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            Abstract
Human walking entails coordinated out-of-phase axial rotations of the thorax and pelvis. A long-held assumption is that this ability relies on adaptations for trunk flexibility present in humans, but not in chimpanzees, other great apes, or australopithecines. Here we use three-dimensional kinematic analyses to show that, contrary to current thinking, chimpanzees walking bipedally rotate their lumbar and thoracic regions in a manner similar to humans. This occurs despite differences in the magnitude of trunk motion, and despite morphological differences in truncal ‘rigidity’ between species. These results suggest that, like humans and chimpanzees, early hominins walked with upper body rotations that countered pelvic rotation. We demonstrate that even if early hominins walked with pelvic rotations 50% larger than humans, they may have accrued the energetic and mechanical benefits of out-of-phase thoracic rotations. This would have allowed early hominins to reduce work and locomotor cost, improving walking efficiency early in hominin evolution.
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                    Introduction
Human walking involves coordinated motion of the pelvis, lumbar region and thorax. Pelvic rotations allow for longer steps1,2,3,4, while the out-of-phase rotation of the thorax reduces angular momentum of the trunk5,6,7. This intra-trunk motion additionally facilitates arm swing out of phase with the legs, further reducing angular momentum7,8,9. By utilizing intrinsic segmental cancellations of angular momentum during bipedal locomotion, humans are able to reduce muscular work7 and locomotor cost10,11,12. It has long been assumed that the ability to utilize rotatory motions depends on a derived human-like tall trunk and narrow waist13,14,15,16.
Our closest living relatives, chimpanzees, exhibit markedly divergent trunk morphology when compared with modern humans. Tall and wide iliac blades, a short lumbar vertebral column, and a large, laterally flaring lower rib cage17 all contribute to a trunk configuration that has often been portrayed as rigid and immobile14,18,19,20,21. This morphological rigidity implies restricted motion between the thorax and pelvis in all anatomical planes, and would thus prohibit out-of-phase axial rotations of the thorax and pelvis during bipedal locomotion14,15,19.
Reconstructions of the earliest well-represented hominins have indicated similarities in trunk morphology to chimpanzees22,23. In particular, Australopithecus afarensis (as exemplified by ‘Lucy’, A.L. 288-1) possesses a wide pelvis24 and a wide, inferiorly flaring lower rib cage22,25. Consequently, it has been hypothesized that Au. afarensis and perhaps other early hominins may have also lacked the ability of the thorax to counter axial pelvic rotations during bipedal locomotion15,19,25. This would suggest that only with the advent of more modern trunk morphology, which likely emerged in Homo erectus15,16,26,27,28,29, would these counter rotations have been able to occur. However, this evolutionary scenario is premised on the notion that the chimpanzee trunk is rigid, a hypothesis which, to date, has not been tested in vivo in bipedally walking chimpanzees.
Here we used three-dimensional (3D) kinematics to empirically test the hypothesis that the trunk of chimpanzees is rigid in the transverse plane (axial rotations) during bipedal locomotion. We divided the trunk into three anatomical segments (thorax, lumbar region and pelvis) and measured the overall range of motion (ROM) of these segments in the transverse plane relative to a global coordinate system (absolute ROM), and the ROM of these segments relative to one another (relative ROM). The term ‘out of phase’ is used to refer to two segments that rotate in opposite directions at the same time (that is, one segment has a positive angle and one has a negative angle in a global coordinate system), while the term ‘in phase’ is used to refer to two segments that rotate in the same direction at the same time.
Our results show that chimpanzees walking bipedally display larger absolute ROM’s of all trunk segments compared with humans, and an in-phase pattern of motion between the pelvis and thorax, compared to the out-of-phase pattern in humans. Despite this, relative to the pelvis, thoracic and lumbar motion was remarkably similar between humans and chimpanzees. These results show that chimpanzees do not have rigid trunks, as has been hypothesized on the basis of osteology alone. Further, differences in trunk morphology compared with humans do not prevent the thorax from countering pelvic motion, and the magnitude of pelvic motion dictates whether thoracic rotations are in- or out-of-phase with the pelvis. We find that human-like out-of-phase pelvic and thoracic rotations were likely possible in early hominins even if their pelves rotated 50% more than those of modern humans.


Results
Range of motion comparisons
Overall absolute ROM was significantly larger in chimpanzees than in humans for all trunk segments (Wilcoxon rank-sum test, P<0.001, n=50 and 14 strides for humans and chimpanzees, respectively, for all interspecific comparisons, Table 1, Fig. 1; individual subject data in Supplementary Figs 1 and 2). Within humans, females exhibited a greater ROM of all trunk segments compared with males (Wilcoxon rank-sum test, P<0.01 for the lumbar region and thorax, n=25 strides for both males and females), but these differences were slight in comparison with the differences between species (Supplementary Table 1). In both humans and chimpanzees, the lumbar region rotates in phase with the pelvis. The thorax in chimpanzees also rotates in phase with the pelvis, in contrast to the out-of-phase rotation in humans. However, although the thorax rotates in the same direction as the pelvis in chimpanzees, it rotates much less than does the pelvis (26.9±10.0° versus 42.8±10.5°).
Table 1 Kinematic variables for both species.Full size table

Figure 1: Mean angular motion of all segments for humans and chimpanzees over a stride.
(a)Rotations are relative to a global coordinate system. Note the difference in y axis scale between species. LHLTD and RHLTD represent left and right hind limb touchdowns, respectively. (b) Angular motions near 50% of stride for humans and chimpanzees with segment motion represented by transverse lines (rotations exaggerated to enhance clarity). The chimpanzee thorax remains in phase with the pelvis, in contrast to the out-of-phase relationship in humans.


Full size image

Despite these differences in absolute ROM, the relative motion between the thorax (inclusive of lumbar region motion) and the pelvis was nearly identical in pattern and comparable in magnitude in humans and chimpanzees (Fig. 2a; relative ROM: 17.1±4.1° and 19.1±4.6°, respectively; Wilcoxon rank-sum test, P=0.15). In both species, relative to the pelvis, the thorax was maximally rotated in opposition to the pelvis just after hind limb touchdown (that is, an absolute pelvic rotation to the right produced a relative thoracic rotation to the left). Although the magnitude of the relative pelvis-to-thorax motion was slightly larger in chimpanzees, the human mean fell within one s.d. of the chimpanzee mean for the entire stride.
Figure 2: Relative motion of segments to one another in humans and chimpanzees.
(a) Motion of the thorax relative to the pelvis over a stride (mean±s.d.). (b) Relative pelvis-to-thorax motion partitioned by the contributions of the lumbar and thoracic segments. (c,d) Angular motions near 50% of stride for humans and chimpanzees with segment motion represented by transverse lines (rotations exaggerated to enhance clarity). (e) Total range of relative pelvis-to-thorax, pelvis-to-lumbar and lumbar-to-thorax motion over a stride (mean±s.d.). H and C represent humans and chimpanzees, respectively; NS represents non-significance using a Wilcoxon rank-sum test at the P=0.05 level.


Full size image

Figure 2b,e further partitions relative pelvis-to-thorax motion into the constituent pelvis-to-lumbar, and lumbar-to-thorax components. Surprisingly, the contribution of these components is remarkably similar in humans and chimpanzees (Table 1; Supplementary Tables 1 and 2). In both species, pelvis-to-lumbar and lumbar-to-thorax motion comprises ∼28–33% and 67–72% of total pelvis-to-thorax motion, respectively. Between humans and chimpanzees, the relative motion between the pelvis and the lumbar region is nearly identical (6.1±1.3° and 6.5±3.9°, respectively). Although neither the range of pelvis-to-thorax nor pelvis-to-lumbar motion is significantly different between humans and chimpanzees, lumbar-to-thorax motion is significantly larger in chimpanzees (relative ROM: 12.7±3.4° for humans; 15.6±2.6° for chimpanzees; Wilcoxon rank-sum test, P<0.01). This difference is largely accounted for by slight differences between species in timing of maximum pelvis-to-lumbar motion, compared with overall pelvis-to-thorax motion (compare dark blue and dark red curves of Fig. 2b).
The motion between trunk segments that occurs in chimpanzees demonstrates that the chimpanzee trunk is not a rigid, immobile unit during bipedal walking. Chimpanzees achieve a reduction in upper body motion by rotating the thorax and lumbar region less than the pelvis. However, the absolute rotation of the chimpanzee pelvis is so pronounced that the reduction in pelvis-to-thorax motion still yields thoracic rotation in phase with the pelvis, in contrast to the out-of-phase rotation in humans (Fig. 2c,d).
In-phase or out-of-phase relative motion
The similarity in relative thoracic motion between humans and chimpanzees suggests that the absolute amount of pelvic motion may ultimately dictate whether the thorax moves in phase or out of phase with the pelvis. On the basis of this premise, we took the magnitude of pelvic rotations as a starting point, and calculated the magnitude and phasing of the resulting thoracic rotations. We modelled this relationship by starting with a chimpanzee-like magnitude of pelvic motion, and iteratively decreasing it to a human-like level. At each iteration, the average of the relative thoracic rotation angle found in both chimpanzees and humans (Fig. 2a) was subtracted from the pelvic angle (represented by the solid arrow of Fig. 3). Thoracic rotations decreased with each iteration until a threshold magnitude of pelvic motion was reached, at which point the thorax switched from an in-phase to an out-of-phase relationship with the pelvis (Fig. 3c). We calculated the pelvic ROM at this point as 16.5° (∼50% larger than human pelvic rotations; Fig. 3d). Pelvic rotations larger than this result in an in-phase relationship with the thorax, while pelvic rotations smaller than this result in an out-of-phase relationship.
Figure 3: Hypothetical transitional forms of pelvic and thoracic motions in australopithecines compared with chimpanzees and humans.
(a,d) Angular pelvic and thoracic motion for humans and chimpanzees (as in Fig. 1). Solid black arrows represent relative motion between thoracic and pelvic segments near midstride. Assuming a constant value for the offset between the two segments (average of human and chimpanzee curves in Fig. 2a), pelvic and thoracic motions were modelled by iteratively decreasing chimpanzee pelvic rotations and calculating thoracic rotations by subtracting the offset. A continuum of solutions is achieved with two shown here. (b) The point at which the magnitude of pelvic rotations is halfway between humans and chimpanzees (∼138% larger than the human curve in d). At this point, thoracic rotations remain in phase with the pelvis. (c) The point at which thoracic rotations switch from in phase to out of phase with the pelvis, as determined by the lowest root mean squared value of thoracic rotations in all iterations. Pelvic rotations are ∼53% larger than those of humans at this point. Axial pelvic rotations smaller than this result in an out-of-phase pelvis-to-thorax relationship (d).


Full size image



Discussion
Our results show that overall, chimpanzees exhibit larger absolute rotations of all trunk segments during bipedal walking in comparison with humans. However, the motion of the thorax and lumbar region relative to the pelvis show that despite marked differences in trunk morphology between humans and chimpanzees, chimpanzees are still able to use as much intra-trunk motion as humans. Especially surprising is the similarity in lumbar motion relative to the pelvis, where axial rotations are only 0.4° different between humans and chimpanzees. Thus, in terms of axial rotations, the chimpanzee lumbar region is not as rigid as has been portrayed on the basis of osteological features alone18,20,21. Despite fewer30 and shorter31,32 lumbar vertebrae—the last one or two of which are entrapped between tall iliac blades—the chimpanzee lumbar vertebral column still makes an important rotatory contribution during bipedal locomotion.
Although motion of the thorax relative to the pelvis is similar between species, motion of the thorax relative to the lumbar region is significantly larger in chimpanzees compared with humans (2.9°). These data suggest that the flaring lower thoracic morphology characteristic of chimpanzees and other great apes does not engender rotational rigidity of the trunk. Nor do they support the notion that the great ape-like dorsal placement of the iliac blades and abdominal oblique musculature would have prevented torsional rotations within the trunk during bipedalism25. The chimpanzee thorax is quite capable of attenuating rotations of the pelvis, even though its rotation remains in phase with that of the pelvis.
These results show that chimpanzees utilize thoracic and lumbar rotations to counter pelvic rotations in much the same way as humans. The main difference between species is the total ROM of each segment, and the phasic relationship between the pelvis and thorax. Humans utilize small ranges of pelvic motion and can achieve out-of-phase motion between the pelvis and thorax, whereas chimpanzees walk bipedally with large pelvic rotations and exhibit in-phase motion (Fig. 1). The in-phase relationship between the pelvis, lumbar region, and thorax in chimpanzees means that chimpanzees cannot utilize thoracic motion to counteract angular momentum of the pelvis to the degree that humans can, but the attenuation of motion seen in chimpanzees likely does generate some reduction in angular momentum as compared with walking with a fully rigid trunk. It may be the case that the chimpanzee thorax is countering pelvic motion to the greatest degree possible given their musculoskeletal anatomy. In other words, chimpanzees walking bipedally may be utilizing their full, or nearly full, ROM at each intervertebral level, whereas humans do not33,34.
Our data represent the first detailed 3D kinematic data of trunk motion during bipedalism in an ape. A previous study seeking to characterize trunk rotations in bipedal gibbons (Hylobates pileatus) found little-to-no relative motion between the thorax and pelvis14. The gibbon trunk shows some similarities with great apes, but differs in having a longer waist, typically possessing five lumbar vertebrae as in humans30, thus causing us to expect some counter rotatory ability. However, that study was of a zoo animal that was not outfitted with kinematic markers and, given the inherent difficulties of capturing 3D segment motion35, the authors may not have fully captured the actual transverse plane rotations. Alternatively, it is possible that gibbons utilize different trunk mechanics than either humans or chimpanzees. In either case, these findings reinforce the need to test hypothesized form-function relationships with empirical experimental data.
On the basis of similarities in trunk morphology with chimpanzees, Au. afarensis has been hypothesized as lacking an ability to rotate the thorax to counter pelvic rotations15,19,25. However, the striking similarity in relative pelvis-to-thorax motion in humans and chimpanzees suggests that some ability of the thorax to counter pelvic rotations was also present in early hominins. As chimpanzees are capable of within-trunk motion, differences in thoracic and pelvic shape compared with humans would likely not have precluded this ability in Au. afarensis. It should be noted that a second, larger individual assigned to Au. afarensis (KSD-VP-1/1)36, as well as the partial Ardipithecus ramidus skeleton (ARA-VP-6/500)37 have both been reconstructed as having a more human-like thoracic shape. Both reconstructions are ultimately based on partial upper ribs (Au. afarensis: second rib; Ar. ramidus: first rib), which may be of limited use in reconstructing the lower thoracic shape in hominins23. Cross-sectional dimensions of several unassociated mid-rib fragments from Hadar have added to criticism of the chimpanzee-like thoracic reconstruction of Au. afarensis38, and a consensus on thoracic shape in early hominins awaits further investigation. Nevertheless, if some early hominins are found to have a more human-like thoracic cage morphology than has been reconstructed for Lucy (A.L. 288-1)22, this would support our conclusion that intra-trunk motion was possible in early hominins during bipedal walking.
Our data also suggest that whether or not the australopithecine thorax moved fully out of phase with the pelvis as in humans may have largely depended on the magnitude of their pelvic rotations during walking. Interpretations of pelvic motion during bipedal locomotion in Au. afarensis vary greatly. On the basis of hypothesized trunk and hip function, some have proposed greater pelvic motion in Au. afarensis compared with humans24,39,40,41. In addition, a 3D forward dynamic modelling study of Lucy’s gait also predicted larger axial pelvic rotations than in humans42, but how much larger is still uncertain. Forward dynamic solutions suggest that transverse plane hip rotation was 2.5 times larger in Lucy than in modern humans (50° versus 20°, respectively)42. The extent to which this might be due to independent rotation of the femur versus rotation of the pelvis is unclear, although it is likely largely driven by the latter. The representation of the upper body was also necessarily lumped into the ‘pelvic’ segment in that model42. If pelvic motion in australopithecines was as much as 2.5 times that of modern humans, it would have likely resulted in an in-phase rotation of the pelvis and thorax (Fig. 3b). Conversely, others have proposed near or fully human-like pelvic kinematics for australopithecines20,43,44,45,46, which would suggest out-of-phase motion between the pelvis and thorax (falling somewhere along the spectrum from Fig. 3c,d). If so, australopithecines would have been able to utilize thoracic counter rotations to reduce whole-body angular momentum7,9, and to drive a passive, human-like arm swing during locomotion.
Although it is difficult to judge the total range of intervertebral motion available to early hominins, if having a great ape-like thoracic shape entailed intervertebral rotations that were near maximum during bipedal walking (as may be the case in chimpanzees), this may have been a limiting factor for behaviours that place a higher demand on within-trunk rotations. Running, for instance, which likely involves a larger degree of motion between the pelvis and thorax15,47, and larger cancellations of angular momentum48, may have been somewhat less effective.
The continuum of pelvis–thorax coupling presented here on the basis of chimpanzees and humans is not meant to imply that the last common ancestor of these species exhibited chimpanzee-like bipedal kinematics. However, it is notable that trunk motion in Japanese macaques also shows similarities to our measured values of chimpanzees. Three-dimensional kinematic data (although with a less detailed marker set than used here) indicate ranges of pelvis-to-thorax and hip rotation in macaques49 that are similar in magnitude to the chimpanzee values presented here and elsewhere50. Although their model lacks direct thoracic markers, Ogihara et al.49 also find an in-phase relationship between the pelvis and thorax, although perhaps with less absolute thoracic rotation. This suggests that the in-phase pattern of pelvic and thoracic motion in chimpanzees is not unique among nonhuman primates, and that the out-of-phase pattern in humans is likely the result of a derived reduction in pelvic rotation during bipedalism within hominins. At present, the question as to why humans walk bipedally with smaller pelvic rotations compared with other primates remains unanswered. The larger pelvic motions in nonhuman primates may be due to musculoskeletal differences such as iliac blade orientation and gluteal muscle position50, and/or may be necessary to increase stride length42,49,50 while walking with short, flexed lower limbs50.
A more exact understanding of the relationship between thoracic and pelvic motion and the existence of angular momentum cancellations in fossil hominins may await future experimental and modelling studies of bipedal walking. However, our data show that regardless of the precise reconstruction of thoracic shape and lumbar length in the last common ancestor and other fossil hominins, counter rotations of the thorax and pelvis would have been feasible early in the evolution of human bipedalism.


Methods
Experimental subjects and protocol
All experimental procedures in this study were approved by the Stony Brook Institutional Animal Care and Use Committee and the Stony Brook University Institutional Review Board. The 3D kinematic data of the trunk were collected in five male and five female humans and two male chimpanzees (Pan troglodytes) during bipedal walking (ages and body masses in Table 1). Each human subject provided written informed consent before participating in the experiment. Subjects walked bipedally across an 11-m runway. Humans were instructed to walk at a comfortable (that is preferred) speed, and were given ample practice time before trials were recorded. Chimpanzees walked bipedally either of their own accord, or following a trainer carrying a juice reward. Chimpanzees had been trained to walk bipedally for ∼2 years before recording sessions and were reasonably proficient at this behaviour; therefore, our results should reflect their inherent capability at bipedal walking. Five trials were recorded for each human subject and seven trials for each chimpanzee subject.
Kinematic data collection and analysis
Marker clusters were used to define three trunk segments: thorax (thoracic vertebrae and ribs), lumbar region (lumbar vertebrae) and pelvis (Supplementary Table 3). The thorax and lumbar region were each defined by three markers. The pelvis was defined by at least three markers, with redundant markers used to increase accuracy. Some pelvic markers were not visible for large portions of a stride for chimpanzees. In these cases, those markers were removed from pelvic motion calculation for that stride. However, in all cases, at least three markers were visible for the entire stride, and in all but one case at least four markers were used to calculate pelvis motion. For the chimpanzees, markers were painted on the skin using non-toxic paint. For humans, lightweight ball markers were used. Marker positions were determined by palpation of anatomical landmarks.
Marker positions were recorded digitally using a four-camera motion capture system (Xcitex Inc., Woburn, MA, USA) at 150 frames per second. Marker positions were digitized in the software ProAnalyst (Xcitex, Inc.), and the resulting x, y and z coordinates were filtered with a fourth order, 6-Hz Butterworth filter as determined appropriate on the basis of a visual inspection of the filtered versus unfiltered data. For some trials (19 of 64), a single marker point was seen by only one camera for a few frames (typically between 1–7 frames). In these cases small gaps in tracking in other cameras were filled via point interpolation in ProAnalyst. When present, these gaps typically occurred with pelvic markers, where redundant markers (>3) ensured accurate kinematics. Transverse plane rotations in a global coordinate system were calculated over the stride using Cardan angles with the KineMat toolbox (http://isbweb.org/software/movanal/kinemat/) as well as custom-written code in MATLAB (The Mathworks Inc., Natick, MA, USA). Cardan angles were calculated using the sequence of rotations for spinal motion recommended by the International Society of Biomechanics51. A static image of each subject standing bipedally was used to determine the neutral position of each segment (0°). To correct for slight differences in standing posture between subjects and experimental days for plotting purposes, mean segment motion (Figs 1, 2, 3) was centred about 0° of motion, though some slight asymmetry has been noted in chimpanzee pelvic rotations previously50. However, s.d.’s were calculated from the original, un-centred data (see Supplementary Figs 1 and 2 for un-centred data). The kinematic methodology used here produced values similar to those of other human studies on pelvic, lumbar and thoracic kinematics both from skin mounted markers1,2,3,4,5,6,9, and bone pin markers34.
Linear speed for each trial was calculated using markers placed on the ischial tuberosity (chimpanzees) and/or anterior superior iliac spine (humans and chimpanzees). To facilitate comparisons between species at different speeds, dimensionless velocity (v (gl)−1/2)52 was calculated for all trials, where g is gravitational acceleration and l is lower limb length (Table 1). Lower limb length was taken as the distance between the greater trochanter and the ground at midstance (when the greater trochanter was positioned vertically above the ankle). Although no attempt was made to match dimensionless speeds between humans and chimpanzees, the averages of both species were nearly identical (Table 1; Supplementary Tables 1 and 2). Equality in dimensionless velocities52 minimizes differences between species that are due to speed alone, an effect that has been demonstrated in human pelvic motion2,3,4,9,47,50. Differences between species were tested for significance using Wilcoxon rank-sum tests because several variables were not normally distributed.
Modelling of pelvic and thoracic rotations
Modelling of pelvic and thoracic rotations (Fig. 3) was performed using MATLAB. Mean pelvic rotation over a stride for chimpanzees was taken as a starting point. The magnitude of pelvic rotation was iteratively reduced in increments of 0.1% of the initial magnitude. At each iteration, thoracic motion was calculated from pelvic motion using the average of the relative thoracic motion curves for humans and chimpanzees (average of the two curves in Fig. 2a), which remained constant for all iterations. The root mean squared (r.m.s.) value over the stride for thoracic motion was then calculated at each iteration. The r.m.s. value is a measure of dispersion of the data around a zero point, and therefore the iteration with the lowest thoracic r.m.s. value was taken as the point where thoracic rotations were at a minimum over a stride. This was also the point at which the thorax transitions from being largely in phase to largely out of phase with the pelvis.
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