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Response to the Commentary on Mechanical properties of cortical bone and
their relationships with age, gender, composition and microindentation

properties in the elderly

J. Jakob Schwiedrzikb,∗, Mohammad J. Mirzaalia, Suwanwadee Thaiwichaia, James P. Bestb,
Johann Michlerb, Philippe K. Zysseta,∗, Uwe Wolframc,∗∗

aInstitute for Surgical Technology and Biomechanics, University of Bern, Switzerland
bEmpa, Swiss Federal Laboratories for Materials Science and Technology, Laboratory of Mechanics of Materials and

Nanostructures, Thun, Switzerland
cSchool of Engineering and Physical Science, Institute for Mechanical, Process and Energy Engineering,

Heriot-Watt University, Edinburgh, United Kingdom

In a recent commentary to our manuscript “Mechanical properties of cortical bone and their

relationships with age, gender, composition and microindentation properties in the elderly”Thurner

(2016) discusses several points that should be regarded in investigations of extra-cellular matrix

properties with respect to age and gender. Thurner specifically mentions three points, two of which

are of a very general nature and one which is specific to our study. These will be answered in the

following sections.

1. Fracture location

The argument that testing should be conducted at the most important fracture location, i.e.

the femoral neck, is well taken, but in practice mechanical testing of bone samples especially at

the femoral neck is strongly limited by size for reproducible manufacturing, the low number of

microstructural features contained in samples to make them representative, and artificial boundary

conditions introduced by machining on the specimen surface. Beside the indentation work initiated

in the late 90s (Zysset et al., 1999) only few biomechanical studies were realised on machined

bone samples from the femoral neck, e.g. Malo et al. (2013) using ultrasound. While we agree that

macroscopic mechanical testing of the femoral neck cortex would be most interesting, the variability

of measured properties increases drastically when specimen shape is not reproducible and bone has

been shown to exhibit a size effect. Therefore, the current gold standard at this length scale is

to test specimens from locations with thicker cortex (Reilly and Burstein, 1975; McCalden et al.,

1993).
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∗∗Corresponding Author: u.wolfram@hw.ac.uk, Heriot-Watt University, School of Engineering and Physical Sci-
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2. Raman

With regard to the Raman evaluation, we followed e.g. Morris and Mandair (2011) and the

references therein and used the ratio of the integrated areas of the v1PO4 (900-1000 cm-1) to the

amide I (1620-1720 cm-1) band to evaluate the mineral/matrix ratio (Figure 1). In the original

Figure 1: Top left, Raman bands used in the study to evaluate matrix mineralisation with v1PO4/amide I
being the directional dependent measure and v2PO4/amide III the directional independent measure. Top
right, matrix mineralisation as measured by v2PO4/amide III is independent of donor age. Bottom, plain
strain modulus E∗ and indentation hardness HIT do not correlate with matrix mineralisation as measured
by v2PO4/amide III. Solid circles represent male, hollow circles female donors.

manuscript, we discuss that this ratio is orientation dependent. Gamsjaeger et al. (2011) proposed

to use the integrated areas of v2PO4/amide III instead since this ratio seems not to be directional

dependent (Kazanci et al., 2006, 2007). However, we still chose v1PO4/amide I since the signal

to noise ratio was higher and the directionality effects should have been averaged out since we

compared mean data from Raman spectra of 10 different locations measured in axial direction. For

the sake of clarity, we reanalysed our dataset with respect to the alternative mineralization measure
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and found the same results as in the original study. It is clear from the original data as well as

the re-evaluation that no donor age dependence of the mineralisation and crystallinity measured

by Raman spectroscopy was detected. Mineralisation has been shown to be a major determinant

for bone stiffness, strength and fracture risk in the past (Currey, 2004; Raum et al., 2006; Boivin

et al., 2008; Fritsch and Hellmich, 2007; Reisinger et al., 2010) and therefore this finding is of high

relevance and hardly an over-interpretation.

3. Statistical treatment

A very general methodological point raised by Thurner touches the treatment of statistical

outliers. We used the default method applied by R (R Development Core Team, 2008) when plotting

boxplots. Given a standard normal distribution, the stated span is considerably larger than the 95 %

confidence interval so that we are conservative in our decision to remove an outlier. The advantage

of the used approach is its automatic nature that minimises possible observer bias and allowed us to

efficiently treat the several thousand data points acquired in the study. As a backup, we individually

checked outliers to not loose a valid point. This is a standard operating procedure (Crawley, 2005;

Sachs and Hedderich, 2006) which is designed specifically to avoid removing relevant data. In

the manuscript, we explicitly stated that we excluded 13 samples in the macroscopic tests due to

the outlier criterion. Eight specimens were excluded due to a high porosity of 30-45% which was

significantly larger than in the specimens from the same donor (2 in tension, 2 in compression, 4

in torsion). Those specimens represent a tissue state between cortical and trabecular bone with

a fundamentally different mechanical setup of the tested volume element. Two specimens (in

compression) were excluded due to a stiffness several times larger than the total average and no post-

yield region. In a closed loop experiment, as the one performed in our case, such a behaviour hints

at pre-tension of the specimens which represents an incomparable testing state. Three specimens

were excluded due to extensometer slippage. On the microscale 487 out of 3530 indentations were

excluded due to undefined contact point in the load-displacement data, non-calculable mechanical

properties by, or crashing of the indentation software. Since the indentation software is automatised

and keeps running in such an event, it is necessary to efficiently identify these points.

Correlations are a useful tool and while significant correlations are not necessarily causal rela-

tionships, the increasing porosity of bone tissue with age is a fact (McCalden et al., 1993) and the

weakening mechanisms of pores on various mechanical properties of composite materials are well

established (Benveniste, 1987). In turn, the absence of significant correlations imply the lack of

direct causal relationships for a range of compositional and microstructural variables.

In our opinion, it is important to stick to objective methodologies when dealing with outliers

in order to minimise the risk of observer bias and subjectivity in the data treatment. The fact

that bone is a natural material does not mean that there is no need for objectivity or an increased

need for subjective methods in data analysis. Bone’s natural variability makes the rigorous use of

statistics all the more important for relevant findings to be obtained.
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4. Discussion

We disagree with Thurner’s interpretation that we find moderate to weak age dependencies

in our macroscopic mechanical measurements and link it to an even weaker dependence found for

porosity. In fact, we found no correlation of composition or micromechanical properties with donor

age except for axial hardness of interstitial tissue. Only porosity, cement line density, uniaxial

elastic modulus and compressive yield stress were weakly correlated to donor age. We interpret our

results as a plateau in tissue properties being reached and that porosity is the only relevant factor

of macroscopic properties regardless of donor age tested in this study.

We agree that the quest for the unexplained variation of the macroscopic properties remains

open, especially for fracture toughness. We believe that computational approaches will be critical

to advance this issue beyond a strictly statistical point of view. To fully exploit such approaches a

better understanding of the scale effects in bone tissue is necessary.

Finally, the use of continuum mechanics to describe materials such as bone has a long and

successful history and is a valid approach. We do not claim that bone has constant properties

throughout life, but the properties we measured in this elderly cohort were not strongly influenced

by donor age. Given the large methodological portfolio, the abundant discussion in the manuscript,

and the data presented, we believe that we are not over-interpreting our dataset and that the raised

concerns (Thurner, 2016) are appropriately addressed.
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