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a b s t r a c t
The current study provides a quantitative assessment of three-dimensional spine motion during targetdirected trunk movements in sitting. Subjects sat on an elevated surface, without foot support, and targets were placed in ﬁve directions, at three subject-speciﬁc distances (based on trunk height). Subjects
were asked to lean toward the target, touch it with their head, and return to upright sitting. A retroreﬂective motion analysis system was used to measure spine motion, using three kinematic trunk models
(1, 3 and 7 segments). Signiﬁcant differences were noted in the total trunk motion measured between the
models, as well as between target distances and directions. In the most segmented model, inter-segmental trunk motion was also found to differ between trunk levels, with complex interaction effects involving
target distance and direction. These ﬁndings suggest that inter-segmental spine motion is complex, task
dependent, and often unevenly distributed between spine levels, with motion patterns differing between
subjects, even in the absence of pathology. Use of a multi-segmental model provides the most interpretable ﬁndings, allowing for differentiation of individual motion patterns of the spine. Such an approach
may be beneﬁcial to the understanding of movement-related spine pathologies.
Ó 2009 Elsevier Ltd. All rights reserved.

1. Introduction
Recent innovations in motion capture technology – such as
inertial sensors (Lee et al., 2003; Goodvin et al., 2006), electromagnetic sensors (Pearcy and Hindle, 1989) and optoelectronic systems (Andreoni et al., 2005) – provide a means to objectively
quantify spine motion, in three-dimensions, during movement.
These have the potential to expand our understanding of spine-related impairments, and increase the feasibility of quantitative,
patient-speciﬁc assessment of spine kinematics for a wide range
of pathologies.
Technologies using multiple sensors (or markers) allow for the
simultaneous measurement of motion, in three-dimensions, across
multiple spine levels, and for a multitude of complex tasks. Despite
this, research using these technologies has typically focused on relatively large spine regions (Pearcy and Hindle, 1989; Pearcy, 1993;
Russell et al., 1993; Swinkels and Dolan, 1998; Van Herp et al.,
2000; Lee, 2001; Lee et al., 2003; Preuss and Fung, 2008; Hsu
et al., 2008), treating these as single, ﬂexible segments. Furthermore, the movements studied often isolated to the cardinal planes

(Pearcy and Hindle, 1989; Russell et al., 1993; Willems et al., 1996;
Van Herp et al., 2000; McGregor et al., 2001; Troke et al., 2001; Lee
et al., 2003; Hsu et al., 2008), with limited attention paid to offaxis, coupled motions (Pearcy and Hindle, 1989; Russell et al.,
1993; Willems et al., 1996; Lee et al., 2003).
The purpose of the current study was to assess the motion of
the spine in young, healthy subjects, in three-dimensions, during
multi-directional target-directed movements of the trunk. The task
was designed to approximate the movements required in the trunk
when reaching beyond arm’s length in various directions and distances. Speciﬁc goals were to assess the effect of segmentation on
the total measured spine motion (i.e., how the number of divisions
in the spine model affects the overall measurement), and to assess
the relative motion of the spine at different levels. A secondary goal
was to determine the variability of spine motion in a healthy subject population, and consequently the usefulness of such an approach as a tool to assess spine motion in individual patients.

2. Methods
2.1. Subjects

* Corresponding author. Address: Rehabilitation Engineering Laboratory, Lyndhurst Centre, Toronto Rehabilitation Institute, 520 Sutherland Drive, Toronto,
Ontario, Canada M4G 3V9. Tel.: +1 416 597 3422x6902, +1 514 489 7336; fax: +1
416 425 9923.
E-mail address: richard.preuss@toronto-fes.ca (R.A. Preuss).

Eleven healthy volunteers (Table 1) were recruited from a convenient sample of research staff and students at a rehabilitation
hospital. Exclusion criteria were: (a) back pain at the time of
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Table 1
Subject characteristics.

A

A

Gender

Age

Trunk height (m)

Depth of base (m)

Width of base (m)

F
F
F
F
M
M
M
M
M
M
M
Mean
St. dev.

30
30
29
28
24
24
26
34
26
32
31
28.5
3.3

0.76
0.76
0.71
0.72
0.72
0.75
0.79
0.71
0.76
0.82
0.80
0.75
0.04

0.43
0.45
0.45
0.45
0.45
0.48
0.49
0.48
0.46
0.48
0.52
0.47
0.03

0.42
0.43
0.43
0.46
0.39
0.44
0.43
0.38
0.42
0.43
0.49
0.43
0.03

AL

AR

L

R

Base = area under the thighs and buttocks.
Trunk height = support surface to base of occiput.

testing; (b) history of back pain persisting for more than 3 months
and interfering with daily activity; (c) previous diagnosis of any
musculoskeletal condition affecting the spine (e.g., spodylolysthesis, scoliosis) or hips; and (d) history of any neurological, vestibular
or other condition affecting balance. All subjects provided written,
informed consent prior to participation. Ethics approval was received from the local ethics committee.

B

1
2
3

2.2. Experimental task
Subjects sat on a rigid, elevated surface, with the thighs supported to 75% of the distance from the greater trochanter to the lateral epicondyle of the femur. The lower legs hung freely, with no
foot support. No other support or constraints to movement were
provided.
Twenty-two reﬂective markers (10 mm diameter) were placed
along the length of the subject’s spine to monitor trunk motion
(Fig. 1C – model described in Subsection 2.3 below). Five larger
markers (25 mm diameter) were suspended from the ceiling, at
45° intervals anterior to the frontal plane (Fig. 1A), to act as targets
for the movement task. Three subject-speciﬁc target distances and
heights were based on the distance from the support surface to the
base of the subject’s occiput, in sitting. These represented 15°
intervals of angular motion (Fig. 1B), based on movement as an inverted pendulum. Targets were ﬁrst placed at the closest target
distance, and moved to the next distance once all trials had been
completed. For each target distance, three trials in each direction
were performed, in a randomized order. Key anthropometric data
for each subject (trunk height and dimensions of the base of support under the thighs and buttocks) are presented in Table 1.
For each trial, the subject was instructed to ﬁrst look at the
speciﬁed target, then lean toward it in order to touch it with his/
her head, and return to the initial upright sitting position. No speciﬁc instructions were given regarding how to look at the target
(i.e. head and/or trunk rotation was not speciﬁed). The subjects
were, however, instructed to not look at the target throughout
the arc of movement, so as not to artiﬁcially constrain cervical
and thoracic motion. The subjects moved at a self-selected, comfortable pace, and were instructed to keep their lower legs hanging
vertically downward, so as not to be used as a counterweight for
trunk movement.

C
UTx
MUTx
MLTx
LTx
ULx
LLx
Sx

C7
T3
T6
T9
T12
L3
S1
Z
X

2.3. Data acquisition and kinematic model

Fig. 1. (A) Target directions for the movement task. Targets were placed bilaterally
in the frontal plane (left – L and right – R), at 45° anterior to the frontal plane
(anterior-left – A-L and anterior-right – A-R), and anterior to the subject in the
sagittal plane (A). (B) Target distances and heights for the movement task. Trunk
motion was approximated as an inverted pendulum, and targets were placed at
three subject-speciﬁc distances, representing 15° intervals of angular motion based
on a measurement of trunk height from the support surface to the base of the
subject’s occiput. (C) Marker placement and spine segmentation for the kinematic
models of spine motion.

Marker position was acquired using a 6-camera Vicon (Oxford,
UK) 512 motion analysis system (sampling frequency 120 Hz),
and subsequently low-pass ﬁltered using an 8th order, dual-pass
Butterworth ﬁlter, with a low-pass cut-off frequency of 2 Hz.

The markers along the subject’s spine were divided into groups
of three (marker triads), which were used to deﬁne seven trunk
segments (Fig. 1C). The sacral (Sx) segment was deﬁned by the
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markers over the posterior superior iliac spines and the 5th sacral
vertebra. The lower lumbar segment (LLx) was deﬁned by markers
placed at least 50 mm lateral to the spinous process of the 3rd lumbar vertebra (L3) and over the 1st sacral vertebra. Moving rostrally,
each successive segment was deﬁned by a centrally placed marker
below, and two laterally placed markers above. These markers
were placed over, and lateral to, the spinous processes of the 3rd
lumbar vertebra (L3), the 12th, 9th, 6th and 3rd thoracic vertebrae
(T12, T9, T6 and T3) and the 7th cervical vertebra. The segments
deﬁned by these marker groups were termed upper lumbar
(ULx), lower thoracic (LTx), mid-lower thoracic (MLTx), mid-upper
thoracic (MUTx) and upper thoracic (UTx).
A Cartesian axis system was created for each trunk segment, with
the X-axis running left to right, parallel to a line between the two
upper markers, the Z-axis running caudal to rostral, parallel to a line
between the caudal marker and the mid-point between the two rostral markers, and the Y-axis running from posterior to anterior, deﬁned by the cross product of the Z and X-axes. All calculations of
segment orientation were for a rostral segment relative to a caudal
segment. Segment orientation was ﬁrst calculated about the X-axis
(ﬂexion), followed by the Y-axis (side-bending) and Z-axis (axial
rotation), following orthopaedic convention. The motion about the
X and Z-axes were then multiplied by 1 to represent forward ﬂexion and axial rotation to the right as positive (side-bending to the
right was also represented as positive). All calculations were performed using Bodybuilder software (Vicon Motion Systems, Oxford,
UK). The residual camera calibration for marker position, for all subjects, was below 0.5 mm, and all markers within a group were
spaced at least 100 mm apart. The orientation in space of each
segment, therefore, was estimated as accurate to <0.6°, and the orientation of one segment relative to another as accurate to <1.2°.
Trunk motion was modelled using three kinematic models. The
Whole-Trunk model measured the total trunk motion based on the
orientation of the UTx segment relative to the Sx segment. Previous
studies employing this model of trunk motion include (Newcomer
et al., 2001; Allison and Fukushima, 2003; Goodvin et al., 2006).
The Lumbar–Thoracic model measured the motion of the lumbar
spine based on the orientation of ULx relative to Sx, and of the thoracic spine based on the orientation of UTx relative to ULx. Total
trunk motion was then represented as the sum of the movements
(ﬂexion, side-bending and axial rotation) at the lumbar and thoracic levels. Previous studies employing this model of trunk motion
include (Hsu et al., 2008). Finally, the multi-segmental model measured the orientation of each trunk segment relative to that of the
segment below, with the movements named for the more rostral
trunk segment (e.g. movement of ULx represents the orientation
of ULx relative to LLx). Total trunk motion was then represented
as the sum of the inter-segmental motions at all six trunk segments within the model. No other study that we are aware of
has employed such a detailed assessment of total trunk motion,
although previous studies have employed multi-segmental models
of the spine (Swinkels and Dolan, 1998; Preuss and Fung, 2008),
and detailed analyses speciﬁc spine regions (Willems et al., 1996;
Gatton and Pearcy, 1999).
2.4. Data analysis
All statistical analyses were performed on the values measured
at the point of peak trunk motion. This point was determined as
the point of maximum excursion of the centrally placed C7 marker,
in the plane deﬁned by the X and Y-axes of the Sx segment (Fig. 1C).
An a-level of 0.05 was used for all statistical analyses.
2.4.1. Total trunk motion
Statistical analyses of total trunk ﬂexion, side-bending and axial
rotation were each conducted using three-way ANOVA. The

3

independent variables tested were the kinematic model used to
determine the total motion of the trunk (three models), the target
distance (three distances) and the target direction (ﬁve directions).
For target directions to the left, the angles for movements about
the Y and Z-axes (side-bend and axial rotation, respectively) were
multiplied by 1 so that left side-bend and left rotation were positive. For all other target placements, right side-bend and right
rotation were considered positive.
2.4.2. Inter-segmental trunk motion
Analyses of inter-segmental trunk ﬂexion, side-bending and axial rotation were also performed using three-way ANOVA, based on
the measurements derived from the multi-segmental model. The
independent variables tested were trunk level (six levels: LLx to
UTx), target distance (three distances) and target direction (ﬁve
directions). As above, for target directions to the left, left sidebending and left axial rotation were treated as positive, while right
side-bend and rotation were considered positive for all other target
directions.
A Bonferroni post-hoc test for differences between means was
also performed, in order to assess the symmetry of motion in
side-bending and rotation. The analyses of interest were the effect
of target direction for target placements to the left and to the right
of the sagittal plane (at 45° and at 90°).
3. Results
All subjects successfully completed each movement task,
with the exception of the movements toward the targets in the
frontal plane (L and R – Fig. 1A) at distance 3 (Fig. 1B), where none
of the subjects was able to reach the target. Trunk motions for
these two target placements, therefore, represent the maximum
voluntary trunk motions for these subjects, under these test
conditions.
3.1. Total trunk motion
Total trunk motion in each axis, for each of the models tested,
is illustrated in Fig. 2A. Values for the multi-segmental alone
are illustrated in Fig. 2B, to better highlight the effects of distance and direction. The p-value for all signiﬁcant effects
was <0.001.
Results of the ANOVA for total trunk ﬂexion revealed main
effects for each of the independent variables tested, but no significant interaction effects. In general, spine ﬂexion increased with
increasing target distance (main effect of distance) and decreased
with more lateral target placement (main effect of direction). The
main effect of the model used to measure trunk ﬂexion was most
evident for movements toward the laterally placed targets, where
those models with fewer segments measured a greater degree of
total trunk ﬂexion.
Results of the ANOVA for both total trunk side-bending and axial rotation revealed main effects for distance and direction, but no
main effect for the model used to measure these motions. Increased target distance lead to an increase in both side-bending
and axial rotation (main effects of distance), as did a more lateral
target placement (main effects of direction). For side-bending, a
signiﬁcant interaction effect was also found between distance
and direction. This reﬂects the more pronounced difference in
the range of side-bending at distances 2 and 3, compared with distance 1, for the 45° (A-R and A-L) and 90° (R and L) target placements. For axial rotation, no such interaction effect was found,
indicating that the effect of target direction was similar at all distances. No other signiﬁcant interaction effects were found for
either trunk motion.
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Distance 1

Distance 2

B

Distance 3

Distance 1 Distance 2 Distance 3
40

35

35

Flexion (degrees)

40

30
25
20
15
10

30
25
20
15
10
5

0

0

40

40

Side Bend (degrees)

5

30
20
10
0
-10
-20
-30

30
20
10
0
-10
-20
-30

-40

-40

40

40

Axial Rotation (degrees)

Axial Rotation (degrees)

Side Bend (degrees)

Flexion (degrees)

A

30
20
10
0
-10
-20
-30
-40

30
20
10
0
-10
-20
-30
-40

R

L

Target Direction

A-L

A

A-R

R

Target Direction
L
A-L
A
A-R
R

= Left
= Anterior-Left
= Anterior
= Anterior-Right
= Right

L

A-L

A

A-R

Target Direction

R

R
R
AAL
AL

A-R

R
R
A-

A

AL
AL

A-L

R
R
AAL
AL

L

Target Direction

Whole-Trunk
Lumbar-Thoracic
Multi-Segmental

Fig. 2. (A) Total trunk motion measured at the point of peak trunk motion. Bars represent the mean total trunk motion for the subject population, for each of the three
kinematic models. Error bars represent a range of plus or minus one standard deviation. The Whole-Trunk model represents the total trunk motion based on the orientation of
the UTx segment relative to the Sx segment. The Lumbar–Thoracic model represents the sum of each movement at the lumbar (ULx relative to Sx) and thoracic (UTx relative
to ULx) levels. The multi-segmental model represents the sum of the inter-segmental motions at all six trunk segments within the model. (B) Total trunk motion measured at
the point of peak trunk motion for the multi-segmental model of the trunk, provided to highlight the signiﬁcant effects of target distance and direction.

3.2. Inter-segmental trunk motion
Inter-segmental motion, measured by the multi-segmental
model, is illustrated in Fig. 3. The p-value for all signiﬁcant effects
was <0.001.
Results of the ANOVA for inter-segmental ﬂexion revealed main
effects for each of the independent variables tested, as well as two
signiﬁcant interaction effects. The main effect of trunk level reﬂects a general tendency toward more ﬂexion occurring at caudal
levels, while the main effect of distance reﬂects a similar tendency
toward increasing ﬂexion with increased target distance. The signiﬁcant interaction effect between these two variables likely
reﬂects the more pronounced effect of increased target distance
at the caudal trunk levels. Target direction also had a signiﬁcant
effect on inter-segmental trunk ﬂexion. This effect, however, was
complex, as indicated by the signiﬁcant interaction effect between
target direction and trunk level. The most evident contrast was between the LLx and MLTx levels. At LLx, trunk ﬂexion was largest for
movements toward anteriorly placed targets, with a progressive

decrease in ﬂexion for more lateral target placements. The opposite, however, was seen at MLTx, where a relative increase in inter-segmental ﬂexion occurred for more lateral target
placements. In general, ﬂexion was greatest at the most caudal
trunk levels for movements toward targets placed in the sagittal
plane, while more lateral target placements lead to a relative increase in ﬂexion in the mid-thoracic levels, and a concomitant decrease in ﬂexion at lumbar levels. No interaction effect was found
for target distance and direction, and no three-way interaction
effect was found, indicating that the effect of target direction was
consistent across target distances.
Results of the ANOVA for inter-segmental side-bending
revealed main effects for each of the independent variables tested,
as well as two-way interaction effects between each of these variables. Side-bending, in general, was greater at the more caudal
spine levels (main effect of level), increased with increasing target
distance (main effect of distance), and increased with more lateral
target placement (main effect of direction). The interaction effect
between level and distance reﬂects the more pronounced increase
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SideBend (degrees)

Flexion (degrees)

Distance 1

Distance 2

Distance 3

15
10
5
0

10
5
0
-5
-10

Rotation (degrees)

10
5
0
-5
-10

MUTx

MLTx

LTx

ULx

LLx

UTx

MUTx

MLTx

Trunk Level

LTx

ULx

Trunk Level
L
A-L
A
A-R
R

= Left
= Anterior-Left
= Anterior
= Anterior-Right
= Right

LLx

UTx

MUTx

MLTx

LTx

ULx

LLx

Trunk Level

L
A-L
A
A-R
R

UTx

Fig. 3. Inter-segmental trunk motion measured at the point of peak trunk motion, using the multi-segmental kinematic model. Bars represent the mean trunk motion for the
subject population, for the ﬁve target directions. Error bars represent a range of plus or minus one standard deviation.

in side-bending at the more caudal trunk levels with increased
target distance; in particular at LLx and LTx. The interaction effect
between level and direction reﬂects the differing impact of more
lateral target placement (45° vs. 90° from the sagittal plane) at
the different trunk levels (e.g. LTx vs. ULx). Similarly, the interaction effect between distance and direction reﬂects the more pronounced difference in side-bending, for the 45° vs. 90° target
placements, at distances 2 and 3 compared with distance 1. There
was, however, no signiﬁcant three-way interaction effect between
the independent variables tested.
Results of the ANOVA for inter-segmental axial rotation also revealed main effects for each of the independent variables tested, as
well as a two-way interaction between trunk level and target direction. Trunk axial rotation was generally greatest at the MLTx level,
with a progressive decrease at more caudal and rostral levels (main
effect of level). Target direction also had a signiﬁcant main effect on
axial rotation, with increased rotation for more lateral target placements. The interaction effect between these two variables likely
reﬂects the greater inter-subject variability in axial rotation at thoracic levels compared with lumbar levels, for movements toward
targets placed at 45° vs. 90° from the sagittal plane. Target distance
also had a main effect on the degree of trunk axial rotation,
although the increase in rotation was most evident between distances 1 and 2. No other signiﬁcant interaction effects were found.
While Fig. 3 illustrates signiﬁcant trends for inter-segmental
trunk motions within this subject population, a great deal of
inter-subject variability was also evident. No single subject

displayed a movement pattern that was fully representative of
the group means, although certain subjects deviated more from
these means than others. Speciﬁc examples are provided below.
3.2.1. Movement toward targets in the sagittal plane
Fig. 4 illustrates the cumulative inter-segmental ﬂexion patterns for three subjects, for a single trial toward an anteriorly
placed target at distance 3. The pattern illustrated in Fig. 4A closely
approximates the group average. The greatest motion occurs at the
caudal levels, with relatively uniform movement occurring at the
lower thoracic levels, and a total trunk ﬂexion similar to the group
mean. Fig. 4B illustrates a drastically different distribution of intersegmental motion in ﬂexion, with the greatest range at ULx and
MLTx, and a total trunk ﬂexion well below the group mean. A spike
of ﬂexion is also evident at LLx, near the point of peak trunk motion
(also evident in the curves for the other trunk levels due to the
summative nature of these curves), likely indicative of a thrust toward the target at peak motion rather than the continuous, smooth
patterns seen in Fig. 4A. Finally, Fig. 4C illustrates a movement pattern with ﬂexion at LLx well above the group average, relatively
uniform ﬂexion from ULx to MLTx, and extension at MUTx and
UTx. This pattern also shows some unevenness around the peak
of trunk motion, during which the relative distribution of motion
between trunk levels is notably variable.
Despite this variability in the distribution of trunk ﬂexion between levels, very little off-axis, coupled motion (side-bending
and rotation) was observed during movements toward the anterior
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A

consistent side-bending at LTx for all movements toward the anterior target, regardless of target distance: distance 1, side-bend =
2.6°; distance 2, side-bend = 3.3°; distance 3, side-bend = 3.2°.
A second subject demonstrated an increasing degree of left sidebend and right rotation at UTx with increasing target distance:
distance 1, side-bend = 0.1°, rotation = 0.8°; distance 2, sidebend = 1.9°; rotation = 2.1°; distance 3, side-bend = 3.7°;
rotation = 4.6°. This last value represents the largest off-axis movement observed for these sagittal plane movements, within this
subject population.

35

Flexion (degrees)

30
25
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15
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5
0
1
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MUTx

30

MLTx
LTx

25

ULx
LLx
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10
5

A
SideBending (degrees)

35

Flexion (degrees)

3.2.2. Movements toward targets placed lateral to the sagittal plane
Post-hoc analysis of the ANOVA results for inter-segmental motion found no signiﬁcant differences (p > 0.85) in the total range of
trunk side-bending or rotation for movements toward targets
placed 45° to the left and right of the sagittal plane (A-R vs. A-L),
or for targets placed at 90° to the left and right of the sagittal plane
(R vs. L).

7
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Fig. 4. Cumulative ﬂexion motion patterns at each trunk level within the multisegmental model, for three subjects, for a single trial toward an anteriorly placed
target at distance 3. Cumulate motion is presented to each visual comparison, with
the motion illustrated for each level representing the summed motion for that level
with each more caudal level (e.g. the motion pattern illustrated for LTx is the
summed motion for LTx, ULx and LLx).

3

SideBending (degrees)

0

2
1
0
-1
-2
-3

targets. The mean side-bending and rotation angles during these
movements, for the subject population, at all target distances and
trunk levels, were less than 1.2° (equal to the approximated measurement accuracy of the model), although all subjects displayed a
mean rotation and/or side-bend angle above 1.2° for at least one
trunk level. Furthermore, only two subjects displayed a discernable
pattern in these off-axis movements. One subject showed

UTx MUTx

MLTx

LTx

ULx

LLx

Trunk Level
Fig. 5. Side-bending motion, at the point of peak trunk motion, at each trunk level
within the multi-segmental model, for three subjects, during movement toward the
targets placed in the frontal plane at distance 2. Bars represent the mean trunk
motion over three trials. Error bars represent a range of plus or minus one standard
deviation.
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Despite this statistical symmetry of motion across the subject
population, the individual subjects displayed varying degrees of
asymmetry during movements toward laterally placed targets.
Fig. 5 illustrates the mean side-bending angle at peak trunk motion
for three subjects; across the three trials for the left (L) and right (R)
target directions (frontal plane), at distance 2. Fig. 5A illustrates
values similar to the group mean, at each trunk level. A minimal degree of asymmetry is evident at each level, although these differences generally fall within the margin of potential measurement
error (i.e. <1.2°). Fig. 5B shows values for a subject whose total
side-bending motion was also similar to the group mean, but with
an inter-segmental distribution that was notably different. Of particular note is the asymmetry of side-bending motion at the lumbar
levels, which far exceeds the margin of measurement error, and the
apparent compensation in the thoracic levels. Finally, Fig. 5C shows
values for a subject whose inter-segmental and total trunk sidebending were drastically different from the group mean. Very little
side-bending is evident at any trunk level during movement toward
the frontal plane targets, such that the mean motion at all levels
above LLx approached the margin of measurement error.

4. Discussion
The ﬁndings of the current study indicate that a multi-segmental analysis of spine motion during functional trunk movements
may reveal complex, inter-segmental variations based on the
requirements of the task, as well as differences in movement patterns between individual subjects.

4.1. Total trunk motion
Signiﬁcant differences in total trunk ﬂexion were found between the three kinematic models of spine motion, reﬂecting the
differences in how these values were measured. The multi-segmental model (and to a lesser degree the Lumbar–Thoracic model)
assessed the relative orientation of adjacent segments, while in the
Whole-Trunk model motion was measured relative to the orientation of the sacrum. For movements in the sagittal plane (anterior
target placement) this was not an issue, as the ﬂexion axis (X-axis,
Fig. 1) for all segment levels remained more or less parallel (coupled motions were minimal). When motion occurred in more than
one plane, however, the relative orientation of the ﬂexion axes at
each spine level was altered, and the sum of the ﬂexion measured
at each level was no longer equal to the total measure taken about
the ﬂexion axis of the sacrum. The same was also true for movements about the other axes, although in the current study statistical differences were only found for ﬂexion. Such differences in
model segmentation, therefore, are important when interpreting
the ﬁndings of any study examining the kinematics of the spine,
and are discussed in greater detail below (Section 4.4).
As would be expected, the total trunk motion was also signiﬁcantly affected by the target placement. Lateral target placements
lead to a decrease in trunk ﬂexion and an increase in side-bending
and rotation (main effects of direction). Movements toward a more
distally placed target, on the other hand, generally lead to an increase in trunk motion about all axes (main effects of distance).
The latter, however, was somewhat more tempered, although still
signiﬁcant, for axial rotation than for the other spine motions. This
likely reﬂects the instructions to the subjects to look at the target
before beginning their movement toward it. While no speciﬁc
instructions were given regarding how to turn (i.e. turn your head,
turn your shoulders, etc.), a great deal of trunk rotation was typically evident prior to the subject initiating the movement toward
the laterally placed targets. Much of the axial rotation observed,
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therefore, served to orient the subject’s gaze in the direction of
the target.
4.2. Inter-segmental trunk motion
The multi-segmental model of the trunk revealed complex motion patterns that cannot be adequately represented by measures
of Whole-Trunk motion. Even for movements toward the anteriorly placed targets, an interaction effect between trunk level and
target distance was evident. Speciﬁcally, the ﬂexion pattern in
the upper thoracic spine was notably different than at more caudal
levels when target distance was increased (Fig. 3); likely in an effort to preserve spine length in order to reach the target. The variability in the amplitude of motion observed across this study
population (Figs. 3 and 4) also suggests that the assumption of proportional motion across spine segments (Goodvin et al., 2006)
would be of limited use for the assessment of individual patients.
Side-bending, and to a lesser degree axial rotation (Fig. 3), in the
upper thoracic levels was proportionally small compared with reported values for the available segmental ranges of motion (Willems et al., 1996; McGill, 2002). Once again, this likely reﬂects
the more functional nature of the target-directed task used in this
study, which required the subject visually ﬁx a target prior to
movement, and to preserve spine length during movement in order
to reach that target. The assumption of proportional motion across
spine segments, therefore, appears to be of little practical utility for
any but the simplest of trunk movements.
By far the most interesting observation with respect to intersegmental motion, however, was in the altered distribution of
movements between segments for the different target placements
(interaction effect of level and direction), suggests complex and
task-speciﬁc patterns of trunk motion. At LLx, for example, the
distribution of segmental ﬂexion changed dramatically for the
different target placements (Fig. 3). As a decrease in the available
range of ﬂexion at this spine level, with concomitant axial rotation
and side-bending, is unlikely (Pearcy, 1993), the most plausible
explanation is that ﬂexion at LLx would not functionally contribute to trunk motion in the frontal plane. At ULx, however, a great
deal of ﬂexion was observed for movement toward the targets
placed to the left (L) and right (R), despite inadequate axial rotation below this level to orient this segment in the frontal plane.
The observed ﬂexion at this level, therefore, likely reﬂects a
ﬂattening of the lumbar lordosis, which when combined with
side-bending and rotation can aid in elongating the spine toward
the target.
Movement at LTx reﬂected a ‘‘transition” region between the
lumbar and mid-thoracic levels, with both side-bending and ﬂexion increasing relatively consistently with target distance, for all
target directions. Motion patterns at the mid-thoracic levels (MLTx
and MUTx), however, were notably different from those in the
lumbar segments. Axial rotation was greatest at MLTx, allowing
ﬂexion above this level to make a greater contribution to movements outside the sagittal plane. As such, more ﬂexion was observed at these levels for movements toward the more laterally
placed targets. Motion at UTx, on the other hand, was generally
negligible (approaching the range of measurement error), with
the exception of axial rotation. This suggests that spine motion at
this level was closely related to maintaining the orientation of
the head and the effective length of the spine during these target-directed movements.
4.3. Individual subject variability
A secondary goal of this study was to assess the amount, and
type, of variability of spine motion that would be observed in a
healthy subject population. The participants in this study were
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young and healthy, with no prior history to suggest that their patterns of spine kinematics should represent abnormal or pathological motion patterns. Despite this, the motion patterns that were
observed were highly variable across this relatively small subject
population (Figs. 3–5).
Previous studies have also noted a great deal of variability in
spine motion between healthy subjects. Gatton and Pearcy
(1999), for example, examined the sequence in which ﬂexion occurred in the lumbar spine across a variety of tasks, using a subject
group that was comparable to the one in the current study. These
authors identiﬁed four possible sequences of movement for lumbar ﬂexion, but concluded that there was no dominant pattern
of motion across their subject population, with the same subject
often demonstrating different movement sequencing between
tasks.
This ‘‘normal” variability, therefore, presents an obstacle to
researchers and clinicians aiming to identify pathological patterns
of motion in symptomatic patients, or ‘‘at risk” patterns of motion
in asymptomatic individuals. Recent evidence suggests, however,
that patients with low back pain may be classiﬁed based on the
patterns of movement which induce symptoms (Van Dillen et al.,
2003), and that patients with different classiﬁcations will demonstrate speciﬁc patterns of spine motion during standardized tasks
(Gombatto et al., 2007; Van Dillen et al., 2007). In particular, the
symmetry of motion appears to be important in this regard. Identifying symmetrical movement patterns, therefore, might also
prove useful in identifying subjects at risk of developing low back
pain. A similar approach could also be used to identify asymmetrical or aberrant movement patterns in patients with neuromuscular
impairments following stroke or spinal cord injury, and used to
guide clinical treatment.
The results of the current study indicate that the multi-segmental model can provide a useful tool to measure spine motion in
three-dimensions, and to identify movement asymmetries, as
differences in movement patterns and amplitudes between
subjects and movement directions were routinely larger than the
potential measurement error of the system (Figs. 4 and 5). Other
observations, such as variability in motion patterns at the end
range of movement (Fig. 4C) may also be clinically relevant, as
even a minor loss of coordination at end-range ﬂexion may lead
to injury (Cholewicki and McGill, 1992; Preuss and Fung, 2005).
The ﬁndings of the current study must, however, be viewed in
the context of the relatively small, mixed-gender sample population from which these data were obtained. This limits any generalization of these ﬁndings beyond this sample population, and, as
such, these ﬁndings cannot be viewed as a normative database,
or as representative of either a healthy male or female population.
A much larger sampling would be required to determine what
constitutes a ‘‘normal” movement pattern for male and female subjects, or at least a range of ‘‘normal” from which outliers could be
viewed as ‘‘abnormal”. Such an approach could then be used to
develop a database of spine motion for functional or clinically
important movements, in order to better identify abnormal or
aberrant movement strategies. A similar approach has previously
been used to establish databases for ranges of motion in the cardinal planes (Russell et al., 1993; Gracovetsky et al., 1995; Willems
et al., 1996; Van Herp et al., 2000), often including off-axis coupled
movements (Russell et al., 1993; Willems et al., 1996; Troke et al.,
2001; Edmonston et al., 2008). Databases of end range of motion,
however, have proven to be of limited clinical utility, as range of
motion is only weakly correlated with disability in patients with
low back pain (Sullivan et al., 2000), and is unlikely to be of primary importance in treating issues related to impaired neuromuscular control and coordination in other patient populations. The
multi-segmental model used in this study, therefore, provides the
means to move beyond the cardinal planes of movement, and be-

yond measure of end range of motion, in the quantitative assessment of segmental spine motion.
4.4. Considerations for multi-segmental modelling of spine motion
The data presented in this study support the notion that increased segmentation of the kinematic model used to assess trunk
motion will improve the utility of those measurements. Practical
limitations do exist, however. The size of the skin-mounted sensors
used with electromagnetic (Gatton and Pearcy, 1999) and inertial
(Lee et al., 2003) systems may limit the placement of these relative
to the individual vertebrae, although very small sensors capable of
measuring motion in six degrees-of-freedom are now available
with certain systems. The more important consideration with all
systems, therefore, is the signal to noise ratio that is present in
these measurements (i.e. the magnitude of the measured values
relative to the accuracy with which these variables of interest
can be represented). The main considerations here are the accuracy
of the sensor itself and the movement of the skin-mounted sensor(s) relative to the underlying vertebrae (Cappozzo et al.,
1997). Motion of an individual vertebral motion segment will
rarely exceed 10° (McGill, 2002) at end range. Functional spine
movements, on the other hand, rarely approach these values. The
accuracy with which individual vertebral motion can be tracked
using surface sensors, therefore, is suspect. Even optoelectronic
systems, whose markers can be very small (<10 mm), and whose
accuracy can be very high, may not allow good measurements of
individual vertebral kinematics. These systems require at least
three markers to track the motion of any rigid body in threedimensions, and the measured position of all three markers is subject to a degree of error based on factors such as the calibration
residual of the system. Furthermore, as segmental motion is calculated as the motion of one segment relative to another, the error
associated with the measured orientation of each segment will
play a factor. In the current study, for example, calibration residuals were below 0.5 mm, roughly representing the potential error in
the measured position of each marker. With a marker spacing of
100 mm for each marker triad, this represents an accuracy of
0.6° for the orientation of each segment. The orientation of one
segment relative to another, therefore, can only be considered
accurate to 1.2°, without consideration for marker movement relative to the underlying skeletal structures. Tracking individual vertebral motion using a similar system would require a much tighter
marker placement (Andreoni et al., 2005; Ciavarro et al., 2006),
which would decrease the accuracy with which these orientations
could be represented, while at the same time decreasing the magnitude of the measured movements.
The issue of relative skin motion may be negated using invasive
approaches such as percutaneous screws (Lund et al., 2002),
although this approach has clear practical and ethical limitations.
In addition, it is uncertain whether the presence of such surgical
hardware will mechanically alter vertebral kinematics, due to
mechanical forces at the screw – skin interface, or affect neuromuscular control and coordination. Imaging techniques such as X-ray
(Pearcy and Tibrewal, 1984; Abbott et al., 2006) and MRI (Kulig
et al., 2007) can provide static representations of vertebral position,
but their application for movement studies is limited. Video ﬂuoroscopy (Cholewicki et al., 1991) presents an alternative, but has issues related to radiation exposure, availability of equipment and
subject positioning. Skin mounted motion capture, therefore, remains the most viable approach for most studies of trunk and spine
motion (approaches such as raster stereography (Schulte et al.,
2008) may also be viable alternatives for some clinical applications). The multi-segmental model presented in this study provides
a viable approach when the measurements are interpreted within
the context of the above limitations.
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Another issue that must be addressed in future studies relates
to the calibration of the zero position for these measurements (as
opposed to the calibration of the system itself). The kinematic
model of spine motion presented in this study represents the relative motion of spine segments, with the zero position chosen as the
upright sitting posture naturally adopted by the subjects at the
start of the measurement. Such an approach, however, is less viable
for other patient populations where the subjects may not be capable of adopting a neutral spine posture. A system to measure the
initial static spine posture should therefore be adopted in future
studies, in order to provide a reliable value from which relative
motion can be determined.
4.5. Conclusion
The data presented in this study indicate that the degree of segmentation of the kinematic model of the spine will affect the total
trunk motion measured during multi-planar movements. Furthermore, a multi-segmental analysis appears to have several advantages, providing improved insight into the complex, task dependent
motions of the trunk, and the often uneven distribution of that
motion between spine levels. Motion patterns were seen to differ
between subjects even in the absence of pathology. This variability,
and the ability of the multi-segmental kinematic model of the
spine to differentiate between individual motion patterns, suggests
that detailed, multi-segmental assessment of spine motion is necessary to fully understand spine kinematics during movement, and
may be beneﬁcial to the understanding of movement-related
pathologies in the trunk.
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