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Abstract

Abstract: Case study on the bone density pattern of subaxial vertebral column in African
apes.

Introduction: African apes have been noted to experience fewer back ailments than humans
and to have higher vertebral bone density. Yet, research on the subject is quite limited and has
usually included only one or few vertebrae. However, to understand vertebral column as
whole and how posture and locomotion might have affected it, we need to know how bone
density varies between adjacent vertebrae.

Materials and methods: Bone density in the vertebral body was measured for all subaxial
vertebrae of five specimens including two Pan troglodytes (1 male and 1 female) and three
Gorilla gorilla (2 males and 1 female) using peripheral quantitative computed tomography
(pPQCT)

Results: The results tentatively indicated differences between species, especially in the
trabecular density of the cervical segment and support the need for further studies on this

subject.
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Introduction

Compared to humans, African apes, have been shown to suffer less from vertebral
degenerative diseases (Jurmain, 2000). They also do not seem to suffer greatly from vertebral
fractures and especially from non-traumatic vertebral fractures (Carter et al., 2008; Jurmain,
1997; Schultz, 1939) which in humans are growing health concern especially in the ageing

populations (Riggs and Melton, 1995). As the non-traumatic vertebral fractures are usually



considered osteoporotic fractures, it is not unimaginable to think that part of the reason for the
differences between species could lie in the lower vertebral density found in humans (Cotter
et al., 2009; Hernandez et al., 2009). However, it is good to note that this lower bone density
has been detected quite broadly in the axial skeleton (Addison and Lieberman, 2020; Chirchir,
2019; Russo, 2019; Ryan and Shaw, 2015; Scherf et al., 2013; Tsegai et al., 2018). Yet the
vertebral density could play especially important part when it comes to the non-traumatic
vertebral fractures, which in humans are usually associated with lower bone density and seen
as the hallmark of osteoporosis (Fujiwara et al., 2003; Marshall et al., 1996; O’Neill and The
European Prospective Osteoporosis Study (EPOS) Group, 2002; Van Der Klift et al., 2002).
Interestingly, apes might also experience less age-related bone loss (Ohman et al., 1997; Ruff
et al., 2020), although finding old individuals with bone density below human osteoporosis

levels are not unheard-of (Gunji et al., 2003).

In addition to the bone density differences, several studies have also observed differences
between humans and other primate species in bone microstructure (Russo, 2019; Ryan and
Shaw, 2012; Tsegai et al., 2018, 2013) and in the concentration of bone minerals inside
individual bones (Patel & Carlson, 2007; Sukhdeo et al., 2020; Zeininger et al., 2011).
Indicating that bone density itself may not be the only impacting factor in the non-traumatic
fractures. Instead, microstructure and how the bone material is concentrated in the bone could
influence its durability. Although vertebral column consists of numerous individual bones
they do function in more or less as one element (Aiello and Dean, 1990; Kent and Miller,
1996; Putz and Miiller-Gerbl, 1996; Rockwell et al., 1938). Hence, the bone density pattern in
whole column could showcase differences between species that are related to mechanical

workings of the spine: posture, locomotion etc.



Most of the previous research on bone density in African apes or other hominoids has
concentrated in different parts of the axial skeleton and only few has focused on the vertebral
bone density or included vertebrae in the study (Cotter et al., 2009; Hernandez et al., 2009;
Ruff et al., 2020; Russo, 2019; Tsegai et al., 2018) and those that have, either concentrated
only on one vertebra or only one vertebra was included in the data. More numerous studies
have been conducted with other primates, usually with monkeys (e.g. Cerroni et al., 2003,
2000; Havill et al., 2003; Hiyaoka et al., 1996; Nuckley et al., 2004; Pomchote, 2015), which
have also often concentrated only on one vertebra. This author has not come across any
research that would have reported bone densities for the whole spine or even more than one
segment in apes or monkeys. However, to understand the vertebral column as whole, we also
need to know how bone density varies between the adjacent vertebrae. This could help us to
understand if the bone density pattern is conservative feature among hominoids or if it is

influenced by the gait and locomotion.

Yet, even in humans, it is difficult to find studies reporting density for the whole spine. There
are some studies that have reported bone density for one or two vertebral column segments
(Curylo et al., 1996; Hayashi et al., 2011; Salzmann et al., 2020; Yoganandan et al., 2006a,
2006b), which have given us tentative idea how the density pattern for the whole spine might
look in humans. However, most of this research has been concentrated on just trabecular

density.

To determine how the density pattern of vertebral column in African apes might look, a case
study was conducted using 2 Pan troglodytes (1 male and 1 female) and 3 Gorilla gorilla (2
males and 1 female). One scan from all their subaxial vertebra was taken from the middle of

the vertebral body using peripheral quantitative computed tomography (pQCT). The aim was



to examine the need for a larger study by observing if there were any clear differences in the
density pattern of the vertebral column between the ape species or if their patterns seem to
differ from the ones observed in humans (Curylo et al., 1996; Hayashi et al., 2011; Salzmann

et al., 2020; Yoganandan et al., 2006a, 2006b).

Materials and methods

The present sample included two (1 male and 1 female) wild shot central chimpanzee (Pan
troglodytes troglodytes) and three (2 males and 1 female) wild shot western lowland gorilla
(Gorilla gorilla gorilla) specimens from the Powell-Cotton Museum collection. Only
specimens, that were labeled as an adult or an old adult and had fully fused vertebral

endplates, were included.

Quantitative computed tomography scanning

All samples of this study were scanned at the Powell-Cotton Museum using the Norland
Stratec XCT Research SA pQCT scanner (Stratec Medizintechnik GmbH, Pforzheim,
Germany). See figure 1. for examples of the taken scans. Scans were taken as a frontal scan
and performed using the slice thickness of 1.0mm and the voxel size of 0.Ilmm. A
hydroxyapatite phantom was employed with daily quality assurance (measurement error <
1%). The scans were processed using the manufacturer’s software version 6.20 with built-in
algorithms to convert the CT scan into quantitative bone density measures and all the
vertebral densities (mg/cm?) were acquired directly from the output of pQCT software. For
more detailed description of the program and the scanner see Augat et al. (1998), Ferretti

(1999) and Chichir et al. (2015; 2019).



The scanner indicates the exact scanning location by a laser light. All the specimens were
placed in the scanner so that the scanning site was at the anterior-posterior mid-section of the
vertebral corpus. Specific information about the exact scanning location is demonstrated in

figure 2. For each scan, the region of interest (ROI) was selected to include the whole corpus.

Results

The results for the five specimens (1 chimpanzee male, 1 chimpanzee female, 2 gorilla males
and 1 gorilla female), show that the total density and the cortical density are mainly higher in
cervical vertebrae compared to thoracic and lumbar segments for both species. Both sexes in
chimpanzees show greatly higher total and cortical density in cervical segment. In gorillas,
total density is somewhat higher in the C3-C4 vertebrae in one of the male gorillas and the
female gorilla. The other male does not show noticeably higher densities in the cervical
vertebrae than what is observed in the mid-thoracic segment (see figs. 3A-B and 4A-B). The
total density is also lower in the females for both species from the C7 onwards (see fig. 3A-

B).

In both species, total and cortical densities experience drop at the end of the cervical spine
and beginning of the thoracic segment. Total density increases in gorillas from T2 until
around T10 after which it decreases once again, till having a small increase again around
L3/L4 (see fig. 3B). In chimpanzees, total density stays quite stable between T2 and T11 after
which it decreases slightly towards the caudal end of the lumbar segment. In the last lumbar
vertebrae male experiences new increase in density (see fig. 3A). Cortical density stays also
quite stable in chimpanzees from T3 to T13/L1 after which it shows slight increase (see fig.

4A). In gorillas, cortical density seems to slightly increase from T3 onwards (see fig. 4B).



Trabecular density in the cervical vertebrae is noticeably lower for gorillas compared to
chimpanzees. It is also clearly lower in cervical vertebrae than in thoracic vertebrae (see fig.
5A-B). From C7 onwards the clear density difference between the species seems to disappear.
There is quite a lot of fluctuation between the adjacent vertebrae in the thoracic segment
overall in both species, but main pattern seems to stay stable in chimpanzees (see fig. 5A).
Gorillas on the other hand, show pattern of increasing density from T2 onwards until mid-
thoracic after which the density decreases slightly (see fig. 5B). From around T11/T12
onwards both species show clear decrease in density. However, most of the specimens
experience a new increase in the end of the lumbar segment, except for chimpanzee female

whose density stays stable for the last three vertebrae.

Discussion

The results suggests that there are possible differences in the vertebral bone density patterns
of the subaxial vertebral column between African apes. The preliminary results from the five
specimens showed that in the total density and the cortical density chimpanzees and gorillas
follow mainly a similar pattern. Both densities tend to be highest in the cervical vertebrae and
experience especially sharp drop around the C7 and the T1. From there onwards they remain
fairly stable. There is also noticeable sex difference in the thoracic and the lumbar segments,
interestingly though it is not as clear in the cervical segment. Unfortunately, no studies on
humans have reported total or cortical densities for even one vertebral segment so it is not

possible to comment if this pattern is similar in humans.



The pattern in the trabecular density instead is quite surprising, especially in the cervical
vertebrae. There is clearly noticeable difference between the species from C3 to C6. In
chimpanzees, the density is mostly higher in the cervical vertebrae than in the thoracic more
so for the female than the male. In gorillas, the density from C3 to C6 is noticeable lower than
in the thoracic vertebrae. Interestingly, in humans, it has been reported that the mineral
density (g/cm?) and the trabecular density (mg/cm?®) peak usually around the C4 and C5
(Anderst et al., 2017; Curylo et al., 1996; Kandziora et al.; Salzmann et al., 2020;
Yoganandan et al., 2006a, 2006b; Zhang et al., 2016) which is similar to what is observed
here for chimpanzees but completely opposite to gorillas to whom these showed the lowest

trabecular values.

This is also not the first time that research has pointed to differences in the cervical segment
between the African apes. The results are consistent with previous ones that have noted
differences in allometric pattern of the subaxial cervical spine between chimpanzees and
gorillas (Arlegi et al., 2018, 2017). Curiously, gorillas” spinous processes are at their largest
in the same C4-C5 vertebrae that shows the lowest density in here, whereas in chimpanzees
similarly to humans, largest spinous process is in C7 (Arlegi et al., 2017). The spinous
processes of gorillas are overall considerable longer than chimpanzees” (or other hominoids”)
which has been thought to limit the flexion-extensions movement of gorilla’s neck (Arlegi et
al., 2018). The species have also been shown to differ about 25 degrees in the inclination of

the neck (Strait and Ross, 1999).

In the thoracic vertebrae, the results show less difference between the species and quite a lot

of fluctuation of the density between the adjacent vertebrae inside the specimens. Despite this



fluctuation, gorillas seem to experience the highest density around middle of the thoracic
segment, especially the males. Whereas in chimpanzees, the density fluctuation is quite
significant which makes it hard to note clear drop in overall density pattern until in the caudal
end of the segment. In human thoracic vertebrae, trabecular density has been observed
mainly to decrease slowly from cranial to caudal direction (Hayashi et al., 2011) which does

not seem to be similar to either of the apes.

In lumbar segment, the volumetric density in humans has been documented to continue the
decrease from thoracic until L3 after which it starts to slightly increase (Hayashi et al., 2011;
Yoganandan et al., 2006a, 2006b). Both ape species seem to follow similar pattern, with
decrease of density until around L2 after which some of them experienced slight increase in

the last one or two lumbar vertebrae.

Unfortunately, we did not have human values for direct comparison with these results. The
comparative studies on bone density between humans and other primates have indicated that
humans seem to clearly differ from other primates with their lower bone density, which is not
limited only to spine, but seems to be the overall pattern for the whole axial skeleton
(Hernandez et al., 2009; Russo 2019; Tsegai et al, 2018; Chirchir et al., 2019; Scherf et al,
2013; Ryan & Shaw, 2015; Addison & Liberman, 2020). Quite numerous studies have also
concentrated on the bone microstructure and the pattern of the bone density inside individual
bones (Patel and Carlson, 2007; Russo, 2019; Sukhdeo et al., 2020; Tsegai et al., 2018, 2013;
Zeininger et al., 2011). These studies have indicated variability between the species
potentially related to differences in locomotion. Comparing the preliminary results reported
here with the ones reported for humans (Curylo et al., 1996; Hayashi et al., 2011;

Yoganandan et al., 2006b, 2006a) indicate possible differences in the overall bone density



pattern of vertebral column between humans and apes. This seems to line up with the previous
results, especially on the bone mineral concentration that have indicated differences between
humans and other apes (Griffin et al., 2010; Tsegai et al., 2013). These results also support the
notion that there are differences in bone density and microstructure of the vertebrae between

humans and other hominoids.

These microstructures of the bone such as the orientation of the trabeculae and cortical
thickness, can have large effect on the mechanical strength of the bone (Roux et al., 2010;
Sornay-Rendu et al., 2009a, 2009b) and have been demonstrated to be influenced by the
mechanical loading of the bone (Armbrecht et al., 2011; Baker et al., 2013; Barak et al., 2017;
Roux et al., 2010; Smit et al., 1997; Warner et al., 2006). Animal trials have shown that
trabecular orientation can adopt to this loading and therefore it’s microstructure can reflect the
usage of the bone (Christen et al., 2012; Ryan and Ketcham, 2005) which has also been noted
in hominoids (Barak et al., 2017). Cortical thickness also seems to have positive relationship
with physical activity and be thicker in the muscle attachment sites (Niiniméki et al., 2013).
Therefore, one influencing factor on the differences between species found in this study could
be the species-specific characteristics of the muscle morphology. Although very few research
has directly compared the chimpanzee’s and gorilla’s muscle morphology, there are
indications of differences between species. Some of the muscles have been documented to be
larger in gorillas compared to chimpanzees, one example being M rhomboideus which has
also been documented to attach on to the cervical spine in gorillas (Macalister, 1870). The
significantly larger spinous processes in cervical segment (Arlegi et al., 2017) could also
indicate larger muscle’s for gorillas in a neck area. As research on humans has indicated that
the trabecular density is lower in the center of the vertebral body, which also seems to

experience less loading compared to other areas of the vertebral body (Smit et al., 1997),

10



maybe the larger muscles in gorilla’s neck could lessen the axial loading on the cervical
bodies, decreasing the trabecular density. However, very little is yet known about the
microstructure of the great ape vertebrae or even the muscle morphology differences between
species. Hence in the future, larger and more comprehensive studies on both bone density and
structure but also the muscle morphology are recommended to confirm not only our
preliminary findings on the bone density patterns in the vertebral column of African apes but

also to consider the causes of the species-specific differences.

The main limitation of this case study is the small sample size. However, the results are not
meant to provide any large conclusions of the differences between species. Rather these are
meant to be preliminary result to show us if there is possible need for larger study on the
subject. The clear difference between the species on the trabecular density, especially in the
cervical segment, despite the sex differences does support the possibility that there could be
difference in cervical segment between the ape species. Second possible limitation is the use
of dry bones that were scanned in air. This is likely to affect the values, but as method here is
to compare the data mainly against itself and study the overall pattern of the bone densities in
the spine and not to use them as absolute values to compare any other data, hopefully this

limits the effect of possible measuring error.

The strength of the study is the well-preserved bone material that all have been conserved and
stored similarly, limiting the effect of different taphonomic processes on the bones. The
second strength is the use of pQCT to study the bone density. There are previous studies that
that have utilized this method on dry bones with promising results (Chirchir et al, 2015; 2017;

2019; Ruff et al., 2020). There are also no previous studies on the subject that the author is

11



aware of and hence this study is useful in shedding some light on the subject and helping

future studies to plan what they might like to concentrate on.

In conclusion, the results of this study tentatively indicate that there seem to be differences in
the bone density pattern of the subaxial spine between the African apes. These findings may
be also applied on humans. As such this study have shown that there is a need for further
larger study on the subject. Hopefully with larger sample size species-specific patterns for the

densities could be made clearer.
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Figure 1. Images of the pQCT scans for the chimpanzee male and one male gorilla from three
different vertebrae.

Pan male Gorilla male

Figure 2. [llustrates the specific site where the pQCT scans were taken.
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Figure 3. Presents the total density in all subaxial vertebrae for chimpanzees (A) and gorillas

(B).
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Figure 4. resents the cortical density in all subaxial vertebrae for chimpanzees (A) and gorillas

(B).
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Figure 5. Presents the trabecular density in all subaxial vertebrae for chimpanzees (A) and

gorillas (B).
170,00
£ 150,00
2]
[ =
(]
o
o
o
S 130,00
(3]
Q
Qo
©
|—
110,00 |
".@-.@_.@
90,00 0O0000 4 A4 dAdd A A4 A4+ AAr o
Bone
170,00
3‘150'00
‘®
[ =
(]
T 130,00
E
v
=3
3
Q 110,00
©
|_
90,00
70,00 0O000 044444 Ao A4~ o
WK o =N Wb o - 0O = = = = = D W
O = N W
Bone

24

Specimen

® Pan male
O Pan female
~"Interpolation Line

Specimen

® Gorilla male

® Gorilla male

U Gorilla female
~"Interpolation Line



