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Abstract
Background

A thorough understanding of the biomechanical characteristics of the healthy human spine is critical in furthering
the treatment of spinal pathology. The goal of this study was to investigate the motion of the intact lumbar spine
segment as measured by range of motion (ROM), and to investigate the dependencies thereof on gender and inter-
vertebral level.

Materials and Methods

Kinematic data was obtained for 42 human lumbar segments (L1-S1) in response to a pure-moment loading proto-
col in flexion extension (FE), lateral bending (LB) and axial torsion (AT). Data was obtained for 204 individual
functional spinal units (91 female, 113 male). Multivariate analysis of variance was conducted to detect differences
between genders and intervertebral levels in each mode of loading. Correlations between ROM and donor demo-
graphics, including height, weight, and age, were conducted.

Results

ROM was significantly greater for females than for males in FE, LB and AT (p<0.001). ROM tended to increase
down the vertebral column in FE. L3-4 FE ROM was significantly greater than L1-2 (p=0.024), and L4-5 and
L5-S1 FE ROM were significantly greater than for every other level (p<0.003). LB ROM tended to be greater to-
ward the center of the segment with L2-3, L3-4 and L4-5 ROM being significantly greater than both L1-2
(p<0.001) and L5-S1 (p=0.006, p<0.001, p=0.043, respectively). A similar trend was found for AT, however only
L1-2 was significantly less than all other levels (p=0.042, p<0.001, p<0.001, and p=0.034 for L2-3, L.3-4, L4-5, and
L5-S1 respectively).

Conclusion

The significant differences in lumbar ROM between male and female spine segments and between the interverte-
bral levels must be taken into account in study design in order to prevent biases in outcomes. The significant differ-
ences in ROM between levels may also have critical implications in the design of spinal implants, particularly those
designed to maintain or restore healthy motion.
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Intfroduction

A thorough understanding of the biomechanical
characteristics of the healthy human spine is critical
in furthering the treatment of spinal pathology. The
rotational range of motion (ROM) in each of the pri-
mary modes of loading, flexion extension (FE), later-
al bending (LB), and axial torsion (AT), is the most
commonly used and most widely understood metric
describing the biomechanical behavior of the spine.

Descriptive statistics of healthy spine ROM and its
relationship to demographic variables, such as gen-
der, age, weight, and height, as well as morphometric
variables, such as intervertebral level, may provide
critical input to implant design, biomechanical study
design and interpretation, development of diagnostic
criteria, and the design of biomechanical models of
the spine.
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Most in vitro biomechanical studies of the spine in-
clude the unaltered osteoligamentous structures,
commonly referred to as the “Intact” condition, as
the primary treatment group for comparison. This is
a convenient way to control for variability between
specimens and to provide a meaningful interpreta-
tion of study results at the same time. Given the diffi-
culty in defining “healthy” in any objective sense,
the Intact spine segment, derived from donors with-
out a noted history of treatment for spinal disorders,
is a reasonable proxy for the behavior of the healthy
spine.

Several attempts have been made to characterize
spine segment motion in living subjects as well as in
cadaveric models. In 1978, White and Panjabi provid-
ed a comprehensive summary of the available litera-
ture in an attempt to provide an estimate of typical
motion at each intervertebral level." Citing differ-
ences in experimental techniques and the broad
range of biologic variability, the authors provided
boundaries for ROM at each level along with a repre-
sentative angle, which constituted their best opinion
based on the review of the literature and their own
analysis. Many cadaveric studies have been published
which include the ROM of the Intact segment, usual-
ly in comparison to one or more surgical treatments
on relatively few specimens (6-10). On the other
hand, several notable studies have been conducted
on the Intact lumbar segment and the relationship
between ROM and various contributing factors, such
as age, gender, intervertebral level, and degenerative
condition, with sample sizes ranging from 42 to 110
individual motion segments.”*”

The goal of this study was to investigate the motion
of the intact lumbar spine segment as measured by
ROM, and to investigate the dependencies thereof
on gender and intervertebral level. The data collect-
ed from the Intact treatment condition across six bio-
mechanical studies, conducted in the same laborato-
ry under the same conditions, were combined and
analyzed.

Materials and Methods

Data from the Intact treatment of six separate lumbar
biomechanical studies, conducted in a single labora-

tory under the same specimen preparation and test-
ing protocol and by the same staff, were compiled for
this study. The full data sets from some of these
studies have been previously published, while the re-
maining are not yet published.”® Kinematic data was
obtained for 42 human cadaveric lumbar segments
(L1-S1) in response to a pure-moment loading proto-
col in flexion extension (FE), lateral bending (LB)
and axial torsion (AT). A six-degree-of-freedom
spine tester (Bose, Smart Test Series, Eden Prairie,
MN) was utilized for all testing. The spine tester is
shown in Figure 1 and consists of counteracting FE
and LB gimbals mounted within a pneumatically con-
trolled biaxial test frame. All modes of loading con-
sisted of three cycles of sinusoidal loading to limits of
+7.5 N m at a frequency of 0.005 Hz. The third cycle
of each testing mode was used for analysis, with the
first two intended for preconditioning of the seg-
ment. Four infrared light-emitting diodes (LED), in-
serted within precision-machined aluminum tracking
bodies, were affixed to the anterior surface of each
vertebral body as shown in Figure 2. The location
and orientation of each vertebra was monitored, us-
ing the attached LED, at 10 Hz throughout testing
using an Optotrak Certus motion capture system
(Optotrak, Northern Digital Instruments, Waterloo,
ON, Canada) with a manufacturer stated accuracy of
0.1 mm.

Complete data was obtained for 204 individual func-
tional spinal units (FSU) of which 91 were from fe-
male donors and 113 were from males. Table 1 in-
cludes the descriptive statistics for age, height and
weight of the donors used in this study. Though all
segments were fixed to the loading apparatus in the
same fashion, kinematic data for S1 was not tracked
during one of the studies, so L5-S1 data was only col-
lected on 36 of the lumbar segments.

Local coordinate systems were defined for each ver-
tebral tracking body based on the location of the LED
contained within it. The x-axis was defined as orient-
ed to the right side of the specimen when viewed
from the posterior. The y-axis was defined as normal
to the plane containing the four LED, facing anteri-
orly. The z-axis was defined as mutually orthogonal
to the x- and y-axes, directed superiorly. Euler angles
were calculated from the transformation matrices de-
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scribing the relative position and orientation of each
vertebral tracking body to its inferior neighbor in the
sequence Xy’z”. FE ROM was defined as the range
of the first Euler angle (a, corresponding to the X ax-
is) during the third cycle of FE loading. LB ROM
was defined as the range of the second Euler angle
(B, corresponding to the y’ axis) during the third cy-
cle of LB loading. AT ROM was defined as the range
of the third Euler angle (y, corresponding to the z”
axis) during the third cycle of AT loading.

Fig. 1. Spine Testing Apparatus with Lumbar Segment. T12 and Sacrum are
set within potting resin and fixed to the testing apparatus.

Statistical Methods

Multivariate analysis of variance with donor age,
height, and weight as covariates, and with Bonferroni
post-hoc comparison, was conducted to detect differ-
ences between genders and intervertebral levels in
each mode of loading. Correlations between ROM in
each mode and donor demographics, including
height, weight and age were also conducted. All sta-
tistical analysis was conducted in SPSS (Version 20,
IBM, Armonk, New York). All presented p-values
have had the appropriate Bonferroni correction fac-
tor applied so that proper interpretation of significan-
ce still relies on the acceptance criterion of p<0.05.

Results

ROM was significantly greater for females than for
males in FE, LB and AT (p<0.001). When compar-
ing between males and females within intervertebral
levels, females exhibited significantly greater ROM at
every level in FE (p<0.005), LB (p<0.003) and in AT
(p=0.004, p<0.001, p<0.001, p<0.001, p=0.011 for
L1-2, L2-3, 13-4, L4-5 and L5-S1 respectively).
These comparisons are shown in Figure 3, Figure 4
and Figure 5. In FE, ROM of Female specimens

Fig. 2. Lumbar Segment with LED Tracking Bodies Attached to Anterior
Surface. Local coordinate axes were defined for each vertebra with x, y and
z axes oriented in the general directions depicted fo the right.

Table 1. Donor Descriptive Statistics

Minimum Maximum Mean Std. Deviation
Age (years) 24 74 57.52 9.29
Height (in) 59 75 66.75 4.11
Weight (Ibs) 90 400 21532 79.65
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ranged from 23% to 34% greater mean ROM than
Male specimens at L.3-4 and L1-2, respectively. In
LB, ROM of Female specimens ranged from 20% to
53% greater at L3-4 and L4-5, respectively. The
largest comparative differences were seen in AT, in
which Female segments exhibited greater mean
ROM ranging from 41% greater at L5-S1 to 96%
greater at L4-5.

ROM tended to increase down the vertebral column
in FE. L3-4 FE ROM was significantly greater than
L1-2 (p=0.024), and L4-5 and L5-S1 FE ROM were
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Fig. 3. FE ROM Gender Comparisons within Intervertebral Level (*
Indicates significant difference between males and females at the indicated
intervertebral level)
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Fig. 4. LB ROM Gender Comparisons within Intervertebral Level (*
Indicates significant difference between males and females at the indicated
intervertebral level)

significantly greater than for every other level
(p<0.003). LB ROM tended to be greater toward the
center of the segment with L.2-3, L.3-4 and L4-5
ROM being significantly greater than both L1-2
(p<=0.001) and L5-S1 (p=0.006, p<0.001, p=0.043,
respectively). A similar trend was found for AT, how-
ever only L1-2 was significantly less than all other
levels (p=0.042, p<0.001, p<0.001, and p=0.034 for
L2-3, 13-4, L4-5, and L5-S1 respectively).

A significant negative correlation was found between
FE ROM and height (r=-0.223, p=0.001) as well as
between FE ROM and weight (r=-0.382, p<0.001). A
significant negative correlation was also found be-
tween LB ROM and height (r=-0.222, p=0.001) and
between LB ROM and weight (r=-0.430, p<0.001). A
significant positive correlation was found between
AT ROM and age (r=0.273, p<0.001). A significant
negative correlation was found between AT ROM
and weight (r=-0.280, p<0.001).

Discussion

While there have been many studies published which
include the ROM of the Intact spine, they are usually
designed with the intent of evaluating one or more
fixation or motion preservation implants in relation
to the Intact or a Destabilized condition.” Thus, the
sample size of any single study is usually limited to
6-10 spines, which precludes well-powered compar-
isons between demographic variables or between in-
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Fig. 5. AT ROM Gender Comparisons within Intervertebral Level (*
Indicates significant difference between males and females at the indicated
intervertebral level)
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tervertebral levels.'”" Furthermore, different inter-
vertebral levels, e.g. L1-S1, L3-S1, may be included in
a given study depending on the objectives of the
study, the availability of tissue and the equipment of
the testing facility. While pure-moment loading
should ameliorate dependency of in-plane loads on
segment length compared to other methods of load-
ing, the length of the tested segments may influence
the degree of lordosis exhibited and thus the cou-
pling behavior between LB and AT." Therefore,
comparisons between studies must take this factor
into account. In addition, the testing equipment used
varies considerably between laboratories,” with a
great deal of the published data derived from systems
relying on manually operated weight and pulley sys-
tems,”'*" some relying on automated pulley-cable
systems,*>'® and others utilizing electromechanical
or servo-hydraulic systems." Because of differences
in study design and laboratory testing techniques,
compilation of Intact data sets across the published
literature would be a difficult task, potentially fraught
with error. In the current study, the authors have had
the ability to combine the Intact data derived from
several different studies under precisely the same
testing conditions, leading to the largest known data
set of its kind. The inter-level and inter-gender dif-
ferences found in the current study seem to support
much of the previous work done on the Intact spine.

Nachemson et al. evaluated 42 cadaveric functional
spinal units (FSU) with respect to age, sex, interver-
tebral level and degenerative condition.” The group
found no influence of age or intervertebral level on
ROM but did note that female segments appeared to
be more flexible than males, as was found in the cur-
rent study. No statistical comparisons between gen-
ders or degenerative classes were provided however,
and the group noted that individual differences be-
tween motion segments overshadowed differences
between classes. Mimura et al. studied 47 lumbar
FSU, derived from 12 male specimens, and reported
statistically significant decreasing LB ROM and in-
creasing AT ROM with degeneration.* The authors
also found significant increases in joint laxity associ-
ated with degeneration, but unfortunately no inter-
gender comparisons could be made within the all-
male cohort. Yamamoto et al. conducted a study of
10 lumbar spine segments (L1-Sacrum), finding in-

creasing FE ROM at lower levels (L4-5 and L5-S1)
and maximum LB ROM at L.2-3. These results ap-
pear to support the greater FE ROM found at the
lower lumbar levels in the current study. However,
no statistical comparisons were made between inter-
vertebral levels, and no comparisons were made be-
tween genders. Fujiwara et al. conducted a study on
110 FSU from 44 specimens to determine the effects
of disc degeneration and facet osteoarthritis on lum-
bar spine flexibility. Further supporting the results of
the current study, the group reported significantly
greater ROM for female segments compared to
males. The authors also noted differing patterns of
influence of disc and facet degeneration on ROM be-
tween males and females.

Several in vivo studies have been conducted to inves-
tigate the ROM of the symptomatic and asympto-
matic human lumbar spine.”?” Such studies typically
involve standing or lying lateral and/or anterior-pos-
terior radiographs in order to assess FE and/or LB
ROM. The reported mean values from several in vi-
vo studies are provided in Figure 6 and Figure 7
along with the mean values reported by Yamamoto et
al. and the mean values found in the current study.
Considerable variability exists between the values re-
ported for each study. Several factors may contribute
to this variability including differing study popula-
tions and study procedures as well as uncertainty as-
sociated with radiographic measurements them-
selves. A summary of the study population for each
of the referenced articles is shown in Table 2. In spite
of the considerable variability in reported FE ROM,
both from in vivo and in vitro studies, the data ap-
pear to support the finding of increased FE ROM
down the lumbar vertebral column as shown in Fig-
ure 6. Further, the data presented in the current
study appears to be comparable to the lower end of
the range of data presented in the literature. Unfortu-
nately, most studies of the in vivo spine did not in-
clude measurement of LB ROM. Figure 7 includes
summary LB statistics reported by Dvorak, Tanz,
and Yamamoto in comparison to the results from the
current study. Considerable disagreement is demon-
strated between studies, particularly at L5-S1, pre-
cluding conclusive corroboration of the current study
with reported literature with respect to LB ROM.
Several factors may contribute to the differences seen

INTERNATIONAL JOURNAL OF SPINE SURGERY 5/8



DOI: 10.14444/2005

between LB ROM in in vivo and in vitro studies.
Two-dimensional radiographic imaging of coronal
plane motion is particularly subject to uncertainty
given the lordotic curvature of the lumbar spine, and
given the coupled, out-of-plane motion that occurs
during lateral bending. These challenges are not pre-
sent in in vitro studies relying on three-dimensional
motion capture. Also, differences may result from in-
congruence between pure-moment loading condi-
tions applied in the laboratory and the physiologic
loads present in test subjects.

Several significant correlations were found between
intervertebral ROM and donor demographic infor-
mation, including height, weight and age. However,
despite the presence of statistically significant corre-
lations, linear regression between ROM and these
variables yields very low predictive value
(R2=0.049-0.185). Despite the inclusion of age,
height and weight as covariates in the analysis, signif-
icant differences between male and female segments

16

14

® Dvorak, 1991
Tanz, 1953

ROM (°)
©
—

Yamamoto, 1989
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Fig. 6. FE ROM Literature Values Compared to Current Study. Striped bars
signify in vitro studies, while shaded ones represent in vivo. Error bars
represent standard deviation.
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Fig. 7. LB ROM Literature Values Compared to Current Study. Striped bars
signify in vitro studies, while shaded ones represent in vivo. Error bars
represent standard deviation.

persist, indicating that parameters more specific to
the morphology and material characteristics of male
and female spines must be investigated to explain the
observed differences.

Although a detailed characterization of the ROM of
the lumbar spine may not contribute significantly to
the design and evaluation of devices intended to pro-
vide intervertebral fixation, such information may
prove to be indispensable in the development of mo-
tion preservation devices since the primary design
objective of these implants is to restore normal mo-
tion. The results of this study indicate that consider-
able differences exist in the kinematic response of the
lumbar FSU depending on the intervertebral level
and the gender of the donor. While further study is
required to establish the clinical relevance of these
differences, it is reasonable to postulate that the de-
sign of motion preservation devices should include
consideration for the operative level and for the gen-
der of the patient.

Further study is warranted to explain the inter-level
and inter-gender differences found in this study. It
seems likely that geometrical differences between in-
tervertebral levels and between males and females
contribute significantly to the differences observed in
this study. For instance, the change in the cross-sec-
tional shape of the lumbar intervertebral disc, which
increases in width and decreases in depth down the
spinal column, may explain the decrease in sagittal

Table 2. Summary of Study Populations

Symptomatic/ Total Age
Study Year ymp . Sample Males = Females Range
Asymptomatic :
Size (yrs)
10 Chil-
dren, 45
Tanz 1953 | Asymptomatic 55 17 38 Adults
2-77
years)
. College
Clayson 1962 = Asymptomatic 26 0 26 Age
Symptomatic
. but "Normal"
Froning = 1968 , 30 unknown unknown unknown
by authors'
definition
Hayes 1986 = Asymptomatic 59 59 0 19-59
Dvorak = 1991 = Asymptomatic 41 23 18 22-50
Frobin 1996 = Asymptomatic 61 45 16 19-57
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plane stiffness from L1-2 to L5-S1. The influence of
FSU dimensions, such as disc width, depth and
height, on the ROM response should be evaluated in
order to establish whether the difference observed
between males and females can be explained by the
greater size of male segments or whether inherent
disparities in material properties govern the observa-
tion. In addition, inter-laboratory corroboration of
the results presented here will aid in establishing the
generalizability of the observed differences by con-
firming that they are not a result of the testing
method.

Conclusion

To the authors’ knowledge this is the first analysis of
the in vitro characteristics of the Intact human lum-
bar spine with such a large sample size. The signifi-
cant differences in lumbar ROM between male and
female spine segments and between the interverte-
bral levels must be taken into account in study design
in order to prevent biases in outcomes. These findin-
gs may also have critical implications in the design of
spinal implants, particularly those designed to main-
tain or restore healthy motion. The significant corre-
lations between height, weight and ROM are quite
weak (R2=0.049-0.185) and may be explained by
intra-gender differences.
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