vector u; ,, are i’th eigenvalue and eigenvector associated with of sample m, respectively. In order
to compute those eigenpairs, LOBPCG solver from SLEPc library was used to find 10 smallest real eigenpairs®.
The overall computational framework is written within problem solving environment library Fenics 2018.1%%.

Eigenmetrics definition. The norm of the eigenvector ||u;|| of a m’th sample is defined as a pointwise
norm:

l[uiml| = 4/ diag(uf}, (ufs,) ) (5)
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Operator I: Operator II:

Pearson’s.coef Operator I: CI (95%) Pearson’s.coef Operator II: CI (95%)
Distance, M | Rep. #1 | Rep. #2 | Rep. #1 Rep. #2 Rep. #1 | Rep. #2 | Rep. #1 Rep. #2
1 0.94 0.94 [0.91,0.97] | [0.90,0.97] |0.92 0.98 [0.91,0.95] |[0.94,0.99]
2 0.94 0.94 [0.91,0.97] |[0.90,0.97] |0.90 0.95 [0.88,0.93] | [0.97,0.99]
3 0.98 0.98 [0.97,0.99] |[0.97,0.99] |0.95 0.93 [0.93,0.99] | [0.91,0.98]
4 0.77 0.80 [0.63,0.87] |[0.67,0.88] | 0.81 0.81 [0.79,0.84] | [0.80, 0.85]
5 0.84 0.99 [0.75,0.91] |[0.99,1.00] |0.83 0.91 [0.74,0.91] | [0.85,0.96]
6 0.95 0.93 [0.92,0.97] |[0.89,0.96] |0.95 0.93 [0.92,0.97] |[0.89,0.96]
7 0.96 0.97 [0.94,0.98] |[0.96,0.99] |0.91 0.95 [0.89,0.94] | [0.93,0.98]
8 0.84 0.77 [0.73,0.91] | [0.64,0.87] |0.87 0.82 [0.79,0.92] | [0.75,0.89]
9 0.97 0.97 [0.96,0.99] |[0.96,0.99] |0.95 0.96 [0.92,0.99] | [0.92,0.99]
10 0.96 0.97 [0.94,0.98] |[0.95,0.98] |0.93 0.95 [0.92,0.98] |[0.93,0.98]

Table 4. Correlation metrics between automatically and manually computed anthropometric distances.

where eigenvector uj’, is reshaped to have a new dimension, which contains pointwise three components x, y, z
of a vector in 3D. To localize the point where the stiffness of structure is potentially lowest one, it is possible to
find a maximum of above norm of eigenvector and corresponding index k(degrees of freedom in FE model) of
point. This corresponds with looking for maximum of compliance:

k = arg max(||uim||) (6)
Once we have determined the index k we can compute i’th modal stiffness of m’th sample as
_ /li,m

(Iui.m|1TED)?

The static stiffness at point with index k is computed in virtue of modal superposition described in*! and can
be expressed as:

7

Sim

1 a1l ITKD2
1y Qi) ©

S — Aim
i=1

where 7 is the number of eigenpairs (eigenvalue, eigenvector) included. Static stiffness can also be understood
as the ratio of force and deformation. With ten eigenpairs, approximation error in static stiffness was 4%, which
is acceptable in terms of speed and accuracy of truncated spectral decomposition. The natural undamped fre-
quency is defined as usual:

;vi m
= YL ©)
fim 27
The proposed definitions of modal stiffness s; as well as static stiffness S were based on the theoretical and com-
putational study®..

Anthropometric analysis of pelvis. The shape of the pelvic bones were parametrized by a series of land-
marks called By, By, . . ., Big and associated distances My, My, . . ., Mg, see author’s previous study’!. These land-
marks and distances have been adopted from DSP2 tool (Diagnose Sexuelle Probabiliste®”). DSP2 is capable of
sexing the bone specimens by computing the probability of being male or female using the combination of sex
sensitive variables. Chosen landmarks and distances do not only describe the shape of bone, additionally they
provide a set of sex-specific information. Pelvic morphology is complex, sexually dimorphic, and hence is con-
sidered as a good bone model for analysis of eigenmetric proposed in this study. Additionaly, the information
about the side (left/right pelvis bone) was included in the study.

Automatized construction of boundary conditions and anthropometric landmarks. To
decrease the operator error in construction of large number of FE models, the automatized generation of land-
marks and boundary conditions was employed with the help of deformable registration algorithm®!, see Fig. 6.
The template bone shape was estimated based on® and consequently between the template bone and all bones
in datasets the symmetric, diffeomorphism map was computed by Symmetric registration method (SyN) with
demon metric (ANTs library*). The correlation between automatically and manually computed anthropometric
distances is shown in Table 4. The highest correlation was achieved for the first operator and the distance M3,
while the lowest correlation was achieved for the distance My measured by first operator. Moreover, the sex clas-
sification trained by automatically computed anthropometric distances performs slightly better in comparing to
manually computed distances (ACU/AUC 0.87 + 0.1/0.96 + 0.1 with all distances included at once versus ACU/
AUC 0.85 + 0.1/0.93 + 0.1 with all distances included). The smallest correlation was obtained for fifth modal
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Operator Operator

I: Pearson’s 1I: Pearson’s

coefficient Operator I: CI (95%) coefficient Operator II: CI (95%)
Modal stiffness,s | Rep. #1 | Rep. #2 | Rep. #1 Rep. #2 Rep. #1 | Rep.#2 | Rep. #1 Rep. #2
1 0.91 0.93 [0.82,0.96] | [0.89,0.98] | 0.90 0.91 [0.82,0.94] | [0.87,0.98]
2 0.90 0.93 [0.85,0.93] | [0.90,0.97] |0.87 0.90 [0.81,0.91] | [0.85,0.94]
3 0.96 0.99 [0.90,0.99] | [0.93,0.99] |0.95 0.91 [0.90,0.99] | [0.87,0.97]
4 0.91 0.94 [0.84,0.96] | [0.90,0.98] | 0.88 0.89 [0.81,0.92] |[0.84,0.93]
5 0.73 0.81 [0.66,0.84] | [0.75,0.89] | 0.83 0.79 [0.76,0.83] | [0.72,0.84]
6 0.84 0.95 [0.80,0.91] |[0.91,0.98] |0.90 0.91 [0.85,0.94] |[0.87,0.95]
7 0.91 0.94 [0.85,0.96] |[0.90,0.98] |0.89 0.91 [0.84,0.94] | [0.86,0.96]
8 0.87 0.93 [0.79,0.91] | [0.88,0.87] |0.83 0.87 [0.77,0.89] |[0.79,0.92]
9 0.92 0.97 [0.89,0.96] | [0.89,0.99] |0.85 091 [0.80,0.89] |[0.83,0.98]
10 0.91 0.94 [0.86,0.98] |[0.87,0.98] |0.88 0.93 [0.81,0.91] |[0.89,0.98]

Table 5. Correlation metrics between modal stiffness computed on model FEMP-II with automatically and
manually marked boundary conditions.

stiffness s5 in case of first operator, see Table 5. The sex prediction performance was achieved a similar for both
manual and automatic approaches with all modal stiffnesses included at once (ACU/AUC 0.91 + 0.2/0.94 +
0.2). To determine the accuracy of the automatic boundary marking , in the Table 5 the correlation metrics are
computed.

Statistical evaluation. Ensemble random forest method was used to binary classify sex and side. The rela-
tion between anthropometric variables and eigenmetrics was analyzed with Spearman’s correlation on a sig-
nificance level 95%. The classification is evaluated with sensitivity/specificity/area under curve (AUC) metrics
summarized in receiver operation characteristic (ROC) based on threefold cross-validation procedure®. The
Pearson’s correlation was used to measure the degree of correspondence of automatized and manually measured
anthropometric distances M. To achieve a reliability of manual measuring of distances, two operators with two
repetitions computed the anthropometric distances of 50 samples, hence four correlation values are reported.
The same reliability test was used to analyze manual and automatic computing of boundary conditions markers.
If possible, the 95% confidence interval (CI) is computed.

Received: 22 February 2021; Accepted: 19 July 2021
Published online: 03 August 2021

References
1. Schlecht, S. H., Bigelow, E. M. & Jepsen, K. J. Mapping the natural variation in whole bone stiffness and strength across skeletal
sites. Bone 67, 15-22 (2014).
2. Voide, R., van Lenthe, G. H. & Miiller, R. Bone morphometry strongly predicts cortical bone stiffness and strength, but not tough-
ness, in inbred mouse models of high and low bone mass. J. Bone Miner. Res. 23, 1194-1203 (2008).
3. Bowman, L., Ellerbrock, E. R., Hausfeld, G. C., Neumeyer, J. M. & Loucks, A. B. A new noninvasive mechanical bending test
accurately predicts ulna bending strength in cadaveric human arms. Bone 120, 336-346 (2019).
4. Fyhrie, D. P. & Vashishth, D. Bone stiffness predicts strength similarly for human vertebral cancellous bone in compression and
for cortical bone in tension. Bone 26, 169-173 (2000).
5. Zhu, T. Y. et al. Value of measuring bone microarchitecture in fracture discrimination in older women with recent hip fracture: A
case-control study with HR-pQCT. Sci. Rep. 6, 34185 (2016).
6. Mattei, L., Longo, A., Di Puccio, E, Ciulli, E. & Marchetti, S. Vibration testing procedures for bone stiffness assessment in fractures
treated with external fixation. Ann. Biomed. Eng. 45, 1111-1121 (2017).
7. Kumasaka, S. et al. Relationship between bone mineral density and bone stiffness in bone fracture. Oral Radiol. 21, 38-40 (2005).
8. Luo, Y. & Yang, H. Comparison of femur stiffness measured from DXA and QCT for assessment of hip fracture risk. J. Bone Miner.
Metab. 37, 342-350 (2019).
9. Heyer, F. et al. Long-term functional outcome of distal radius fractures is associated with early post-fracture bone stiffness of the
fracture region: An HR-pQCT exploratory study. Bone 127, 510-516 (2019).
10. Schlecht, S. H. & Jepsen, K. J. Functional integration of skeletal traits: An intraskeletal assessment of bone size, mineralization,
and volume covariance. Bone 56, 127-138 (2013).
11. Laing, A. C. & Robinovitch, S. N. Characterizing the effective stiffness of the pelvis during sideways falls on the hip. J. Biomech.
43, 1898-1904 (2010).
12. Rezaei, A. et al. Are DXA/aBMD and QCT/FEA stiffness and strength estimates sensitive to sex and age?. Ann. Biomed. Eng. 45,
2847-2856 (2017).
13. Patton, D. M. et al. The relationship between whole bone stiffness and strength is age and sex dependent. . Biomech. 83, 125-133
(2019).
14. Levine, I. C., Bhan, S. & Laing, A. C. The effects of body mass index and sex on impact force and effective pelvic stiffness during
simulated lateral falls. Clin. Biomech. 28, 1026-1033 (2013).
15. Ward, J., Wood, C., Rouch, K., Pienkowski, D. & Malluche, H. Stiffness and strength of bone in osteoporotic patients treated with
varying durations of oral bisphosphonates. Osteoporos. Int. 27, 2681-2688 (2016).
16. Barak, M. M. & Black, M. A. A novel use of 3D printing model demonstrates the effects of deteriorated trabecular bone structure
on bone stiffness and strength. J. Mech. Behav. Biomed. Mater. 78, 455-464 (2018).

Scientific Reports |

(2021) 11:15690 | https://doi.org/10.1038/s41598-021-94998-5 nature portfolio



www.nature.com/scientificreports/

17. Collins, C. J., Boyer, M., Crenshaw, T. D. & Ploeg, H.-L. Design of a surrogate for evaluation of methods to predict bone bending
stiffness. J. Mech. Behav. Biomed. Mater. 88, 346-351 (2018).

18. Arjmand, H. et al. Mechanical metrics of the proximal tibia are precise and differentiate osteoarthritic and normal knees: A finite
element study. Sci. Rep. 8, 11478 (2018).

19. Liu, X. S. et al. Bone density, geometry, microstructure, and stiffness: Relationships between peripheral and central skeletal sites
assessed by DXA, HR-pQCT, and cQCT in premenopausal women. J. Bone Miner. Res. 25, 2229-2238 (2010).

20. Knowles, N. K., Kusins, J., Columbus, M. P., Athwal, G. S. & Ferreira, L. M. Morphological and apparent-level stiffness variations
between normal and osteoarthritic bone in the humeral head. J. Orthopaed. Res. 38, 503-509 (2019).

21. Henys, P, Sutula, D., Kopal, ., Kuchat, M. & Capek, L. Localising the smallest stiffness and its direction of a homogeneous structure
by spectral and optimisation approaches. Eng. Struct. 232, 111842 (2021).

22. Reuter, M., Wolter, E-E., Shenton, M. & Niethammer, M. Laplace-Beltrami eigenvalues and topological features of eigenfunctions
for statistical shape analysis. Comput. Aided Des. 41, 739-755 (2009).

23. Chaudhari, A.J. et al. Global point signature for shape analysis of carpal bones. Phys. Med. Biol. 59, 961 (2014).

24. Venkadesan, M. et al. Stiffness of the human foot and evolution of the transverse arch. Nature 579, 97-100 (2020).

25. Hong, A. L. et al. MRI-derived bone porosity index correlates to bone composition and mechanical stiffness. Bone Rep. 11, 100213
(2019).

26. Cosman, M. N, Britz, H. M. & Rolian, C. Selection for longer limbs in mice increases bone stiffness and brittleness, but does not
alter bending strength. J. Exp. Biol. 222, jeb203125 (2019).

27. Barry, J.J., Sing, D. C., Vail, T. P. & Hansen, E. N. Early outcomes of primary total hip arthroplasty after prior lumbar spinal fusion.
J. Arthroplasty 32, 470-474 (2017).

28. Staibano, P, Winemaker, M., Petruccelli, D. & de Beer, J. Total joint arthroplasty and preoperative low back pain. J. Arthroplasty
29, 867-871 (2014).

29. Weinberg, D., Gebhart, J. & Liu, R. Hip-spine syndrome: A cadaveric analysis between osteoarthritis of the lumbar spine and hip
joints. Orthopaed. Traumatol. Surg. Res. 103, 651-656 (2017).

30. Devin, C. J., McCullough, K. A., Morris, B. ]., Yates, A. J. & Kang, J. D. Hip-spine syndrome. JAAOS J. Am. Acad. Orthopaed. Surg.
20, 434-442 (2012).

31. Kuchaf, M., Henys, P., Rejtar, P. & Héjek, P. Shape morphing technique can accurately predict pelvic bone landmarks. Int. J. Legal
Med. 135, 1-10 (2021).

32. Wahyuni, E. & Ji, T. J. T. Relationship between static stiffness and modal stiffness of structures. IPTEK J. Technol. Sci. 21, 1-5 (2010).

33. Henys, P. & Capek, L. Material model of pelvic bone based on modal analysis: A study on the composite bone. Biomech. Model.
Mechanobiol. 16, 363-373 (2017).

34. Neugebauer, R. et al. Experimental modal analysis on fresh-frozen human hemipelvic bones employing a 3D laser vibrometer for
the purpose of modal parameter identification. J. Biomech. 44, 1610-1613 (2011).

35. Conza, N., Rixen, D. & Plomp, S. Vibration testing of a fresh-frozen human pelvis: The role of the pelvic ligaments. J. Biomech. 40,
1599-1605 (2007).

36. Scholz, R. et al. Validation of density—elasticity relationships for finite element modeling of human pelvic bone by modal analysis.
J. Biomech. 46, 2667-2673 (2013).

37. Allemang, R. J. The modal assurance criterion—Twenty years of use and abuse. Sound Vib. 37, 14-23 (2003).

38. Michalski, A. S., Besler, B. A., Michalak, G. J. & Boyd, S. K. CT-based internal density calibration for opportunistic skeletal assess-
ment using abdominal CT scans. Med. Eng. Phys. 78, 55-63 (2020).

39. Blanchard, R., Dejaco, A., Bongaers, E. & Hellmich, C. Intravoxel bone micromechanics for microCT-based finite element simula-
tions. J. Biomech. 46, 2710-2721 (2013).

40. Hellmich, C., Kober, C. & Erdmann, B. Micromechanics-based conversion of CT data into anisotropic elasticity tensors, applied
to FE simulations of a mandible. Ann. Biomed. Eng. 36, 108 (2008).

41. Blanchard, R. et al. Patient-specific fracture risk assessment of vertebrae: A multiscale approach coupling X-ray physics and con-
tinuum micromechanics. Int. J. Numer. Methods Biomed. Eng. 32, €02760 (2016).

42. Schneider, R,, Faust, G., Hindenlang, U. & Helwig, P. Inhomogeneous, orthotropic material model for the cortical structure of long
bones modelled on the basis of clinical CT or density data. Comput. Methods Appl. Mech. Eng. 198, 2167-2174 (2009).

43. Vukicevic, A. M. et al. Openmandible: An open-source framework for highly realistic numerical modelling of lower mandible
physiology. Dental Mater. 37, 612-624 (2021).

44. Kober, C., Erdmann, B., Hellmich, C., Sader, R. & Zeilhofer, H.-E Consideration of anisotropic elasticity minimizes volumetric
rather than shear deformation in human mandible. Comput. Methods Biomech. Biomed. Eng. 9, 91-101 (2006).

45. Pauchard, Y. et al. Interactive graph-cut segmentation for fast creation of finite element models from clinical CT data for hip
fracture prediction. Comput. Methods Biomech. Biomed. Eng. 19, 1693-1703 (2016).

46. Helgason, B. et al. The influence of the modulus—density relationship and the material mapping method on the simulated mechani-
cal response of the proximal femur in side-ways fall loading configuration. Med. Eng. Phys. 38, 679-689 (2016).

47. Schroeder, W. ]., Lorensen, B. & Martin, K. The Visualization Toolkit: An Object-Oriented Approach to 3D Graphics (Kitware, 2004).

48. Hu, Y. et al. Tetrahedral meshing in the wild. ACM Trans. Graph. 37, 60-1 (2018).

49. Taylor, W. et al. Determination of orthotropic bone elastic constants using FEA and modal analysis. J. Biomech. 35,767-773 (2002).

50. Keller, T. S. Predicting the compressive mechanical behavior of bone. J. Biomech. 27, 1159-1168 (1994).

51. Keyak, ], Lee, I. & Skinner, H. Correlations between orthogonal mechanical properties and density of trabecular bone: Use of
different densitometric measures. J. Biomed. Mater. Res. 28, 1329-1336 (1994).

52. Dahan, G., Trabelsi, N., Safran, O. & Yosibash, Z. Finite element analyses for predicting anatomical neck fractures in the proximal
humerus. Clin. Biomech. 68, 114-121 (2019).

53. Watson, P. ], Dostanpor, A., Fagan, M. J. & Dobson, C. A. The effect of boundary constraints on finite element modelling of the
human pelvis. Med. Eng. Phys. 43, 48-57 (2017).

54. Logg, A., Mardal, K.-A. & Wells, G. Automated Solution of Differential Equations by the Finite Element Method: The FEniCS Book
Vol. 84 (Springer, 2012).

55. Zienkiewicz, O. C., Taylor, R. L. & Zhu, J. Z. The Finite Element Method: Its Basis and Fundamentals (Elsevier, 2005).

56. Hernandez, V., Roman, J. E. & Vidal, V. Slepc: A scalable and flexible toolkit for the solution of eigenvalue problems. ACM Trans.
Math. Softw. (TOMS) 31, 351-362 (2005).

57. Brazek, J., Santos, E, Dutailly, B., Murail, P. & Cunha, E. Validation and reliability of the sex estimation of the human os coxae
using freely available DSP2 software for bioarchaeology and forensic anthropology. Am. J. Phys. Anthropol. 164, 440-449 (2017).

58. Chandran, V, Reyes, M. & Zysset, P. A novel registration-based methodology for prediction of trabecular bone fabric from clinical
QCT: A comprehensive analysis. PLoS ONE 12, e0187874 (2017).

59. Avants, B. B. et al. A reproducible evaluation of ants similarity metric performance in brain image registration. Neuroimage 54,
2033-2044 (2011).

60. Pedregosa, F. et al. Scikit-learn: Machine learning in Python. J. Mach. Learn. Res. 12, 2825-2830 (2011).

Scientific Reports|  (2021) 11:15690 | https://doi.org/10.1038/s41598-021-94998-5 nature portfolio



www.nature.com/scientificreports/

Acknowledgements
The authors acknowledge support from the German Research Foundation (DFG) and the University of Leipzig
within the program of Open Access Publishing.

Author contributions
Conception: P.He., PHa. Conducted the experiments: PH., M.K., PH. Critical interpretation of the data: all
authors. Manuscript drafting, critical revision prior to the submission: all authors.

Funding
Open Access funding enabled and organized by Projekt DEAL.

Competing interests
The authors declare no competing interests.

Additional information
Correspondence and requests for materials should be addressed to M.K. or N.H.

Reprints and permissions information is available at www.nature.com/reprints.

Publisher’s note Springer Nature remains neutral with regard to jurisdictional claims in published maps and
institutional affiliations.

Open Access This article is licensed under a Creative Commons Attribution 4.0 International

License, which permits use, sharing, adaptation, distribution and reproduction in any medium or
format, as long as you give appropriate credit to the original author(s) and the source, provide a link to the
Creative Commons licence, and indicate if changes were made. The images or other third party material in this
article are included in the article’s Creative Commons licence, unless indicated otherwise in a credit line to the
material. If material is not included in the article’s Creative Commons licence and your intended use is not
permitted by statutory regulation or exceeds the permitted use, you will need to obtain permission directly from
the copyright holder. To view a copy of this licence, visit http://creativecommons.org/licenses/by/4.0/.

© The Author(s) 2021

Scientific Reports|  (2021) 11:15690 | https://doi.org/10.1038/s41598-021-94998-5 nature portfolio


www.nature.com/reprints
http://creativecommons.org/licenses/by/4.0/

	Mechanical metric for skeletal biomechanics derived from spectral analysis of stiffness matrix
	On the potential usage of eigenmetric. 
	Results
	Modal stiffnesses and eigenvectors description. 
	Comparison of stiffness metrics with anthropometric measures. 
	Fixed boundary conditions model FEMP-I. 
	Free boundary conditions configuration FEMP-II. 
	Classification accuracy of antropometric distances. 


	Discussion
	Interpretation of eigenvectors with respect to static stiffness. 
	Eigenmetrics predict sex, although are only moderately correlated with anthropometric measures. 
	Boundary conditions affect metrics sensitivity. 
	Relation of eigenmetrics and modal analysis. 
	Clinical relevance to hip-spine syndrome. 
	Study limitations. 

	Methods
	Finite element model pipeline. 
	Eigenmetrics definition. 
	Anthropometric analysis of pelvis. 
	Automatized construction of boundary conditions and anthropometric landmarks. 
	Statistical evaluation. 

	References
	Acknowledgements


