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1. INTRODUCTION: The weights of loads carried into battle pose an injury and performance problem for

the US Marines. Marine Corps assault loads range from 44kg for the rifleman to 61kg for the squad

leader. These are well in excess of the recommended assault load of 22.7kg; 30% of body weight. Two

things are clear: (1) Marines routinely carry more weight than the recommended limit, and (2) the

Veterans Administration shows an increasing trend in disabilities related to lower back injury as a result

of carrying excessive loads in operational environments. We have implemented new MRI technologies

enabling quantification of lumbar spine kinematics under simulated march conditions. From these

investigations, we have observed a large number (37.5%) of Marines with some evidence of disc

pathology. However, it is unclear if these disc changes, or the expected concomitant muscle changes,

are related to kinematic changes in the lumbar spine. Further, it is not known whether pre-existing disc

pathology predicts future injury and service life in U.S. Marines. Our central hypothesis is that lumbar

disc and muscle degeneration alters the kinematic response of the lumbar spine to functional positions

and loads, predisposing individuals to injury.

2. KEYWORDS: Spine, Lumbar, Kinematics, Muscle Architecture, Low Back Pain, Position

3. ACCOMPLISHMENTS:

§ What were the major goals of the project?

§ Major Goal 1: To compare lumbar spine kinematics in simulated operational conditions in Marines

with measurable lumbar disc pathology

§ Task 1-Approved IRB Protocols

§ Local IRB Approvals

§ Due: 01 August 2013

§ Completed: 100%

§ HRPO Approvals

§ Due: 01 August 2013

§ Completed: 100%

§ Task 2-Subject battalions identified and coordinated

§ Subjects 1-33 recruited, consented and scheduled

§ Due: 01 February 2014

§ Completed: 100%

§ Subjects 34-66 recruited, consented and scheduled

§ Due: 01 August 2014

§ Completed: 81%

§ Subjects 67-100 recruited, consented and scheduled

§ Due: 01 Jan 2015

§ Completed: 0%

§ Task 3-Data Collection/Analysis
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§ Vertical data acquisition

§ Due: 01 December 2015

§ Completed: 57%

§ Vertical data analysis

§ Due: 01 February 2016

§ Completed: 57%

§ Major Goal 2: To quantify changes in lumbar spine muscle architecture in Marines with measurable

lumbar disc pathology.

§ Task 1-Approved IRB Protocols

§ Local IRB Approvals

§ Due: 01 August 2013

§ Completed: 100%

§ HRPO Approvals

§ Due: 01 August 2013

§ Completed: 100%

§ Task 2-Subject battalions identified and coordinated

§ Subjects 1-33 recruited, consented and scheduled

§ Due: 01 February 2014

§ Completed: 100%

§ Subjects 34-66 recruited, consented and scheduled

§ Due: 01 August 2014

§ Completed: 18%

§ Subjects 67-100 recruited, consented and scheduled

§ Due: 01 Jan 2015

§ Completed: 0%

§ Task 3-Data Collection/Analysis

§ Supine data acquisition

§ Due: 01 December 2015

§ Completed: 39%

§ Supine data analysis

§ Due: 01 February 2016

§ Completed: 39%

§ What was accomplished under these goals?
§ 43 Marines  (mean age = 26.8 ± 6.4 years, height = 1.78 ± 0.07 meters, weight = 82.04 ± 9.85 kg., BMI

= 25.90 ± 2.86kg/m2) were scanned in an upright MRI machine in their normal standing position (StU;
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no load), standing with body armor (11.3 kg) (StL), sitting with body armor (SiL), and prone on elbows 

with body armor (PL) positions. Digital seed points were manually placed on the corners and the 

posterior elements of each vertebra using OsiriX. The location of the seed points were imported into 

Matlab and used to define an endplate-based joint coordinate system applied to the superior and 

inferior endplate of each vertebra. This method is detailed in Berry DB et al., “An endplate-based joint 

coordinate system for measuring kinematics in normal and abnormally-shaped lumbar vertebrae.” J 

Appl Biomech; 31(6):499-503. 2015.  

Figure 1: T2-weighted mid-sagittal magnetic resonance images of the lumbar spine (top) and 
photographs of Marines in the MRI scanner (bottom). Volunteers were scanned standing 
unloaded (A, E), standing with body armor (B, F), sitting with body armor (C, G) and prone on 
elbows with body armor (D, H). 
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Figure 2: Distribution of Pfirrmann graded intervertebral discs by level. Disc degeneration 
increases caudally through the lumbar spine. 33/43 (77%) of Marines spines were classified 
as degenerated based on having a Pfirrmann grade >2 at L5-S1. 
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Figure 3: Global measures of lumbar spine posture. Top: angle with respect to horizontal. 
Middle: Sacral Slope. Bottom: Cobb angle. Statistical significant difference between 
measurements (p>0.05) indicated by line. Marines with disc degeneration at L5-S1 were found 
to have less whole lumbar range of motion, (difference between Cobb angle sitting and prone 
on elbows) then healthy controls (9°). 
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Figure 4: Local measures of lumbar spine posture. Intervertebral angles from L1-L2 (top) to 
L5-S1 (bottom) are shown. Statistical significant difference between measurements (p>0.05) 
indicated by line. 
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§ Supine 3T MRI images were acquired from 39 Marines. Psoas, Quadratus Laborum and Erector

Spinae muscles, and the Intervertebral disc were manually segmented using OsiriX. Physiologic

measurements were made based on segmented tissues and structural anatomic scans. Average T2

value of the intervertebral disc was proportional to Pfirrmann grade. No significant differences were

found between volume, fat fraction, T2, or DTI in any of the muscles in subjects with disc degeneration.

A postitive correlation was found between subjects height and weight compared to muscle volume.

Figure 5. (Left) Axial anatomical image of paraspinal and trunk muscles delineated per manual 
segmentation, and (right) Anterior view of three-dimensional reconstruction of paraspinal and trunk 
muscles: ES+M (yellow), PS (green), and QL (blue). 
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Figure 6. Tractography of multifidus muscle from diffusion tensor imaging (A), shown in red. Erector spinae 
volumes are shown in blue (B) 

 
Figure 7: Volume of the lumbar trunk muscles at each vertebral level. The volume of the erector 
spinae was greater at upper lumbar levels (L1-L3), and the volume of the multifidus was greatest 
in the lower lumbar spine (L4-S1). Psoas and quadratus lumborum volume increase caudally. 
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§ 12 Marines  (mean±SD age, 23.41±4.71 years; age range 19–35 years; height, 177.8±5.41 cm; 

weight, 76.77±11.32 kg; body mass index, 24.15±2.19 kg/m2) were scanned in an upright MRI 

machine standing unloaded and while carrying 22, 33 and 45kg of load distributed both 50%-50% and 

20%-80% anteriorly and posteriorly (AP), respectively. Postural measurements were made as 

described above.  

 

 
Figure 8: Fat fraction of the erector spinae and multifidus muscles at each vertebral level. The 
erector spinae has elevated fat fraction compared to the multifidus.  Erector Spine fat fraction 
increases caudally while multifidus fat fraction remains the same across lumbar levels.  

	
Figure 9. Photographs of the load distribution system used for this study. The black cable 
seen in the pictures is from the MRI coil. 
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Figure 10: Lumbar spine flexion results for loads carried with equal anterior-posterior 
distribution (clear bars) and with posterior bias (solid bars) for 22kg (clear grey), 33kg (dark 
grey) and 45kg (black). The dashed line represents trunk flexion when standing without 
external load. Solid horizontal bars represent significant differences (p<0.05) between load 
magnitudes and configurations. Asterisks represent significant differences when compared 
to the standing unloaded position. . A decrease in angle with respect to the horizontal 
indicates a subject is leaning forward. A significant effect of load and distribution was found. 
When load is evenly distributed, no change in forward leaning was observed. When load is 
distributed 20/80 anterior/posterior, subjects will lean more forward.  
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§ What opportunities for training and professional development has the project provided?

§ Nothing to report

§ How were the results disseminated to communities of interest?

§ Nothing to report

Figure 11. Cobb angle was measured in each position to assess lumbar lordosis. A.) Sagittal 
Cobb angle is measured from the superior endplate of L1 to the superior endplate of S1 B.) 
Sagittal Superior Cobb angle is measured from the superior endplate of L1 to the inferior 
endplate of L3 C.) Sagittal Inferior Cobb angle is measured from the superior endplate of L4 to 
the superior endplate of S1. As load increases, the superior lumbar spine increases lordosis 
when load is distributed 20/80. There is a decrease in lordosis in the inferior lumbar spine 
when load is distributed 20/80. 
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§ What do you plan to do during the next reporting period to accomplish the goals? 

§ During the next reporting period, we intend on completing data analysis for supine MRI measures and 

preparing manuscripts on the following topics: 1. Kinematics of the lumbar spine of active duty 

Marines in simulated operational positions, 2. Pathophysiology assessed by MRI of the lumbar spine 

muscles in active duty Marines, 3. Technical note: Diffusion Tensor Imaging in the Lumbar Spine, 

diffusion measurements and tractography, 4. Comparison between lumbar spine kinematics and 

muscle physiology in Active Duty Marines. 

4. IMPACT:  

§ What was the impact on the development of the principal discipline(s) of the project? 

§ The results of this study may inform a set of load carriage guidelines to be put in place, through 

changes in training practices, gear design and/or implementation of exercises to strengthen the 

musculature of the spine. Additionally, the results of this study will allow researchers to better relate 

the complex 3D geometry of the lumbar spine in subjects with different levels of lumbar disc and 

degeneration and muscle health. The role of idiopathic lumbar back pain on lumbar spine kinematics 

will also allow us to investigate differences in the shape of the lumbar spine between a wide range of 

positions.  

§ What was the impact on other disciplines?  

§ Nothing to report 

§ What was the impact on technology transfer?  

§ Nothing to report 

§ What was the impact on society beyond science and technology?  

§ The broad impact is that the load recommendations determined from this study can be applied to 

anyone who works with their spine under awkward or loaded positions.  

5. CHANGES/PROBLEMS:  

§ Changes in approach and reasons for change  

§ Nothing to report 

§ Actual or anticipated problems or delays and actions or plans to resolve them  

§ One adverse event has occurred: one subject experiences peripheral nerve stimulation and 

claustrophobia in the supine scanner (19/02/2014).  He was immediately removed from the scanner 

and calmed down.  For this subject, kinematic but not anatomical supine data was acquired. 

§ Changes that had a significant impact on expenditures  

§ Nothing to report 

§ Significant changes in use or care of human subjects, vertebrate animals, biohazards, and/or 

select agents 

§ Nothing to report 

§ Significant changes in use or care of human subjects  

§ Nothing to report 
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§ Significant changes in use or care of vertebrate animals.

§ Nothing to report

§ Significant changes in use of biohazards and/or select agents

§ Nothing to report

6. PRODUCTS:

§ Publications, conference papers, and presentations

§ Journal publications.

§ Berry DB, Rodriguez-Soto AE, Tokunaga JR, Gombatto SP, Ward SR., “An endplate-based joint

coordinate system for measuring kinematics in normal and abnormally-shaped lumbar vertebrae.” J

Appl Biomech; 31(6):499-503. 2015.

§ Rodriguez-Soto AE, Berry DB, Palombo L, Kelly KR, Ward SR. “The effect of load magnitude and

distribution on lumbar spine posture in active-duty Marines. Accepted. Spine.

§ Books or other non-periodical, one-time publications.

§ Nothing to report

§ Other publications, conference papers, and presentations.

§ Berry DB, Rodriguez-Soto AE, Gombatto SP, Jaworski R, Kelly KR, Ward SR. “Lumbar spine

postures in Marines during simulated operational consitions.” Military Health System Research

Symposium, Ft. Lauderdale, 2014. Honorable Mention.

§ Berry DB, Rodriguez-Soto AE, Tokunaga JR, Gombatto SP, Ward SR. “An endplate-based joint

coordinate system for measuring kinematics in normal and abnormally shaped lumbar vertebrae.”

Orthopaedic Research Society, Las Vegas. 2015.

§ Rodriguez-Soto AE, Stambaugh JR, Su J, Berry DB, Gombatto SP, Kelly KR, Ward SR. “Spinal

muscle quality changes in physically active individuals with disc degeneration” Orthopaedic

research society, Las Vegas, 2015.

§ Rodriguez-Soto AE, Berry DB, Palombo L, Valaik E, Kelly KR, Ward SR. “The effect of load

magnitude and distribution on lumbar spine posture in active-duty Marines.” American Society of

Biomechanics, Cincinnati, 2015.

§ Website(s) or other Internet site(s)

§ Nothing to report

§ Technologies or techniques

§ Nothing to report

§ Inventions, patent applications, and/or licenses

§ Nothing to report

§ Other Products

§ Nothing to report.

7. PARTICIPANTS & OTHER COLLABORATING ORGANIZATIONS

§ What individuals have worked on the project?
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A.) Volume rendering of lumbar trunk muscle (quadratus lumborum; 
yellow; psoas, green; iliacus, purple; erector spinae, blue) with sample 
fat (white) fraction distribution in the multifidus (red) muscle. 
B.)Tractography of multifidus muscle from diffusion tensor imaging. 

PI:  Samuel Ward, Karen Kelly  Org:  UC San Diego, NHRC       Award Amount: $1,250,000.00 

Study/Product Aim(s) 
• To compare lumbar spine kinematics in simulated operational
conditions in Marines with measureable disc pathology 
• To quantify changes in lumbar spine muscle architecture in
Marines with measureable lumbar disc pathology 

Approach 
Each Marine undergoes high-resolution structural and 

physiological imaging of the lumbar vertebrae and discs in a 
high strength (3T) supine MRI.  Marines then undergo a 3D 
imaging protocol in an upright, low strength (0.6T) MRI in 
standing unloaded, standing loaded (25lb body armor), sitting 
loaded and prone on elbows positions.  To investigate the effect 
of load magnitude and distribution, some Marines were scanned 
in standing unloaded and standing loaded conditions (6 
conditions: 22kg, 33kg, 45kg x 50/50, 20/80 anterior/posterior). 
Back pain history is recorded for each subject at time of data 
collection. 

Goals/Milestones 
CY13 Goal – Initiate subject recruitment/scanning 
R Begin acquiring data on minimum 8 subjects 
CY14 Goals –  Develop measurement tools  
R Validate tool for measuring kinematics 
R Diffusion Tensor Calculations 
RScan >40 subjects  
CY15 Goal – Data Analysis 
RScan remaining subjects 
RAnalyze data from 80% of the subjects 
CY16 Goal –  Disseminate findings 
£ Correlate kinematic physiologic data 
£ Disseminate Findings 
Comments/Challenges/Issues/Concerns 
Nothing to Report 
Budget Expenditure to Date 
Projected Expenditure: $719,948 total cost (fully expend the award 

through the NCE period) 
Actual Expenditure: $565,656.76 total cost Updated: (20160602) 

Timeline and Cost 

Activities  CY  13  14  15  16 

Subject Battalion Identification 
and Coordination 

Estimated Budget ($K)         $168      $191      $229    $80 

Supine and Vertical MRI Data 
collection 

Data Analysis 

Dissemination of Findings 

Accomplishment:		Kinema1c	data	has	been	collected	and	analyzed	for	55	subjects,	
anatomic	data	has	been	collected	and	analyzed	for	39	subjects.	
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