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Abstract 37 
 38 
In 1923, Sir Arthur Keith proposed that many common back problems are due to the stresses 39 

caused by our evolutionarily novel form of locomotion, bipedalism. In this paper, we introduce 40 
an updated version of Keith’s hypothesis with a focus on acquired spinal conditions. We begin by 41 

outlining the main ways in which the human spine differs from those of our closest living 42 
relatives, the great apes. We then review evidence suggesting there is a link between spinal and 43 
vertebral shape on the one hand and acquired spinal conditions on the other. Next, we discuss 44 
recent studies that not only indicate that two common acquired spinal conditions—intervertebral 45 

disc herniation and spondylolysis—are associated with vertebral shape, but also suggest that the 46 

pathology-prone vertebral shapes can be understood in terms of the shift from quadrupedalism to 47 
bipedalism in the course of human evolution. Subsequently, we place the aforementioned 48 
findings under an umbrella hypothesis, which we call the Evolutionary Shape Hypothesis. This 49 
hypothesis contends that individuals differ in their propensity to develop different acquired spinal 50 

conditions because of differences in vertebral shape that relate to the evolutionary history of our 51 

species. We end the paper with some possible directions for future research. 52 
  53 
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1. Introduction 54 
 55 
Back pain’s importance is hard to overstate. Surveys indicate that it is experienced by as many as 56 

two-thirds of people at some point in their lives, making it one of the commonest health problems 57 
(Webb et al. 2003; Hoy et al. 2014). It is also one of the most impactful. Currently, it is the 58 

greatest contributor to disability worldwide (Maher et al. 2017). Because of its prevalence and the 59 
fact that it is often debilitating, back pain has substantial economic impacts. For instance, it has 60 
been estimated to cost the US as much as $90 billion in direct and indirect costs (Davis 2012). 61 
The equivalent figures for Australia and the UK are >$9 billion per year and £12 billion per year, 62 

respectively (Maniadakis and Gray 2000; Walker et al. 2003; Donaldson 2008). To take a fourth 63 

example, the direct and indirect costs of back pain in Canada have been estimated to exceed $12 64 
billion per annum (Bone and Joint Canada 2014). Needless to say, given the individual and 65 
societal impacts of back pain, improving understanding of its causes is an important task for 66 
researchers. 67 

 68 

A major hurdle in the prevention and treatment of back pain is our limited understanding of why, 69 
within a group of ostensibly similar people (i.e., same sex, age, ethnicity, etc.), some individuals 70 
suffer from back pain while others do not. Another substantial hurdle is the complex and 71 
multifactorial aetiology of many spinal conditions. Clinical studies have identified associations 72 
with a number of potential aetiological factors, including genetics, diet, activity, and 73 

biochemistry, but few of these associations have been confirmed by subsequent studies (e.g., 74 
Adams et al. 2006; Nuckley et al. 2008; Hackinger et al. 2017). In fact, to date, the only factor 75 
consistently linked to a future episode of back pain is a history of back pain (Stanton et al. 2008). 76 
 77 
Back pain is a complex phenomenon. It can occur in any of the four regions of the spine, i.e., the 78 
cervical region, the thoracic region, the lumbar region, or the sacral region (Webb et al. 2003). It 79 

can be chronic or acute (Hoy et al. 2014). It can be congenital (present at birth regardless of 80 
cause), acquired (developed during life as a result of degeneration or trauma), or idiopathic (no 81 
known cause) (Adams et al. 2006; Stanton et al. 2008; Maher et al. 2017; Nuckley et al. 2008; 82 
Hackinger et al. 2017). And it can involve soft tissue, bone, or both (Maher et al. 2017). In this 83 
paper, we focus on acquired spinal conditions, which are thought to be among the most common 84 

causes of back pain (Amirdelfan et al. 2014). 85 

 86 
Humans experience acquired spinal conditions far more frequently than non-human apes 87 
(Jurmain 1989; Lovell 1990; Filler 2007; Lowenstine 2016). For example, arthritis of the 88 
vertebral bodies, which is also known as spondylosis, has been found to occur in about 76% of 89 

modern humans (Muraki et al. 2009). In contrast, spondylosis affects only 4% of gorillas, 5% of 90 

bonobos, and 2% of chimpanzees (Jurmain 2000). Likewise, spondylolysis, which is a cleft in the 91 
neural arch that is caused by a fatigue fracture at the site of the pars interarticularis (Merbs 1996; 92 
Mays 2006, 2007; Hu et al. 2008), is relatively common among humans, especially in the lower 93 
lumbar spine (May et al. 2006; Hu et al. 2008), but is not known to occur in great apes (Merbs 94 

1989, 1996; Ward and Latimer 2005). The situation is similar for intervertebral disc herniation, 95 
which is a condition where the gel-like substance inside the intervertebral disc, the nucleus 96 

pulposus, prolapses through the fibrous layers of the disc (Hickey and Hukins 1980). When the 97 
results of studies that have assessed the frequency of skeletal markers of intervertebral disc 98 

herniation in humans and non-human apes are compared (Lovell 1990; Dar et al. 2009), it is clear 99 

that modern humans suffer from intervertebral disc herniation far more frequently than do great 100 
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apes. Dar et al. (2009) found that 48% of their modern human specimens exhibited evidence of 101 
intervertebral disc hernias, whereas Lovell (1990) discovered that only 2% of the great ape 102 
vertebrae in her sample had such evidence. 103 

 104 
It is possible that the much higher frequency of occurrence of some acquired spinal conditions in 105 

humans compared to great apes is due to our greater average lifespan. This may be the case for 106 
spondylosis, which has been found to increase in frequency and severity with age in Homo 107 
sapiens (Molnar et al. 2009; Middleton and Fish 2009). However, not all of the differences 108 
between humans and great apes in the frequency of occurrence of acquired spinal conditions can 109 

be explained in this way. Intervertebral disc herniation and spondylolysis, for example, tend to 110 

affect humans at a relatively young age and have not been found to correlate strongly with 111 
increasing age (Pfrirrmann and Resnick 2001; Burke 2012). So, it is unlikely that the greater 112 
average lifespan of H. sapiens explains the difference in the frequency with which humans and 113 
great apes exhibit these conditions. Average life span may play a role, but it is clearly not the 114 

major factor. 115 

 116 
It has long been suspected that the stress that bipedalism puts on our spines, most notably vertical 117 
compressive loading, is an important aetiological factor for the acquired spinal conditions that 118 
afflict our species. This hypothesis was first proposed by the famous Scottish anatomist and 119 
anthropologist Sir Arthur Keith, who outlined it in a series of lectures that were delivered at The 120 

Royal College of Surgeons of England and later published in the British Medical Journal (Keith 121 
1923). It has since been supported by many other researchers, including Krogman (1951), Merbs 122 
(1996), Jurmain (2000), Latimer (2005), Filler (2007), Plomp et al. (2015), and Been et al. 123 
(2019). 124 
 125 
A number of empirical studies published in the last 20 years have investigated the hypothesised 126 

relationship between bipedalism and acquired spinal conditions (e.g., Scannell and McGill 2003; 127 
Ward and Latimer 2005; Ward et al. 2007; Masharawi et al. 2007; Meakin et al. 2008, 2009; 128 
Masharawi 2012; Plomp et al. 2015, 2019a, 2020; Meyer 2016; Been et al. 2019). Collectively, 129 
these studies suggest that the relationship is mediated by the nature of the curvature of the spine 130 
(Meakin et al. 2008; Been et al. 2019). They also suggest that the relationship is influenced by 131 

characteristics of the individual vertebrae (Scannell and McGill 2003; Ward and Latimer 2005; 132 

Ward et al. 2007, 2010; Masharawi et al. 2007; Meakin et al. 2009; Masharawi 2012; Plomp et al. 133 
2015, 2019a, 2020; Meyer 2016). The lumbar vertebrae are particularly important in this regard. 134 
The reason for this is that the incidence of acquired spinal conditions is much higher in the 135 
lumbar region of the spine than in the cervical and thoracic regions (Battie et al. 2009; Sparrey et 136 

al. 2014), a fact that has led the lumbar region to be called “the evolutionary weak point” of the 137 

human spine (Sparrey et al. 2014, pp. 4). 138 
 139 
The goal of this paper is to introduce an updated version of Keith’s (1923) hypothesis, with a 140 
focus on acquired spinal conditions. The paper is structured as follows. In the next section, we 141 

explain how the shape of the spine and lumbar vertebrae relate to bipedal posture and 142 
locomotion. We concentrate on the lumbar vertebrae not only because the shape of the lumbar 143 

region is particularly important for bipedalism, but also because, as we explained earlier, 144 
acquired conditions are more common in the lumbar region than in the other regions. 145 

Subsequently, we discuss clinical and comparative evidence that indicates there is an association 146 

between acquired spinal conditions and the shape of the lumbar spine and its constituent 147 
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vertebrae. Thereafter, we outline recent studies that suggest the shapes associated with different 148 
acquired spinal conditions can be understood in evolutionary terms. In the fifth section, we 149 
outline our version of Keith’s (1923) hypothesis, which we call the ‘Evolutionary Shape 150 

Hypothesis’. In the final section of the paper, we suggest some potential future research 151 
directions. 152 

 153 
2. Adaptations for bipedalism in the human lumbar spine 154 
 155 
When the human spine is considered as an anatomical unit, there are two main features that are 156 

thought to be adaptations for bipedal posture and gait. One is its distinctive pattern of curvature. 157 

While great apes have a roughly C-shaped spine, healthy adult humans have a sinuous spine 158 
(Figure 1). This shape is a consequence of the four spinal regions being curved in different 159 
directions (Keith 1923; Latimer and Ward 1993; Shapiro 1993; Ward and Latimer 2005; Been et 160 
al. 2010). 161 

 162 

The cervical region of the human spine exhibits lordosis, which is a forward curve. This results 163 
from the intervertebral discs being dorsally wedged, i.e., shorter at their dorsal border than at 164 
their ventral border (Been et al. 2010). In contrast, the thoracic region exhibits kyphosis, which is 165 
a backward curve. This is due to ventral wedging of the vertebral bodies, i.e., shorter at their 166 
ventral border than at their dorsal border (Latimer and Ward 1993). The lumbar region, like the 167 

cervical region, exhibits lordosis. Unlike in the cervical region, however, the lordosis of the 168 
lumbar region is facilitated by dorsal wedging of the intervertebral discs and vertebral bodies 169 
(Been et al. 2010). The sacral region of the spinal column has a kyphotic curve. This curve results 170 
from ventral wedging of the 2nd to 5th sacral vertebrae and the coccygeal vertebrae and is 171 
enhanced by a ventral tilt of the cranial end of the sacrum (Cheng and Song 2003). While the 172 
kyphoses of the thoracic and sacral regions appear early in fetal development, the cervical and 173 

lumbar lordoses continue to develop until about 13 years of age (Okpala 2016). The four curves 174 
of the human spine are widely accepted to be important for bipedalism (Latimer and Ward 1993; 175 
Been et al. 2010). They bring the centre of gravity of the body over the hips, and therefore allow 176 
the trunk to be balanced above the legs during bipedal walking (Latimer and Ward 1993; Been et 177 
al. 2019). The lumbar curve is particularly significant in this regard (Latimer and Ward 1993; 178 

Been et al. 2010, 2019). 179 

 180 
The other major feature of the human spine that is thought to be an adaptation for bipedalism is 181 
its vertebral formula, i.e., the most common number of vertebrae in the four regions (Figure 1) 182 
(Williams 2012). Individuals of all hominoid species usually have seven cervical vertebrae, but 183 

there is variation in the modal number of thoracic, lumbar, and sacral vertebrae among species. 184 

Humans generally have 12 thoracic, five lumbar, five sacral, and three to five coccygeal vertebrae 185 
(Williams 2012). Chimpanzees, bonobos, and gorillas typically have 13 thoracic, three to four 186 
lumbar, five to six sacral, and three to five coccygeal vertebrae, while the equivalent figures for 187 
bonobos are 13-14, 3-4, 6-7, and 3-5, respectively (Williams 2012). Orangutans usually have 12 188 

thoracic vertebrae, four lumbar vertebrae, five sacral, and four to six coccygeal vertebrae 189 
(Williams 2012). Thus, humans tend to have a longer lumbar region than the other hominoids. 190 

This has been argued to result in an increased range of motion for flexion and extension (Bramble 191 
and Lieberman 2004; Williams 2012). Additionally, it has been proposed that the larger gap 192 

between the ribcage and the iliac blades created by the longer lumbar spine allows for counter-193 
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rotation of the trunk relative to the hips, which helps to maintain balance during bipedal 194 
locomotion (Bramble and Lieberman 2004). 195 
 196 

Turning now to the lumbar vertebrae, many of the traits that distinguish those of humans from 197 
those of the great apes appear to relate to facilitating and maintaining lumbar lordosis (Figure 2). 198 

For example, the orientation of the zygapophyseal facets is thought to be linked to vertebral 199 
slippage (i.e., horizontal movement of the vertebra away from its normal location) and rotation in 200 
the context of posture and gait (Latimer and Ward 1993; Shapiro 1993). All spines allow for 201 
some rotation, and some slippage of vertebrae is bound to occur, but too much of either would 202 

cause instability in the spine and potentially impact the soft tissues associated with the vertebrae, 203 

such as the spinal cord. In great apes, the facets of the upper lumbar vertebrae are obliquely 204 
oriented, while in humans these facets are oriented more towards the sagittal plane, which has 205 
been hypothesized to resist rotation and maintain lumbar lordosis (Latimer and Ward 1993; 206 
Shapiro 1993; Been et al. 2010). This changes in the final two lumbar vertebrae. In humans, the 207 

facets of the 4th and 5th lumbar vertebrae become more coronally oriented, likely to resist ventral 208 

slippage. Conversely, the facets of the last two lumbar vertebrae in great apes become more 209 
sagittally oriented compared to the facets in their upper lumbar vertebrae (Latimer and Ward 210 
1993). In addition, as Figure 2 indicates, in humans the distance between the zygapophyseal 211 
facets gradually increases as one moves down the lumbar spine (Latimer and Ward 1993). This 212 
has been suggested to provide sufficient spacing between the facets of subjacent vertebrae so that 213 

they do not impinge upon each other due to lumbar lordosis (Ward and Latimer 2005; Ward et al. 214 
2007, 2010). 215 
 216 
The form of the lumbar transverse processes may also play an important role in maintaining 217 
lumbar lordosis. In particular, the transverse processes of human lumbar vertebrae are shorter and 218 
more dorsally orientated than those of the great apes (Latimer and Ward 1993; Cheng and Song 219 

2003). Usually referred to as ‘invagination’ of the vertebral column (Latimer and Ward 1993), 220 
the dorsal projection of the transverse processes positions the spine forward in the thorax 221 
(Bogduk et al. 1992; Shapiro 1993; Been et al. 2010, 2019). This increases the length of the lever 222 
arms of the epaxial muscles (i.e., the dorsal muscles of the thorax) and therefore improves their 223 
ability to extend the spine into an upright posture, resist lateral flexion and anterior shear force, 224 

and maintain lumbar lordosis during bipedal posture and gait (Bogduk et al. 1992; Shapiro 1993; 225 

Sparrey et al. 2014). 226 
 227 
Several traits that distinguish the spinous processes of human lumbar vertebrae from those of 228 
great apes have likewise been argued to facilitate lumbar lordosis. In particular, the spinous 229 

processes of human lumbar vertebrae are dorsoventrally shorter (Bogduk et al. 1992; Latimer and 230 

Ward 1993) and have craniocaudally pinched tips (Plomp et al. 2019b). The relative shortness of 231 
the spinous processes has been hypothesized to decrease the lever arms of the spinal extensor 232 
muscles and therefore limit the degree of sagittal mobility of the spine (Bogduk et al. 1992; Ward 233 
and Latimer 2005). The craniocaudal pinching of the processes’ tips has been suggested to 234 

facilitate lumbar lordosis by increasing the spacing between the spinous processes of subjacent 235 
vertebrae (Shapiro 1993; Plomp et al. 2019b). 236 

 237 
There are four other traits that differentiate the human lumbar spine from that of the great apes. 238 

First, the bodies of human lumbar vertebrae are dorsoventrally deeper than those of great apes 239 

(Latimer and Ward 1993; Plomp et al. 2015). Second, the endplates of the human lumbar 240 
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vertebrae are more heart-shaped than those of great apes (Robinson 1972; Plomp et al. 2015). 241 
Third, the vertebral bodies gradually increase in mediolateral width as one moves down the 242 
human lumbar spine (Rose 1975). Lastly, the pedicles of the last two lumbar vertebrae in the 243 

human spine are mediolaterally wider than those of the great apes (Shapiro 1993). All four of 244 
these traits have been hypothesized to help the vertebrae withstand the compressive load acting 245 

on the lower spine (Rose 1975; Latimer and Ward 1993; Been et al. 2010; Plomp et al. 2015, 246 
2019b). 247 
 248 
3. Evidence for an impact of spinal and vertebral shape on spinal health 249 

 250 

Many of the studies that have investigated the relationship between vertebral shape and spinal 251 
health have focused on lumbar lordosis (e.g., Scannell and McGill 2003; Keller et al. 2005; Been 252 
and Kalichman 2014; Zlolniski et al. 2019; Been et al. 2019). The lordotic angle has been 253 
particularly important in these studies. Measured between a line running parallel to the superior 254 

endplate of the first lumbar vertebrae and a line running parallel to the sacral endplate, this angle 255 

is associated with lumbar lordosis such that a large lordotic angle corresponds to a more 256 
pronounced lumbar lordosis, whereas a small lordotic angle equals a less pronounced lumbar 257 
lordosis. The size of the lordotic angle is highly variable in H. sapiens (Been and Kalichman 258 
2014; Zlolniski et al. 2019). The average lordotic angle is estimated to be between 51-53° (Been 259 
et al. 2010; Yang et al. 2014), while an angle ranging from 57° to 75° is considered pronounced 260 

(Been et al. 2019), and an angle of 40° or less is deemed small (Endo et al. 2010; Sak et al. 2011; 261 
Yang et al. 2014). This variation is associated with the propensity to develop acquired spinal 262 
diseases (Scannell and McGill 2003; Keller et al. 2005; Been et al. 2019). 263 
 264 
One acquired spinal disease that has been linked with the lordotic angle is osteoarthritis of the 265 
zygapophyseal joints. Osteoarthritis is a breakdown of synovial joints, which are the moveable 266 

joints of the body. In the spine, there are two types of synovial joints—the zygapophyseal joints, 267 
which link the articular processes of two adjacent vertebrae, and the costovertebral joints, which 268 
link the ribs to the thoracic vertebrae. Osteoarthritis particularly affects the zygapophyseal joints. 269 
Symptoms of zygapophyseal joint osteoarthritis include localized tenderness and pain (Dolan et 270 
al. 1996), which usually worsens with spinal extension, sitting, or standing (Dolan et al. 1996; 271 

Borenstein 2004). Clinically, zygapophyseal osteoarthritis preferentially affects individuals with 272 

pronounced lumbar lordosis (Roussouly and Pinheiro-Franco 2011). Its occurrence in the lumbar 273 
spine also seems to correlate with zygapophyseal facets that are more sagittally oriented than in 274 
healthy individuals (Fujiwara et al. 2001). Based on these clinical findings, researchers have 275 
proposed that a more-pronounced-than-normal lumbar lordosis results in both increased contact 276 

between the vertebral facets and a greater amount of shear force acting on the joints, and that this 277 

increases the likelihood of the joints breaking down and developing osteoarthritis (Roussouly and 278 
Pinheiro-Franco 2011; Weinberg et al. 2017). 279 
 280 
Spondylolysis has also been correlated with a more-pronounced-than-normal lumbar lordosis. To 281 

reiterate, spondylolysis is a cleft in the neural arch that is caused by a fatigue fracture at the site 282 
of the pars interarticularis (Merbs 1996; Mays 2006, 2007; Hu et al. 2008). People who play a lot 283 

of sports have been found to be particularly prone to develop spondylolysis (Iwamoto et al. 284 
2004), with nearly 50% of adolescent athletes who report low back pain being subsequently 285 

diagnosed with the condition (Micheli and Wood 1995). In addition, bilateral spondylolysis can 286 

result in a loss of the anchoring effects of the zygapophyseal facets, causing the vertebral body to 287 
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slip forward in the spine. When this occurs, the condition is called spondylolisthesis (Rossi and 288 
Dragoni 2001). 289 
 290 

Several studies have linked spondylolysis with greater than normal lumbar lordosis. Using 291 
clinical radiographs, Roussouly et al. (2006) found that spondylolysis is associated with increased 292 

lordosis in a sample of living humans, and hypothesised that a more-pronounced-than-normal 293 
lumbar lordosis increases direct contact between the neural arches of the lumbar vertebrae and 294 
eventually causes the fractures that lead to spondylolysis. Subsequently, Masharawi (2012) 295 
discovered that lumbar vertebrae with spondylolysis tend to have vertebral bodies that are more 296 

dorsally wedged than healthy vertebrae. This is consistent with Roussouly et al.’s (2006) findings 297 

because greater dorsal wedging of the lumbar vertebrae facilitates a more pronounced lumbar 298 
lordosis (Been et al. 2010). Other research teams have also found that the facets of the L4 and L5 299 
vertebrae of individuals with spondylolysis tend to be flatter, more coronally oriented, and 300 
smaller in the transverse direction than those of individuals without spondylolysis (Grobler et al. 301 

1993; Miyake et al. 1996; Van Roy et al. 2006). As we alluded to earlier, the shape and 302 

orientation of the vertebral facets are associated with the curvature of the spine (Shapiro 1993). In 303 
the lumbar spine, the zygapophyseal facets are oriented towards the sagittal plane, which likely 304 
helps to resist rotation and maintain lumbar lordosis (Ahmed et al. 1990; Shapiro 1993; Been et 305 
al. 2010, Jaumard et al. 2011). Based on this, it has been suggested that the flatness and coronal 306 
orientation of the facets identified in L4 and L5 vertebrae with spondylolysis may not provide 307 

adequate support for the large lordotic angle that is also associated with the lesion (Plomp et al. 308 
2020). 309 
 310 
While a number of studies suggest that having a pronounced lordotic angle may increase the 311 
likelihood of developing zygapophyseal osteoarthritis and spondylolysis, there is also evidence 312 
that having a smaller than normal lordosis may negatively impact an individual’s spinal health. 313 

Several papers have reported that people with evidence of degenerative disc disease and 314 
intervertebral disc herniation have significantly smaller lordotic angles than those with healthy 315 
spines (Barrey et al. 2007; Ergun 2010; Yang et al. 2014). The studies in question have found that 316 
individuals with degenerative changes to their discs have an average lordotic angle of 40° while 317 
those with disc herniations have an average lumbar lordosis angle of 37° (Endo et al. 2010; Sak et 318 

al. 2011; Yang et al. 2014). Both of these angles are considerably smaller than the average 319 

lumbar lordosis angle for individuals with healthy lumbar spines.  320 
 321 
Three other traits have been found to correlate with intervertebral disc herniation in modern 322 
humans. One of these traits was identified by Harrington et al. (2001). These authors used CT 323 

scans of 97 patients to measure vertebral endplate dimensions and found that individuals with 324 

herniated intervertebral disc tended to have endplates that are more circular in shape. This finding 325 
was confirmed by Plomp et al. (2012), who compared the two-dimensional (2D) shape of 326 
vertebrae in skeletons with and without Schmorl’s nodes, which are depressions on the vertebral 327 
endplate formed by a herniated disc (Schmorl and Junghanns 1971), and found that vertebrae 328 

with Schmorl’s nodes tend to have more circular vertebral bodies. Another one of the traits was 329 
recognised by Pfirrmann and Resnick (2001). These authors performed an analysis of thoracic 330 

and lumbar vertebrae and intervertebral discs from 128 cadavers and discovered that 331 
intervertebral disc herniations affected vertebrae with flatter endplates significantly more 332 

frequently than vertebrae with more concave endplates. The third trait was identified by Plomp et 333 

al. (2012). It is relatively short pedicles. 334 
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 335 
 336 
4. Evolutionary shape variation and spinal health 337 

 338 
The growing evidence that spinal and vertebral shape influences an individual’s propensity to 339 

develop acquired spinal conditions raises the question of why some people have spinal and 340 
vertebral shapes that predispose them to such conditions while others do not. Recently, several 341 
studies have attempted to answer this question from an evolutionary perspective. 342 
 343 

Plomp et al. (2015) used 2D shape data to compare the shape of human vertebrae with and 344 

without Schmorl’s nodes to those of chimpanzees and orangutans. They found that human 345 
vertebrae with Schmorl’s nodes are more similar in shape to the vertebrae of chimpanzees than 346 
are healthy human vertebrae. Specifically, both human vertebrae with Schmorl’s nodes and 347 
chimpanzee vertebrae tend to have more circular vertebral bodies and relatively shorter pedicles 348 

than healthy human vertebrae (Plomp et al. 2012). Because there is general agreement that Homo 349 

and Pan share an exclusive common ancestor and that this ancestor was quadrupedal, Plomp et 350 
al. (2015) proposed that individuals who develop intervertebral disc hernias do so because their 351 
vertebrae fall at the ancestral end of the range of variation in humans and therefore are less well 352 
adapted for the stresses associated with bipedalism. They called this the ‘Ancestral Shape 353 
Hypothesis’. 354 

 355 
Subsequently, Plomp et al. (2019) tested the Ancestral Shape Hypothesis with three-dimensional 356 
(3D) shape data from the last two thoracic and first lumbar vertebrae of pathological humans, 357 
healthy humans, chimpanzees, and several fossil hominin species. They were able to confirm that 358 
Schmorl’s nodes-affected and healthy human vertebrae differ significantly in shape, and that 359 
Schmorl’s nodes-affected human vertebrae are closer in shape to those of chimpanzees than are 360 

healthy human vertebrae. Additionally, they found that pathological human vertebrae are 361 
generally more similar in shape to the vertebrae of the fossil hominins than are healthy human 362 
vertebrae, which is also consistent with the Ancestral Shape Hypothesis. According to Plomp et 363 
al.’s (2019) results, Schmorl’s nodes-bearing human vertebrae tend to have vertebral bodies that 364 
are more circular and more ventrally wedged, implying a smaller lordotic angle; relatively short 365 

pedicles and laminae; relatively long, more cranio-laterally projecting transverse processes; and 366 

relatively long, cranially-oriented spinous processes (Figure 3).  367 
 368 
Most recently, Plomp et al. (2020) investigated the evolutionary basis of spondylolysis. As noted 369 
earlier, individuals with spondylolysis have been found to have more-pronounced-than-normal 370 

lumbar lordosis (Masharawi 2012). Building on this association, Plomp et al. (2020) 371 

hypothesised that spondylolytic vertebrae have the converse shape problem to those with 372 
Schmorl’s nodes, i.e., they exhibit shape traits that are exaggerated adaptations for bipedalism. 373 
To test this ‘Overshoot Hypothesis’, they compared the 3D shape of final lumbar vertebrae of 374 
humans, chimpanzees, gorillas, and orangutans. The humans were divided into three groups 375 

according to whether they had bilateral spondylolysis, Schmorl’s nodes on any vertebrae, or no 376 
vertebral lesions. Consistent with the predictions of the hypothesis, Plomp et al. (2020) found that 377 

spondylolytic human vertebrae shared fewer shape similarities with great ape vertebrae than did 378 
the healthy human vertebrae. They also found that the vertebrae of humans with Schmorl’s nodes 379 

had more similarities in shape with great ape vertebrae than did either spondylolytic or healthy 380 

human vertebrae. Since the spondylolytic vertebrae were farthest from great ape vertebrae in 381 
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terms of shape, Plomp et al. (2020) concluded that spondylolysis is indeed partly the result of 382 
individual’s having exaggerated vertebral adaptations for bipedalism. 383 
 384 

5. The Evolutionary Shape Hypothesis 385 
 386 

A few years ago, Crespi and Go (2015) outlined what they called the ‘Diametrical Disease 387 
Framework’ for understanding psychiatric, rheumatological, neurological, oncological, and 388 
immunological conditions. They argued that it can be helpful to think about health conditions in 389 
terms of trade-offs, where an increased risk of one condition can decrease the risk of another 390 

condition and vice versa. When combined with Plomp et al.’s (2015, 2019, 2020) results, this 391 

framework enables us to update Keith’s (1923) idea that bipedalism predisposes us to acquired 392 
spine conditions. 393 
 394 
We can conceptualise the distribution of vertebral shape variation in humans as a bell-curve with 395 

an ancestral end and a derived end (Figure 4). At the centre of the range of variation are vertebrae 396 

that have the lineage-specific optimal shape for bipedalism and, therefore, have a lower 397 
probability of developing spinal pathologies in response to the stresses of bipedal posture and gait 398 
(we use the term ‘lineage specific optimal shape’ because natural selection is constrained by 399 
history and therefore is not expected to produce globally optimal solutions [Gould and Lewontin 400 
1979; Beatty and Desjardins, 2009]). At the ancestral end of the range, vertebrae differ little from 401 

those of the chimpanzees and, by extension, from those of the common ancestor of humans and 402 
chimpanzees. People with vertebrae that fall in this part of the distribution have a heightened 403 
probability of developing intervertebral disc hernias. Conversely, at the other, highly derived end 404 
of the range of shape variation, individuals exhibit exaggerated versions of our species’ vertebral 405 
adaptations for bipedalism. Individuals with vertebrae that fall in this ‘hyper-derived’ part of the 406 
distribution are more prone to develop the fatigue fractures that cause spondylolysis. In other 407 

words, there is a healthy middle ground for spinal and vertebral shape, and moving away from 408 
the middle ground has consequences for spinal health—moving towards the ancestral condition 409 
for our lineage increases the probability of experiencing intervertebral disc herniation, while 410 
going beyond the middle ground increases the probability of experiencing spondylolysis. We call 411 
this the ‘Evolutionary Shape Hypothesis’. 412 

 413 

The Evolutionary Shape Hypothesis complements the ‘Neutral Zone Hypothesis’ proposed by 414 
Been et al. (2019). While the lordotic angle varies considerably in modern humans, the average 415 
angle has been calculated to be 51-53° (Yang et al. 2014; Been et al. 2019).  Been et al. (2019) 416 
contend that human spines with lordotic angles in the 51-53° range are in the biomechanical 417 

neutral zone, and that individuals with lordosis angles substantially lower or higher than 51-53° 418 

are at higher risk of developing spinal pathologies. The neutral zone in Been et al.’s (2019) 419 
hypothesis corresponds to the centre of the range of variation in the Evolutionary Shape 420 
Hypothesis, i.e., the part of the range of variation where vertebrae that have the lineage-specific 421 
optimal shape for bipedalism are located. 422 

 423 
A question that is obviously prompted by this attempt to place back pain in an evolutionary 424 

framework is, why have the genes underlying the shape traits that increase an individual’s 425 
likelihood of developing acquired spinal conditions not been removed from our lineage through 426 

natural selection? One potential answer to this question, we think, is that not all spinal 427 

pathologies result in pain. It is not uncommon for spinal lesions to be identified in medical 428 
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images of people who do not report experiencing back pain (Brinjikji et al. 2015). Thus, it is 429 
possible that the genes in question persist because in a not-insignificant percentage of individuals 430 
they are ‘invisible’ to natural selection. Another possible answer is that even when such 431 

conditions do result in back pain, there is little impact on reproductive success. Some individual’s 432 
back pain while persistent is sufficiently mild that they can accomplish daily activities despite 433 

experiencing it. Other’s back pain is debilitating but only happens in brief bouts and therefore 434 
does not prevent them from meeting their needs. In both situations, it is unlikely that back pain 435 
would place strong enough selective pressures on individuals to stop them from reproducing and 436 
passing on their genes, including the genes that underlie the shape traits that increase an 437 

individual’s likelihood of developing acquired spinal conditions. 438 

 439 
6. Future directions 440 
 441 
Several next steps suggest themselves. To begin with, it would be useful to investigate the 442 

biomechanical significance of the ancestral and hyper-derived shape traits. In principle, it should 443 

be possible to accomplish this by analysing human and great ape skeletons with a combination of 444 
dissection, 3D morphometrics, and musculoskeletal modelling. Such a study would help us 445 
understand how the shape traits increase an individual’s probability of developing intervertebral 446 
disc hernias and spondylolysis. It would also provide insight into the functional anatomy of great 447 
ape vertebrae, which is something we know little about at the moment. 448 

 449 
The Evolutionary Shape Hypothesis assumes that the shape differences between pathological and 450 
healthy human vertebrae are genetically programmed rather than the result of phenotypic 451 
plasticity responding to spinal loading regimes. There are reasons to believe this is the case. Most 452 
notably, the fact that Plomp et al. (2015, 2020) found the shape of human vertebrae with 453 
Schmorl’s nodes to be similar to the shape of chimpanzee vertebrae is consistent with genetic 454 

programming but not with loading-induced phenotypic plasticity, because humans and 455 
chimpanzees share a common ancestor but have different locomotor strategies. Nevertheless, it 456 
would be helpful to establish for certain that the shape differences between Schmorl’s nodes-457 
bearing vertebrae and healthy human vertebrae are genetically programmed. 458 
 459 

It would also be useful to identify the alleles involved in vertebral shape in humans and 460 

chimpanzees, and then investigate whether individuals with the vertebral shape associated with 461 
intervertebral disc hernias share more vertebral shape-related alleles with chimpanzees than do 462 
individuals elsewhere in the distribution of vertebral shape variation within H. sapiens. The same 463 
holds for the shape differences between spondylolysis-afflicted vertebrae and healthy human 464 

vertebrae. This would improve understanding of the genetic basis of specific lumbar pathologies 465 

and could open up the possibility of large-scale screening for at-risk individuals. Groundwork for 466 
this project has already been laid by research on other vertebrates (Böhmer 2017).  467 
 468 
Another worthwhile undertaking would be to use medical imaging, geometric morphometrics, 469 

and a large sample of healthy and afflicted living humans to develop a predictive model that 470 
enables an individual’s probability of developing different acquired spinal conditions to be 471 

calculated based on the shape of their vertebrae. This would allow the formulation of 472 
recommendations regarding preventative measures to reduce the likelihood of developing the 473 

relevant condition(s). 474 

 475 
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Lastly, there is reason to believe that the logic of the Evolutionary Shape Hypothesis may apply 476 
to other conditions—not only other acquired spinal conditions but also acquired conditions that 477 
affect other parts of the skeleton. The human skeleton differs in many ways from those of the 478 

great apes, and some of the differences are in regions commonly affected by acquired conditions. 479 
As such, it is possible that the link between ancestral and hyper-derived shapes and pathologies 480 

that Plomp et al. (2015, 2019, 2020) have identified in the vertebrae may hold elsewhere. The 481 
knee and hip are good candidates for such a study because they both underwent substantial 482 
changes in shape during the shift to bipedalism and are prone to acquired conditions (Watson et 483 
al. 2009). Similarly, the human shoulder differs markedly from the great ape shoulder and has a 484 

different pathology profile (Püschel and Sellers 2015). 485 

 486 
Acknowledgements 487 
 488 
We thank Bernard Crespi and Bernard Wood for providing insightful feedback on a previous 489 

draft of this paper. We also thank two anonymous reviewers and the editor for helping to improve 490 

the paper. Our work on vertebral shape and spinal pathology, including this paper, has been 491 
supported by the Canada Research Chairs Program (228117 and 231256), Canada Foundation for 492 
Innovation (23808 and 36801), British Columbia Knowledge Development Fund (862-804231 493 
and 962-805808), Simon Fraser University (14518), MITACS (IT03519), the Wenner-Gren 494 
Foundation (62447), and Marie Skłodowska-Curie Actions (748200). 495 

 496 
Literature cited 497 
 498 
Adams MA, Roughley PJ (2006) What is intervertebral disc degeneration and what causes it? 499 
Spine 31: 2151-2161. https://10.1097/01.brs.0000231761.73859.2c. 500 
 501 

Ahmed AD, Duncan NA, Burke DL (1990) The effect of facet geometry on the axial torque-502 
rotation response of lumbar motion segments. Spine 15: 391-401. http://10.1097/00007632-503 
199005000-00010  504 
 505 
Amirdelfan K, McRoberts P, Deer TR (2014) The differential diagnosis of low back pain: a 506 

primer on the evolving paradigm. Neuromod 17: 11-17. http://10.1111/ner.12173  507 

 508 
Barrey C, Jund J, Perrin G, Roussouly P (2007) Spinopelvic alignment of patients with 509 
degenerative spondylolisthesis. Neurosurg 61(5): 981-986. 510 
http://10.1227/01.neu.0000303194.02921.30  511 

 512 

Battie MC, Videman T, Kapiro J, Gibbons LE, Gill K, Manninen H, Saarela J, Peltonen L (2009) 513 
The twin spine study: contributions to a changing view of disc degermation. Spine J 9(1): 47-59. 514 
http://10.1016/j.spinee.2008.11.011  515 
 516 

Beatty J, Desjardins EC (2009) Natural selection and history. Biol & Phil 24: 231–246. 517 
 518 

Been E, Barash A, Marom A, Kramer P (2010) Vertebral bodies or discs: Which contributes 519 
more to human-like lumbar lordosis? Clin Orthop Rel Res 486: 1822-29. http://10.1007/s11999-520 

009-1153-7 521 

 522 

https://doi.org/10.1097/00007632-199005000-00010
https://doi.org/10.1097/00007632-199005000-00010
https://doi.org/10.1111/ner.12173
https://doi.org/10.1227/01.neu.0000303194.02921.30
https://doi.org/10.1016/j.spinee.2008.11.011


 13 

Been E, Kalichman L (2014) Lumbar lordosis. Spine J 14(1): 87-97. 523 
https://doi.org/10.1016/j.spinee.2013.07.464 524 
 525 

Been E, Simonovich A, Kalichman L (2019) Spinal posture and pathology in modern humans. In: 526 
Been E, Gomez-Olivencia A, Kramer PA (eds) Spinal Evolution. Springer, London, pp 310-320. 527 

 528 
Bogduk N, Macintosh JE, Pearcy MJ (1992) A universal model of the lumbar back muscles in the 529 
upright position. Spine 17: 897-913. https://10.1097/00007632-199208000-00007 530 
 531 

Böhmer C (2017) Correlation between Hox code and vertebral morphology in the mouse: 532 

towards a universal model for Synapsida. Zoolog Let 3: 8. http://10.1186/s40851-017-0069-4 533 
 534 
Bone and Joint Canada (2014). Low back pain. http://boneandjointcanada.com/low-back-pain/ 535 
Accessed 14 April 2021 536 

 537 

Borenstein D (2004). Does osteoarthritis of the lumbar spine cause chronic low back pain? 538 
Curr Pain Headach Rep 8: 512–517. 539 
 540 
Bramble DM, Lieberman DE (2004). Endurance running and the evolution of Homo. Nature 541 
432(7015): 345-352. 542 

 543 
Brinjikji W, Luetmer PH, Comstock B, Bresnahan BW, Chen LE, Deyo RA, Jarvik JG (2015). 544 
Systematic literature review of imaging features of spinal degeneration in asymptomatic 545 
populations. Am J Neuroradiol 36(4): 811-816. 546 
 547 
Burke KL (2012). Schmorl’s nodes in an American military population: Frequency, Formation, 548 

and Etiology. J Foren Sci 57(3): 571–577. 549 
 550 
Cheng JS, Song JK (2003) Anatomy of the sacrum. J Neurosurg 15:1-4. 551 
https://doi.org/10.3171/foc.2003.15.2.3 552 
 553 

Crespi BJ, Go MC (2015) Diametrical diseases reflect evolutionary-genetic tradeoffs: Evidence 554 

from psychiatry, neurology, rheumatology, oncology and immunology. Evol Med Pub Health 1: 555 
216-253. http://10.1093/emph/eov021 556 
 557 
Dar G, Peleg S, Masharawi Y, Steinberg N, Hila M, Hershovitz I (2009) Demographic aspects of 558 

Schmorl’s nodes: a skeletal study. Spine 34: E312-E315. https://10.1097/BRS.0b013e3181995fc5 559 

 560 
Davis MA (2012). Where the United States spends its spine dollars: expenditures on different 561 
ambulatory services for the management of back and neck pain. Spine 37(19): 1693-1701. 562 
 563 

Dolan AL, Ryan PJ, Arden NK, Stratton R, Wedley JR, Hamann W, Fogelman W, Gibson T 564 
(1996). The value of spectscans in identifying back pain likely to benefit from facet joint 565 

injection. Brit J Rheum 35: 1269–1273. 566 
 567 

Donaldson L (2008) Annual Report of the Chief Medical Officer on the State of Public Health. 568 

Department of Health, London. 569 

https://dx.doi.org/10.1186%2Fs40851-017-0069-4
http://boneandjointcanada.com/low-back-pain/
https://www.researchgate.net/deref/http%3A%2F%2Fdx.doi.org%2F10.1093%2Femph%2Feov021?_sg%5B0%5D=W6XhqBFLbPgEmD7ZdFeMHoYe6q9fsGbJ2reL9qqUxfTl60zgRJ2OUBQ7tYWYb7ECRwCo5Pq3OvwRpRoRJASrX_zhww.4txfFh29iTyjFi_BFmriwXf9orv0x8d2N1XqXx3ZdMcRLmVvd5dlmL40JqFIKlmHkdhFE8QxCjR5BR00adNJUw
https://10.0.4.73/BRS.0b013e3181995fc5


 14 

 570 
Endo K, Suzuki, H, Tanaka, H, Kang, Y, Yamamoto, K (2010) Sagittal spinal alignment in 571 
patients with lumbar disc herniation. Euro Spine  J 19: 435-438. 572 

 573 
Ergun T, Lakadamyali H, Sahin MS (2010) The relation between sagittal morphology of the 574 

lumbrosacral spine and the degree of lumbar intervertebral disc degeneration. Acta Orthopaed et 575 
Traumatol Tur 44(4): 293-299. http://10.3944/AOTT.2010.2375  576 
 577 
Filler AG (2007) Emergence and optimization of upright posture among hominiform hominoids 578 

and the evolutionary pathophysiology of back pain. Neurosurg Foc 23: E4. 579 

https://doi.org/10.3171/FOC-07/07/E4 580 
 581 
Fugiwara A, Tamai K, An HS, Lim T, Yoshida H, Kurihashi A, Saotome K (2001) Orientation 582 
and osteoarthritis of the lumbar facet joint. Clinl Orthopaed Rel Res 385: 88-94. http:// 583 

10.1097/00003086-200104000-00015.  584 

  585 
Gould SJ, Lewontin RC (1979) The spandrels of San Marco and the Panglossian paradigm: a 586 
critique of the adaptationist programme. Proc R Soc Lond B Biol Sci 205: 581–598 587 
 588 
Grobler LJ, Robertson PA, Novotny JE, Pope MH (1993) Etiology of spondylolisthesis. 589 

Assessment of the role played by lumbar facet joint morphology. Spine 18(1): 80-91  590 
 591 
Hackinger S, Trajanoska K, Styrkarsdottir U, Zengini E, Steinberg J, Ritchie GR, Hatzikotoulas 592 
K, Gilly A, Evangelou E, Kemp JP, arcOGEN Consortium, GEFOS Consortium, Evans D, 593 
Ingvarsson T, Jonsson H, Thorsteindottir U, Stefansson K, McCaskie AW, Brooks RA, 594 
Wilkinson JM, Rivadeneira F, Zeggini E (2017) Evaluation of shred genetic aetiology between 595 

osteoarthritis and bone mineral density identifies SMAD3 as a novel osteoarthritis risk locus. 596 
Hum Mol Gen 26: 3850-3858. https://doi.org/10.1093/hmg/ddx285 597 
 598 
Harrington JF, Sungarian A, Rogg J, Makker VJ, Epstein MH (2001) The relation between 599 
vertebral endplates shape and lumbar disc herniations. Spine 26: 2133-2138. 600 

http://10.1097/00007632-200209150-00025 601 

 602 
Hickey DS, Hukins DW (1980) Relation between the structure of the annulus fibrosis and the 603 
function and failure of the intervertebral disc. Spine 5(2): 106-116. http://10.1097/00007632-604 
198003000-00004  605 

 606 

Hoy D, March L, Woolf A, Blyth F, Brooks P, Smith A, Vos T, Barendregt J, Blore J, Murray C, 607 
Burstein R, Buchbinder R (2014) The global burden of low back pain: estimates the global 608 
burden disease 2010 study. Clin Epidemiol Res 73: 968-64. https://10.1136/annrheumdis-2013-609 
204431 610 

 611 
Hu SS, Tribus CB, Diab M, Ghanayem AL (2008) Spondylolisthesis and Spondylolysis. J Bone 612 

Joint Surg 90: 656.-671  613 
 614 

https://doi.org/10.3944/aott.2010.2375
https://doi.org/10.3171/FOC-07/07/E4
https://doi.org/10.1097/00007632-200209150-00025
https://doi.org/10.1097/00007632-198003000-00004
https://doi.org/10.1097/00007632-198003000-00004
https://10.0.4.112/annrheumdis-2013-204431
https://10.0.4.112/annrheumdis-2013-204431


 15 

Iwamoto J, Takeda T, Wakano K (2004) Returning athletes with severe low back pain and 615 
spondylolysis to original sporting activities with conservative treatment. Scan J Med Sci Sp 14: 616 
346-351. http://10.1111/j.1600-0838.2004.00379  617 

 618 
Jaumard NV, Welch WC, Winkelstein BA (2011). Spinal facet joint biomechanics and 619 

mechanotransduction in normal, injury and degenerative conditions. J Biomechan Engin 133: 620 
71010. 621 
 622 
Jurmain R (1989) Skeletal evidence of trauma in African apes, with special reference to the 623 

Gombe chimpanzees. Primates 38: 1-14. https://doi.org/10.1007/BF02385918 624 

 625 
Jurmain RD (2000) Degenerative joint disease in African great apes: an evolutionary perspective. 626 
J Hum Evol 39: 185-203. https://doi.org/10.1006/jhev.2000.0413 627 
 628 

Keith A (1923) Hunterian lectures on Man’s posture: Its evolution and disorders. Lecture II. The 629 

evolution of the orthograde spine. Brit Med J 1: 587-90 630 
 631 
Keller TS, Colloca CJ, Harrison DE, Harrison DC, Janik T (2005) Influence of spine morphology 632 
on intervertebral disc loads and stresses in asymptomatic adults: implications of or the ideal 633 
spine. Spine J 5(3): 297-309. http://10.1016/j.spinee.2004.10.050  634 

 635 
Krogman WM (1951). The scars of human evolution. Sci Am 185(6): 54-57. 636 
 637 
Latimer B (2005) The perils of being bipedal. Ann Biomed Engin 33: 3-6. http://10.1007/s10439-638 
005-8957-8 639 
 640 

Latimer B, Ward CV (1993) The thoracic and lumbar vertebrae. In: Walker A, Leakey R (eds), 641 
The Nariokotome Homo erectus Skeleton. Springer, Berlin, pp. 266-293. 642 
 643 
Lovell N (1990) Patterns of Injury and Illness in the Great Apes: A Skeletal Analysis. 644 
Smithsonian Institution, Washington, DC 645 

 646 

Lowenstine LJ, McManamon R, Terio KA (2016) Comparative pathology of aging great apes: 647 
bonobos, chimpanzees, gorillas, and orangutans. Vet Pathol 53(2): 250-276. 648 
https://doi.org/10.1177/0300985815612154  649 

 650 

Maher C, Underwood M, Buchbinder R (2017) Non-specific low back pain. Lancet 389: 736-651 

747. https://doi.org/10.1016/S0140-6736(16)30970-9. 652 
 653 
Maniadakis N, Gray A (2000) The economic burden of back pain in the UK. Pain 84: 95-103. 654 
http:// 10.1016/S0304-3959(99)00187-6 655 

 656 
Masharawi Y (2012) Lumbar shape characterization of the neural arch and vertebral body in 657 

spondylolysis: a comparative skeletal study. Clin Anat 25: 224-230. 658 
https://doi.org/10.1002/ca.21203 659 
 660 

https://doi.org/10.1111/j.1600-0838.2004.00379.x
https://doi.org/10.1006/jhev.2000.0413
https://doi.org/10.1016/j.spinee.2004.10.050
https://doi.org/10.1007/s10439-005-8957-8
https://doi.org/10.1007/s10439-005-8957-8
https://doi.org/10.1177%2F0300985815612154
https://doi.org/10.1016/S0140-6736(16)30970-9
https://doi.org/10.1002/ca.21203


 16 

Masharawi Y, Alperovitvh-Najenson D, Steinberg N, Dar, G, Peleg S, Rothschild B, Salame K, 661 
Hershkovtiz I (2007) Lumbar facet orientation in spondylolysis: a skeletal study. Spine 32(6): 662 
E176-E180. http:// 0.1097/01.brs.0000257565.41856.0f 663 

 664 
Mays S (2006) Spondylolysis, spondylolisthesis, and lumbo-sacral morphology in a medieval 665 

English skeletal population. Am J Phys Anthropol 131: 352-362. httP;// 10.1002/ajpa.20447   666 
 667 
Mays S (2007) Spondylolysis in non-adult skeletons excavated from a medieval rural 668 
archaeological site in England. Int J Osteoarchaeol 17: 504-513. https://doi.org/10.1002/oa.878 669 

  670 

Meakin JR, Gregory JS, Aspden RM, Smith FW, Gilbert FJ (2009) The intrinsic shape of the 671 
human lumbar spine in supine, sitting, and standing postures: characterization using an active 672 
shape model. J Anat 215: 206-211. http://10.1111/j.1469-7580.2009.01102 673 
 674 

Meakin JR, Smith FW, Gilbert FJ, Aspden RM (2008) The effect of axial load on the sagittal 675 

place curvature of the upright human spine in vivo. J Biomech 41(13): 2850-2854. http:// 676 
10.1016/j.jbiomech.2008.06.035.  677 
 678 
Merbs CF (1989) Spondylolysis: its nature and anthropological significance. Inter J Anthropol 679 
4(3): 163-169. 680 

 681 
Merbs C (1996) Spondylolysis and spondylolisthesis: A cost of being an erect biped or clever 682 
adaptation? Am J Phys Anthropol 101: 201-228. https://doi.org/10.1002/(SICI)1096-683 
8644(1996)23+<201::AID-AJPA8>3.0.CO;2-7 684 
 685 
Meyer MR (2016) The cervical vertebrae of KSD-VP-1/1. In: Haile-Selassie, Y, Su, D, (eds.), 686 

The Postcranial Anatomy of Australopithecus afarensis. Springer, Dordrecht, pp 63-111. 687 
 688 
Micheli LJ, Wood R (1995) Back pain in young athletes: Significant differences from adults in 689 
causes and patterns. JAMA Ped 149(1): 15-18. https:// 10.1001/archpedi.1995.02170130017004 690 
 691 

Middleton K, Fish DE (2009). Lumbar spondylosis: clinical presentation and treatment 692 

approaches. Curr Rev Musculoskel Med 2(2): 94-104. 693 
 694 
Miyake R, Ikata T, Katoh S, Morita T (1996) Morphologic analysis of the facet joint in the 695 
immature lumbosacral spine with special reference to spondylolysis. Spine 21: 783-789. https:// 696 

10.1097/00007632-199604010-00001 697 

 698 
Molnar P, Ahlstrom TP, Leden I (2009). Osteoarthritis and activity—An analysis of the 699 
relationship between eburnation, musculoskeletal stress markers (MSM) and age in two Neolithic 700 
hunter-gatherer populations from Gotland, Sweden. Int J Osteoarchaeol 21(3): 283–291. 701 

 702 
Muraki S, Oka H, Akune T, Mabuchi A, En-yo Y, Yoshida M, Saika A, Suzuki T, Yoshida H, 703 

Ishibashi H, Yamamoto S, Nakamura K, Kawaguchi H, Yoshimura N (2009) Prevalence of 704 
radiographic lumbar spondylosis and its association with low back pain in elderly subjects of 705 

population-based cohorts: the ROAD study. Ann Rheum Dis 68: 1401-1406. 706 

http://dx.doi.org/10.1136/ard.2007.087296 707 

https://doi.org/10.1002/oa.878
https://doi.org/10.1002/(SICI)1096-8644(1996)23+%3c201::AID-AJPA8%3e3.0.CO;2-7
https://doi.org/10.1002/(SICI)1096-8644(1996)23+%3c201::AID-AJPA8%3e3.0.CO;2-7


 17 

 708 
Nuckley DJ, Kramer PA, Rosario AD, Fabro N, Baran S, Ching RP (2008) Intervertebral disc 709 
degeneration in a naturally occurring primate model: radiographic and biomechanical evidence. J 710 

Orthop Res 26:1283-88.: https://doi.org/10.1002/jor.20526 711 
 712 

Okpala FO (2016) Normal pediatric lumbar lordosis: measurement of magnitude and age of 713 
maximum development using radiographic techniques. West African J Rad 23: 82-88. 714 
https://10.4103/1115-3474.172093 715 
 716 

Pfirrmann C, Resnick D (2001) Schmorl’s nodes of the thoracic and lumbar spine: Radiographic 717 

pathologic study of prevalence, characterization, and correlation with degenerative changes of 718 
1,650 spinal levels in 100 cadavers. Radiology 219: 368-374. 719 
https://10.1148/radiology.219.2.r01ma21368 720 
 721 

Plomp KA, Roberts CA, Strand Vidarsdottir U (2012) Vertebral morphology influences the 722 

development of Schmorl’s nodes in the lower thoracic vertebra. Am J Phys Anthropol 149: 172-723 
182. https://10.1002/ajpa.22168 724 
 725 
Plomp KA, Strand Viðarsdóttir U, Weston D, Dobney KM, Collard M (2015) The ancestral 726 
shape hypothesis: An evolutionary explanation for the occurrence of intervertebral disc herniation 727 

in humans. BMC Evol Biol 15: 68-78. https://10.1186/s12862-015-0336-y 728 
 729 
Plomp KA, Weston D, Strand Viðarsdóttir U, Dobney K, Collard M (2019) Potential adaptations 730 
for bipedalism in modern human thoracic and lumbar vertebrae: a 3D comparative analysis. J 731 
Hum Evol 137: 102693. https://10.1016/j.jhevol.2019.102693 732 
 733 

Plomp KA, Dobney K, Weston D, Strand Viðarsdóttir U, Collard M (2019) 3D shape analyses of 734 
extant primate and fossil hominin vertebrae support the Ancestral Shape Hypothesis for 735 
intervertebral disc herniation. BMC Evol Biol 19:226-242. https://10.1186/s12862-019-1550-9 736 
 737 
Plomp KA, Dobney K, Collard M (2020) Spondylolysis and spinal adaptations for bipedalism: 738 

The Overshoot Hypothesis. Evol Med Pub Health 1:35-44. https://10.1093/emph/eoaa003 739 

 740 
Püschel TA, Sellers WI (2015) Standing on the shoulders of apes: Analyzing the form and 741 
function of the hominoid scapula using geometric morphometrics and finite element analysis. Am 742 
J Phys Anthropol 159: 325-341. https://10.1002/ajpa.22882 743 

 744 

Robinson JT (1972) Early Hominin Posture and Locomotion. University of Chicago Press, 745 
Chicago. 746 
 747 
Rose MD (1975) Functional proportions of primate lumbar vertebral bodies. J Hum Evol 4: 21-748 

38. https://doi.org/10.1016/0047-2484(75)90087-1 749 
 750 

Rossi F, Dragoni S (2001). The prevalence of spondylolysis and spondylolisthesis in 751 
symptomatic elite athletes: Radiographic findings. Radiography 7(1): 37–42. 752 

 753 

https://doi.org/10.1002/jor.20526
https://10.0.16.7/1115-3474.172093


 18 

Roussouly P, Gollogly S, Berthonnaud E, Labelle H, Weidenbaum M (2006) Sagittal alignment 754 
of the spine and pelvis in the presence of L5-S1 isthmic lysis and low-grade spondylolisthesis. 755 
Spine 31: 2484-2490. https://10.1097/01.brs.0000239155.37261.69 756 

 757 
Roussouly P, Pinheiro-Franco J (2011) Sagittal parameters of the spine biomechanical approach. 758 

Euro Spine J 20: 578-585. https://10.1007/s00586-011-1924-1 759 
 760 
Sak GS, Ayoub CM, Domloj NT, Turbay MJ, El-Zein C, Hourani MH (2011) Effect of age and 761 
lordotic angle on the level of lumbar disc herniation. Ad Orthoped 2011: 950576. 762 

 763 

Scannell JP, McGill SM (2003) Lumbar posture—Should it, and can it, be modified? A study of 764 
passive tissue stiffness and lumbar position during activities of daily living. Phys Ther 83: 907-765 
917. https://10.1093/ptj/83.10.907 766 
 767 

Schmorl G, Junghans H (1971) The Human Spine in Health and Disease. Grune and Stratton, 768 

New York. 769 
 770 
Shapiro L (1993) Functional morphology of the vertebral column in primates. In: Gebo DL (ed). 771 
Postcranial Adaptation in Non-human,Primates. Northern Illinois University Press, Dekalb, 772 
Illinois, pp 121-149 773 

 774 
Sparrey CJ, Bailey JF, Safaee M, Clark AJ, Lafage V, Schwab F, Smith JS, Ames CP (2014) 775 
Etiology of lumbar lordosis and its pathophysiology: a review of the evolution of lumbar 776 
lordosis, and the mechanics and biology of lumbar degenerative. J Neurosurg 36: E1. 777 
https://10.3171/2014.1.FOCUS13551 778 
 779 

Stanton T, Henschke N, Maher C (2008) After an episode of acute low back pain, recurrence is 780 
unpredictable and not as common as previously thought. Spine 33: 2923-2928. https:// 781 
10.1097/BRS.0b013e31818a3167 782 
 783 
Van Roy P, Barbaix E, De Maeseneer M, Pouders C, Clarys JP (2006) The anatomy of the neural 784 

arch of the lumbar spine, with references to spondylolysis, spondylolisthesis, and degenerative 785 

spondylolisthesis. In: Gunzburg R, Szpalski M (eds) Spondylolysis, Spondylolisthesis, and 786 
Degenerative Spondylolisthesis. Wolters Kluwer, Alphen an den Rijn, South Holland, 787 
Netherlands, pp 1-10 788 
 789 

Walker B, Muller R, Grant WD (2003) Low back pain in Australian adults: the economic burden. 790 

Asia Pac J Pub Health 15: 79-87. https://10.1177/101053950301500202 791 
 792 
Ward CV, Latimer B (2005) Human evolution and the development of spondylolysis. Spine 30: 793 
1808-1814. https://10.1097/01.brs.0000174273.85164.67 794 

 795 
Ward CV, Latimer B, Alander DH, Parker J, Ronan JA, Holden AD, Sanders C (2007) 796 

Radiographic assessment of lumbar facet distance spacing and spondylolysis. Spine 32: E85-E88. 797 
https://10.1097/01.brs.0000252200.66545.43 798 

 799 

https://www.google.com/search?client=firefox-b-d&sxsrf=ACYBGNTKQpcEWIopaklEfd3FsFVgX94Y_g:1571252024582&q=Alphen+aan+den+Rijn&stick=H4sIAAAAAAAAAOPgE-LUz9U3MDXPLU9X4gAxyy3L07W0spOt9POL0hPzMqsSSzLz81A4VhmpiSmFpYlFJalFxYtYhR1zCjJS8xQSE_MUUoB0UGZWHgC3yBXSWQAAAA&sa=X&ved=2ahUKEwidiJz2uaHlAhUhCTQIHVmeDRYQmxMoATAbegQIDhAH
https://www.google.com/search?client=firefox-b-d&sxsrf=ACYBGNTKQpcEWIopaklEfd3FsFVgX94Y_g:1571252024582&q=Alphen+aan+den+Rijn&stick=H4sIAAAAAAAAAOPgE-LUz9U3MDXPLU9X4gAxyy3L07W0spOt9POL0hPzMqsSSzLz81A4VhmpiSmFpYlFJalFxYtYhR1zCjJS8xQSE_MUUoB0UGZWHgC3yBXSWQAAAA&sa=X&ved=2ahUKEwidiJz2uaHlAhUhCTQIHVmeDRYQmxMoATAbegQIDhAH
https://doi.org/10.1177/101053950301500202


 19 

Ward CV, Mays SA, Child S, Latimer B (2010) Lumbar vertebral morphology and isthmic 800 
spondylolysis in a British medieval population. Am J Phys Anthropol 141: 273-280. 801 
https://doi.org/10.1002/ajpa.21142 802 

 803 
Watson JC, Payne RC, Chamberlain AT, Jones RK, Sellers WI (2009) The kinematics of load 804 

carrying in humans and great apes: implications for the evolution of human bipedalism. Folia 805 
Primatol 80: 309-328. https://10.1159/000258646 806 
 807 

Webb R, Brammah T, Lunt M, Urwin, M., Allison, T, Symmons D (2003) Prevalence and 808 

predictors of intense, chronic, and disabling neck and back pain in the UK general population. 809 
Spine 28:1195-202. https://10.1097/01.BRS.0000067430.49169.01 810 
 811 
Weinberg DS, Liu RW, Xie KK, Morris WZ, Gebhart JJ, Gordon ZL (2017) Increased and 812 

decreased pelvic incidence, sagittal facet joint orientations are associated with lumbar spine 813 

osteoarthritis in a large cadaveric collection. Int Orthopaed 41: 1593-1600. https:// 814 

10.1007/s00264-017-3426-1 815 
 816 
Williams S (2012) Placement of the diaphragmatic vertebra in catarrhines: implications for the 817 

evolution of the dorsostability in hominoids and bipedalism in hominins. Am J Phys Anthropol 818 
148: 111-122. https://doi.org/10.1002/ajpa.22049 819 

 820 
Yang X, Kong Q, Song Y, Liu L, Zeng J, Xing, R (2014) The characteristics of spinopelvic 821 
sagittal alignment in patients with lumbar disc degenerative diseases. Euro Spine J 23:569-575. 822 

https://10.1007/s00586-013-3067-z 823 
 824 
Zlolniski SL, Torres-Tamayo N, García-Martínez D, Blanco-Pérez E, Mata-Escolano F, Barash 825 

A, Nalla S, Martelli S, Sanchis-Gimeno JA, Bastir M (2019) 3D geometric morphometric 826 
analysis of variation in the human lumbar spine. Am J Phys Anthropol 170: 361-372. https:// 827 

10.1002/ajpa.23918 828 
 829 

  830 

https://dx.doi.org/10.1007%2Fs00586-013-3067-z


 20 

Figure captions 831 
 832 
Figure 1. Cartoon comparing the shapes of the human and chimpanzee spine. 833 

 834 
Figure 2. Simplified drawing illustrating the main shape differences between a typical human 835 

lumbar vertebra and a typical chimpanzee lumbar vertebra. 836 
 837 
Figure 3. Simplified drawing depicting the shape differences between a typical healthy human 838 
lumbar vertebra and a human lumbar vertebra with Schmorl’s nodes. 839 

 840 

Figure 4. The logic of the Evolutionary Shape Hypothesis for acquired spinal conditions. The 841 
distribution of vertebral shape variation within Homo sapiens can be conceptualized as a bell-842 
curve with an ancestral end (left) and a derived end (right). Where an individual’s vertebral shape 843 
sits within this distribution has an important influence on their spinal health, according to the 844 

hypothesis. At the centre of the range of variation are vertebrae that have the lineage-specific 845 

optimal shape for bipedalism and, therefore, a lower probability of developing spinal pathologies 846 
in response to the stresses of bipedal posture and gait. At the ancestral end, vertebrae differ little 847 
from those of the chimpanzees (P. troglodytes) and by extension from those of the common 848 
ancestor of humans and chimpanzees. People with vertebrae that fall in this part of the 849 
distribution have a heightened probability of developing intervertebral disc herniation. At the 850 

other, highly derived end of the range of variation, vertebrae exhibit exaggerated versions of our 851 
species’ vertebral adaptations for bipedalism. Individuals with vertebrae that fall in this part of 852 
the distribution are more prone to develop the fatigue fractures that cause spondylolysis. 853 
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