woyy

MM

8L +AWAOANDNMNMEEAAIAYO/FONEIOYIASALLIAIPOOAEIEAHIDI/ID AUMY L XOMADUOINX YOHISABZIU 1M+ YNSONL WNOTZ| AR HJRSHNQUE AG

1202/80/90 uo

Spine

SPINE Volume 38, Number 13, pp E783-E791
©2013, Lippincott Williams & Wilkins

BIOMECHANICS

Effect of Load Carriage on Lumbar

Spine Kinematics
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Alan R. Hargens, PhD,# Lawrence R. Frank, PhD,*§ Karen R. Kelly, PhD, | and Samuel R. Ward, PT, PhD*+#

Study Design. Feasibility study on the acquisition of lumbar spine
kinematic data from upright magnetic resonance images obtained
under heavy load carrying conditions.

Objective. To characterize the effect of the load on spinal
kinematics of active Marines under typical load carrying conditions

'~ from a macroscopic and lumbar-level approach in active-duty US

Marines.
Summary of Background Data. Military personnel carry heavy

- loads of up to 68 kg depending on duty position and nature of the

mission or training; these loads are in excess of the recommended
assault loads. Performance and injury associated with load carriage
have been studied; however, knowledge of lumbar spine kinematic
changes is still not incorporated into training. These data would
provide guidance for setting load and duration limits and a tool
to investigate the potential contribution of heavy load carrying on
lumbar spine pathologies.

Methods. Sagittal T2 magnetic resonance images of the lumbar
spine were acquired on a 0.6-T upright magnetic resonance imaging
scanner for 10 active-duty Marines. Each Marine was scanned
without load (UN1), immediately after donning load (LO2), after 45
minutes of standing (LO3) and walking (LO4) with load, and after
45 minutes of side-lying recovery (UN5). Custom-made software
was used to measure whole spine angles, intervertebral angles, and
regional disc heights (L1-S1). Repeated measurements analysis of
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variance and post hoc Sidak tests were used to identify significant
differences between tasks (o« = 0.05).

Results. The position of the spine was significantly (P < 0.0001)
more horizontal relative to the external reference frame and lordosis
was reduced during all tasks with load. Superior levels became more
lordotic, whereas inferior levels became more kyphotic. Heavy load
induced lumbar spine flexion and only anterior disc and posterior
intervertebral disc height changes were observed. All kinematic
variables returned to baseline levels after 45 minutes of side-lying
recovery.

Conclusion. Superior and inferior lumbar levels showed different
kinematic behaviors under heavy load carrying conditions. These
findings suggest a postural, lumbar flexion strategy aimed at
centralizing a heavy posterior load over the base of support.

Key words: low back pain, backpack, military, load carriage, MRI,
upright MRI, lumbar spine kinematics.
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ilitary personnel carry heavy loads of up to 68 kg

(149.9 Ibs) depending on duty position and nature

of the mission.! For example, fighting loads range

between 24 and 37 kg (52.9 and 81.5 Ibs), while approach
march loads are carried in more prolonged operations and
range from 50 to 67 kg (110.2 and 147.7 Ibs).? These loads are
well in excess from the recommendation of load limits of 22
kg (or 30% of body weight [BW]) and 33 kg (or 45% of BW])
for fighting and march loads, respectively.® Load limits have
been extensively studied in terms of optimum energy expen-
diture,** situational awareness, and responsiveness,® resulting
in several load carriage system (LCS) configurations.” In gen-
eral, the LCS backpack configuration is preferred among the
military because of the proximity of the load to the center
of mass of the system compared with other LCS configura-
tions.®’ Despite these efforts, heavy load carriage in the mili-
tary population has been associated with lower back pain.!®-12
The kinematic behavior of the lumbar spine while carrying
load using a backpack configuration has been previously stud-
ied in both in civilian and military populations.”>"** The major-
ity of these studies have used optical markers'*'%!® and ground
force plates”'®" to measure body positioning and ground reac-
tion forces. These methods approach the lumbar spine from
a macroscopic perspective, as a unit that joins the upper and
lower bodies. To investigate the lumbar spine in greater detail,
other studies have used noninvasive imaging methods, such as
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magnetic resonance imaging (MRI),2%*' computed tomography
(CT),? and myelography.? In these techniques the subject is
lying in supine position as images are acquired, consequently,
researchers have attempted to simulate upright and other func-
tional positions by applying axial load to the subject with dif-
ferent devices.?*' However, it has been shown that the kine-
matic data obtained in this setting do not reflect the state of the
lumbar spine in the upright position due to alterations in bone-
muscle interactions, spine length and curvature, spinal canal
cross-sectional area, and regional intervertebral disc (IVD) hei
ghts.?22*2% To overcome this situation and allow imaging of
the body in realistic functional positions, technologies such as
upright MRI* and dual-plane fluoroscopy?® were developed.
Measurements generated from these technologies take into
account gravitational and weight-bearing effects, producing a
more accurate description of the kinematic state of the spine in
real-life situations.?” To date, kinematic variables such as spine
curvature, lumbar spine lordosis, and TVD compressibility have
been measured in both young!” and adult® populations using
upright MRI. However, these data cannot be applied to the
military population for 3 main reasons. First, the magnitude
of the carried loads is small compared with those in a military
context; in most studies load ranges between 15% and 30%
of BW,!>17 while soldiers carry up to 80% of BW.? Second, the
length of exposure to load in these studies is in the range of
a few minutes, whereas military marches extend for several
hours.?® Finally, a fundamental aspect of a soldier’s basic train-
ing consists of progressively increasing the amount of load and
march distance.>?*® This training has been shown to have an
impact on the endurance and performance of soldiers, therefore
the kinematic behavior data cannot be compared with that of
the civilian population.!** Demonstrating that kinematic data
of the lumbar spine can be obtained under heavy load carrying
conditions would provide guidance for setting load and dura-
tion limits and provide a research tool to investigate the poten-
tial contribution of heavy load carrying to lower back pain.

The purpose of this study was to measure the kinematic
behavior of the lumbar spine from both a regional and local
(level-dependent) approach in active-duty US Marines while
carrying heavy load. This study also investigated the length
of exposure and activity that induced significant changes in
the kinematic behavior of the overall lumbar spine and func-
tional spinal units. We hypothesized that IVD compression
and lumbar lordosis increased with load and time of exposure
through the lumbar spine.

MATERIALS AND METHODS

Subjects
Ten male Marines from the Marine Corps Base Camp Pend-
leton, with no history of lower back issues volunteered to

R]l Rll RIZ RI3
R=|R,, R, R, |=|cosBsing
R, R, R, —siné
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participate in this study. The University of California, San
Diego and Naval Health Research Center Institutional Review
Boards approved this pilot study, and all volunteers gave oral
and written informed consent.

Imaging

Marines were scanned using a 0.6-T MRI scanner (Upright
MRI, Fonar Corporation, Melville, NY) and a planar RF
coil. A brace was used to place the coil behind the volunteers’
back at the lumbar spine (L1-S1) level while standing (Figure
1A). The brace was tight enough to keep the coil in place
and avoid as much as possible any alteration of the volun-
teer’s natural standing position. A 3-plane localizer and sag-
ittal T2 weighted images (repetition time = 610 mS, echo
time = 17 mS, field of view = 24 cm, 210 X 210 acquisition
matrix, 4-mm slice thickness, no gap, scan duration 2 min)
were acquired.

Load-Carrying Tasks

With the purpose of measuring kinematic changes in the lum-
bar spine under load-carrying conditions, Marines performed
a series of tasks with load and were scanned at different time
points in one session (Figure 1B). Each Marine was scanned
a total of § times in the following order: standing without
load (UNT1), immediately after donning load (LO2), after
45 minutes of standing with load (LO3), after 45 minutes of
walking on a treadmill at 3 mph with load (LO4), and after a
recovery period of 45 minutes side-lying (UNS5), half the time
on each side (Figure 1). The total carrying load was 112 lbs
(50.8 kg) including body armor and an improved load-bearing
equipment backpack filled with tile. During standing tasks,
Marines were instructed not to lean on surfaces (i.e., walls
and chairs), but moving around the scanner console room was
permitted. It was not indicated to our volunteers how to stand
during scans to avoid the alteration of their natural standing
position.

Data Analyses

A set of points was manually placed at the corners of the each
vertebra on the images acquired in the upright MR scanner
using the region of interest point tool available in Osirix
(Pixmeo, Geneva, Switzerland) (Figure 2A).3° The location of
the seed points were used to fit planes to the inferior and supe-
rior endplates of each vertebra L. To compare sagittal mea-
surements between Marines, due to the differences in standing
positions, Procrustes analysis was used to find the rotation
matrix R between the inferior and superior vertebrae contigu-
ous vertebrae with the inferior vertebra as reference. The rota-
tion matrix R follows the x-y-z convention defined as follows:
where i, 0, and ¢ are the rotations in radians around the
x, v, and z axes, respectively. These are the Euler angles that

cosBcos¢ sin ysin Ocosg —cosysing  cos ysin fcos@ +sin iy sin @
sin sin @sing + cosy cos¢@  cos ysin@sing —siny sin ¢

sin ycos¢g

cos ycosf
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(A)

Figure 1. Photographs of a Marine standing in
the MRI scanner without load (A) and with load
(B). Representative midsagittal MR image of the lum-
bar spine without load (C) and with load (D). MRI
indicates magnetic resonance imaging.

describe the orientation of a vertebra (L1-L5) with respect
to the inferior contiguous vertebra (L2-S1). We solved for
the Euler angles 6, U, and ¢ from the rotation matrix R and
obtained the following:

0 :Sin—lRmV/ — ataﬁ[&’&]¢ = ataﬁ(&)&j
cos@ cosf cos@ cosf

The rotations around the x and z axes were removed using
the rotation matrix R with Euler angles -, -¢p and 6 = 0,
maintaining the information in the sagittal plane.

Spine

' pe

Measurements

All variables were measured from the 3-dimensional geometric
representation of the lumbar spine aligned on the sagittal plane
(Figure 2B). The geometric centroid € (x, ¥, z) of a set of points

T j_-(x, ¥, Z) that belong to the vertebra L is defined by

1 . : .
C.= ;Zﬁ =1 T'x. The angle with respect to the horizontal is that

formed by the line traced between the geometric centroids of L1
and S1, and the horizontal (Figure 3A). It indicates the overall
position of the lumbar spine with respect to the ground; however,
it does not convey information about the lumbar spine kinematics.
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The Cobb angle is extensively used to measure the curva-
ture of the spine’! from images acquired through different
methods and in different anatomical planes.*>* Here we have
defined it as the angle formed by the planes that correspond to
the superior endplates of L1 and S1 (Figure 3B). An increment
of the Cobb angle indicates an increase of the overall lumbar
spine lordosis. Similarly, intervertebral (IV) angles (Figure 3C)
and regional disc heights were measured between the planes
of the inferior and superior endplates of contiguous vertebrae
that are in contact with a single IVD. These heights were mea-
sured as the Euclidean distances anteriorly, centrally, and pos-
teriorly along the midsagittal line. The analysis to generate all
kinematic measurements was implemented in Matlab 2010b
(Mathworks Inc., Natick, MA).

Resolution

To understand errors associated with resolution we acquired
data at multiple in-plane resolutions and slice thicknesses.
A volunteer was scanned using a 3.0-T MRI supine scan-
ner (GE Discovery MR750) and GE 8ch CTL Spine Array
Coil (Waukesha, WI). A 3-plane localizer and sagittal T2
Fast-recovery fast spin-echo (repetition time = 5000 ms,
echo time = 17.2 ms, number of averages = 2, echo train
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Figure 2. Spinal MR images in upright posture.
(A) Example of upright MRI T2-weighted image of the
lumbar spine with ROI points at the corners of each
vertebra (L1-S1). (B) 3D representation of the lumbar
spine vertebrae. MRI indicates magnetic resonance
imaging; ROI, region of interest; 3D, 3-dimensional.

length = 16, field of view = 25.6 cm, 1-mm thickness, no
gap) were acquired at 8 different in-plane resolutions (0.5 X
0.5,0.6 X 0.6,0.7 X 0.7,0.8 X 0.8,0.9 X 0.9,1.0 X 1.0, 1.1
X 1.1, and 1.2 X 1.2 mm?). Additionally, these data sets were
averaged in the slice direction to generate 2-mm-, 3-mm-, and
4-mm slice-thickness data. The 0.5 X 0.5 X 1.0 mm?® image
set was analyzed 5 times by a single user; all kinematic data
were averaged and used as a reference data set. The kine-
matic variables were measured from all other data sets and
the root mean square errors (RMSE) between these and the
reference values were calculated to investigate the effect of
the in-plane and slice- thickness resolution on the precision of
the kinematic measurements. The coefficient of variation (CV)
was computed to assess the precision of the technique within
and between users. For this, 5 data sets from the upright MRI
(standing without load) were analyzed 3 times by 2 different
users. The RMSE was calculated between the reference data set
and a total of 31 data sets of varying in-plane resolution (0.5 X
0.5,0.6 X 0.6,0.7 X 0.7,0.8 X 0.8,0.9 X 0.9,1.0 X 1.0, 1.1
X 1.1, and 1.2 X 1.2 mm?) and slice thickness (1 mm, 2 mm,
3 mm, and 4 mm). The resolution of the images acquired in the
upright MRI scanner was 1.14 X 1.14 X 4.0 mm?; therefore,
we report the results at 1.1 X 1.1 mm? and 1.2 X 1.2 mm?

Figure 3. Lumbar spine kinematic mea-
surements on a graphical representation of
the lumbar spine. Angle with respect with
the horizontal (A), sagittal Cobb angle (B),
and intervertebral sagittal angles (C). These
images were generated using OpenSim
model of lumbar spine.*4!

June 2013

Copyright © 2013 Lippincott Williams & Wilkins. Unauthorized reproduction of this article is prohibited.



/OS] BIOMECHANICS

Effect of Load Carriage on Lumbar Spine Kinematics ® Rodriguez-Soto et al

(A)

100- *% *% *%

(<]
o
L

Angle with respect to
the horizontal (°)

i
N

Task

Figure 4. Whole lumbar spine kinematic measurements. (A) Angle
with respect to the horizontal, (B) sagittal Cobb angle, per task. Sig-
nificant differences were found between loaded and unloaded tasks
(P < 0.0001) for both angle with respect to the horizontal and Cobb
angle. UNT indicates unloaded; LO2, immediately after donning load;
LO3, after 45 minutes of standing with load on; LO4, after walking for
45 minutes with load on; UNS5, after side-lying for 45 minutes.

in-plane resolutions and 4.0-mm slice thickness. The RMSE
values for the angle with respect with the horizontal were
0.16° and 0.28°, whereas for the Cobb angle the values were
0.60° and 0.99°. The lumbar level dependent kinematic vari-
ables were averaged to report a single value per variable. The
calculated RMSE values for the IV angles and heights were
0.39° and 0.54°, and 0.79 mm and 0.83 mm, respectively.

The within and between user CVs were calculated for 2
user and all kinematic variables, lumbar level dependent vari-
ables were averaged to obtain a single value. The within-user
CVs for angle with respect to the horizontal, Cobb angle, and
IVD angles, and heights were on average 0.2% (0.02°), 1.4%
(0.44°), 3.9% (0.58°), and 3.3% (0.38 mm), respectively. The
between-user CVs for angle with respect to the horizontal,
Cobb angle, and IVD angles, and heights were 0.4% (0.04°),
2.7% (0.90°), 4.9% (0.72°), and 4.5% (0.55 mm).

Statistical Analysis

Angle with respect to the horizontal and Cobb angle were
compared using 1-way repeated measurements analysis of
variance and post hoc Sidak tests to identify significant differ-
ences between tasks (a = 0.05). Additionally, IVD angle and
distance measurements were compared by 2-way repeated
measurements analysis of variance and post hoc Sidak tests to
identify significant differences between lumbar levels through

Spine

tasks. All data in plots are reported as means * standard devi-
ation unless otherwise stated.

RESULTS

Volunteers’ Characteristics

Complete and usable images were obtained from 8 Marines
(average age = 20.50 = 1.17 yr, age range 19-22, aver-
age height = 179.3 *= 10.5 cm, average weight = 73.5 *
8.0 kg, body mass index = 22.8 = 1.6). The images from
one Marine contained motion artifacts severe enough to make
measurements impossible and were therefore not included in
the reported results. Another Marine had a large body habi-
tus and did not fit in the scanner; therefore, data were not
collected.

Measurement of Lumbar Spine Kinematics

Regional kinematic measurements reflect that while carrying
load (LO2, LO3, and LO4) the overall position of the spine
was significantly more horizontal (25°-34°, P < 0.001) than
at baseline and recovery; indicating forward flexion of the
trunk (Figure 4A). Simultaneously, lumbar lordosis was also
reduced (10°-13°, P < 0.05) when compared with unloaded
tasks (Figure 4B).

Local TV angles and regional heights were measured to
investigate their individual contribution to the observed
regional changes. Lordosis was significantly (P < 0.05)
increased from baseline (UN1) to after 45 minutes of standing
with load (LO3) at L1-L2 and L2-L3 levels, 5° = 2° and 3°
+ 2°, respectively (Figures SA-B). Posteriorly, L1-L.2 was sig-
nificantly distracted 2.5 *= 1.1 mm after 45 minutes of walk-
ing on the treadmill (LO4) when compared with the TV height
after 45 minutes of standing with load (LO3, Figure 6K). This
is in agreement with the increase in kyphosis observed from
between these 2 tasks. Additionally, L2-1.3 was significantly
compressed centrally (Figure 6G) and posteriorly (Figure 6L)
(0.8 = 0.7 mm and 1.3 = 1.4 mm, respectively) after standing
for 45 minutes (LO3) with load in comparison with values at
baseline (UN1) and immediately after donning load (LO2).
No significant changes in anterior heights were found at
either L1-L2 or L2-L3 (Figures 6A, B). In contrast, at L3-L4
level local lordosis was significantly decreased 4° + 3° after 45
minutes of standing and walking with load (LO3 and LOA4,
Figure 5C). The magnitude of the kinematic changes was the
largest at both L4-L5 and L5-S1 where local lordosis was sig-
nificantly decreased (Figures 5D, E) 7° = 2° immediately after
donning load (LO2), 11° % 3° after 45 minutes of standing
with load (LO3), and 9° = 4° after 45 minutes walking on the
treadmill (LO4, Figure 5). In summary, we measured signifi-
cant anterior and central compression, and posterior distrac-
tion during loaded tasks at these levels (Figure 6).

It was observed that superior lumbar levels (L1-1.2, L.2-L.3,
and L3-1.4) show significant changes only after 45 minutes of
standing with load, whereas 14 and L5 decrease immediately
after donning load and during all loaded tasks (Figure 5).
Local lordosis at all lumbar levels recovered to baseline values
after the recovery period. Overall, through different tasks,
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(A) Li1-L2

Intervertebral angle (°)

(B) L2-L3

Intervertebral angle (°)

©) L3-L4

Intervertebral angle (°)

(D) L4-L5

Intervertebral angle (°)

(E) L5-S1

Intervertebral angle (°)

Task

Figure 5. Intervertebral sagittal angle per lumbar level (L1-L5) and task.
Most significant differences were found after LO3 (P < 0.05) through
all lumbar levels: (A) L1-L2, (B) L2-L3, (C) L3-L4, (D) L4-L5 and (E) L5-
S1. Additionally, L4-L5 and L5-S1 became significantly more kyphotic
during all tasks with load (P < 0.05). UNT indicates unloaded; LO2,
immediately after donning load; LO3, after 45 minutes of standing
with load on; LO4, after walking for 45 minutes with load on; UNS5,
after side-lying for 45 minutes.

the kinematic changes of superior lumbar levels (L1-L2 and
L2-13) are different from inferior levels (L4-L5 and L5-S1).
Interestingly, L3-L4 showed significantly different (P < 0.05)
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kinematic behavior from L1-L2 and 12-L3 at baseline and
after the recovery period, and from L4-L5 and L5-S1 after
standing with load for 45 minutes. No significant differences
were found between L3-14 and other lumbar levels imme-
diately after donning load or after walking for 45 minutes
with load. In summary, the kinematic behavior of L3-L4 is
similar to inferior levels during tasks without load and similar
to superior levels under load-carrying conditions.

DISCUSSION
The objective of this study was to investigate the kinematic
behavior of the lumbar spine of active-duty US Marines while
carrying a heavy load. To our knowledge, this is the first study
to measure level dependent lumbar spine kinematics in active-
duty US Marines under load-carrying conditions using an
upright MRI scanner. It was possible to scan Marines with
backpack LCS loaded with 50.8 kg, an amount of weight that is
typical of that carried in training and combat situations. How-
ever, a constraint of the technique is that the shoulder width
of the subjects is limited to 31 inches. Although it is possible
to scan a person with wider shoulders, the acquired images
would not represent the true state of the spine when carrying
load because they are supported. For this reason, it was veri-
fied that Marines were as comfortable as possible and stand-
ing on their own through the duration of the scans. Because
Marines had to stand still in the scanner with the donned load,
motion artifacts were found in some images; however, we con-
sidered these images to still be measurable (Figures 1C, D). In
one case, severe motion artifacts were present and the data set
was removed from the analysis. We measured the following
lumbar spine kinematic variables: overall angle with respect
to the horizontal, sagittal Cobb angle, IVD sagittal angles,
and regional IVD heights. From these, the angle with respect
to the horizontal has been previously reported to be progres-
sively reduced in proportion to the amount of load been car-
ried by soldiers.!** Our results indicate a change in magni-
tude of angle with respect to the horizontal between unloaded
and loaded conditions of 25° to 34° depending on the loaded
task, which is larger than that reported by Attwells et al'® of
approximately 18°. The maximum load in both studies is about
50 kg. The variation in reported magnitude of this angle may
be because of the different LCSs, measuring techniques and
the location of body markers used by Attwells et al.' It has
been suggested that this motion is aimed to reorient the center
of mass of the system over the feet to keep balance.”?¢ Simi-
larly, our results indicating a reduced lordosis when carrying
load are in agreement with those in the literature, however,
the magnitude of the results cannot be compared because of
the differences in techniques and load weights.’” The overall
spine reduction in lordosis seems to be driven by the kinematic
changes occurred at the L4-L5 and L5-S1 levels. The magni-
tude of the changes in these levels is significantly larger than
that of L1-L.2, L.2-1.3, and L3-L4 during load carrying tasks
(data not shown).

Lumbar level-dependent lordosis data indicate that the
superior and inferior lumbar spine has different behavior
under load-carrying conditions. Superior lumbar spine
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Figure 6. Anterior (A-E), central (F-)), and posterior (K-O) IVD heights at L1-L2, L2—-L3, L3-L4, L4-L5, and L5-S1, per task. The IVDs of lumbar
levels L3-L4, L4-L5 and L5-S1 were anteriorly compressed after LO3 and posteriorly distracted in most tasks with load (P < 0.05). Central IVD
heights were significantly reduced between load-carrying tasks with (P < 0.05). UN1 indicates unloaded; LO2, immediately after donning load;
LO3, after 45 minutes of standing with load on; LO4, after walking for 45 minutes with load on; UNS5, after side-lying for 45 minutes; IVD, in-

tervertebral disc.

levels present increased lordosis, whereas inferior levels
become straighter when carrying load. However, the kine-
matics of L3-L4 seem to indicate a transition level between
superior and inferior lumbar spine, whose behavior depends
on the presence of load. Correspondingly, IVD height is
anteriorly decreased and posteriorly increased in inferior
lumbar levels. The fact that most significant changes occur

Spine

in the lower lumbar spine might be related to the greater
forces acting on inferior levels through the lumbar spine3*
and that IVDs of inferior levels undergo greatest posterior
migration.*

Given that the changes in kinematics in the spine may be
driven by a need to realign the center of mass, it is tempting to
think about a new pack design, where load is distributed dif-
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ferently between the front and back. However, previous work
in this field has demonstrated that distributing the weight
toward the front of the trunk is uncomfortable and interferes
breathing and operational use of the arms.®

LIMITATIONS

Upright MRI has the advantage of acquiring images while sub-
jects are in functional and relevant positions. However, this
system also has characteristics that impose limitations on this
study. Although this technique does not allow measuring the
kinematic changes during gait, it permits evaluation of the kine-
matic changes over time of exposure to load and the response
to tasks with load in a natural standing posture. Importantly,
the data acquired during this study reflect changes in kinemat-
ics after a task. We recognize that these standing postures may
involve changes in muscle activity and orientation compared
with the kinematics of the spine during the task.

The low-strength magnetic field of this system directly
limits the in-plane resolution, slice thickness and scan time.
In this study, we have shown that there are no significant
differences between the kinematic variables measured from
high-resolution (0.5 X 0.5 X 1.0 mm?®) images acquired
using a 3-T supine MRI scanner and those from images col-
lected with the 0.6-T upright MRI scanner (1.14 X 1.14 X
4.0 mm?®). Scan time was the main constraint of in-plane
resolution and slice thickness to reduce the period of time
that Marines had to stand still with donned load of 50.8 kg.
The effect of acquiring thinner slices would be an increase
in the acquisition time, which should remain as short as
possible to reduce motion artifacts and assure the safety of
Marines when carrying load. A balance between voxel size
and scan time was then established to acquired images with
tolerable motion artifact in standing position. Unfortunately,
the selected slice thickness does not allow the IVD move-
ment (i.e., bulging, herniation) to be quantitatively assessed.
Another disadvantage of this system is that the biochemical
state of the IVDs cannot be described using techniques read-
ily available on a high-resolution supine scanner (i.e., T2
mapping, T'1p, spectroscopy).

The field of view was limited by the size of the available
planar RF coil, which did not permit the acquisition of other
bony anatomical references and the lumbar spine in a single
image set. Therefore, the rotational corrections applied in
the axial and coronal planes were made with reference to the
position of the superior plane of S1. This might result in inter-
vertebral angles measured in the sagittal oblique plane; how-
ever, these angles still reflect the relative position between ver-
tebrae of the lumbar spine. A supplemental imaging method
that would yield useful information about sagittal and coro-
nal balance is the use of long-dimension x-rays.

This study was performed in nonobese male Marines, which
makes it difficult to compare our results with populations of
different age, sex, and body habitus. Additionally, Marines in
this study wore a body armor, which may reduce the range
of motion of the lumbar spine. Assuming that the effect of
the body armor on lumbar spine kinematics is negligible, it
is possible that in subjects with increased range of motion
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such as children'” and females* the magnitude of the changes
observed are greater than those observed here. Inversely, in
an older population with known decreased range of motion,*!
the magnitude of level-dependent kinematics is expected to
decrease, therefore compromising the capacity of the lumbar
spine to accommodate kinematic changes. In terms of body
habitus, if our speculation that kinematic changes are driven
by the need to maintain body center of mass, then obese indi-
viduals may be in a more lordotic posture without load and
might lean forward less when load is applied.

CONCLUSION

In conclusion, we measured the kinematic behavior of the
lumbar spine of active-duty US Marines while carrying heavy
loads. Our results suggest that when Marines carry load and
lean forward the superior functional units of the lumbar spine
act differently than the inferior units. Locally, the superior
levels go into lordosis, whereas inferior levels become more
kyphotic. The contribution of each intervertebral level is
reflected in lumbar spine flexion and reduced lordosis during
load-carrying tasks. Moreover, the anterior disc region of infe-
rior lumbar levels is compressed, whereas the posterior disc
region is distracted leading to immediate kinematic changes
after donning load. This is in contrast to superior lumbar lev-
els, which undergo changes in their kinematic behavior dur-
ing longer load duration. Future research is needed to inves-
tigate how this behavior over time affects health outcomes
related to lower back pain and degeneration in military and
civilian populations.

> Key Points

U In a standing position, without carrying load over
hips or shoulders, the inferior lumbar spine (L3-L5) is
more lordotic than the superior lumbar spine (L1-L2).

O Immediately after load is donned the superior lumbar
spine increases its lordosis and the inferior lumbar
spine becomes more kyphotic; this effect increases
with time of exposure to load in standing position.

U These changes drive a decrease of the overall lumbar
spine (L1-L5) lordosis together with trunk flexion.
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