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Project Summary 

 

Scoliosis is a three-dimensional deformity of the spine and trunk. Surgical intervention 

is often necessary for patients with severe curvatures. During these procedures, pedicle 

screws are inserted in the vertebrae and forces are applied to these screws to correctly 

align the spine. Forces are generally either laterally or medially directed onto the 

proximal exposed end of the screws. It is currently unknown how the peak forces that 

can be applied relate to the bone mineral density of the vertebrae. Literature is also 

inconclusive in regards to differences in peak forces from lateral versus medial loading. 

A biologically accurate fixation device has been utilized to mechanically test non-

osteoporotic cadaveric vertebrae in these two loading directions. The peak failure forces 

were analyzed in separate medial and lateral groups and were correlated to bone 

mineral density. 
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Background 

 

Idiopathic scoliosis is a three-dimensional 

deformity of the spine and trunk with an 

unknown cause. In addition to an abnormal 

side-to-side curvature, there is often a rotation of 

the vertebral structures which in turn rotates the 

entire rib cage. For patients with a side-to-side 

curvature of greater than 40 degrees, surgical 

intervention is often necessary. Curves of this 

magnitude can cause extreme pain and 

discomfort, as well as respiratory and cardiac 

conditions due to the deformed thoracic cavity. 

The most common surgery used involves 

placing screws into the pedicles of each vertebra 

in the curve, applying forces to the screws to 

derotate the spine, and then connecting the 

screws with rods to sustain the new alignment. 

Figure 1 shows posterior radiographs of an 

individual who underwent scoliosis correction 

surgery. Figure 2 is a picture taken during a scoliosis procedure to illustrate how pedicle 

screws are linked to the instruments in which medial or lateral force is applied. 

 

If pedicle screws loosen during or after the procedure, this can lead to serious 

complications and additional corrective surgeries. The correlation between bone 

mineral density (BMD) of the vertebrae and the force required to cause screw 

displacement is yet to be determined. Previous groups have observed a correlation 

between BMD and pullout strength, but these results may not directly relate to 

displacement from medial or lateral loading.5 Zindrick et al studied loosening 

mechanisms via toggling screws in the medial-lateral direction but were unable to 

obtain a consistent trend for the loosening-density relationship.3 Work has been done by 

several other groups to study how fixation systems or direction of loading may alter the 

peak medial or lateral forces, however, these studies were performed on specimens 

with mean ages of around 70 and bone that is considered osteoporotic.1,2 Scoliosis 

Figure 1. Pre-operative (Left) and post-

operative (Right) radiograph of a scoliosis 

patient. (http://www.espine.com/scoliosis-

research.gif) 
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procedures are mostly performed on adolescent patients with very healthy BMD values. 

In addition, vertebra fixation in previous studies remains questionable and may have 

altered the experimental results. 

 

Figure 2. Photograph taken during an actual scoliosis correction surgery. 

 

Objectives 

 

The purpose of this study was to relate the medial and lateral failure forces to the bone 

mineral density of that specific vertebra, and to also determine any force differences 

depending on which direction a screw is loaded. A unique and more biologically 

accurate vertebra fixation system was be utilized. 

 

Materials and Methods 

 

Thoracic spinal segments were obtained from five cadaveric specimens with a collective 

average age of 42 years. All tissues were acquired from the University of Minnesota 

Bequest Program. Each vertebra was disarticulated from the inferior and superior 

vertebrae and the remaining intervertebral disc tissue was removed from the end plates, 
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to aid in pedicle visibility and gripping of the vertebrae for testing. Twenty one healthy 

vertebrae were collected ranging from levels T1-T12 and the BMD of each was 

determined using dual-energy x-ray absorptiometry (DEXA) (Veterinary School, 

University of Minnesota, St. Paul, MN). 

 

A modified vise was used to secure each 

vertebra for screw insertion and for 

mechanical testing. One jaw of the vise 

was able to pivot to account for differences 

in angles between the vertebra end plates 

and a wire mesh was added to the plates 

of the vise to increase grip on the vertebra 

end plates and inhibit rotation. Figure 3 

shows a dissected vertebra being held in 

the vise for screw insertion. The mesh is 

not present in this picture. 

 

Uniaxial pedicle screws were obtained from a local medical device company 

(Medtronic, Minneapolis, MN) a length of 40mm and diameters of 4.5mm, 5.5mm, 

6.5mm, and 7.5mm. Pedicles were 

measured by a single orthopaedic 

surgeon and screw size was selected 

based on best clinical judgment. One 

vertebra at a time was secured in the 

vise for screw insertion as seen in 

Figure 3. First, a Lenke probe was used 

to prepare a path for the screw tap, 

and then a ball tipped probe was used 

to check for breaches in the hollowed 

pedicle. A tap was used to prepare a 

threaded screw path with a diameter 

approximately 1.5-2mm less than the 

selected pedicle screw diameter. 

Screws were inserted by two orthopaedic surgeons (one per each side) and the sides 

Figure 3. Vise to immobilize a vertebra for screw 

insertion. Note: mesh is not present but was utilized. 

Figure 4. Orthopaedic surgeon inserting a screw using the 

torque transducer. Note: mesh can be seen in this image. 
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were randomized each time. A screwdriver was connected to a torque driver which 

measured the insertional torque of placing the screw into the vertebra (see Figure 4). 

Torque data was transmitted from the driver through an amplifier to a computer 

running Labview software data collection. Data collection was started and stopped 

manually during the screw insertion procedure. Figure 5 shows what a single vertebra 

looked like prior to and post screw insertion. 

 
Figure 5. Vertebra appearance pre (Left) and post (Right) screw insertion. 

 

After all screws were inserted, specimens were frozen until mechanical testing could be 

done on a later date. 

 

An Instron testing system and Bluehill testing software (MBRL, University of 

Minnesota, Minneapolis, MN) were utilized for mechanical testing. The same vise that 

was used for screw insertion was secured to the Instron testing platform. A method for 

testing and fixation was determined separately for loading in the medial direction and 

loading in the lateral direction. A medial loading force was defined as a force on the 

proximal end of the screw towards the spinous process and a lateral loading force was 

defined as a force on the proximal end of the screw away from the spinous process. For 

medial loading, a vertebra was clamped into the side of the vise with the screw of 

interest superior to the other screw in the specimen. The Instron arm then moved 

straight down and pushed on the screw until failure occurred. The same clamping 

method was used for lateral loading, but the Instron arm pulled up on the screw until 

failure occurred. Figure 6 shows an example of a screw being loaded laterally. Direction 

of loading for each pedicle screw was randomly assigned, and the order of testing (right 

or left first) was also randomly assigned. 
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Failure force data was pooled 

into two groups: failures due to 

medial loading and failures due 

to lateral loading. Plots were 

made for each group versus 

BMD and trend lines and 

correlation coefficients were 

determined. Each group was 

compared with a Student’s t-

test to determine if the two 

populations were similar. In 

addition, screw 

diameter/pedicle diameter 

ratios were determined for the two groups and also plotted with failures. Trend lines 

and correlation coefficients were determined and a t-test was also run. 

 

Results 

 

All but two pedicle screws were successfully placed into the vertebrae; two screw 

insertions resulted in lateral breaches. The average bone mineral density of the 21 

vertebrae, as determined by the DEXA scans, was 0.947 ± 0.247 g/cm3 indicating healthy, 

non-osteoporotic bone. When analyzing the ratio between pedicle screw diameter and 

pedicle diameter, the average was found to be 0.7±0.1. A ratio of 0.8 was determined as 

ideal by Misenhimer et al (reported as a screw occupying 80% of the pedicle diameter)7 

and the 0.7±0.1 average was considered appropriate given variation in surgical 

technique and/or clinical judgment during screw insertion. 

 

The average failure force for screws loaded with medial and lateral forces were 361.5 ± 

106.4N and 875.0 ± 271.5N, respectively and the two populations were determined to be 

different to a statistically significant degree (p < 0.05). The two screw insertions that 

resulted in a lateral wall breach were both randomly assigned to be loaded medially 

and were included in the data set. There exists a likelihood that these screws would fail 

at a lower load, but the two data points did not decrease the average failure force to a 

Figure 6. Right pedicle screw loaded laterally. 
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statistically significant degree (p < 0.05). Examples of failure due to lateral loading and 

medial loading can be seen in Figure 7. 

  
Figure 7. A right pedicle screw failed due to a lateral load (Left) and a different right pedicle screw failed due to a 

medial load(Right). 

 

A positive correlation was seen between the bone mineral density and the failure force 

for both medially (Figure 8) and laterally (Figure 9) applied forces with correlation 

coefficients of 0.585 and 0.857, respectively.  

 

 
Figure 8. Relationship between bone mineral density and screw failures during medially applied loads. 
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Figure 9. Relationship between bone mineral density and screw failures during laterally applied loads. 

 

In contrast, negative correlations were observed between the screw-pedicle ratio and 

medially and laterally applied forces (Figures 10 and 11, respectively). The correlation 

coefficient for medially applied loads was 0.256 and 0.0333 for laterally applied loads. 

 

 
Figure 10. Relationship between screw-pedicle ratio and screw failures during medially applied loads. 
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Figure 11. Relationship between screw-pedicle ratio and screw failures during laterally applied loads. 

 

As indicated by the average failure forces, the failure forces for medial loading were 

513.5N less than those for lateral loading. Figures 12 and 13 show force displacement 

curves for medially loaded screws and Figures 14 and 15 show force displacement 

curves for laterally loaded screws. 

 

 

Figure 12. Force-displacement curve for medially applied load to the right pedicle of a T9 specimen. 
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Figure 13. Force-displacement curve for medially applied load to the right pedicle of a T10 specimen. 

 

 
Figure 14. Force-displacement curve for laterally applied load to the left pedicle of a T9 specimen. 
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Figure 15. Force-displacement curve for laterally applied load to the left pedicle of a T10 specimen. 

 

Discussion 

 

The data shows a marked difference in the forces that can be applied to pedicle screws 

in the medial versus lateral direction. The average failure force from lateral loading was 

875.0 N and the average from medial loading was 361.5 N; the two populations were 

proven to be statistically different by a Student’s t-test. Screw breaches during 

mechanical testing always occurred on the lateral sides of the vertebrae and no laterally 

loaded pedicle screws ever rotated to breach the vertebral foramen. Instead, screws 

ruptured the pedicle completely off of the vertebra. As expected for medially loaded 

screws, the screw tip rotated outward and breached the lateral wall of the body. These 

forced failures were possible due to the unique design of the vertebral fixation device 

used in this study in that it allowed screws to break outside the body of the vertebrae. 

Parent et al performed a study to determine if there was a difference between medial 

and lateral failure moments, but the vertebral bodies were rigidly anchored in a cement-

like system so that the sides of the vertebrae were enclosed. This did not allow pedicle 

screws to breach the sides of the vertebrae, thus leading to inconclusive results. 
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In addition to providing a relationship between bone mineral density and the forces 

applied to the pedicle screws, the data also highlights the difference between medial 

and lateral failure loads. Both aspects are important to consider because they could 

potentially lead to modification of surgical techniques to more efficiently perform the 

surgery and prevent screw loosening. Perhaps fewer screws could be used on one side 

of the scoliotic curve to minimize operation time, x-ray exposure, reduce tissue damage, 

and shorten recovery time. 

 

Failure force versus BMD plots successfully showed a relationship between bone 

mineral density and the peak load that can be applied to a pedicle screw. The following 

relationship was determined for calculating the peak force during lateral loading: 

 

 
 

The following relationship was determined for calculating the peak force during lateral 

loading: 

 
 

These relationships represent the 

averages of each data set. The actual 

force may be ± 271.50 N for lateral 

loading and ± 106.37 N for medial 

loading. Correlation coefficients were 

fairly strong; R2 = 0.857 for lateral 

loading failures and R2 = 0.585 for 

medial loading failures. It is possible 

that screw placement is more critical 

when medial loads are applied because 

there is much less vertebral body bone 

to move through to break out of the 

side (Figure 16). Small changes in the 

position of the screw can decrease the 

distance from the distal screw tip to 

the lateral side of the vertebrae. On the other hand, small changes in the placement of 

Figure 16. Example of a pedicle screw breaching the 

vertebral wall due to medial loading. 
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screws to be loaded laterally may not make as big of a difference because there is still an 

entire vertebral body for the screw to try to move through. 

 

Conclusions and Future Decisions 

 

In summary, a significant difference was found between the peak medial and lateral 

loads required to derotate pedicle screws. Surgical techniques and amount of screws 

used should be reconsidered with respect to this finding. In addition, a relationship was 

found between bone mineral density and peak medial and lateral loads. These 

relationships can be used to predict the maximum force that can be applied to a 

vertebra with known BMD. Further research with a larger number of non-osteoporotic 

vertebrae should be done in hopes of finding stronger correlation coefficients. 
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