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Abstract

Objectives: To investigate activity-induced effects in bone geometrical properties of the proximal

femur in athletic versus non-athletic healthy females by statistically controlling for variation in body

size, lower extremity isometric and dynamic muscle strength, and cross-sectional area of M. gluteus

maximus.

Methods: The material consists of hip and proximal thigh magnetic resonance images of Finnish

female athletes (N=91) engaged in either high-jump, triple-jump, soccer, squash, power-lifting,

endurance running or swimming, and a group of active non-athletic women (N=20). Bone geometric

properties were observed at the cross-sectional levels of lesser trochanter, sub-trochanter, and mid-shaft

femur. Multiple regression analyses using the general linear model were performed for each bone

property per cross-sectional level with body size, muscle size and muscle strength as covariates.

Results: Body size and isometric muscle strength were positively associated with bone properties at all

cross-sectional levels, while muscle size was positively associated with bone properties only at femur

mid-shaft. Triple-jump, soccer and squash resulted in greater values compared to non-athletes in all

studied cross-sectional levels. At femur mid-shaft also high-jump and endurance running resulted in

greater values compared to non-athletes. Swimmers had lower values in most bone properties

compared to non-athletes at sub-trochanter and femur mid-shaft levels.

Conclusions: Activity effects via ground impact loading were associated with greater bone properties

especially at femur mid-shaft, but also at lesser and sub-trochanter levels. Bone geometrical properties

along the femur can be used to assess the mechanical stimuli experienced, where ground impact

loading seems to be more important than muscle loading for osteogenic response.

Keywords: Physical activity, activity reconstruction, gravitational loading, muscle loading
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INTRODUCTION

Bone geometrical properties calculated from bone cross-sections – such as cortical area (CA), bending

and torsional rigidity (J), and ratio of second moment of inertia planes (shape) – are used to reconstruct

physical activity in past populations (Ruff and Hayes, 1983; Stock and Pfeiffer, 2001; Holt, 2003; Weiss,

2003; Rhodes and Knüsel, 2005; Wescott and Cunningham, 2006; Ruff, 2008; Shaw and Stock, 2009).

Variation in geometrical properties of bone are comprised indirectly of activity-induced changes in

muscle size and strength, and directly of loading directions and rates, ground impacts, and intrinsically

weight-bearing loads. In addition, biological factors such as body size/dimension, as well as hormonal

and health factors, contribute to the observed variation. Understanding direct and indirect effects of

activity coupled with the effects other factors have in bone geometrical properties will provide important

insight on which aspects of activity can be reconstructed from the skeleton.

The underlying assumption for activity inferences from bone geometrical properties is that functional

loading affects bone mass maintenance and distribution (Frost, 1987; Lanyon, 1989; Forwood and Burr,

1993; Lanyon, 1996; Martin, 2007). Increased loading can strengthen bones through increasing bone

mass and cross-sectional area (Haapasalo et al., 2000; Kontulainen et al., 2002; Daly et al., 2004), while

loading direction seems to associate more with cortical bone distribution (Niinimäki et al., 2013;

Niinimäki et al., 2017) and bone cross-sectional shape (Ruff et al., 1994; Ruff, 2000a, 2003; Lieberman

et al., 2004; Nikander et al., 2005; Ruff et al., 2006; Nikander et al., 2009; Rantalainen et al., 2010,

Rantalainen et al., 2011; Narra et al., 2013). Mechanically strong and appropriate bone structures are

achieved by exercise-induced skeletal adaptation at the loaded regions (Nikander et al., 2006).

Cross-sectional geometrical properties of bones scale also with body mass (Seeman et al., 1996; Schiessl

et al., 1998 et al., 2000; Schoenau and Frost, 2002; Parfitt, 2004; Petit et al., 2004): bone tissue is

distributed proportionally further from the cross-sectional centroid with increased mass (Brianza et al.,

2007). Weight-bearing can be considered intrinsic loading for the lower limb, as body weight determines

the baseline for all gravitationally-induced mechanical stimuli from ground impacts. Bone cross-

sectional shape and strength adaptations are also influenced by body proportions, especially muscle

moment arms (Ruff et al., 1994; Ruff, 2000a, 2000b, 2003; Weaver, 2003; Davies and Stock, 2014).

Muscle and bone properties maintain a similar relationship during growth (Daly et al., 2004). Although

increase in muscle strength is not always caused by increase in the mass depending on the training scheme
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(Wilmore, 1974; Brown and Wilmore, 1974; Young et al., 1983, 1984, 1985; Hughes et al., 2001;

Kongsgaard et al., 2004), the increase in strength is usually accompanied by the increase in mass (Young

et al., 1983, 1984, 1985; Hughes et al., 2001; Kongsgaard et al., 2004; Kirk et al., 2007). Regarding

activity, loading type can affect muscle mass and strength gain (Brown and Wilmore, 1974; Wilmore,

1974; Young et al., 1983; Chilibeck et al., 1998; Kongsgaard et al., 2004; Buford et al., 2007; Rønnestad

et al., 2007; Van Roie et al., 2013; Niinimäki et al., 2016). Regarding activity reconstructions from bone

geometrical properties, the relationship between muscle size and bone geometry has received some

attention. As bone properties correlate with muscle mass (Shaw, 2010; Slizewski et al., 2013, 2014),

Slizewski et al. (2013, 2014) suggested that CA could be used as a proxy for physical activity

reconstructions. However, the large prediction errors with CA values have raised concern (Shaw, 2010).

Furthermore, the process determining the association of the muscle size with the specific activity is not

straightforward.

There are considerable mechanical stimuli to bone resulting from weight-bearing load, ground impacts

and muscle activity (Kohrt et al., 2009; Niinimäki et al., 2017). High impact sports increase bone mass

as well as muscle mass (Niinimäki et al., 2016; Niinimäki et al., 2017). Results from a recent study by

Niinimäki et al. (2017) indicate that activities involving extreme ground impacts are associated with

greater values in bone geometrical properties of the proximal femoral shaft. Beneficial results in terms

of femoral neck strength were also found from extreme impact loading, and endurance runners,

considered as a repetitive impact loading group in Abe et al. (2016). Loading comprises of magnitude

and rate, where high strain rate is considered more important than strain magnitude (Lanyon & Rubin

1984), as number and frequency of repetitions influence skeletal response (Lanyon, 1987, 1996;

Umemura et al., 2002). Furthermore, strain distribution is important, where unusual loading directions

are more osteogenic (Lanyon, 1987).

While it is appreciated that both gravitational and muscle loading results in bone responses, the debate is

open over which of these loadings provides principally bone’s response to mechanical stimuli due to lack

of empirical studies on causality (Judex and Carlson, 2009; Robling, 2009). Therefore, regarding activity

reconstructions, it is crucial to understand the aspects of activity that contribute to observable changes in

bone geometrical properties.

The aim of this study is to observe the direct and indirect activity-induced variation in bone geometrical

properties while statistically controlling for variation in body size and dimensions. Our sample consists
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of modern elite female athletes and non-athletic active females coupled with information on lower

extremity muscle strength, M. gluteus maximus muscle size, and body size to examine how these

considerations vary with biomechanically relevant morphological features of bone. Our material permits

a targeted study on the proximal femur in its functional environment. This allows understanding on which

aspects of activity can feasibly be reconstructed from the human skeleton. We utilize bone cross-sectional

properties at lesser trochanter, sub-trochanter and femoral mid-shaft levels from magnetic resonance

imaging (MRI) of the hip and proximal thigh.

MATERIALS AND METHODS

Material

The present study material comprised MR images (1.5T Avanto Syngo MR B15, Siemens, Erlangen,

Germany) of previous hip (slice thickness 1.0mm, pixel size 0.9 * 0.9mm; Nikander et al., 2009) and

thigh (slice thickness 3.0mm, pixel size 0.81 * 0.84mm; Sikiö et al., 2013) scans of 91 female athletes

and 20 non-athletes. The athletes were recruited through their respective associations and clubs. The

athletes’ sports specific training history is described in Table 1. The age-matched controls were students

recruited from local medical and nursing schools. The non-athlete females did not practice any sport at a

competitive level and were involved in recreational physical activity two to three times a week (Table

1). The study protocol was approved by the Ethics Committee of Pirkanmaa Hospital District, and each

participant gave written informed consent prior to the measurements.

Several sports representing different loading regimens were represented: 10 high-jumpers, 9 triple-

jumpers, 9 soccer players, 10 squash players, 17 power-lifters, 18 endurance runners, and 18 swimmers.

Loading history was established by considering both typical sport performance and typical training.

High-jump includes high ground impacts during typical sport performance and training (Nikander et al.,

2009), where estimated vertical ground reaction force is 4 to 10 times BW (Martins et al., 2010). Triple-

jump involves extreme axial impacts to the ground (Nikander et al., 2009),  and the peak vertical ground

reaction force and its estimated loading rate involved in triple-jump is 12–20 times BW and 400–480

BW s−1 (Heinonen et al., 2001; Ramey and Williams, 1985). Playing soccer and squash involves rapidly

accelerating/decelerating movements and quick turns of the body that translate into more variable loading

of the hip region, coupled with impacts with the ground (Nikander et al. 2005; Nikander et al., 2009).
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Their peak vertical ground reaction forces and its estimated loading rates are 2.5–3.5 times BW and 20–

180 BW s−1 (Ball, 2013; Dayakidis and Boudolos, 2006; Smith et al., 2004). Long-distance running is an

endurance sport that includes a great number of repetitive weight-bearing impacts to the ground with its

peak ground reaction force 2–2.5 times BW and 60–150 BW s−1 estimated loading rate (Kluitenberg et

al., 2012; Logan et al., 2010; Munro et al., 1987), resulting in directionally consistent loading (Nikander

et al., 2009). Power-lifting involves precisely coordinated movements coupled with maximal muscle

force production (Nikander et al., 2009). In contrast with aforementioned exercise types, while power-

lifting includes similar peak vertical ground reaction forces at 2–3 times BW, the estimated loading rate

at 5–6 BW s−1 in power-lifting are considerably lower (Swinton et al., 2012). In addition to the high static

and transient low-rate loading of the bones, intense muscle forces also act to affect the loading within the

proximal femur. Muscle activity during power-lifting likely also results in high compressive forces along

the bone. Swimming is a non-impact sport, where the main loading arises from muscle contractions only,

rather than the combined effects of muscle contraction and ground reaction forces (Nikander et al., 2009).

Its peak reaction force and estimated loading rate at push-off phase of turning are estimated to be 1.5

times BW and < 10 BW s−1 (Blanksby et al., 1996; Lyttle et al., 1999). Competition and training in

swimming consists of repetitive loading coming from muscle contraction only, i.e. without ground

impacts.

Bone geometrical properties

The dominant take-off limb or the kicking limb of each participant was scanned. The cross-sectional

contours of the cortical bone at these sites were extracted from the MR image data. Detailed information

regarding the image data, image processing and feature extraction procedures are presented in Niinimäki

et al. (2017).

Cortical area (CA, in mm2) associates to tensile and compressive loads. Second moment of area (I, in

mm4), also called moment of inertia, represents bending rigidity at a given plane. Total area (TA, in mm2)

was included to observe the potential of this measure for activity reconstructions, and to observe cortical

versus total area differences. For this study, two moments of inertia planes were determined: Imax in the

(approximate) direction of maximum shaft diameter and Imin in the (approximate) direction of minimum
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shaft diameter for lesser trochanter, sub-trochanter and femur mid-shaft. Torsional rigidity (J, in mm4) is

derived from summing two perpendicular I’s: i.e., J = Imax + Imin (Ruff, 2003; O’Neill and Ruff, 2004).

The described bone properties were calculated for three cross-sections of the femur: lesser trochanter,

sub-trochanter and femur mid-shaft (Fig. 1). Femur mid-shaft has been commonly used in evaluation of

bone strength (e.g., Ruff et al., 1994; Ruff, 2000a, 2003). Femur mid-shaft was defined by predicting

femoral length from its regression on stature (Niinimäki et al., 2017). Lesser trochanter and sub-

trochanter cross-sections were included as they serve as the attachments of several muscles resulting in

movement of the femur in the hip joint, and thus, could be affected by muscle activity. Sub-trochanter

cross-section is also likely influenced by body shape (Ruff, 2000b; Davies and Stock, 2014).

Muscle properties

MR images permit reliable observation of muscle area (Paalanne et al., 2011). The cranial portion of the

M. gluteus maximus in the transverse plane was measured to represent its cross-sectional area at the level

of the hip joint. This plane was chosen as it could be determined with reasonable accuracy with the help

of anatomic landmarks (detailed description with accompanying illustration in Niinimäki et al., 2016).

Furthermore, enlargement of the cranial portion of the M. gluteus maximus is specific to humans (Stern,

1972), and thus would provide a measurement with evolutionary meaning (Bramble and Lieberman,

2004). M. gluteus maximus is muscle that originates from the iliac crest and sacrum and inserts on the

postero-lateral femoral shaft below the greater trochanter. It acts to extend the hip-joint (Gosling et al.,

2002).

Muscle strength can be described both in terms of dynamic and isometric strength (Duchateau and

Hainaut, 1984), and both strengths were evaluated as performance of lower extremity muscle strength in

this study. Dynamic maximum take-off force was measured with a counter movement jump test on a

force-plate (Kistler Ergojump 1.04, Kistler Instrumente AG, Winterthur, Switzerland). Isometric

maximal lower limb extension force was measured with a leg press dynamometer and the knees initially

flexed at a 90° angle (Tamtron, Tampere, Finland; Nikander et al., 2009). These tests evaluate the

performance of the lower extremities (Nagano et al., 2005; Reiman et al., 2012; Martelli et al., 2015).
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Body dimensions

Geometrical bone properties scale to body size, and thus are often adjusted (linearly) against weight (Ruff

et al., 1994; Seeman et al., 1996; Schiessl et al., 1998; Schoenau et al., 2000; Shoenau and Frost, 2002;

Parfitt, 2004; Petit et al., 2004), sometimes height (Feik et al., 1996), or a product of (reconstructed) body

weight and muscle moment arm length (Ruff, 2000a, 2003). However, using only one body size variable

provides a one-dimensional approach to scaling for body size, and the effects of other size components

may remain biasing the variation remaining in bone geometrical properties (see Niinimäki et al. 2017).

Thus, in this study, several measurements describing human body size were taken, and their variation

was statistically combined using principal component analysis (PCA). Body height was measured against

the wall with a tape measure and body mass (as weight) with scales at the same time as MR imaging was

done (Nikander, 2006; Nikander et al., 2009). Skeletal measurements were obtained using the Osirix 32-

bit program (http://www.osirix-viewer.com/Downloads.html). Axial, coronal and transverse planes

could be re-oriented using the program to obtain bone measurements comparable to those taken from

skeletal specimens. Bi-iliac breadth was measured as hemi breadth from the outer edge of the iliac blade

to a line drawn at the middle of the sacrum (Niinimäki et al., 2017). This measurement multiplied by two

yields a bi-iliac breadth (BIB) taken digitally (Martin and Saller 1957), and which is commonly used in

body weight reconstructions (Ruff, 2000b; Ruff et al., 2005). Furthermore, BIB is known to affect

proximal femur shaft shape (Weaver, 2003; Ruff, 200b; Shaw and Stock, 2011; Davies and Stock, 2014).

Femoral head supero-inferior height (FHSI) was measured at the middle of the femoral caput for

maximum diameter parallel to the angulation of the head (Martin and Saller, 1957). This measurement

is considered to represent body weight and indicates skeletal robustness at the end of the longitudinal

growth period (Ruff, 2003). Femoral head-neck length (FHNL) was measured from the most lateral point

of the greater trochanter to the superior surface of the femoral caput (Martin and Saller, 1957; Lovejoy,

1975). This measurement contributes to body breadth and thus influences the moment arms of the

muscles crossing the hip-joint (Ruff, 2005).

Statistical analysis

Prior to activity-induced analyses, we created a size variable that would capture the multidimensional

nature of human body size (according to Niinimäki et al. 2017). Shortly, we performed PCA for the

following measurements: body height, body weight, bi-iliac breadth (BIB), femoral head height (FHSI)

and femoral head-neck length (FHNL). The only principal component (PC1) given by the procedure
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explained relatively well (58.8%) the total variation in the body size. The obtained PC scores (i.e.

extracted regression values) describe the correlational relationship between the included variables (Liu

et al., 2003). Here, all size variables – body height in particular – loaded highly on the only principal

component given by the procedure, thus providing a comprehensive summary of dimensional body size

variation among the study subjects (Niinimäki et al., 2017).

To analyze activity-induced variation in the bone geometrical properties, we performed multiple

regression analyses using the general linear model (GLM) procedure. The GLM fitted to the data for

each bone property included lower extremity muscle strength (dynamic and isometric), body size (as

PC1), and the gluteus area (cross-section of cranial portion of M. gluteus maximus) as covariates. Prior

to analyses, all covariates were standardized to allow meaningful interpretation of models including

multiple linear effects. Activity was used as a fixed factor, and the non-athletes were used as the reference

category to estimate the activity-induced effects on the bone properties. The full models included all

covariates, but all non-significant covariates were removed from the model according to the principle of

parsimony (by always removing the least non-significant term from the model; p < 0.05). The fit of the

final models to the data was confirmed by inspecting the normality of model residuals. Log-

transformation was required to obtain normality of residuals for Imax at lesser trochanter; J, TA, Imin, and

Imax at sub-trochanter; and Imin, and Imax at femur mid-shaft. For between-group comparisons, estimated

marginal means for each activity group, i.e. the remaining variation explained by between-group

differences after variation due to all significant covariates is removed, were obtained from the final

models. All the statistical analyses were performed in SPSS 25.0 for Windows (IBM SPSS Statistics for

Windows, Version 25.0. Armonk, NY: IBM Corp. released 2017).

RESULTS

Descriptive data for each activity category is presented in Table 1. The strength and direction of each

linear effect on each bone property are given in terms of regression coefficients in Table 2. Larger body

size (PC1) contributed to greater values in bone geometrical properties in all studied cross-sectional

levels. While greater isometric strength had a significant positive effect on the observed bone properties,

dynamic strength did not. Finally, larger muscle size predicted higher values in bone geometrical
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properties at the mid-shaft femur, except Imax where muscle size did not affect observed variation (Table

2). All significant covariates had positive effects on the response variables (Table 2).

The effect of activity type (in comparison to non-athletes) on bone properties are presented in Figures

2a-2b. Differences were not observed in TA or Imin at lesser trochanter between athlete groups compared

to non-athlete women (Figs. 2a-2b). All other bone geometrical properties in all other cross-sectional

locations differed significantly according to activity (Table 2), when contrasted to non-athletes (Table 2,

Figs. 2a-2b). To be more specific, the triple-jumpers had significantly greater values compared to the

non-athletes in all bone properties and at cross-sectional levels, except TA at lesser trochanter and sub-

trochanter, and Imin at lesser trochanter (Figs. 2a-2b). The high-jumpers had greater values compared to

the non-athletes in bone all properties but only at femur mid-shaft (Figs. 2a-2b). The soccer players had

significantly greater values compared to the non-athletes in most bone properties at most cross-sectional

levels, except in TA and Imin at lesser trochanter (Figs. 2a-2b). The squash players had significantly

greater values compared to the non-athletes in most bone properties at most cross-sectional levels, except

in TA, Imin and Imax at lesser trochanter (Figs. 2a-2b). The power-lifters did not differ significantly from

the non-athletes (Figs. 2a-2b). The endurance runners had significantly greater bone properties at femur

mid-shaft compared to the non-athletes (Figs. 2a-2b). Finally, the swimmers had significantly smaller

values in CA and J at sub-trochanter and mid-shaft femur compared to the non-athletes, and significantly

smaller Imin and Imax values at sub-trochanter cross-section (Figs. 2a-2b). When statistically significant

difference between activity group and non-athletes were found, the athletes had greater values compared

to non-athletes, except swimmers, which had smaller values compared to non-athletes, when significant

(Figs. 2a-2b).

DISCUSSION

We were interested in the amount of variation remaining, and what might be attributable to different

physical activities, after statistically controlling for variation due to body size, lower extremity muscle

strength, and muscle size. Body size and lower extremity (isometric) strength had independent positive

effects on bone geometrical properties of interest at all cross-sectional levels, while muscle size had a

positive effect on all bone geometrical properties of interest only at femur mid-shaft (not for Imax; Table

2). When variation due to body size and isometric muscle strength (and M. gluteus maximus muscle size,
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when relevant) was statistically controlled, the remaining variation was considered attributable to

differences in other activity-induced effects. The influence of activity-induced effect, assumedly due to

mechanical stimuli likely coming from ground impact, was especially evident at the femur mid-shaft

(Table 2). This study provides relevant new information that the effects of activity on bone geometrical

properties are not only due to indirect mechanisms via activity-induced increase in muscle size and

strength, but that activity may also have a more direct effect on bone geometrical properties, which is

likely attributable to ground impact loading, and the magnitude and frequency at which this takes place.

Triple-jump, soccer and squash were associated with greater CA and J values at all cross-sectional levels

(also Imin and Imax at subtrochanter and TA, Imin and Imax at femur mid-shaft), regardless of the clear

association of these values with lower extremity isometric muscle strength (and muscle size, when

relevant), compared to non-athletes (Table 2; Figs. 2a-2b). At femur mid-shaft level, also high-jumpers

and endurance runners had greater values in bone geometrical properties compared to non-athletes (Table

2a). This supports the assumption that greater bone geometrical property values observed among the

participants of these sports result from ground impact loading encountered in their activity. Power-lifting

was not associated with greater values in bone properties compared to non-athletes at any observed cross-

sectional locations. As referred from previous literature, while peak vertical ground reaction forces were

similar in power-lifters compared to high-jumpers, soccer and squash players and endurance runners, the

estimated loading rates were lower (Ball, 2013; Dayakidis and Boudolos, 2006; Kluitenberg et al., 2012;

Logan et al., 2010; Munro et al., 1987; Smith et al., 2004; Swinton et al., 2012). Thus, bone osteogenic

response likely arises from combined effects of ground reaction forces and loading rates, where both

loading magnitude and frequency are important. Swimmers had significantly lower values in CA and J

values at sub-trochanter and femur mid-shaft levels, and in Imin and Imax at sub-trochanter level) compared

to non-athletes than would be linearly expected from their body size and lower extremity isometric

muscle strength (and muscle size, when relevant; Table 2, Figs. 2a-2b). As swimming lacks all ground

impacts, i.e. gravitational loading, it is apparent that muscle performance alone does not provide enough

stimuli to increase bone geometric properties at the proximal half of the femur. Thus, these results offer

firm support for impact loading resulting from ground reaction forces as relevant factors generating major

osteogenic stimuli for the lower extremities (Lanyon, 1987; Nikander et al., 2005, 2006, 2009; Shaw and

Stock, 2009; Niinimäki et al., 2017).
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Greater lower extremity isometric muscle strength was associated with greater values of bone

geometrical properties (Table 2). There is a close relationship between muscle size and muscle strength

indicated in previous research, where an increase in strength is accompanied with an increase in size

(Wilmore, 1974; Brown and Wilmore, 1974; Young et al., 1983, 1984, 1985; Frontera et al., 1991; Burr

1997; Chilibeck et al., 1998; Hughes et al., 2001; Kongsgaard et al., 2004; Kirk et al., 2007). In our

previous study (Niinimäki et al., 2016), we found a positive correlation between muscle isometric

strength and M. gluteus maximus cross-sectional area, but the effect of dynamic strength on M. gluteus

maximus cross-sectional area was dependent on body weight: the slope of the regression of muscle size

to dynamic force was steepest amongst heaviest tertile of individuals (Niinimäki et al., 2016). Dynamic

and isometric strength are muscle strength indicators, but dynamic strength effects are dependent on size.

Thus, only isometric strength remained a significant muscle covariate in the final models.

We found that muscle size as M. gluteus maximus cross-sectional area contributed to variation in bone

properties only in femur mid-shaft (Table 2). Thus, our study provides new insights to the debate over

whether muscle loading or gravitational loading is the main source of mechanical stimuli on bone’s

response (Judex and Carlson, 2009; Robling, 2009). When these current results are interpreted in

conjunction with the results of our previous works (Niinimäki et al., 2016, 2017), it seems that while

muscle loading provides enough stimuli to result in greater bone property values among power-lifters

compared to non-athletes (Niinimäki et al. 2017), the lower estimated loading rates in power-lifting

results in statistically similar values in bone properties compared to non-athletes, when variation due to

their greater muscle strength (and size) was accounted for. On the contrary, among triple-jumpers, and

soccer and squash players there is still a significant source of mechanical stimuli resulting in differences

in bone properties compared to non-athletes when muscle loading is accounted for (Table 2, Figs. 2a-

2b). In addition, when statistically controlling for greater M. gluteus maximus cross-sectional areas

among high-jumpers in evaluations of femoral mid-shaft, high-jumpers still had significantly greater

bone properties compared to non-athletes (Figs. 2a-2b). In addition, endurance runners had greater values

compared to non-athletes in the femur mid-shaft (Figs. 2a-2b). However, it should be noted that the

number of individuals in high-jump, triple-jump, soccer and squash was less than ten (Table 1). While

swimming is known to result in marked changes in non-weight bearing humeral shaft shape and therefore

strength (Nikander, 2006; Shaw and Stock, 2009), this is not the case for the weight-bearing proximal

femur (Niinimäki et al., 2017). Greater muscle size among swimmers (Niinimäki et al., 2016) did not

result in greater bone properties compared to non-athletes even when not controlling for the effects of
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muscle size (Nikander et al., 2006; Nikander et al., 2009; Niinimäki et al., 2016). Thus, these results

support the importance of gravitational loading over muscle loading as the main source of mechanical

stimuli. Furthermore, when effects of gravitational loading are considered in terms of loading magnitude

(as peak vertical ground reaction forces) and frequency (repetitiveness), both components are important

for osteogenic response especially at femur mid-shaft.

Variation in bone geometrical properties due to activity was most evident in the femoral mid-shaft (Figs.

2a-2b). Also, the effects of muscle size were evident in the femoral mid-shaft (Table 2). At the lesser

trochanter, bone properties of swimmers were not significantly lower compared to non-athletes (Figs.

2a-2b). This was evident also for the femoral neck region: femoral neck strength among swimmers is

similar to non-athletes, while femoral neck strength among athletes engaged in any kind of impact

loading is greater compared to non-athletes (Abe et al., 2016). Thus, selection of cross-sectional location

also affects what is discernible (intensity of ground impact effects relative to muscle loading effects).

Only the most vigorous ground impact loading with high loading rates results in differences in proximal

femur bone properties when body size, lower extremity muscle strength and muscle size are accounted

for (Table 2).

Our results indicate the importance of ground reaction forces for maintenance and accrual of bone mass,

and thus concur with previous research (Andreoli et al., 2001; Duncan et al., 2002; Nikander et al., 2005;

Nikander et al., 2006; Daly et al., 2007, Martin 2007, Nikander et al., 2009; Narra et al., 2013; Abe et

al., 2016). Regarding activity reconstructions, this further underlines the importance of considering

ground impact effects as a relevant source of osteogenic stimuli. Thus, suggestion of Slizewski et al.

(2013, 2014) that CA could be used to reconstruct physical activity via reconstructing muscle size does

not appreciate activity effects coming from sources other than muscle area (e.g. gravitational loading and

indirect effects of muscle size and strength). Bone geometric properties may be more informative

interpreted through their responsivity to impact loading and loading frequency – possibly also coupled

with information in different regions – to gain more informative activity reconstructions.

CONCLUSIONS

The results of this study indicate that there is variation in bone geometric properties even after removing

the variation due to individual differences in body size, lower extremity muscle strength, and muscle
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size. The residual variation can at least in part be attributable to differences between non-athletes and

specific athletic activities. This variation likely arises from specific features of ground reaction forces,

and the magnitude and frequency at which the loading occurs during these activities. Greater bone

geometrical properties were found in high-jumpers, triple-jumpers, soccer and squash players, and

endurance runners compared to non-athletes at femoral mid-shaft, thus likely associated with high ground

impact loading and high loading rates. However, bone properties of high-jumpers and endurance runners

were proportional to lower extremity isometric muscle strength and body size at lesser trochanter and

sub-trochanter levels compared to non-athletes. Compared to aforementioned activities where bone

properties were greater compared to non-athletes, training and competition in power-lifting includes little

ground impact loading, while swimming lacks it completely. This likely explains why bone geometrical

properties were similar (or, in case of swimmers, smaller) compared to non-athletic but active

individuals. Thus, it seems that while an increase in lower extremity isometric muscle strength and

muscle size is related to the general activity level of an individual, they do not solely explain greater bone

geometrical properties compared to non-athletes. The differences are likely induced by high ground

impact loading with high loading rates, and these loading effects are most evident in femur mid-shaft.

Nonetheless, activities normally have components of loading from weight-bearing, ground impacts and

muscle activity – but to varying degrees. While it may not be possible to distinguish the different sources

of loading stimuli from archaeological skeletal remains, greater or lesser mechanical stimuli can be

evaluated based on bone geometry of skeletal remains.
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Tables

Table 1. Descriptive variables by groups with mean ± SD indicated.

Descriptive
of: Variable

High-jump
(n = 10)

Triple-jump
(n = 9)

Soccer
(n = 9)

Squash
(n = 10)

Power-lifting
(n = 17)

Endurance run
(n = 18)

Swimming
(n = 18)

Non-athletes
(n = 20)

Age (years) 22 ± 4 23 ± 4 21 ± 3 29 ± 7 28 ± 6 29 ± 6 20 ± 2 24 ± 4

 Backgroun
d

Training
(hours per
week) 11 ± 3 12 ± 2 11 ± 1 8 ± 3 9 ± 3 11 ± 3 20 ± 4 3 ± 1
Competitiv
e career
(years) 11 ± 4 10 ± 3 9 ± 3 10 ± 6 8 ± 5 12 ± 7 9 ± 3

Body size Height (cm) 178 ± 4 170 ± 4 162 ± 5 168 ± 9 158 ± 3 168 ± 5 173 ± 5 164 ± 5
Weight (kg) 60 ± 5 60 ± 6 58 ± 7 64 ± 9 63 ± 13 54 ± 3 65 ± 6 60 ± 7
BIB (mm) 290 ± 15 266 ± 22 263 ± 12 265 ± 15 259 ± 21 273 ± 16 282 ± 16 274 ± 12
FHSI (mm) 46 ± 2 43 ± 2 42 ± 1 42 ± 3 41 ± 2 43 ± 1 44 ± 2 42 ± 2
FHNL
(mm) 97 ± 3 91 ± 4 89 ± 5 92 ± 6 86 ± 4 91 ± 4 93 ± 5 91 ± 4

Muscle size
Gluteus
(cm2) 50 ± 8 58 ± 8 49 ± 5 60 ± 10 55 ± 10 47 ± 4 48 ± 6 44 ± 5

Lower body
Dynamic
(kg) 171 ± 32 228 ± 65 164 ± 30 163 ± 36 173 ± 33 144 ± 32 162 ± 19 145 ± 20

strength
Isometric
(kg) 182 ± 44 203 ± 39 184 ± 26 195 ± 48 226 ± 39 170 ± 46 177 ± 39 145 ± 25

Lesser CA (mm2) 360 ± 49 395 ± 45 341 ± 66 346 ± 47 295 ± 39 301 ± 40 301 ± 37 281 ± 42

trochanter J (mm4)
9401

5 ±
2203
9

9316
1 ± 9897

8097
8 ±

1361
8

9003
8 ±

2425
2

7225
7 ±

1664
2

7911
5 ±

1756
3

7666
5 ±

1413
0

6899
0 ±

1806
4

TA (mm2) 1044 ± 133 975 ± 79 957 ± 64 1028 ± 155 944 ± 119 1008 ± 116 974 ± 101 933 ± 122

Imin
3479

8 ± 7596
3517

6 ± 4850
3116

2 ± 6130
3461

9 ± 9018
2873

5 ± 8733
3040

5 ± 6975
2928

4 ± 5898
2687

8 ± 8702

Imax
5921

7 ±
1538
5

5798
4 ± 6130

4981
6 ± 9797

5542
0 ±

1668
1

4352
2 ± 8959

4871
0 ±

1177
1

4738
0 ± 9808

4211
2 ± 9878

Sub- CA (mm2) 384 ± 60 457 ± 43 382 ± 53 413 ± 50 356 ± 53 352 ± 41 353 ± 43 342 ± 47

trochanter J (mm4)
5965

7 ±
1067
6

5702
9 ± 9049

4994
5 ± 8625

5610
9 ±

1512
4

1355
1 ± 3084

1493
4 ± 3571

1437
1 ± 3041

1303
6 ± 2982

TA (mm2) 690 ± 93 617 ± 48 602 ± 50 626 ± 87 557 ± 63 598 ± 80 583 ± 64 551 ± 63

Imin
2424

9 ± 4206
2319

9 ± 3770
2139

0 ± 4816
2318

8 ± 6157
1820

5 ± 4341
1965

9 ± 4554
1919

0 ± 3451
1749

3 ± 4538

Imax
3540

8 ± 6681
3382

9 ± 6410
2855

5 ± 4369
3292

2 ± 9591
2486

3 ± 5814
2780

5 ± 7204
2648

7 ± 6656
2394

0 ± 5328
Mid-shaft CA (mm2) 452 ± 50 486 ± 47 420 ± 49 437 ± 59 360 ± 52 380 ± 40 357 ± 38 343 ± 41

J (mm4)
5725

6 ±
1268
2

5582
5 ±

1020
7

4575
6 ± 9206

4851
5 ±

1235
7

3362
4 ± 8845

4101
7 ± 8416

3668
7 ± 6072

3353
7 ± 8164
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TA (mm2) 595 ± 68 583 ± 50 534 ± 50 551 ± 67 460 ± 53 513 ± 49 488 ± 42 462 ± 54

Imin
2091

5 ± 5855
2240

8 ± 4585
1753

3 ± 3726
1990

7 ± 5518
1347

6 ± 3378
1534

1 ± 2964
1401

5 ± 2492
1262

4 ± 2903

Imax
3634

2 ± 7574
3341

7 ± 6724
2822

3 ± 6017
2860

8 ± 7303
2014

8 ± 5943
2567

7 ± 5776
2267

2 ± 3992
2091

3 ± 5945
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Table 2. Final general linear models explaining variation in bone properties.

Body size (PCA) Isometric strength Gluteus muscle size Activity
Variable Location b SE P b SE P b SE P EMM ± SE P
CA Lesser 22.699 ± 4.997 < 0.001 16.056 ± 4.478 0.001 NS Fig. 2a < 0.001

Sub 31.421 ± 5.136 < 0.001 17.236 ± 4.603 < 0.001 NS Fig. 2a < 0.001
Mid 28.857 ± 4.833 < 0.001 11.502 ± 4.309 0.009 11.628 ± 5.135 0.026 Fig. 2a < 0.001

J Lesser 11812.042 ± 1754.739 < 0.001 6012.865 ± 1572.608 < 0.001 NS Fig. 2a 0.001
Sub (log) 0.080 ± 0.009 < 0.001 0.034 ± 0.008 < 0.001 NS Fig. 2a < 0.001
Mid 6470.280 ± 909.147 < 0.001 1836.565 ± 810.573 0.026 2294.922 ± 965.952 0.019 Fig. 2a < 0.001

TA Lesser 75.389 ± 12.392 < 0.001 36.105 ± 11.106 0.002 NS Fig. 2a 0.050
Sub (log) 0.041 ± 0.005 < 0.001 0.014 ± 0.004 0.001 NS Fig. 2a < 0.001
Mid 37.632 ± 5.318 < 0.001 12.145 ± 4.742 0.012 12.681 ± 5.650 0.027 Fig. 2a < 0.001

Imin Lesser 4111.310 ± 792.174 < 0.001 2870.523 ± 709.952 < 0.001 NS Fig. 2b 0.015
Sub (log) 0.084 ± 0.009 < 0.001 0.032 ± 0.009 < 0.001 NS Fig. 2b < 0.001
Mid (log) 0.065 ± 0.010 < 0.001 0.033 ± 0.009 < 0.001 0.022 ± 0.011 0.038 Fig. 2b < 0.001

Imax Lesser
(log) 0.067 ± 0.010 < 0.001 0.027 ± 0.009 0.004 NS Fig. 2b 0.003

Sub (log) 0.076 ± 0.009 < 0.001 0.035 ± 0.008 < 0.001 NS Fig. 2b < 0.001
Mid (log) 0.074 ± 0.010 < 0.001 0.022 ± 0.009 0.021 NS Fig. 2b < 0.001

* Full model included the body size variable (PC1), isometric strength, dynamic strength, M. gluteus maximus cross-sectional area as covariates, and activity
as a categorical variable.
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Figure legends

Figure 1. The anatomical locations identified for performing cross-sectional analysis of the bone
biomechanical properties at the level of lesser trochanter, at sub-trochanter level and mid-shaft femur.

Figure 2a. Estimated marginal means with 95% confidence intervals for cortical area (CA), bending and
torsion rigidity (J) and total area (TA) at lesser trochanter, sub-trochanter and femur mid-shaft levels.

Asterisk denotes statistically significant difference (p < 0.05) compared to non-athletes. When
significant, values in athletes are greater compared to non-athletes, except in case of swimmers, where
values are smaller compared to non-athletes. HJ – high-jump, TJ – triple-jump, SC – soccer, SQ – squash,
PL – power-lifting, ER – endurance running, SW – swimming, NA – non-athletes

Figure 2b. Estimated marginal means with 95% confidence intervals for Imin and Imax at lesser trochanter,
sub-trochanter and femur mid-shaft levels.

Asterisk denotes statistically significant difference (p < 0.05) compared to non-athletes. When
significant, values in athletes are greater compared to non-athletes, except in case of swimmers, where
values are smaller compared to non-athletes. HJ – high-jump, TJ – triple-jump, SC – soccer, SQ – squash,
PL – power-lifting, ER – endurance running, SW – swimming, NA – non-athletes


