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Abstract
Elite endurance runners are characterised by their performance ability and higher running economy.
However, there is relatively little research aimed at identifying the biomechanical characteristics of
this group. This study aimed to understand how motions of the pelvis, lumbar spine and thorax
change with speed in a cohort of elite endurance runners (n=14) and a cohort of recreational
runners (n=14). Kinematic data were collected during over ground running at four speeds ranging
from 3.3 to 5.6ms-1 and a linear mixed model used to understand the effect of speed on both range
of motion and mean sagittal inclination. The results showed the two groups to exhibit similar
changes in range of motion as speed was increased, with the most pronounced increases being
observed in the transverse plane. However, the adaptation of thorax inclination with speed differed
between the two groups. Whereas the recreational runners increased thorax inclination as running
speed was increased, elite endurance runners consistently maintained a more upright thorax
position. This is the first study to identify specific differences in upper body motions between
recreational and elite runners and the findings may have implications for training protocols aimed at
improving running performance.

Highlights


Recreational runners increase thorax inclination as running speed increases



Elite runners maintain consistent thorax inclination as running speed increases



Large increases in pelvic & spinal ROM with speed in the transverse plane

Keywords:
Running, spine, elite, lumbar, pelvis, thorax inclination

2

Introduction
Movements of the pelvis, trunk and arms play an important role in running. These segments
facilitate the generation of forward momentum from the lower extremities, maintain centre of mass
trajectory [1] and balance angular momentum of the swinging legs [2, 3]. Previous research has
investigated how motions of pelvis [4, 5] and thorax [4, 6] adapt to changes in running speed.
However, studies of pelvic motion have been performed at relatively low running speeds (<3.9ms-1)
and no previous study has included a lumbar segment. Therefore, at present, there is an incomplete
understanding of how motions of the pelvis, lumbar spine and thorax adapt as running speed is
increased.
Elite endurance runners are characterised by their performance ability and higher running economy
[7, 8]. The intense nature of the training programmes required to achieve elite status requires these
individuals to run at relatively higher running speeds, over 5ms-1, over prolonged periods. As a result
of such intense training, it is possible that elite runners develop specific adaptions of pelvic and
spinal motions to speed which enhance performance but which differ from recreational runners.
However, although previous research has investigated whether elite running is characterised by
differences in spatiotemporal parameters [9] and foot strike patterns [10], there are no data
available on pelvic and spinal motions.
This study sought to understand how the magnitude of the motions of the thorax, pelvis and lumbar
spine change as speed increases in both recreational and elite runners. In addition, as a number of
popular, but controversial , running instruction techniques encourage a forward lean of the trunk
[11, 12], the study also sought to compare how thoracic inclination changes with speed and whether
such changes differ between recreational and elite runners.

Methods
A total of 14 (8 male) elite endurance runners and 14 (8 male) recreational runners were recruited
for the study. The mean(SD) 10 Km race time for the elite group was 32(2) minutes, range 30-35
3

minutes and the mean(SD) race time for the recreational group was 43(3) minutes, range 40-47
minutes. There were no significant differences in demographic variables between the two groups,
with a mean (SD) age of 28(3) years, weight of 63(9)Kg and height of 1.75(0.09)M across the entire
cohort. All subjects consented to participate in the study after ethical approval had been obtained
from the local institutional review panel.
Each participant ran along a 32m running track at four different speeds (3.3, 3.9, 4.8 and 5.6 ms-1).
Speed was monitored using optical timing gates and only trials within 2.5% of the target speed used
for subsequent analysis. Kinematic data were collected from skin-mounted reflective markers using
the protocol described in previous publications [1, 13]. With this protocol, the thoracic segment was
tracked using a sternum-mounted plate, the lumbar segment tracked with four markers positioned
across the low back and the pelvis tracked with markers placed over the anterior superior iliac spines
and posterior superior iliac spines. Using the multi-segment model defined previously [1], the Visual
3D software was used to obtain the orientation of the thorax, lumbar spine and pelvis relatively to
the laboratory system across a complete gait cycle. From these data, the range of motion (ROM) for
each segment and the mean sagittal inclination was calculated for each speed across all participants.
A linear mixed ANCOVA approach was used to model each gait parameter (dependent variable) as a
function of the gait speed (covariate). Within this model, the group (elite/recreational) was
considered an independent variable and repeated measurements on the same individual, a random
variable. The random variable makes it possible to distinguish within-individual variance from
between- individual variance. Specially, random error deals with the increase of between- individual
variance with gait speed. This model was used to understand whether there was a significant
gradient with speed for each gait parameter, and then to establish whether gradients differed
between the two groups. All statistical analyses were carried out using R 2.13 (RDevelopment Core
Team, 2011), using the “nlme” package to implement a linear mixed model with a critical alpha of
0.05.
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Results
Increases in transverse plane ROM of all segments were more pronounced than increases in sagittal
and frontal plane ROM as running speed increased (Table 1). Nevertheless, there was a significant
gradient (p<0.05) with speed for all segments apart from pelvic ROM in the frontal plane.
Interestingly, the data showed minimal difference in the adaptation of segmental ROM to speed
between the two groups. However, there was a non-significant (p=0.06) trend for the ROM of the
pelvis in the sagittal plane to increase more in the elite runners (Table 1).
Analysis of the mean inclination data showed the recreational group to increase thorax inclination as
running speed increased (Table 1 & Figure 1). This contrasted to the consistent thorax inclination
(with speed) observed in the elite group. Figure 2 shows segmental motion in each plane across the
gait cycle at the second speed of 3.9ms-1 and illustrates that the difference in thoracic inclination
was maintained throughout the gait cycle. Inclination of the lumbar and pelvic segment was
observed to increase with speed (Table 1); however, there was no difference in the magnitude of
this increase between the two groups.

Discussion
The most pronounced difference between the elite runners and the recreational runners was in the
adaptation of thorax inclination to running speed. The data demonstrated an increase of
approximately 1˚ for every 1 ms-1 increment in speed in the recreational group, a result which is
consistent with Thorstensson et al. [6]. However, the elite group maintained a consistent thoracic
inclination across the range of speeds studied. These findings challenge current training protocols
which instruct recreational runners to consciously adopt a forward trunk lean [11, 12]. Other training
methods encourage a subtle anterior rotation of the pelvis [14]. However, we did not observe an
increased pelvic anterior rotation in the elite runners and so this may not be an appropriate
instruction to give runners who want to improve their running style.
5

It is interesting to consider the biomechanical effect of the 3-4˚ difference in trunk inclination
observed between the two groups, at speeds 2-4 (Figure 1). Assuming a head-arms-trunk (HAT)
segment of 80-90 cm length, this difference in inclination would shift the centre of mass of the HAT
segment anteriorly by 2-3cm. As a results of this shift, the extensor muscles of the low back [1, 15],
and possibly the gluteus maximus, would be required to generate more force to control trunk flexion
[16] and this may lead to an increase in metabolic cost. A shift in the centre of mass of the HAT
segment may also lead to compensatory changes in foot placement position. For example, it is
possible that recreational runners may place their foot further in front of the body in order to
maintain a similar anterior-posterior distance between the centre of mass and centre of pressure.
However, further investigation is required to support this idea.
The observation of relatively large increases with speed in transverse plane ROM for each segments
is consistent with data reported by Seay et al. [4] who studied treadmill running at speeds up to
3.8ms-1. As running speed increases, angular momentum of the arms must increase to
counterbalance the increased angular momentum of the swinging legs [2, 3]. It is likely that the
increased ROM of the thoracic, lumbar and pelvic segments facilitates this arm motion [1], and ,
from our data, it would appear that this pattern is consistent across different running styles. This
finding suggests that training programmes designed to limit transverse rotations of the lumbar or
thoracic spine during running maybe not be appropriate.
It has been suggested that pelvic motion in the frontal plane functions to extend stride length by
elevating the swing limb at toe off [1]. However, although Seay et al. [4] observed an increase of
approximately 5˚ in frontal plane pelvic movement as speed was increased from 2.3 to 3.8 ms-1, we
observed minimal change in this motion over our range of speeds. It is possible that further
increases in frontal plane pelvic motion above approximately 4ms-1 would result in excessive mediolateral deviation of the centre of mass and so are minimised in a consistent manor across different
running styles.
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Tables:

Table 1: Linear mixed model analysis of the ROM in each body plane and mean sagittal inclination.
Linear gradients (in the units of ˚ per ms-1) describing the change in each parameter with speed are
reported for each group. Associated p-values are reported for the test of non-zero gradient with
speed and for the test of a difference in gradient between the two groups.

Recreational gradient

p-value

with speed

for non-

Mean (std. error) per ms-

zero

1

gradient

Elite gradient with

p-value for

speed mean (std.

difference

error) per ms-1

in gradients

0.7 (0.2)

0.6 (0.3)

0.003

0.71

1.6 (0.3)

1.1 (0.5)

<0.001

0.27

Pelvis

0.9 (0.2)

0.3 (0.3)

<0.001

0.06

Thorax

1.3 (0.2)

1.3 (0.3)

<0.001

1.0

0.7 (0.4)

0.2 (0.5)

0.04

0.32

Pelvis

0.6 (0.4)

0.6 (0.6)

0.17

0.97

Thorax

3.4 (0.5)

3.4 (0.7)

<0.001

0.90

2.4 (0.4)

2.8 (0.6)

<0.001

0.59

Pelvis

3.7 (0.4)

4.3 (0.5)

<0.001

0.26

Thorax

0.1 (0.4)

1.1 (0.5)

0.89

0.049

2.1 (0.75)

1.6 (0.5)

0.003

0.54

Thorax
Sagittal
ROM (˚)

Lumbar

Frontal
ROM (˚)

Lumbar

Transverse
ROM (˚)

Lumbar

Mean Sagittal
inclination (˚)
Lumbar
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Pelvis

1.4 (0.4)

1.5 (0.3)

<0.001

0.73

Figures:

Figure 1: (a) Mean thorax inclination at each speed, averaged across the elite group (solid line) and
the recreational group (dotted line) and (b) mean thorax inclination, averaged across the four
speeds, for each group.
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Figure 2: Ensemble curves showing the motion of each segment in each plane over the gait cycle at a
running speed of 3.9 ms-1 (speed 2). Solid lines show ensemble averages for the elite runners and
dotted lines show ensemble averages for recreational runners. The shaded area represents the SD of
the elite group.
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