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1 Introduction 

 

1.1 Background 

 

Due to the high prevalence of having lower back pain among the population, research has 

been concentrated on the lumbar spine. However over the past few years the interest of the 

thoracic spine research has been growing, not merely because of developing new methods 

of biomechanical testing. Another important issue of the actual matter mainly concerning 

the thoracic spine is scoliosis (Figure 1). 

Depending on the severity and association with thorax deformation, these patients not only 

suffer from a lack of quality of life, but also detraction of their lung function (Smith et al, 

1991; Aebi, 2005). For severe conditions with a Cobb angle > 50° (Cobb J.R., 1984), the 

second choice of therapy, followed by the medical corset, is the surgical correction of the 

deformity with internal fixation.  

For this surgical approach not only is it necessary to have knowledge about anatomy and 

biomechanical behavior of the thoracic spine for optimal implantation and excellent 

results, but this knowledge is also important to develop and advance new implants.  

 

Figure 1: a) A scoliosis patient with b) a 50° Cobb Angle (modified after Liljenqvist et al., 2007). 
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In addition to internal fixation, biomechanical tests have already proven that partial 

resection of certain anatomical structures like the intervertebral disc lead to destabilization 

and antagonize some of the scoliosis shape (Takeuchi et al., 1999; Oda et al., 2002). 

Scheuermann’s disease is a congenital skeletal disorder of the thoracic spine. Because it is 

the most frequent spinal disorder in adolescence, it has a huge impact on the health 

economic system. An operation is already advisable, if the patient suffers for pain or has a 

bad posture, although he has a Cobb angle > 30 (Stoltze D et al, 2008). These patients are 

young, therefore good surgeons with proper anatomical and physiological knowledge 

combined with modern implants are necessary to achieve good results for the patients, and 

renew an acceptable movement (Niethard F.U., 2009). 

A common injury associated with the thoracic spine is the thoracic trauma. Rib fractures 

belong to the overall most common fractures. For this reason neither the long and painful 

healing nor the health economic aspect should be underestimated (Niethard F.U., 2009). 

For optimal treatment the surgeon needs exact physiological and anatomical knowledge to 

achieve good function and healing (Tanaka et al., 2002). 
 

 

Figure 2: A CT scan of a sternal transverse fracture from a) the frontal view and  

b) the lateral view (http://imaging.birjournals.org).  

c) Diagram of a thoracic trauma with multiple rib fractures (© 2008 Nucleus Medical Art, Inc. ). 
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Fractures of the sternum often happen in traffic accidents (Figure 2), but in total they are 

rare in comparison to rib fractures (Knobloch et al., 2008). A study of blunt trauma 

patients reported that out of 27 patients with thoracic spine fractures, five had associated 

sternal fractures (Hills et al., 1993). However, splitting the sternum for a thoracic access is 

often indicated (Brevins et al., 2001; Stephen et al., 1999). Hence sternotomy is a common 

surgical release, which is accomplished frequently. Proper osteosynthesis of the sternum is 

important to provide thorax stability (Ozaki et al., 1998, Raman et al., 2007).  

Indications for reconstructive and operative treatment concerning the thoracic spine are 

complicated fractures caused by osteoporosis, trauma or metastasis. Further indications for 

this operative treatment can be the already mentioned scoliosis, Scheuermann’s disease, 

but also inflammation of the spine, pain, tumors and neurological involvement. A common 

operative treatment is the dorsal or ventral fusion of two or more segments. These 

operation techniques receive an increasing number, most recently caused by the 

demographic change (Cooper et al., 1992, Aebi, 2003). 

Due to the clinical background, and furthermore having very little data about the 

biomechanics of the thoracic spine including the rib cage, potential and necessity is given 

for additional research.  

The thoracic spine differs structurally from the cervical and lumbar spine, and is 

characterized by the presence of facets on both sides of the vertebral bodies for articulation 

with the rib heads and facets on the transverse process for articulation with the tubercles of 

the first to tenth ribs. The costovertebral joint consists of the rib head joint and the 

costotransverse joint. The articular capsules and ligaments such as the radiate, 

costotransverse and intraarticular ligaments connect the ribs to the posterolateral aspect of 

the adjacent two vertebrae and the intervertebral disc lying between them. The first seven 

rib pairs connect directly with the sternum, rib pairs eight to ten attach to the sternum by a 

cartilage arc (Takeuchi et al, 1999). The rib pairs eleven and twelve, the so called floating 

ribs, are only attached to the vertebrae and have no connection to the sternum. Therefore 

compared with the cervical or lumbar spine, the thoracic spine with the rib cage forms a 

rigid anatomical structure, with stability provided by the rib cage (Watkins et al, 2005). 

Detailed knowledge about anatomy and physiological movement of the thorax is necessary 

to understand pathological spinal disorders. 
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Figure 3: a) The Thorax from ventral and b) dorsal view (modified after Schünke et al. 2007). 

 

1.2 State of Research 

Not like for the lumbar spine there is rare literature regarding the thoracic spine. But 

literature focusing on the understanding of the biomechanic behavior between the thoracic 

spine and interacting osseous elements like the ribs, the sternum or even the whole ribcage 

is even more rarely.  

In 1974 Andriacchi et al. generated a three-dimensional mathematical model of the thorax. 

In additional steps anatomic elements have been reduced stepwise, first to remove the fifth 

rib pair, next step to remove the intercostal elements, then splitting the sternum and lastly 

to isolate the spine, in purpose to investigate the influence of each element on the isolated 

spine. As a result they proved that the rigidity of the model decreases after each reduction 

step. However, at this time, modern technologies were not available. Hence this model has 

limited predictable statements. For example, all osseous elements are idealized as rigid 

bodies. A deformation for instance of the ribs have been ignored, thus the results should be 

considered critically. 

In 2005 this model was upgraded by Sham et al. to achieve more credible results. Just like 

Andriacchi in 1974, he could prove that the ribcage reduces the flexibility of the thoracic 

spine depending on the movement layer between 23-47 %. Nevertheless a virtual model 

can only simulate, and is not an equal alternative for biomechanical testing.  
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Panjabi et al. investigated the ligamentous stability of the thoracic spine in 1981. To do so 

they tested 19 human Functional Spinal Units (FSUs) with rib rests. After intact testing, 

ligaments have been reduced to determine their stability part. Although Panjabi didn't 

compare the intact FSUs with and without rib rests, his data can be used to compare with 

intern results. 

One of the first biomechanical studies investigating the influence of the ribcage to the 

thoracic spine has been published by Oda et al. in 1996. They used thorax parts of eight 

Beagle dogs, and also reduced them in the order of functional structures, starting with the 

posterior elements at Th6-7, then with the seventh costovertebral joint, and finally splitting 

the sternum and thus destruction of the rib cage. Although other destructions were made 

first, there still was an increase of Range Of Motion (ROM) after destroying the rib cage. 

Oda et al. published another study in 2002, investigating the influence of the intervertebral 

disc, but also the influence of the rib pairs in the ROM. Therefore they used 16 FSUs from 

six human cadavers. After intact biomechanical testing, the intervertebral disc, the right rib 

head joint, the right costotransversal joint, and finally the left rib head have been resected. 

There was an increase in the ROM after each resection step. Though these two studies by 

Oda et al. did not investigate the whole human thorax, it can be assumed that the thorax 

does have a limiting influence on thoracic spinal motion. 

Horton et al. published another study on destabilizing effects of miscellaneous surgical 

approaches in 2005 containing three groups each with six complete human thoraces. 

Discectomy, facetectomy and sternotomy have been provided in three different orders, just 

as biomechanical testing of flexion/extension after each step. Though discectomy had the 

most influence in the increase of ROM, the sternotomy also greatly increased the ROM, 

regardless of which reducing sequence. 

Watkins et al. 2005 investigated the stability provided by the sternum and rib cage for the 

thoracic spine. Ten intact human thoraces from the seventh cervical vertebra (C7) to the 

first lumbar vertebra (L1) have first been biomechanically tested, first in intact conditions, 

by next splitting the sternum at each thorax, and finally testing each isolated spine. The 

sternum fracture mostly increased the ROM in flexion/extension, whereas the isolated 

spine showed the highest increase in the ROM in lateral bending. Watkins et al. confirmed 

that the thorax has a global limiting effect in spinal motion.  

However none of the studies above compared the limiting effect of the thorax in FSUs. 

Also nobody has investigated whether the rib cage has a different influence in upper or 

lower segments of the thoracic spine. 
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1.3 Objectives 

The clinical background clearly proves the importance of proper knowledge of 

physiological mechanics of the thoracic spine in combination with the rib cage. The 

present literature only shows that the ribs and sternum have a limiting influence for 

thoracic spinal movement. However there still is no appropriate data, because each existing 

study underwent different testing conditions. 

There are several reasons why previous biomechanical testing is mostly done 

monosegmental, without corresponding rib pairs and the sternum. For instance due to 

simplification and lack of capable material, but also because of previous requirements. For 

this simplified FSU usable data already exists (White A.A., 1969; Panjabi et al., 1976; 

Herkommer A, 2011). 

However every simplification deforms the state to natural condition. It would be preferable 

having a reference value, so simplified tests still are comparable. Increasing demands in 

new implants and methods require also new testing methods. Therefore as a basic 

condition, data about healthy as well as age appropriate specimen needs to be collected.  

There is a lack of satisfactorly results concerning monosegmental movement of the 

thoracic spine, including the ribs and sternal parts. Most biomechanical experiments deal 

with monosegments, without ribs and sternal parts. 

There have been few studies involving the thorax, and thereto they are very heterogeneous. 

The purpose of this study is to combine some of these studies and develop an appropriate 

method to investigate the flexibility of the thoracic spine with corresponding rib pairs and 

sternal part, for the entire thoracic spine, polysegmental and monosegmental. The new data 

can be compared to the data without ribs and sternal part, so the effect of these elements 

can be calculated. The following questions were intended to answer: 

1) What influence do the ribs and the sternum have on monosegmental movement 

of the thoracic spine in comparison to the isolated FSU? 

2) What influence do the ribs and the sternum have on global movement of the 

thoracic spine compared to the isolated spine? 

3) What is the biomechanical behavior of the ribs and sternum on monosegmental 

movement during thoracic spinal movement? 

4) With the same bending moment does a monosegmental specimen have the 

same ROM as in a formation of several vertebrae? Does Th1-2 in a 

polysegmental formation of vertebrae have the same ROM as the 

monosegmental specimen? 
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2 Material and methods 

 

2.1 Testing machines and devices 

 

2.1.1 Spine loading simulator 

Flexibility testing was performed using a custom-built spine tester (Wilke et al., 1994). 

The caudal end of the thorax was fixed in the spine tester. The cranial end of the specimen 

(see 2.2 Specimens) was fixed to a gimbal system, which allows the overlying vertebral 

bodies to freely move in all directions. Each rotation axis of the gimbal system can be 

driven separately (Figure 4) by an electric motor, and also gives an output in degree. The 

specimen’s motion response of all flexible elements also was recorded with the Vicon 

Motion Tracking System. Sphere markers were attached to the vertebral bodies, the ribs, 

and the sternum (see 2.3.2 Marker positioning). 
 

 

Figure 4: The spine loading simulator a) with a clamped thorax; the data acquisition system can be seen 

partly on the left side, b) all three rotation axis of the spine loading simulator, and  

c) the gimbal system from lateral view. 
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2.1.2  Vicon – MX Motion Capture System 

The optical movement analysis system Vicon-MX (Vicon Motion Systems Ltd, Oxford) 

can detect all six degrees of freedom. It is used to measure complex relative movements of 

polysegmental vertebrae.  

The measuring construction exists of six freely positionable cameras (Vicon MX13) with a 

resolution of 1280 x 1024 pixels. The cameras are equipped with 16 mm objectives and 

offer a maximum admission frequency of 484 Hz. In this case flexibility measurements in 

the spine simulator are carried out with an admission frequency of 50 Hz, to limit the data 

amount to an easy processed level and guarantee the possibility to synchronize with the 

data of the spine loading simulator. Higher recording frequency is possible, then, however, 

the usable resolution of the camera sensor decreases due to the increasing recording 

frequency. The CMOS sensor (Complementary Metal oxide Semiconductor) has a gray 

value depth of 10 bit, hence can distinguish 1024 gray values. The MX system is a passive 

optical movement analysis system, which needs retro-reflective markers. Thus every 

camera owns a ring light from light-emitting diodes (LED) with which the used markers 

are spotlighted with light in the close infrared area (780 nm). This reduces interference by 

the surrounding lights. 

The sphere markers were fixed with black painted non reflecting screws in the bony parts 

of the thorax (Figure 5). Each marker needs at least two corresponding cameras which 

detect it at the same time, to receive three dimensional coordinates. During the 

measurement it is also possible to hand over the marker from one camera to the next via 

handshake transmission.  

 

 

Figure 5: a) A Vicon MX13 camera and b) marker with the screws. 
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2.2 Specimen 

For the two intended experiments two whole thoraces, one for each experiment, were 

obtained. Both specimens had a length of 14 vertebrae, i.e. from C7-L1. Gross examination 

on both thoraces showed two rib fractures in Thorax 1, which was used for Experiment A 

(see 2.4.2 Experiment A). The first fracture was located on the proximal part of the 5
th

 left 

rib. The second fracture already was ossified, and was located on the distal part of the 9
th

 

right rib. Furthermore both thoraces showed a severe humpback. A kyphotic angle about 

90° from C7-L1 was shown by pretaken x-rays. 

Both specimens have been dissected equal (see 2.3.1 Specimen preparation). Both torsos 

were stored at minus 20° Celsius. 
 

 

Figure 6: A thorax from a) ventral, b) lateral and c) dorsal view after dissection. 

 

2.3 Experimental protocol 

In order to value the global as well as the monosegmental influence of the sternum and rib 

cage, it was necessary to create two different test setups. The first specimen was to 

measure the global influence, and the second one for the monosegmental influence of the 

rib cage. The initial position of the specimen is the same in both setups, although the 

following test procedure is quite different. 

 

2.3.1  Specimen preparation 

Before testing the specimens were thawed overnight at 4°C and prepared at room 

temperature. Dispensable soft tissue as the back muscles was removed, leaving the discs, 

ligaments and joint capsules intact, just like the intercostal muscles. The muscular shoulder 

belt with the clavicle and scapula was removed. Care was taken to preserve all articular 
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structures from the costovertebral joints, the costosternal joints, and all vertebral joints. 

The spine was shortened to a length of 14 vertebrae (C7-L1), which means there are 

thirteen motion segments (C7-Th1; Th1-2…Th12-L1).  

In order to fix the specimen in the spine loading simulator, the cranial ends (for the first 

measurement C7) and caudal ends (for the first measurement L1) of the specimens were 

embedded into polymethylmethacrylate (PMMA, Technovit 3040, Heraeus Kulzer GmbH, 

Germany). This was performed by first embedding the caudal end of the specimen as 

central as possible into polymethylmethacrylate.  

In a second step a retaining device (Figure 7) was used to also embed the other end of the 

specimen both centrally and perpendicularly. After embedding the thorax, sphere markers 

were attached with screws fixed in the bone (see 2.3.2 Marker positioning). 

 

 

Figure 7: Thorax standing upside-down to embed the cranial part in Technovit. 
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2.3.2  Marker positioning 

Due to an equal detection of the markers from all loading directions, sphere markers with a 

10 mm diameter (Figure 5) were preferred to aluminum plate markers. Theoretically there 

was no limit for the marker amount, which can be registered at the same time. To ensure 

no lack of data, but on the other hand any abundance of data volume, balancing the 

reasonable amount of markers is very important. 

 

Figure 8: a) The intact thorax with screws and markers in dorsolateral view,  

b) in lateral view and c) the sternum with 4 markers from ventral. 

 

In order to capture the three dimensional relative movement of a movable solid body (for 

instance a vertebra or a rib) in relation to the adjacent solid body, each body needs at least 

three markers, which can be detected simultaneously by two or more cameras. Altogether 

the thorax has 39 movable solid bodies, out of these 39 are fourteen vertebrae, and 24 are 

ribs. Because in some cases the manubriosternal joint was not ossified in high adult age 

(Ashley GT, 1956), the manubrium and the sternal body is equipped with three markers 

each, in order to detect also movement in this joint. With CT-scans of one specimen in a 

Philips Brilliance iCT 256 in the department of radiology in the Universität Ulm, it could 

be shown that one of the specimens still had a non ossified manubriosternal joint.  

To achieve optimal results in three-dimensional movement detection the six available 

cameras are insufficient for the complete thorax. Due to the symmetry of the thorax it is 

assumed that both sides behave equally. Thus only the right half of the thorax was 

equipped with screws and markers. Overall, exactly 103 screws and markers were used for 

one specimen (Table 1). 
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Table 1: Amount of positioned markers on regions, in total and equipped segments.  

The upper Technovit block represents the seventh cervical vertebra (C7). The first lumbar vertebra  

(L1) was fixed in the spine loading simulator, thus not moving during the experiment. 
 

 Region Segments  Markers per Segment Sum  

 Vertebra 13  3 39  

 Costa 1 1  4 4  

 Costae 2-10 9  5 45  

 Costae 11-12 2  3 6  

 Upper Technovit block = C7 1  3 3  

 Sternum 2  3 6  

 Sum    103  
 

 

2.3.3 Initial Conditions 

The thorax of Experiment A is from an 83 years old female specimen, which showed 

several rib fractures on gross examination, in parts already healed and ossified. The thorax 

of Experiment B is from a 99 year old male specimen. According to the age of the 

specimen, both thoracic spines had some ostheophytes. These severe injuries and 

deformities alter the results only limited usable. But for developing a new measuring 

technique for the thoracic spine, including the ribs and the sternum, the specimen can be 

used. To obtain as much information as possible, an extensive test setup with several 

stepwise reductions were elaborated (Table 2a and Table 2b). 

In both experiments the first two measures with the specimen (Step 1 and Step 2) were 

identical. The prepared thorax with the screws and markers (Figure 8a) was placed in the 

spine loading simulator (Figure 5a). As neutral initial condition each rotation axis of the 

gimbal system was driven to zero bending moment. 

For testing the spine three loading directions are defined by default: flexion/extension, 

lateral bending and axial rotation. In the experiments, the specimens were loaded with a 

pure bending moment of ±2 Nm in flexion/extension and lateral bending. For axial rotation 

both ±2 Nm and ±5 Nm are used due to the data of literature (Watkins et al, 2005) and own 

experience. Additionally isolated FSUs were also tested with ±7.5 Nm in each direction.  

Based on earlier experience of other spinal tests the variables to be measured are the range 

of motion and the neutral zone of the specimens (Wilke et al., 1998). The bending moment 

varies depending on the length of the specimen from 2/ 2/ 5 Nm for polysegmental 
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specimen to 7.5/ 7.5/ 7.5 Nm for monosegmental FSU. In the entire experiment every 

measure was performed in all three loading directions, in three and a half load cycles, 

whereas the third load cycle was used for evaluation.  

 
Table 2a: The test setup of Experiment A; the global effect of the thorax. 

   Step 

 

Difference    

1   With intercostal muslces 

2   Intact (C7 - L1) 

3A   Split Sternum 

4A   Shortened ribs 

5A   Isolated thoracic spine 

      
 

 

Table 2b: The test setup of Experiment B; the monosegmental effect of the thorax; 

FSU # 2 (Th3-4) is not listed due to specimen failure. 

Step FSU # 

 

Difference    

1     With intercostal muslces 

2     Intact (C7 - L1) 

3B     7 - T10 

4B     C7 - T8 

5B     C7 - T6 

6B 1 (Th1-2) 

 

FSU with ribs and sternum 

 

3 (Th5-6) 

 

FSU with ribs and sternum 

 

4 (Th7-8) 

 

FSU with ribs 

 

5 (Th9-10) 

 

FSU with ribs 

 

6 (Th11-12) 

 

FSU with ribs 

7B 1 (Th1-2) 

 

FSU with split sternum 

 

3 (Th5-6) 

 

FSU with split sternum 

8B 1 (Th1-2) 

 

FSU with shortened ribs 

 

3 (Th5-6) 

 

FSU with shortened ribs 

 

4 (Th7-8) 

 

FSU with shortened ribs 

 

5 (Th9-10) 

 

FSU with shortened ribs 

 

6 (Th11-12) 

 

FSU with shortened ribs 

9B 1 (Th1-2) 

 

isolated FSU 

 

3 (Th5-6) 

 

isolated FSU 

 

4 (Th7-8) 

 

isolated FSU 

 

5 (Th9-10) 

 

isolated FSU 

 

6 (Th11-12) 

 

isolated FSU 
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2.4 Test protocol 

 

2.4.1 The first two measures for both experiments 

Both experiments (see 2.4.2 Experiment A and 2.4.3 Experiment B) start with the same two 

measures. These are described below. 

 

Step 1: Intercostal Muscles 

Step 1 is defined as “Intercostal Muscles”. The spine length is from C7-L1. It starts from 

the initial position (see 2.3.3 Initial conditions). 

 

Step 2: Intact 

The spine length stays the same. After the Step 1 with intercostal muscles, the intercostals 

were removed completely and Step 2 was performed. Step 2 is defined as “Intact” 

conditions (Watkins et al., 2005).  

The spine’s range of motion (consecutively the spine’s ROM) is expected to slightly 

increase, especially in lateral bending and axial rotation, because tracking elements were 

removed. 
 

 

 

Figure 9: a) Step 1 with Intercostal Muscles and b) Step 2 in intact condition. 
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2.4.2 Experiment A 

After the first two measurements the individual test protocol for Experiment A starts with 

Step 3A. The length of the spine is not going to be shortened in the whole experiment, so a 

global statement to the influence of the rib cage is expected. 

 

Step 3A: Sternotomy 

After Step 2 in intact conditions, the next step in Experiment A 

was to split the sternum longitudinal and thus to simulate a 

sternotomy like in thoracic surgery.  

A large increase of ROM from the previous to the current 

measure is expected, because the new created joint should 

enable higher flexibility, especially in axial rotation. 

Figure 10: Sternotomy 

 

Step 4A: Rib Stumps 

Implying the experiments of Oda et al. (2002) with Functional 

Spinal Units (FSUs), all ribs were shortened to approximately  

5 cm of the posterior part. No increase in the ROM is expected 

in all three directions, because neither a new joint is created nor 

any modification of the already existing joints is performed. 

Figure 11: Rib Stumps 

 

 

Step 5A: Isolated Spine 

The final measure is the isolated spine from C7-L1, without the 

rib cage. Another high increase of the ROM is expected in all 

three directions, because the clamming effect of the rib head 

joint and the costotransverse joint are eliminated.  

 

 

Figure 12: Isolated Spine 
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2.4.3 Experiment B 

Like in Experiment A, this Experiment starts with Step 1, with intercostal muscles. The 

next measure is Step 2, in intact conditions. Now the individual part of the Experiment 

launches. The spine is from C7-L1, but this Experiment is to explore the monosegmental 

behavior, so a stepwise shortening is obtained. 

 

Step 3B:  C7-Th10 

To investigate the influence of the rib cage on the thoracic spine 

more specifically, the next step was to remove the FSU #6 

(Th11-12) with its floating ribs. Vertebra L1 is discarded. The 

caudal part of the remaining thoracic spine with the whole rib 

cage was embedded again in polymethylmethacrylate and Step 

3B was performed in all three loading directions. The FSU #6 is 

used later in the experiment in Step 6B. 

   Figure 13: C7-Th10 

 

 

Step 4B: C7-Th8 

The next step was to remove the FSU #5 (Th9-10) with related 

ribs. Also it was necessary to cut the costal arch. The FSU #5 is 

tested in Step 6B. The remaining thorax is caudally embedded 

again in Th8 and measured. 

     Figure 14: C7-Th8 

 

 

Step 5B: C7-Th6 

The remaining thorax is shortened by another FSU (Th7-8) with 

related ribs. It was necessary to separate the ribs and the costal 

arch, as well as the sternum. As each FSU, the FSU #4 was 

tested in Step 6B. The remaining thorax is caudally embedded 

again in Th6 and measured. 

    Figure 15: C7-Th6 
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Step 6B: FSU Intact 

The residual thorax is divided in the FSUs #1 to #4. Because the 

ribs 2-10 are applied to the intervertebral discs (Figure 17), it 

was necessary to remove the ribs 1, 3, 5, 7 and 9 to be able to 

embed the FSUs. Each FSU was applied with a pure bending 

moment of both 2/ 2/ 5 Nm and 7.5/ 7.5/ 7.5 Nm in all three 

loading directions. This condition with ribs and sternal parts 

was defined again as intact.  

            Figure 16: Intact 

 

 

 

 

 

 

 

Figure 17:  Anatomical model of a) a polysegmental specimen with the ribs attaching to the intervertebral 

discs and b) a monosegmental specimen with rib stumps and removed upper and lower rib  

(modified after Schünke et al., 2007). 
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Step 7B: 

Due to the FSU #5 and #6 not having a direct contact to the sternum, Step 7B is only 

provided with the FSU #1 to #3. The sternal part of the FSU is split and flexibility tests are 

repeated (Figure 18). An increase in ROM is expected due to the new joint. 

 

 

Figure 18: a) an embedded monosegmental specimen from the first throracic segment (Th1-2)  

in Step 7B (with sternotomy); b) from lateral view fixed in the spine loading simulator. 

 

 

 

Step 8B: Rib Stumps 

Like in Step 5A the anterior rib parts of all six 

FSUs are clipped and the ribs only with their  

     5 cm remaining posterior part remain, as well as 

the ligamentous structures.  

 

                         Figure 19: Rib Stumps 

 

 

Step 9B: Isolated Vertebras 

Lastly each isolated FSU without rib structures 

and ligaments were tested in the spine loading 

simulator.  

                   

 

                  Figure 20: isolated vertebras 
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Figure 21: Overview of Experiment A and Experiment B side by side.  

FSU = Functional Spinal Unit; Th# = Thoracic Vertebra; C# = Cervical Vertebra 
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2.5 Data analysis 

 

2.5.1 Three-Dimensional Reconstruction 

The obtained data was analyzed separately for the spine, ribs and sternum. The total ROM 

and the total NZ of the specimen were measured by the spine loading simulator. For 

evaluation the software Matlab was used to output data sheets. These data was analyzed in 

Microsoft Excel 2007.  

Single segments in a global measure were quantified by the Vicon Motion System. For 

instance, the whole ROM of the specimen of Experiment A from C7-L1 in lateral bending 

at ±2 Nm moment intact is measured by the spine loading simulator, and is 49.8°. The 

single segment Th5-6 has a ROM of 5.9°, thus a fraction of 12 % of the total ROM. The 

single segment is measured by the Vicon Motion System, by the rib movement and the 

sternal motion. 

To evaluate the data captured by the Vicon Motion System, Matlab, Nexus and the Vicon 

Bodybuilder software were used to finally analyze with Microsoft Excel 2007. 

 

2.5.2 Spine 

To capture the spinal movement each vertebra was provided with three markers, one 

marker on each transverse process and one marker for the spinous process. To be able to 

measure relative movement, a local coordinate system was allocated for each vertebra. The 

first point (P1) on the left transverse process represents the origin of the local coordinate 

system. The other two points give the orientation of the x- and y-axis. The z-axis results 

out of the Cartesian product (Figure 22).  
 

 

Figure 22: A vertebra with the own local the coordinate system. 
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In this way, 42 markers for fourteen vertebrae were used to reconstruct the spinal 

movement (Table 1). For flexibility calculations a fourteen-segmental pattern model of the 

thoracic spine from C7-L1 was created in Vicon BodyBuilder. Each segment has three 

markers (Figure 23), and thus corresponds to a vertebra. The left point was labeled P1, and 

is defined as point of origin. The other two points were used to create the x- and y-axis. 

The z-axis is calculated automatically out of the Cartesian product. This approach was 

repeated for the residual vertebrae. 

 

 

Figure 23: Identification of the spinal marker points (orange) inside a point cloud. 

 

To analyze the data collected by the spine loading simulator, the ROM versus the 

applicated force has been illustrated in a diagram (Figure 24). The data is obtained out of 

the third load cycle. The ROM was defined as the maximal deflexion a specimen reached 

at the points of the maximal bending moments applied, for instance -2 Nm and +2 Nm.  

The NZ is defined between the two intersecting points at 0 Nm due to the hysteresis 

characteristics of the FSU motion pattern. The NZ therefore represents the range of motion 

that can be found when there is no loading force applied, i.e. at 0 Nm.  

The neutral position is the mid-point between the two intersecting points defining the NZ. 

Movements of the specimens along the NZ can consequently be accomplished by using 

just minimal forces. This means that the NZ is an indicator for the laxity of the specimens, 

in other words, the broader the NZ, the higher the laxity of the specimen.  
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Figure 24: Characteristical hysteresis curve of the third loading cycle with the Range of Motion (ROM)  and 

the Neural Zone (NZ). The total ROM is the sum of ROMplus and ROMminus, as well as the total NZ. 

 

2.5.3 Ribs 

Because of the different shape and length of the twelve rib pairs, a different number of 

marker points were used for each rib, to detect every small movement. The amount of 

markers placed in each rib depends on the rib’s length, for example at the first rib only four 

markers could be affixed. The highest consideration was given to the second to tenth ribs, 

which is why they were provided with five markers in each case. Both floating ribs were 

equipped with three markers each, because hardly any deformation or movement was 

expected. 

To calculate the rib flexibility, the first three proximal marker points were used to create a 

local coordinate system. The first marker (P01) on each rib was placed on the tubercle, 

supposing the rib neck would bend barley. The second marker (P02) was placed at the 

beginning of the strongest place of bending. It also gives the direction of the x-axis. The 

third marker (P03) was used to create the x-y-layer, and therefore the orthogonal y-axis 

(Figure 25). The z-axis again was given out of the Cartesian product of the x- and y-

vectors. The fourth and fifth marker was placed distally in the bony part of the ribs.  
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For calculation of the rib deformations converge or diverge of P01 to P05 in all loading 

directions a local coordinate system out of P05, P04 (x-axis) and P03 (x-y-layer) was 

created. Unfortunately it was not possible to detect all marker points with six cameras.  

To identify the flexibility in the costotransversal joint and the rib head joint, the related 

vertebra was used as a reference. The already created coordinate system (Figure 14) was 

used as a fixed position. Thus only movements of the ribs were recorded, while the 

overlaying movements of the thoracic spine were eliminated. 

 

Figure 25: 5
th

 Rib without sternum with five marker points (P01-P05). Three were used to define the 

coordinate system (x-axis red, y-axis blue, z-axis green). 

 

To identify each associated marker point of an isolated vertebra automatically, Vicon 

Nexus Software 1.6.1 was used. A master model developed of thoracic pretests was 

required to calibrate the automatic recognition pattern (Figure 26 and Figure 27). An 

individual name was given for each marker point. Furthermore each point was labeled to a 

marker network, which represents a spinal segment.  
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Figure 26: Identified Ribs and the associated spinal points. 

 

2.5.4 Sternum 

The sternum was equipped with six markers, to not exclude a possible motion in the 

manubriosternal joint. Furthermore the relative movements of the sternum in comparison 

to the vertebrae, which are connected directly by their ribs (Th1-Th7), were examined. The 

axes were created with three marker points and had the same direction like the vertebra’s 

axes. 

 

 

Figure 27: The pattern model of the sternum (orange) in the cloud of all marker points. 
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3 Results 
 

3.1 Spine Experiment A 

Overall, the main objective of Experiment A was to observe the development of the total 

ROM during the stepwise reduction. Special interest was given to the first reduction (from 

Step 1 with intercostals to Step 2 without intercostal muscles). An increase was expected in 

all three loading directions, concerning the omitted traction of the intercostals. Also the 

third reduction (Step 3A with sternotomy and Step 4A with rib stumps) was observed 

precisely. In the literature Oda et al. compared these statuses as equal, and due to handling 

problems they preferred the rib stumps. Additionally the ROM of special single segments 

for each reduction step was objected. Therefore both transition parts to the thoracic spine 

were objected (C7-Th1 and Th12-L1), also a segment with sternal parts (Th5-Th6) and 

without sternal parts (Th9-Th10). The first tables of the following chapter show the total 

ROM of the spine, the following tables show monosegmental movement. The axes are 

adapted to the biggest value in all three loading directions.  

 

3.1.1 Flexion/extension 

The specimen showed, compared to the intact state, the expected increase of total 

movement during each step. However, the first step shows a non expected decrease of the 

total ROM. The following measurements all show a slight increase of the total ROM 

(Figure 29).  
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Figure 29: Total Range of Motion (ROM) and Neutral Zone (NZ) in degree 

 in flexion/extension of Experiment A with 2 Nm pure moment. 
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The monosegmental movements generally show the same trend as the total spine, 

especially the transitions from the thoracic spine to the adjacent spinal parts (Figure 30).  
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Figure 30: Monosegmental Range of Motion (ROM) in degree for cervical (C#), thoracic (Th#) or lumbar 

(L#) monosegments in flexion/extension with 2 Nm pure moment.  



 

27 

 

3.1.2 Lateral bending 

The total ROM shows a stepwise increase. Between Step 1 with intercostals and Step 2 

there is an increase of movement about 10.7° (Figure 31). Another conclusive increase 

between Step 2 and Measure 3 from Intact to Sternotomy can be seen. Interestingly, 

between Measure 3 and 4 (Sternotomy to the Rib Stumps), the ROM hardly changes. The 

last step from the Rib Stumps to the Isolated Spine shows another prominent increase. 
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Figure 31: Total Range of Motion (ROM) and Neutral Zone (NZ) in degree  

in lateral bending of Experiment A with 2 Nm pure moment. 

 

The trend for monosegmental parts repeated itself over the entire spine. The first segment 

C7-L1 contributes the biggest part of movement, followed by segment Th9-Th10. Th5-Th6 

has the least ROM, beyond segment Th12-L1 (Figure32). 
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Figure 32: Monosegmental Range of Motion (ROM) in degree for cervical (C#), thoracic (Th#) or lumbar 

(L#) monosegments in lateral bending with 2 Nm pure moment. 
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3.1.3 Axial rotation 

The axial rotation was measured with two different loading forces, hence to an oversized 

movement of the specimen. The spine loading simulator is limited to 100° at each loading 

direction. Despite of the lack of optimal conditions, the obvious trend of the preceding 

measurements resumed after the first three measurements in 5 Nm pure torsional moment 

(Figure 33). 

0° 20° 40° 60° 80° 100°ROM NZ
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Figure 33: Total Range of Motion (ROM) and Neutral Zone (NZ) in degree  

in Axial rotation of Experiment A with 5 Nm pure moment. 

 

Even in the lower chosen bending moment, the same trend in increasing movement can be 

observed. However also in the non expected step 3 between Sternotomy and the Rib 

Stumps there is a big increase in ROM (Figure 34).  

 

 

Figure 34: Total Range of Motion (ROM) and Neutral Zone (NZ) in degree  

in axial rotation of Experiment A with 2 Nm pure moment. 
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The monosegmental parts also are measured with 2 Nm pure moment. The previous trend 

of the total spine mostly continues on a monosegmental level. But a slight decrease of the 

ROM can be seen between Sternotomy and the Rib Stumps (Figure 35). 
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Figure 35: Monosegmental Range of Motion (ROM) in degree for cervical (C#), thoracic (Th#) or lumbar 

(L#) monosegments in Axial rotation with 2 Nm pure moment.  
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3.2 Spine Experiment B; Step 1 to Step 5B 

In Experiment B, the total movement was measured as well as monosegmental movement. 

Due to didactic reasons the result presentation was divided into Step 1 to 5B, where the 

total ROM is more important. On the other hand with Step 6B to 9B monosegmental 

movement is objected (chapter 3.3). 

 

3.2.1 Flexion/extension 

Overall the first two measures almost show the same values. From Step 2 (intact) to       

Step 3B (C7-Th10) the ROM is decreasing, because of the loss of moving segments. The 

increase from Step 3B (C7-Th10) to Step 4B (C7-Th8) is not estimated, but the decrease 

from Step 3B or 4B to Step 5B (Figure 36) was previously estimated. 
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Figure 36: Total Range of Motion (ROM) and Neutral Zone (NZ) in degree for cervical (C#), thoracic (Th#) 

or lumbar (L#) monosegments in flexion/extension of Experiment B with 2 Nm pure moment. 
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3.2.2 Lateral bending 

Lateral bending exactly shows the expected increase in the first step and then decrease in 

step two, three and four. The NZ behaves like the total ROM (Figure 37). 
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Figure 37: Total Range of Motion (ROM) and Neutral Zone (NZ) in degree for cervical (C#), thoracic (Th#) 

or lumbar (L#) monosegments in lateral bending of Experiment B with 2 Nm pure moment. 

 

3.2.3 Axial rotation 

Unlike Experiment A, every measure for axial rotation in Experiment B could be measured 

with 5 Nm pure moment. 

The trend in axial rotation is the same as in lateral bending. The first step shows an 

increase, while the following steps show a decrease in the total ROM due to the shortening 

of the specimen (Figure 38). 

 
 

 

Figure 38: Total Range of Motion (ROM) and Neutral Zone (NZ) in degree for cervical (C#), thoracic (Th#) 

or lumbar (L#) monosegments in axial rotation of Experiment B with 5 Nm pure moment.  
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3.3 Spine Experiment B; Step 6B to Step 9B 

At this part of the results, monosegmental movement of Experiment B is introduced. Each 

functional spinal unit (FSU) is measured with 2/ 2/ 5 Nm and 7.5/ 7.5/ 7.5 Nm. The first 

bending moment is compared with the preceding experiments. The second bending 

moment is standard due to the literature (Wilke et al., 1998). Moreover, Step 9B (Isolated 

Spine) is an experiment with already existing data, and can be compared to already 

existing results, and thus serves as a verification of the experiment.  

Furthermore it should be mentioned, that FSU #2 (Th3-4) was destroyed during the 

measurement. Hence the whole segment is not usable, and thus not evaluated in other 

experiments.  

The same trend as in Experiment A from intact (Step 2) to Isolated Spine (Step 5A) is 

expected, so there was an increase of movement after each step.  

The following tables show the absolute ROM and NZ of each segment. 

 

3.3.1 Flexion/extension 

Both 2 Nm (Figure 39) and 7.5 Nm (Figure 40) show the smallest ROM intact (Step 1) for 

every segment. With each stepwise reduction, the movement was growing. FSU #1 (Th1-

2) showed the biggest ROM, followed by FSU #6 (Th11-12) and FSU #3 (Th5-Th6). FSU 

#4 (Th7-Th8) and #5 (Th9-Th10) showed the smallest ROM. The NZ is behaving like the 

ROM. 
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Figure 39: Monosegmental Range of Motion (ROM) and Neutral Zone (NZ) in degree for cervical (C#), 

thoracic (Th#) or lumbar (L#) monosegments in flexion/extension with 2 Nm pure moment. 
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Figure 40: Monosegmental Range of Motion (ROM) and Neutral Zone (NZ) in degree for cervical (C#), 

thoracic (Th#) or lumbar (L#) monosegments in flexion/extension with 7.5 Nm pure moment. 
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3.3.2 Lateral bending 

The results in ROM for lateral bending show the same trend as flexion/extension, for both 

2 Nm (Figure 41) and 7.5 Nm (Figure 42).  
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Figure 41: Monosegmental Range of Motion (ROM) and Neutral Zone (NZ) in degree for cervical (C#), 

thoracic (Th#) or lumbar (L#) monosegments in lateral bending with 2 Nm pure moment. 
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Figure 42: Monosegmental Range of Motion (ROM) and Neutral Zone (NZ) in degree for cervical (C#), 

thoracic (Th#) or lumbar (L#) monosegments in lateral bending with 7.5 Nm pure moment.  
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3.3.3 Axial rotation 

The axial rotation had a bending moment of 5 Nm (Figure 43), and 7.5 Nm (Figure 44). 

Both moments do have the same trend, particularly an increase of motion after each step. 

The biggest ROM is executed by FSU #1, followed by FSU #4 and #6. FSU #3 and      

FSU #5 executed the smallest movement. 
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Figure 43: Monosegmental Range of Motion (ROM) and Neutral Zone (NZ) in degree for cervical (C#), 

thoracic (Th#) or lumbar (L#) monosegments in axial rotation with 5 Nm pure moment.  
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Figure 44: Monosegmental Range of Motion (ROM) and Neutral Zone (NZ) in degree for cervical (C#), 

thoracic (Th#) or lumbar (L#) monosegments in axial rotation with 7.5 Nm pure moment.  
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3.4 Rib movement 

 

3.4.1 Rib movement of the polysegmental specimen 

In Experiment A the movements of the ribs of the first two measures (With Intercostals 

and Intact) were collected. During flexion/extension, the highest movement appeared 

around the x-axis, but there also were movements around the other two axes (Figure 45 

and Figure 46). The rib movement in flexion/extension hardly increases after removing the 

intercostal muscles.  

 

Figure 45: Rib movement of Experiment A, Step 1 (With Intercostals) in degree 

during flexion/extension of the spine with 2 Nm pure moment. 

 

Figure 46: Rib movement of Experiment A, Step 2 (Intact) in degree 

during flexion/extension of the spine with 2 Nm pure moment. 
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A continuous increase of flexibility between the first two measurements (Step 1 with 

Intercostals and Step 2 Intact) of Experiment B can be reported. This is not surprising, 

because due to removing the intercostal muscles, traction elements have been remove. This 

can be seen not only in flexion/extension (Figure 47 and Figure 48). In order to keep the 

information overload to a minimum, the flexibility of the ribs 3, 7 and 9 were published, 

representative to all ribs. These rib flexibilities of Step 2 correlate directly to the flexibility 

of the FSUs 2, 4 and 5 (Table 24, Table 25 and Table 26). 

 

Figure 47: Rib movement of Experiment B, Step 1 (With Intercostals) in degree 

during flexion/extension of the spine with 2 Nm pure moment. 

 
 

Figure 48: Rib movement of Experiment B, Step 2 (Intact) in degree 

during flexion/extension of the spine with 2 Nm pure moment. 
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3.4.2 Rib Movement of the monosegmental specimen 

As already mentioned above, it was not possible to equip all ribs of the polysegmental 

specimen with markers, but only the right ones. For this part of the Experiment, however, 

both ribs could be equipped with 5 markers each, to also compare the side difference. The 

angle between rib and vertebra was measured in degree. Exemplary to all ribs, the 5
th

 rib 

with sternal connection and the 9
th

 rib without sternal connection were selected. The 

motion around the axis was measured with the aid of the rib coordinate system (Figure 25). 

All three loading directions, i.e. flexion/extension, lateral bending and axial rotation were 

calculated, and face there highest motion during one direction of motion along their 

corresponding axis (flexion/extension corresponds to the x-axis, lateral bending to the y-

axis and axial rotation to the z-axis). 

In flexion/extension the left rib revealed a higher ROM around the main axis (x-axis). 

Furthermore the intact state leads to a higher movement for the left rib, whereas the right 

rib has a higher movement after the sternotomy (Figure 49). 
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Figure 49: Range of Motion of the 5
th

 Rib in all three axes with 7.5 Nm pure momen. in flexion/extension. 
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In lateral bending (Figure 50) just as in axial rotation (Figure 51) the ROM is both smaller 

and bilaterally more similar, than in flexion/extension. The corresponding axes show the 

highest motion, i.e. for lateral bending the y-axis and axial rotation the z-axis. 
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Figure 50: Range of Motion of the 5
th

 Rib in all three axes with 7.5 Nm pure moment in lateral bending. 
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Figure 51: Range of Motion of the 5
th

 Rib in all three axes with 7.5 Nm pure moment in axial rotation. 
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The left and right 9
th

 rib have no sternal connection. The rotation of the ribs results of the 

connection to the moving vertebra.  

The highest motion direction of the rib differs, depending to the side of the rib. The right 

rib’s main rotation is around its main axis. But the left 9
th

 rib always moves most around 

the x-axis, not only in flexion/extension (Figure 52), but also in lateral bending (Figure 53) 

and axial rotation (Figure 54). 
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Figure 52: Range of Motion of the 9
th

 Rib in all three axes with 7.5 Nm pure moment in flexion/extension. 
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Figure 

53: Range of Motion of the 9
th
 Rib in all three axes with 7.5 Nm pure moment in lateral bending. 
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Figure 54: Range of Motion of the 9
th

 Rib in all three axes with 7.5 Nm pure moment in axial rotation. 
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3.5 Sternal movement 

 

The reference of the sternum is not a vertebra, but the sternum itself in the starting 

position. The particular sternal movement during a flexibility test of the thorax also was 

recorded by the Vicon. A suspected movement in the manubriosternal joint could not be 

verified. For this reason the tables were restricted to the sternal flexibility around the 

sternum itself. The sternal flexibility of the first thorax in Experiment A (Figure 55) and 

the second thorax in Experiment B (Figure 56) were measured in intact states.  
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Figure 55: Sternal flexibility of Step 2 (Intact) in Experiment A  

in flexion/extension in degree with 2 Nm pure moment. 
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Figure 56: Sternal flexibility of Step 2 (Intact) in Experiment B  

in flexion/extension in degree with 2 Nm pure moment. 
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4 Discussion 

 

The main objective of this study was to develop a new method, which allows to determine 

the influence of ribs and sternum on thoracic spinal movement. Additionally, the behavior 

of ribs and the sternum themselves during spinal movement could be investigated. To 

cover all questions, which were set up in the introduction, the design of this study has 

intended to be extensive.  

The study was conducted under accepted recommendations for in vitro testing (Wilke et 

al., 1998). Nevertheless, because of the duration of all experiments, an increase in 

flexibility is expected, due to the rising laxity, which is caused by the drying of the 

specimen. To avoid problems with the specimens, preliminary tests have already been 

made previously with a plastic thorax model (Graf 2009). 

4.1 Material and Methods 

 

4.1.1 Specimen 

For this study two human thoraces from C7-L1 were obtained. The first thorax is from an 

83 year old female specimen. As described above, gross examination and x-rays taken 

prior to the experiment showed a huge kyphosis, ostheophytes and a degenerated 

intervertebral disc, but no traumatic deformities (see 2.2 Specimens).  

For developing a new method, malformations like a humpback could be accepted. But for 

the main test series, musculoskeletal disorders should be avoided. 

Compared to existing data in the literature (Watkins et al., 2005) the thorax of the 

polysegmental Experiment A had an intense flexibility (Figure 57). The difference can 

partially be explained due to different test conditions. Watkins et al. were using a biaxial 

material testing machine, where the thorax was fixed in horizontal position, not in upright 

position. Furthermore with only one tested specimen, comments about the comparison 

between Watkins’s results and this study’s results have to be considered with caution. 
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Figure 57: Comparison to Watkins’s Range of  Motion with his  

range in lateral bending with 2 Nm loading moment. 

 

The second thorax is from a 99 year old male specimen. Gross examination showed a 

highly degenerated specimen with a huge kyphosis, ostheophytes and degenerated 

intervertebral disc (see 2.2 Specimens). To rank the specimen’s quality after the test series 

with nine different measures, the last measure Step 9B (isolated monosegmental specimen) 

was compared to unpublished internal data (Figure 58). To have an accurate performance 

of monosegmental spinal flexibility, previous tests with n=6 have been conducted for each 

spinal segment (Herkommer, 2010). To perform a comparison, three segments out of six 

were selected. 

 

Figure 58: The median Range of Motion (ROM) and Neutral Zone (NZ) 

 of monosegmental specimens in lateral bending from a former study.  

The blue points mark the ROM and NZ, which was measured in Experiment 9B (Herkommer, 2010). 
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The results show a variance of segmental motion in the entire spine. Th1/2 showed a 

higher ROM compared to the pretests. The ROM of Th5/6 at the lower edge of the range 

and the segment Th9/10 had an intensely reduced ROM.  

Nevertheless, the monosegmental specimens in Experiment B (Step 6B) behave as they did 

in the polysegmental formation (Step 2B) in Experiment A (Figure 59). Th1/2 showed a 

high deviation between the intact state and the FSU with ribs and sternal parts. As 

expected the monosegmental specimen showed a larger ROM, inter alia because of the 

polysegmental ligaments, which were dissected for the FSUs (Kettler et al., 2000). 

0° 1° 2° 3° 4° 5° 6°

Th1/2

Th5/6

Th7/8

polysegmental; Experiment A

monosegmental; Experiment B

 

Figure 59: Range of Motion in degree in comparison of the segment in the spinal complex  

to the monosegment with rib and sternal part (Th1/2, Th3/4, Th5/6), i.e. same conditions. 

 

4.1.2 Specimen preparation 

In the process of preparation all soft tissue, consisting of muscle-, connective-, and fatty 

tissues, was carefully removed. The soft tissue has no biomechanical function under in- 

vitro conditions (Panjabi et al., 1984). Furthermore, its autolysis processes, which occur 

rapidly in the soft tissue, might have adulterated the test readings. This is why Step 1 with 

intercostal muscles was tested right after the specimen preparation, to continue with a 

specimen, whose soft tissue had been completely removed. All discs, ligaments and joint 

capsules were left intact, since they also play an important role under in vitro conditions 

(Heuer et al., 2007). 

In the subsequent process of embedding the specimens into polymethylmethacrylate, the 

areas of the cranial and caudal ends encountered higher temperatures. However, the joints 

and discs were not in contact with polymethylmethacrylate, i.e. no affect upon 

biomechanical behavior can be assumed. 
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4.1.3 Flexibility measurement 

For the flexibility measurement in the spine loading simulator all specimens underwent 

pure bending moments always in the following sequences: flexion/extension, lateral 

bending to the right/left and axial rotation right/left. During this procedure all specimens 

were able to move freely into the other degrees of freedom. While specimens could 

therefore perform motion patterns as they appear under in vivo conditions, a certain main 

direction of movement was always detectable depending upon the bending moment 

applied. 

Due to similar tests by Watkins et al. (2005) the pure bending moments of 2/ 2/ 5 Nm were 

also adapted for polysegmental spinal specimens. Due to the limitations of the spine tester 

of 100° in each loading direction, it showed that a moment of 5 Nm in axial rotation is 

chosen too large. For this reason the measurement was repeated with a pure moment of  

2 Nm in axial rotation. By that the received results are not comparable to the literature 

results, but the trend also shows an increase of flexibility during the resection steps. 

The pure bending moments of +7.5 Nm and -7.5 Nm represent values that can be found 

physiologically under in vivo conditions (Wilke et al., 2001). The forces applied upon the 

specimens do not result in the damage of anatomical structures, since only three cycles of 

bending moments are necessary for the flexibility measurement. The testing speed of 1°/s 

leads to relatively slow movement of the segments. The small testing speed was important 

in order to eliminate visco-elastic effects of the specimens during the measurement 

procedure. 

 

4.1.4 Experiment duration 

Due to Wilke’s testing criteria for spinal implants (Wilke et al., 1998), special care was 

taken not to exceed the 20 h testing period, as the properties of the specimens will begin to 

change beyond the exposure. Obviously care was also taken to fulfill the other testing 

conditions, like room temperature or moisture conditions. It must be mentioned critically, 

that both experiments lasted long, so drying out had to be avoided constantly. 
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4.2 Results 

In general it can be stated that each stepwise reduction of thoracic structures results in an 

increase of ROM. However, shortening of spinal segments as in Step 3B (C7-Th10), 4B 

(C7-Th8) and 5B (C7-Th6) leads to a decreasing ROM.  

 

4.2.1 Spine Experiment A 

The results show an increasing ROM from intact to the isolated spine in each loading 

direction. The loss of flexibility from Step 1 with intercostal muscles to Step 2 in 

flexion/extension can be explained by an eight hour overnight cooling between both 

measures.  

As this was the first measurement on the following day, the specimen seemed to be  

stiffer. The next measure in lateral bending already showed an increase between Step 1  

and 2, so maybe the specimen unblocked itself during the first measurement. Probably a 

combination of both overnight cooling and unblocking leaded to an improvement of 

motion in lateral bending and axial rotation. 

Each monosegmental result measured by the Vicon showed the same trend as the 

polysegmental total movement of C7-L1, measured by the spine loading simulator. It can 

be seen that C7-Th1 had the majority in the total ROM. Due to problems in axial rotation 

with 5 Nm loading moment, it can be discussed to leave out C7 for follow up tests with 

n≥6 and only test from Th1-L1.  

In Experiment A only one specimen was tested, so only the trend can be interpreted. Each 

step leads to an improvement in ROM, for both polysegmental as well as monosegmental. 

Hence the sternum and the ribs limit the thoracic spinal motion.  

 

4.2.2 Spine Experiment B; Step 1 to Step 5B 

As assumed, an increase of movement from Step 1 (With intercostals) to Step 2 (Intact) 

can be seen in all three loading directions. This is explained because the traction of the 

intercostal muscles was eliminated, which had a special impact in extension and axial 

rotation, as well as lateral bending on the contralateral specimen side. 

The next reduction steps all showed a decrease of ROM. This is because of the downgrade 

of moving segments after each measure. 

Since the expectations were confirmed, it can be stated that reduction of segments lead to a 

decrease of motion in all three loading directions. Furthermore the tractional function of 

the intercostal muscles in biomechanical tests reduces both the ROM and the NZ. 
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4.2.3 Experiment B; Step 6B to Step 9B 

The results show an increasing ROM after each measure, just as expected. Step 6B (intact 

monosegmental specimen) to Step 9B (isolated monosegmental specimen) is comparable 

regarding the reduction steps with Step 2 (intact total thoracic spine) to Step 5A (isolated 

total thoracic spine). The same trend as in Experiment A can be seen again in all three 

loading directions. Due to having only one sample, it was not possible to compare the 

monosegmental motion of Experiment A with the global motion of Experiment B. For 

pursuing tests, it is recommended to execute both experiments with n≥6 specimen, to 

receive valuable data. 

 

4.2.4 Ribs 

As already mentioned (see 2.5.3 Ribs), only the rib rotations were recorded, the interfering 

movements of the thoracic spine were eliminated, due to the fixed reference of the 

associated vertebra. 

For the polysegmental specimen the greatest movement of the ribs can be seen around the 

z-axis, although the loading direction is flexion/extension and the corresponding axis is the 

x-axis (Figure 47 & 48). The higher flexibility, which can be seen in Step 2 (intact), results 

of the removed tracking intercostal elements.  

The monosegmental rib movement was investigated bilateral. As example of a rib with 

sternal connection, the 5
th

 rib was represented. The 9
th

 rib is exemplary for ribs without 

direct sternal connection. It can be said principally, that the highest rotation of the ribs 

occurs around their corresponding axis, except the left 9
th

 rib, which always has its  

highest movement around the x-axis. 

It is conceivable that further evaluation concerning the ribs can be done in the future, for 

example the comparison between adjacent ribs, or even rib bending. These results were not 

possible to evaluate due to the technical limits. The Nexus Software only was able to 

handle 20000 frames. With a recording frequency of 50 Hz this means only measurements 

below seven minutes can be recorded. 
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4.2.5 Sternum 

The sternum also shows its highest movement around its corresponding axis, i.e. in 

flexion/extension the highest movement is around the x-axis. However, the reference of the 

sternum is not a vertebra, but the sternum itself in the starting position.  

Own movement, which is independent of the thoracic spine could not be observed, due to 

technology limits. With a higher amount of cameras a consistently observation of the 

sternum would be possible.  

Additional motion in the manubriosternal joint was tried to measure, but no flexibility 

could be detected. The manubriosternal joints for the two specimens probably are ossified. 

For the CT-scans another thorax was used, which was not tested in this study. 
 

 

Figure 60: Experiment A, Step 1 (Intact); Coupled motion of the sternum in  

a) Neutral Position, and b) total flexion; c) Moving angle of the sternum. 

 

The sternum is not connected directly to the object, which is exerted by a loading moment, 

i.e. the thoracic spine. There are several joints between the sternum and the vertebrae. The 

only given direction is the thoracic loading direction. All the other motions result out of 

this movement. The total flexion of the spine in Experiment A at Step 1 (Intact) is 22.0°. 

At the same moment the total flexion of the sternum is 4.6°. There is a loss of flexibility, 

caused by the intervening joints, i.e. the costovertebral joints and the costosternal joints. 

This is also called coupled motion (Figure 60). 
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The coupled motion is ubiquitary in spinal movement. "Lateral flexion of the spine is 

always accompanied by some rotation" (Rasch PJ et. al., 1978). However, no in vitro 

literature could be found concerning coupled rib and sternal motion. So this part of the 

work would be a new and interesting aspect of biomechanical studies. 

4.3 Literature Review and Clinical Relevance 

Because scoliosis causes not only lung functional restriction (Smith et al., 1991), but also a 

lack in quality of life, it is important to develop new implants, methods, and strategies to 

improve the patient’s life. The previous research basically concentrated on monosegmental 

specimens, rarely on three or even more segments. The thorax was mostly left out. 

This study was conducted to create new methods of measuring the influence of the rib cage 

on monosegmental and polysegmental movement of the thoracic spine. The clinical 

relevance results of the lack of previous studies. Although there are many diseases 

concerning the thoracic spine, very view basic studies have been performed (see 1.2 State 

of research). Moreover most of the studies are insufficient, scaled by the today’s technical 

progress. To cover as much information as possible, the test setup was created voluminous. 

Considerations whether rib fractures can have an influence on thoracic spinal movement 

were discussed. But due to having a huge spread of location, numbers, and combination, 

this interesting question was rejected.  

The purpose of this study was to develop a new method. So far only a trend can be 

interpreted. Further tests with at least n≥6 specimens should be performed to validate  

exact data. In this study new ways of measuring methods were used, but to fully 

understand the thoracic spine there is still a lot of research, which needs to be done. 
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4.4 Limitations of the study 

The limitations affecting the results of this study can be categorized in two main groups. 

The first group includes all limitations concerning problems with the specimen’s 

conditions. As already mentioned, specimens with advanced degenerations and major 

kyphosis were selected for this development of a new method. Additionally the number of 

specimens with n=1 for each experiment is insufficient to receive meaningful results. To 

avoid problems with the specimens, younger specimen (age < 60 years) with no 

macroscopic degeneration or other injuries and furthermore for comparable results a 

number of n≥6 specimens for each experiment should be used. There should be at least a  

x-ray control to exclude fractures, malpositions or other orthopedic diseases. 

The second group concerns the technical limitations. As already mentioned, six cameras 

are not sufficient to cover a 360° view of the thorax. There are too many markers 

necessary, to cover each motion. To solve this problem, only the right side of the thorax 

was equipped with markers, assuming that both sides behave equally. But as it can be seen 

in monosegmental rib movement (see 3.4.2 Rib Movement of the monosegmental 

specimen), a symmetric behavior of the specimens can only be assumed approximately. A 

further restriction of the study is the design of the handmade markers. Sphere plastic balls 

were pasted with stripes of a self-reflecting film. Thereby an exact rounding of the ball is 

not given. To achieve a good signal of the emitted light, the quality of reflexion of the 

markers is important, which also is influenced by possible contamination of the markers 

with blood, sodium chloride fluid, perspiration of the investigators or other fluids excreted 

by the tissue. Moreover the surrounding metal bars, which are components of the spine 

loading simulator, also change the signal of the reflecting markers.  

These facts and the technical limitations of the Vicon Motion System lead to technical 

noises, which blurs the exact three dimensional positions of the markers. 

To avoid technical problems, an adequate amount with at least eight cameras (better would 

be twelve cameras) and additionally perfectly round sphere markers with a uniform 

reflection should be used. 
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4.5 Conclusions 

The following conclusions are drawn by experiments with only one specimen each. They 

should be seen more as a trend than as results. For more meaningful conclusions, a test 

series with at least n≥6 specimens each has to be conducted. But generally speaking, the 

elaborated method is appropriate for measuring the thoracic flexibility, and also the 

influence of ribs and sternum. Returning to the question posed in the introduction, the 

following conclusions can be stated within the experimental setup: 

 

1) The limiting effect of the ribs and the sternum on monosegmental flexibility in 

flexion/extension, lateral bending as well as axial rotation can be quantified by 

this method.  

2) With the developed testing method, the limiting effect of the thorax also can be 

quantified for polysegmental movements. 

3) The ribs showed their largest rotation around their corresponding axis, but also 

had coupled rotation around the other axes. The sternum also shows its largest 

movement around the corresponding axis. This means, in flexion/extension of 

the thoracic spine, the highest flexibility can be seen around the x-axis. Thus 

this method is suited to record the motion of the ribs and sternum with respect 

to the spine. 

4) It also can be quantified, how monosegments in FSU behave in comparison to 

monosegments in a polysegmental unit under the same bending moments for 

the different specimen. 
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5 Summary 

 

Little is known about the biomechanics of the thoracic spine. This makes it difficult to 

interpret pathophysiological or traumatic events, such as scoliosis or vertebral fractures. 

Biomechanical in-vitro-experiments are usually conducted with isolated thoracic spine 

specimens. This compromise is reasonable for the cervical and lumbar spine. However for 

the thoracic spine the thorax performs a stabilizing and thereby limiting effect on thoracic 

spine flexibility. Knowledge about the interaction between the thoracic spine and the 

different components of the chest are a prerequisite for the development of new strategies 

for the treatment thoracic spine injuries. 

The main objective of this study was to develop a new method of measuring the influence 

of the ribs and sternum on thoracic spinal movement. Therefore two polysegmental 

specimens from the seventh cervical vertebra (C7) to the first lumbar vertebra (L1) were 

obtained for the experiments. The thoraces were equipped with self-reflecting sphere 

markers and then fixed in the spine loading simulator. The global range of motion (ROM) 

was measured with the spinal loading simulator. Relative movements between subordinate 

structures like adjacent vertebrae were recorded with the Vicon Motion Tracking System. 

To detect the monosegmental as well as polysegmental motions, two different experiments 

were obtained.  

The first experiment measures the global spine movement, beginning with a polysegmental 

specimen (C7-L1) with ribs and sternum. By stepwise reduction of these anatomical 

structures, the influence of the structures could be measured. The ROM increased in all 

three loading directions after each stepwise reduction. The monosegmental movement 

measured with the Vicon Motion Tracking System showed the same trend as the global 

movement of the spine. 

With the second experiment the monosegmental motions were investigated. The specimen 

was divided in functional spinal units (FSUs), leaving the corresponding rib pairs and if 

existing a sternal part. The same stepwise reductions as in the first experiment were 

conducted. The same trend as in the first experiment can be seen, the ROM for the FSUs 

increased after each reduction step. 

To summarize the main states of this study, the sternum and ribs do have a limiting and 

thus likely stabilizing effect on thoracic spinal movement. Moreover, a new method was 

developed on which the proper motion of each rib can be measured, as well as the sternal 

motion. 
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Allen anderen Mitarbeitern im UFB danke ich vor allem für die tolle Atmosphäre im Haus 

und die exzellenten wissenschaftlichen Diskussionen, vor allem an den Morgen- und 

Nachmittagsbesprechungen. 

Außerdem danke ich all meinen Freunden, die mich jeder auf seine Weise auch unterstützt 

haben. Super von Euch! 

Zum Schluss möchte ich mich bei meiner Familie und meinen Freunden bedanken, ohne 

die ich nicht studieren könnte und die mir viel bei der Korrektur und didaktischen Form 

der Arbeit geholfen haben.  

 

Danke an Euch alle! 
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Ulm, 06.06.2013 

         _________________________ 

          Konrad Appelt  


