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Abstract

Sexual dimorphism is an important biological factor underlying morphological variation in the
human skeleton. Previous research found sex-related differences in the static ribcage, with
males having more horizontally oriented ribs and a wider lower ribcage than females.
Furthermore, a recent study found sex-related differences in the kinematics of the human
lungs, with cranio-caudal movements of the caudal part of the lungs accounting for most of
the differences between sexes. However, these movements cannot be quantified in the
skeletal ribcage, so we do not know if the differences observed in the lungs are also reflected

in sex differences in the motion of the skeletal thorax.

To address this issue, we quantified the morphological variation of 42 contemporary human
ribcages (sex-balanced) in both maximal inspiration and expiration using 526 landmarks and
semilandmarks. Thoracic centroid size differences between sexes were assessed using a t-test,
and shape differences were assessed using Procrustes shape coordinates, through mean
comparisons and dummy regressions of shape on kinematic status. A principal components

analysis (PCA) was used to explore the full range of morphological variation.

Our results show significant size differences between males and females both in inspiration
and expiration (p<0.01) as well as significant shape differences, with males deforming more
than females during inspiration, especially in the mediolateral dimension of the lower ribcage.
Finally, dummy regressions of shape on kinematic status showed a small but statistically
significant difference in vectors of breathing kinematics between males and females (14.78°;

p<0.01).

We support the hypothesis that sex-related differences in skeletal ribcage kinematics are
discernable, even when soft tissues are not analyzed. We hypothesize that this differential
breathing pattern is primarily a result of more pronounced diaphragmatic breathing in males,

which might relate to differences in body composition, metabolism, and ultimately greater
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oxygen demand in males compared to females. Future research should further explore the

links between ribcage morphological variation and basal metabolic rate (BMR).

Introduction

Sexual dimorphism is a well-documented source of morphological variation in recent
and fossil hominins, and is observed in the entire human skeleton (Frayer & Wolpoff, 1985;
Franciscus, 2009; Krishtalka, Stucky & Beard, 1990; Lam, Pearson & Smith, 1996; Lockwood,
1999; Lockwood, Menter, Moggi-Cecchi & Keyser, 2007; McHenry, 2005; Plavcan, 1994, 2000,
2001, 2005; Ponce de Ledn et al.,, 2008; Rehg & Leigh, 1999; Reno, Meindl, McCollum &
Lovejoy, 2003; Reno, McCollum, Meindl & Lovejoy, 2010; Richmond & Jungers, 1995; Wood,
1976). In modern humans, sexual dimorphism has been intensively studied in the skull (e.g.
Bastir, Godoy & Rosas, 2011; Hall, 2005; Holton, Yokley, Froehle & Southard, 2014; Rosas &
Bastir, 2002, 2004; Rosas, Bastir, Martinez-Maza & de Castro, 2002), and in the postcranium
(e.g. Bastir, Higuero, Rios & Garcia-Martinez, 2014; Carlson, Grine & Pearson, 2007; Fischer &
Mitteroecker, 2015, 2017; Iscan & Shishai, 1995; Kranioti, Bastir, Sdnchez-Meseguer & Rosas,
2009; Garcia-Martinez et al., 2016; Mitteroecker & Fischer, 2016; Rascén Pérez, 2017; Rosas et
al.,, 2016, 2017; Weinstein, 2017). Skeletal morphological differences between sexes are
usually accompanied by differences in size, so static allometry (Klingenberg, 1992) is a factor to
take into account when studying sex-related differences in the human skeleton (Cheverud,
1982; Fischer & Mitteroecker, 2017; Freidline, Gunz & Hublin, 2015; Garcia-Martinez et al.,

2016; Humphrey, 1998; Rosas & Bastir, 2002, 2004; Vidarsddttir, O’Higgins & Stringer, 2002).

In the respiratory system, three-dimensional studies of cranial airways (Bastir et al.,
2011; Holton et al., 2014; Rosas & Bastir, 2002) showed that sexual dimorphism in the human
skull influences the morphology of the upper airways, since males tend to have larger nasal
cavities and a relatively longer, narrower, and higher nasal floor than females relative to body

size (but see Heuzé, 2018). These modifications in the cranial respiratory tract have also been



related to differences in the thoracic post-cranial respiratory tract. Previous research found
that male ribcages are around 10-12% larger than female ribcages, and that males have a
relatively shorter ribcage and mediolaterally larger lower thorax compared to females, coupled
with more horizontally orientated ribs (Bellemare, Jeanneret & Couture, 2003; Garcia-
Martinez et al., 2016; Shi et al., 2014; Weaver, Schoell & Stitzel, 2014). Finally, Garcia-Martinez
et al. (2016) also found that these morphological differences, except for the relative length of

the ribcage, were not related to allometry.

Bellemare et al. (2003) hypothesized that declination of ribs in females should allow
for a greater contribution of intercostal muscles to breathing at rest than in males (Contreras
et al., 1991; Gilroy, Mangura & Lavietes, 1988). Garcia-Martinez et al. (2016) added that, since
males move a greater tidal volume (i.e., normal air volume displaced between normal/non-
forced inspiration and expiration; Hopkins & Harms, 2004), the hypothesized lesser
contribution of intercostal muscles in males should be compensated for by the diaphragm’s
greater contribution to inspiration, probably via a larger diaphragmatic excursion (Garcia-
Martinez et al., 2016). This is consistent with the larger mediolateral diameter of the thorax,
and thus the diaphragmatic area, of male ribcages compared to those of females (Bellemare at
al., 2003; Garcia-Martinez et al., 2016; Shi et al., 2014; Weaver at al., 2014). The greater tidal
volume produced by a greater thoracic expansion in males relative to females during breathing
(Harms et al., 1998; Jammes et al., 1979; Valenza Demet et al., 2011) suggests a greater oxygen
demand in males. This fact may be linked to sex-specific differences in the musculoskeletal
system, body composition, and basal metabolic rate (BMR) (Bastir et al., 2011; Bitar, Fellmann,

Vernet, Coudert & Vermorel, 1999; Hall, 2005; Garcia-Martinez et al., 2018; Wells, 2007).

However, if we assume that the sexes differ in ventilatory advantage (in terms of a
greater tidal volume) and diaphragmatic contributions to breathing kinematics, we should also

expect different kinematic breathing patterns. In this regard, recent research (Torres-Tamayo



et al., 2018) found sex-related morphological differences in the breathing kinematics of human
lungs, which is also supported by physiological data (Guenette, Witt, McKenzie, Road & Sheel,
2007; Hopkins & Harms, 2004). However, it is important to note that many of the sex-related
kinematic differences in lungs are due to differences in cranio-caudal movements of the
inferior portions of the lungs directly related to the diaphragm. Since it is not possible to
quantify cranio-caudal diaphragmatic movements in the skeletal ribcage, sex-related kinematic
differences in the lungs might not be reflected in the thoracic skeleton. Therefore, the aim of
this paper is to test the null hypothesis HO that humans do not show sexual dimorphism in

breathing kinematics when measuring only the skeletal thorax.

Material and methods

We used computed tomography images (CT-scans) of the rib cages of 42 healthy adult
individuals (18 males and 24 females; mean age = 50.9+1.2). Each individual was CT-scanned in
both maximal inspiration and maximal expiration, and therefore a total of 84 thoracic CT-scans
were included in the study. The individuals were previously recruited as a healthy control
group for a different research project at the Hospital Universitario La Paz (Madrid, Spain).
Consent was given to use these CT images for research purposes and all CT images were
anonymized to comply with the Helsinki declaration (Goodyear, Krleza-Jeric & Lemmens,

2007).

Ribcages were segmented through a semi-automatic protocol for DICOM images using
Mimics 8.0 software program (http://biomedical.materialise.com/mimics) and subsequently
reconstructed as 3D models. These 3D models were imported into Viewbox 4.0 software
(www.dhal.com) for (semi-) landmarking using the protocol from Bastir et al. (2017) for ribs 1-
11. The protocol was updated to include the 12*" thoracic level. Thoracic morphology was
quantified through 20 homologous 3D landmarks and sliding curve semilandmarks (seven fixed

landmarks and 13 semilandmarks) on each rib 1-10, and 18 3D landmarks and sliding curve
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semilandmarks (five fixed landmarks and 13 semilandmarks) on each rib 11 and 12. In addition,
four landmarks were placed on each thoracic vertebra and two additional landmarks were
placed on the sternum (526 landmarks and sliding semilandmarks on each thorax; Fig. 1).
Semilandmarks were slid along their corresponding curves with respect to the fixed landmarks
in order to minimize bending energy (BE) as is common in semilandmark based analyses (Gunz,

Mitteroecker & Bookstein, 2005; Gunz & Mitteroecker, 2013).

Centroid size (CS), defined by the square root of the sum of squared distances of a set
of landmarks from their centroid (Dryden & Mardia, 1998), was used as a proxy for thorax size.
Size differences between sexes in each kinematic status (males in maximal inspiration, Ml;
males in maximal expiration, ME; females in maximal inspiration, FI; females in maximal
expiration, FE) were assessed through a t-test (significance level 0.01), after testing for
normality of each subsample through a Kolmogorov-Smirnov analysis (significance level 0.01).
Shape data were obtained by generalized Procrustes analysis (GPA) of the entire
configurations (Gower, 1975; Zelditch, Swiderski & Sheets, 2012), and shape differences
between sexes were assessed by computing mean comparisons in Morphol software
(Klingenberg, 2011), which test for differences in Procrustes distances (Pd) between groups via
a permutation test (N=1,000). Differences in kinematic patterns were explored in a form space
principal component analysis (form space PCA) (Mitteroecker, Gunz, Windhager & Schaefer,
2013) and thorax shape differences associated with variations along the PC1-2 axes were
visualized using EVAN Toolkit (version 1.71; http://www.evan-society.org/). Kinematic
differences were statistically tested by computing a dummy regression of shape on the
kinematic state for each sex and calculating the angle between those regressions (Torres-

Tamayo et al., 2018), the significance being assessed via a permutation test (N=1,000).

Results
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The distributions of centroid sizes for each of the four groups (ME, MI, FE, Fl)were
found to be normal (p=0.57, 0.25, 0.46 and 0.48, respectively). T-tests yielded statistically
significant centroid size (CS) differences between males and females both in maximal
expiration (MEwean=3275.0 and FEmean=2927.1; t=-9.58, p<0.01) and maximal inspiration
(MImean=3332.6 and Flwean=2972.1; t=-10.67, p<0.01). The results of the mean shape
comparisons yielded statistically significant differences between males and females both in
maximal expiration (Pd=0.04, p<0.01) and maximal inspiration (Pd=0.04, p<0.01). These
morphological differences are reflected in the more horizontal orientation of the ribs and the
mediolateral expansion of the ribcage of males (Fig. 2). In addition, the mean comparisons
showed that the morphological differences between maximal expiration and inspiration were
larger in males (Pd=0.06, p<0.01) than in females (Pd=0.04, p<0.01). In regard to sex-related
variation, PC1 from the PCA of shape accounts for 43.65% of the total variance in shape and is
clearly related to sexual dimorphism (Fig. 3), with males distributed towards the positive
extreme of PC1 and females towards the negative. Positive PC1 scores (where males tend to
lie) are linked to ribcage morphologies that are relatively short in the cranio-caudal axis with a
relatively wider caudal part and more horizontally oriented ribs. On the other hand, negative
PC1 scores (where females tend to lie) are associated with relatively elongated ribcages in the
cranio-caudal direction and a relatively narrow caudal part with less horizontally oriented ribs.
Fig. 3 shows that PC2 (16.98% of total shape variance) is more related to kinematics, with
individuals of both sexes in maximal expiration having negative PC2 negative values, and
individuals in maximal inspiration having positive values. Morphological variation along this PC
includes elevation of the sternum and the ribs at every level, with rib displacements being
more in the cranio-caudal direction in the upper ribs and more in the mediolateral direction in
the lower thorax (Fig. 3). To test whether PC1 and PC2 were related to sex and kinematics
respectively, we carried out dummy regressions of PC1 scores on sex and PC2 scores on

respiratory kinematic status, finding a statistically significant correlation in both cases (r’=0.63



and 0.17, respectively for PC1 and PC2; p<0.01 in both cases). Finally, it is important to note
that the difference between mean inspiration and mean expiration is slightly larger in males
than in females, and the vectors of shape change between expiration and inspiration are
almost parallel (Fig. 3). This observation was supported by the dummy regression of full shape
on respiratory kinematic status where male (r>=0.30) and female regressions (r’=0.32) show a
statistically significant but small angle between them (14.78°, p<0.01). These results reject the

null hypothesis HO.

Discussion and conclusions

Sexual dimorphism is an important factor underlying morphological variation in the
entire human body, including the respiratory system (Frayer & Wolpoff, 1985; Franciscus,
2009; Krishtalka, Stucky & Beard, 1990; Lam, Pearson & Smith, 1996; Lockwood, 1999;
Lockwood, Menter, Moggi-Cecchi & Keyser, 2007; McHenry, 2005; Plavcan, 1994, 2000, 2001,
2005; Ponce de Ledn et al., 2008; Rehg & Leigh, 1999; Reno, Meindl, McCollum & Lovejoy,
2003; Reno, McCollum, Meindl & Lovejoy, 2010; Richmond & Jungers, 1995; Wood, 1976;
Bastir, Godoy & Rosas, 2011; Hall, 2005; Holton, Yokley, Froehle & Southard, 2014; Rosas &
Bastir, 2002, 2004; Rosas, Bastir, Martinez-Maza & de Castro, 2002; Bastir, Higuero, Rios &
Garcia-Martinez, 2014; Carlson, Grine & Pearson, 2007; Fischer & Mitteroecker, 2015, 2017;
Iscan & Shishai, 1995; Kranioti, Bastir, Sdnchez-Meseguer & Rosas, 2009; Garcia-Martinez et
al.,, 2016; Mitteroecker & Fischer, 2016; Rascon Pérez, 2017; Rosas et al., 2016, 2017;
Weinstein, 2017). Garcia-Martinez et al. (2016) quantified static thoracic morphology and
found that males have more horizontally oriented ribs than females, as well as relatively
shorter and wider ribcages, particularly in the caudal part. The relatively longer female thorax
has been hypothesized to be an adaptation for housing the internal organs of the reproductive
system, and to ultimately accommodate volumetric expansion of the fetus during pregnancy

(Bellemare et al., 2003).



In addition, it was reported that males have a 33% greater size increase in total lung
capacity (TLC) during inspiration than females, which is not only consistent with a greater
capacity for intake of air (and thus oxygen) in their larger upper airways (Rosas & Bastir, 2002),
but also with the fact that males have significantly larger total lung capacities (TLC) than

females (Garcia-Martinez et al., 2018).

From a biomechanical point of view, it has been demonstrated that differences in the
morphological configuration of the thoracic and abdominal walls strongly influence the
function of the respiratory muscles (De Troyer, Kirkwood & Wilson, 2005; Goldman, Grassino,
Mead & Sears, 1978; Grassino, Goldman, Mead & Sears, 1978; Pinet, 1998). Since abdominal
breathing with diaphragmatic action is more predominant in males (Kaneko & Horie, 2012;
Ragnarsdottir & Kristinsdéttir, 2006; Verschakelen & Demedts, 1995), we can infer that the
larger thoracic size increase of males and their large TLC are caused by differences in the ways
that intercostal muscles and the diaphragm act to increase thoracic volume (the so-called
breathing pattern) between males and females. In this regard, recent research on human lungs
(Torres-Tamayo et al., 2018) observed that the base of the lungs, which largely tracks the
diaphragmatic domes, undergoes a larger expansion in males than in females, also pointing to
a larger diaphragmatic contribution to breathing kinematics in males than in females.
However, it is important to note that differences in the kinematics of the diaphragmatic domes

are not directly quantified by our measures of rib cage form and kinematics.

Our results show that not only are there sex-related centroid size and shape
differences at the extremes of inspiration and expiration but also that the kinematics differ,
with the shape differences (Procrustes distances) between maximal expiration and maximal
inspiration being larger in males than in females (Fig. 3). In addition, males show a larger
mediolateral expansion of the lower thorax during breathing than females. It is important to

note that the lower ribcage of males is also wider in expiration, which is probably caused by



differences in the orientation of the transverse processes of the lower thoracic vertebrae
(Bastir et al., 2014), which orient the lower ribs more laterally than in females. This ribcage
morphology therefore suggests that males tend to undergo greater mediolateral movements
(bucket-handle motion; Drake, Vogl & Mitchell, 2005) than females. This could also be
reflected in the slight but significantly different morphological kinematic vector that we found
(14.780). These results reject the null hypothesis HO that humans are not sexually dimorphic in

thorax morphology.

We hypothesize that the greater oxygen demand in in males is linked to sex-specific
differences in the musculoskeletal system, body composition and BMR, and is associated with
greater energy expenditure compared to females (Bastir et al., 2011; Bitar et al., 1999; Garcia-
Martinez et al., 2018; Hall, 2005; Wells, 2007). This is because, on average, adult males have
greater total lean mass and less fat mass than females (Wells, 2007). To test this association,
future studies should address the correlation between ribcage morphology, respiratory
function, and body composition (e.g. BMR or lean body mass). Finally, while sex differences in
breathing patterns contribute to differences in oxygen consumption (probably in a discrete
way, since VO2 also depends on the cardiovascular and metabolic response), they may also
impact sex differences in the development of dyspnea, the perception of breathing discomfort
during intense exercise. The fact that women are more prone than males to report
experiencing dyspnea (Cory et al., 2015) could be related to their greater reliance on thoracic

rather than abdominal breathing.

Finally, it is important to note that differences in ribcage kinematics between males
and females may contribute to a better understanding of energetics and lifestyle in fossil
hominins. Further work incorporating the several well-preserved ribcages of Neanderthals in

which sex is reliably estimated (e.g., the females from Tabun C1 and Sima de las Palomas, or
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the males from Shanidar 3 and Kebara 2) will allow researchers to gain insights about sexual

differences in energetic demands in hominins.
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Figures

Figure 1: Landmark protocol employed in this study for thoracic levels 1-12, including both ribs

and vertebrae. The template is shown in a) ventral view, b) lateral view and c) dorsal view.
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Figure 2: 3D warps between the means of males (blue) and females (red). The top figure (a)
represents differences in maximal expiration whereas the bottom figure (b) represents

differences in maximal inspiration.
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Figure 3: PC1 vs. PC2 plot from PCA of 3D coordinates of ribcages after GPA. Males (blue) lie
more towards the positive extreme of PC1 than females (red), and ribcages in maximal
expiration (diamonds) are located more towards the positive extreme of PC2 than ribcages in

maximal inspiration (squares). Double-sized symbols represent the average of each group.
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