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ABSTRACT
Introduction: Several techniques for pedicle screw placement have been described including freehand techniques, fluoroscopy assisted, 
computed tomography (CT) guidance, and robotics. Image‑guided surgery offers the potential to combine the benefits of CT guidance without 
the added radiation. This study investigated the ability of a neural network to place lumbar pedicle screws with the correct length, diameter, and 
angulation autonomously within radiographs without the need for human involvement.

Materials and Methods: The neural network was trained using a machine learning process. The method combines the previously 
reported autonomous spine segmentation solution with a landmark localization solution. The pedicle screw placement was evaluated using the 
Zdichavsky, Ravi, and Gertzbein grading systems.

Results: In total, the program placed 208 pedicle screws between the L1 and S1 spinal levels. Of the 208 placed pedicle screws, 208 (100%) had 
a Zdichavsky Score 1A, 206 (99.0%) of all screws were Ravi Grade 1, and Gertzbein Grade A indicating no breech. The final two screws (1.0%) 
had a Ravi score of 2 (<2 mm breech) and a Gertzbein grade of B (<2 mm breech).

Conclusion: The results of this experiment can be combined with an image‑guided platform to provide an efficient and highly effective 
method of placing pedicle screws during spinal stabilization surgery.

Keywords: Augmented reality, computed tomography radiography, fusion, lumbar spine, machine learning, pedicle 
placement

INTRODUCTION

Pedicle screw fixation has become a widespread technique 
for spinal instrumentation since first described by 
Roy‑Camille.[1] Fusion is often performed in conjunction with 
pedicle screw instrumentation to achieve rigid stability that 
enables a higher successful fusion rate than uninstrumented 
fusion.[2] However, pedicle screw placement has risks of 
neurological complications, dural tears, vascular injuries, 
and loss of fixation with erroneous starting points and 
trajectories.[3,4]

Several techniques for pedicle screw placement have been 
described including freehand techniques, fluoroscopy 
assisted, computed tomography (CT) guidance, and 
robotics.[5‑7] The CT‑guided technique has been associated 
with higher accuracy and less radiation exposure to the 

surgeon than the freehand technique; however, this process 
requires increased preoperative planning, operative time, 
and added radiation exposure to the patient.[8‑10] Further, 
robotic pedicle screw placement has the appeal of assisting 
with minimally invasive techniques and increased accuracy 
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but is prone to catastrophic complications with registration 
errors and patient repositioning mid procedure.[11,12]

No singular method has been able to combine the 
increased accuracy of image‑guided surgery with the 
decreased preoperative planning time associated with the 
freehand technique. Incorporation of a neural network into 
image‑guided and robotic screw placement has the potential 
to significantly reduce preoperative planning time, decrease 
operative time, and reduce the use of intraoperative imaging. 
Neural networks have already been used to autonomously 
identify and label anatomical landmarks and pedicle screw 
starting points on lumbar spine CT scans.[13,14] Correct pedicle 
screw length, diameter, trajectory, and angulation could be 
calculated instantly from preoperative or intraoperative CT 
scans in real time and coupled to intraoperative imaging 
platforms result in optimal implant selection (possibly 
reducing implant pullout and failure); increased placement 
accuracy, reduce change of neurovascular complications, 
all while reducing planning time and cognitive load for the 
surgeon. The purpose of this study is to evaluate the accuracy 
of planned pedicle screw placement by a neural network on 
lumbosacral spine of CT scans without human supervision.

MATERIALS AND METHODS

The autonomous pedicle screw planner (Surgalign Spine 
Technologies, Chicago, IL, USA) uses machine learning 
techniques to determine the proper pedicle screw position, 
orientation, length, and diameter. This technique is outlined 
in Figure 1. The method combines the previously reported 
autonomous spine segmentation solution with a landmark 
localization solution [Figure 2], in a multistep process developed 
to determine a proper medical device placement.[13] The 
autonomous spine segmentation results are used for defining 
the consequent volumetric regions of interest subjected to 
further analysis. The obtained information about the spine 
anatomical structure is combined with the CT data [Figure 3a] 
to provide a better understanding of the problem. The result is 
passed to a convolutional neural network trained in localizing 
characteristic landmarks. The identified landmarks are afterward 
used for determining the proper position, orientation, and 
length of the pedicle screw. The diameter of the pedicle screw 
is derived from the autonomous spine segmentation results, 
providing a final pedicle screw definition [Figure 3b]. The 
method was trained and validated on both preoperative and 
intraoperative CT images, to allow high‑quality preoperative 
surgery planning and intraoperative guidance.

The neural network’s placement of pedicle screws was 
graded according to the Ravi, Gertzbein, and Zdichavsky 

grading systems.[15‑17] Average grade of the pedicle 
placement for each of the scales was calculated and 
reported. Screw length, width, and insertion angle were 
calculated for each lumbosacral segment and reported 
as averages. Final data were reported as averages with 
95% confidence intervals. The angle measurements were 
determined in the slicer interface manually, and the screw 
length and diameter were generated from the machine 
learning program directly.

Figure 1: An outline of the machine learning process used to train the 
neural network which placed pedicle screws on the computed tomography 
radiographs

Figure 2: Demonstrates output of semantic spinal segmentation. The 
original axial computed tomography scan (a) is segmented and labeled by 
the convolutional neural network into color coded regions representative 
of the underlying anatomical spinal components (b)

ba

Figure 3: The Digital Imaging and Communications in Medicine radiograph 
showing the original computed tomography image (a) and the same 
computed tomography scan with the virtual pedicle screws placed (b)

ba
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RESULTS

In total, twenty individual patient CT scans with 
computer‑generated pedicle screw placements were 
investigated. Of the 208 placed pedicle screws, 208 (100%) 
had a Zdichavsky Score 1A, 206 (99.0%) of all screws were 
Ravi Grade 1, and Gertzbein Grade A indicating no breech. 
The final two screws (1.0%) had a Ravi score of 2 (<2 mm 
breech) and a Gertzbein grade of B (<2 mm breech). This 
grading is outlined in Table 1. At each spinal level, an average 
pedicle screw angle, average screw length, and average 
screw diameter were collected and these measurements are 
outlined in Table 2.

DISCUSSION

The use of a machine learning system has proven to be 
highly accurate at automatically segmenting lumbar vertebral 
anatomy for landmark identification.[13] In the current 
study, the same machine learning system planned pedicle 
screw placement with a high degree of accuracy with only 
2/208 Grade 2 pedicle breaches in the Ravi and Gertzbein 
classifications. However, the clinical ramifications of these 
pedicle breeches are likely to be clinically irrelevant.[18] 

Furthermore, the advantage of machine learning applications 
is that such breaches can be used as examples for the 
computer during subsequent neural network training and 
development to ensure higher accuracy rates in future 
software versions.

Image guidance in spine surgery increases the accuracy of 
pedicle screws and potentially decreases implant‑related 
complications.[19‑21] However, some of the difficulties of 
image guided surgery include additional training for 
operating room staff and increased planning time in the 
preoperative phase. The current study demonstrated that 
it is feasible to develop a neural network with the ability 
to plan pedicle screw placement with the correct starting 
point, transverse trajectory, screw length, and diameter 
autonomously. The calculated trajectories were consistent 
with previous studies describing pedicle morphology of the 
lumbosacral spine.[22‑24] Further applications of this software 
could eliminate preoperative planning time, increase implant 
placement accuracy, and decrease operative time.

Machine learning algorithms for pedicle screw placement 
have been described by other authors with a similar 
high degree of accuracy. Automatic segmentation with 
cone‑beam segmentation in a cadaver model by Burström 
et al. demonstrated a 95.4% accuracy with pedicle screw 
planning.[25] However, this accuracy was reduced when to 
86.1% when there was inclusion of spinal deformity. In the 
current study, only instances where the pedicle diameter was 
smaller than the smallest commercially available pedicle did 
the program fail to place the pedicle screws entirely within 
the pedicle or with the correct angulation. Abnormally small 
pedicles are frequently encountered in deformity surgery, 
especially on the concave side of scoliotic curves.[26] This 
could prevent neurologic injury by giving the surgeon 
alternative fixation options, such as sublaminar bands or 
transverse process hooks.[27,28] This is in accordance with the 
current literature that showed that an automated method 
could place pedicle screws within 1 mm of the expert 
reference.[16] Currently, the technology is available to match 
the pedicle screw diameter to the pedicle isthmus with high 

Table 2: A summary of the pedicle screw length, angle, and diameter

Spinal level Average screw 
angle (range) (°)

95% CI (°) Average screw 
length (mm) (range)

95% CI Average screw 
diameter (mm) (range)

95% CI

L1 21.3 (13.4‑27.7) 19.8‑22.9 45.2 (35‑55) 42.7‑47.8 5.5 (4.5‑7.5) 5.1‑5.9
L2 21.3 (16.2‑27.7) 20.4‑22.2 46.8 (40‑55) 45.0‑48.5 5.3 (4.5‑6.5) 5.1‑5.6
L3 23.4 (16.2‑29.9) 22.6‑24.3 46.6 (40‑55) 45.2‑48.0 5.9 (4.5‑8.5) 5.5‑6.2
L4 26.6 (20.3‑36.6) 25.7‑27.5 45.3 (35‑50) 43.9‑46.5 5.8 (4.5‑7.5) 5.5‑6.1
L5 34.1 (23.1‑43.9) 32.6‑35.6 45.3 (35‑55) 43.8‑46.7 6.7 (4.5‑9.5) 6.2‑7.2
S1 36.3 (23.6‑45.6) 34.6‑37.9 46.8 (35‑55) 45.4‑48.3 7.8 (4.5‑9.5) 7.4‑8.2
CI – Confidence interval

Table 1: A summary of the pedicle screw grades

Grade Number of pedicle screws
Ravi grade

Grade 1 206
Grade 2 2
Grade 3 0
Grade 4 0

Gertzbein grade
A 206
B 2
C 0
D 0

Zdichavsky score
IA 208
IB 0
II A/B 0
III A/B 0
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accuracy ensuring a proper fit.[29] The surgeon has the ability 
to control the percentage of pedicle fill depending on patient 
age, bone density characteristics, or the presence of prior 
instrumentation.

There were several limitations to the current study. The 
pedicle screws were only planned on the lumbar and sacral 
levels. Further experimentation should be done to assess the 
accuracy of screw placement at the thoracic and cervical levels 
on the spine. Integration of these annotated images into an 
image projection device is needed to assess how the pedicle 
screw placement information would be accessible to the 
surgeon during the procedure. Further analysis should be done 
to see if the high levels of accuracy found in this experiment 
are maintained in analysis of various spinal pathologies.

This machine learning algorithm offers increased versatility 
when combined with previous neural networks that 
autonomously identify vertebral body anatomy and 
dimensions.[13] Future studies should investigate how these 
two networks would work cooperatively. This combination 
has the potential to accurately place pedicle screws along a 
wide array of vertebral anatomy and pathologies.

CONCLUSION

Accurate pedicle screw placement is a critical element 
of success for spinal surgery. High accuracy prevents 
complications of spinal canal encroachment leading to 
neurologic complications, dural tears, and vascular injuries 
and ensures high strength of fusion following these 
procedures. Image‑guided surgery has proven to be effective 
in increasing the accuracy of pedicle screw placement. This 
study has shown that a neural network can potentially 
minimize the preoperative time previously needed for 
image‑guided surgery while maintaining a high accuracy in 
the measurements to be used during the procedure. To our 
knowledge, this is the first study to validate neural network 
accuracy for placing pedicle screws in a CT spine model. 
The results of this experiment can be combined with an 
image‑guided platform to provide an efficient and highly 
effective method of placing pedicle screws during spinal 
stabilization surgery.

Financial support and sponsorship
This study was financially supported by Holo Surgical Inc.

Conflicts of interest
The following authors declare the following financial interests/ 
personal relationships which may be considered as potential 
competing interests: Dr. Siemionow – Holosurgical Inc.; Dr. 
Luciano – Holosurgical Inc.; and Dr. Gawel – Holosurgical Inc.

REFERENCES

1. Roy‑Camille R, Roy‑Camille M, Demeulenaere C. Osteosynthesis of 
dorsal, lumbar, and lumbosacral spine with metallic plates screwed into 
vertebral pedicles and articular apophyses. Presse Med 1970;78:1447‑8.

2. Fischgrund JS, Mackay M, Herkowitz HN, Brower R, Montgomery DM, 
Kurz LT. 1997 Volvo Award winner in clinical studies. Degenerative 
lumbar spondylolisthesis with spinal stenosis: A prospective, randomized 
study comparing decompressive laminectomy and arthrodesis with and 
without spinal instrumentation. Spine (Phila Pa 1976) 1997;22:2807‑12.

3. Hicks JM, Singla A, Shen FH, Arlet V. Complications of pedicle screw 
fixation in scoliosis surgery: A systematic review. Spine (Phila Pa 1976) 
2010;35:465‑70.

4. Vaccaro AR, Garfin SR. Pedicle‑screw fixation in the lumbar spine. 
J Am Acad Orthop Surg 1995;3:263‑74.

5. Puvanesarajah V, Liauw JA, Lo SF, Lina IA, Witham TF. Techniques 
and accuracy of thoracolumbar pedicle screw placement. World J Orthop 
2014;5:112‑23.

6. D’Souza M, Gendreau J, Feng A, Kim LH, Ho AL, Veeravagu A. 
Robotic‑assisted spine surgery: History, efficacy, cost, and future trends. 
Robot Surg 2019;6:9‑23.

7. Kumar DS, Ampar N, Lim LW. Accuracy and reliability of spinal 
navigation: An analysis of over 1000 pedicle screws. J Orthop 
2019;18:197‑203.

8. Farshad M, Betz M, Farshad‑Amacker NA, Moser M. Accuracy 
of patient‑specific template‑guided vs. free‑hand fluoroscopically 
controlled pedicle screw placement in the thoracic and lumbar spine: 
A randomized cadaveric study. Eur Spine J 2017;26:738‑49.

9. Pan Y, Lü GH, Kuang L, Wang B. Accuracy of thoracic pedicle screw 
placement in adolescent patients with severe spinal deformities: 
A retrospective study comparing drill guide template with free‑hand 
technique. Eur Spine J 2018;27:319‑26.

10. Karapinar L, Erel N, Ozturk H, Altay T, Kaya A. Pedicle screw placement 
with a free hand technique in thoracolumbar spine: Is it safe? J Spinal 
Disord Tech 2008;21:63‑7.

11. Zhang JN, Fan Y, Hao DJ. Risk factors for robot‑assisted spinal pedicle 
screw malposition. Sci Rep 2019;9:3025.

12. Peterson A, Ngai LK, Burbridge MA. Intraoperative Kirschner wire 
migration during robotic minimally invasive spine surgery. Case Rep 
Anesthesiol 2019;2019:9581285.

13. Siemionow K, Luciano C, Forsthoefel C, Aydogmus S. Autonomous 
image segmentation and identification of anatomical landmarks 
from lumbar spine intraoperative computed tomography scans using 
machine learning: A validation study. J Craniovertebr Junction Spine 
2020;11:99‑103.

14. Siemionow K, Katchko K, Lewicki P, Luciano C. Augmented reality 
and artificial intelligence‑assisted surgical navigation: Technique and 
cadaveric feasibility study. J Craniovertebr Junction Spine 2020;11:81‑5.

15. Gertzbein SD, Robbins SE. Accuracy of pedicular screw placement 
in vivo. Spine (Phila Pa 1976) 1990;15:11‑4.

16. Zdichavsky M, Blauth M, Knop C, Lotz J, Krettek C, Bastian L. 
Accuracy of pedicle screw placement in thoracic spine fractures. Eur J 
Trauma 2004;30:241‑7.

17. Ravi B, Zahrai A, Rampersaud R. Clinical accuracy of computer‑assisted 
two‑dimensional fluoroscopy for the percutaneous placement of 
lumbosacral pedicle screws. Spine (Phila Pa 1976) 2011;36:84‑91.

18. Youkilis AS, Quint DJ, McGillicuddy JE, Papadopoulos SM. Stereotactic 
navigation for placement of pedicle screws in the thoracic spine. 
Neurosurgery 2001;48:771‑8; discussion 778‑9.

19. Richter M, Cakir B, Schmidt R. Cervical pedicle screws: Conventional 
versus computer‑assisted placement of cannulated screws. Spine (Phila 
Pa 1976) 2005;30:2280‑7.

20. Yang JS, He B, Tian F, Liu TJ, Liu P, Zhang JN, et al. Accuracy of 
robot‑assisted percutaneous pedicle screw placement for treatment of 



Siemionow, et al.: Lumbar pedicle screw placement machine learning

227Journal of Craniovertebral Junction and Spine / Volume 12 / Issue 3 / July‑September 2021

lumbar spondylolisthesis: A comparative cohort study. Med Sci Monit 
2019;25:2479‑87.

21. Ahmed AK, Zygourakis CC, Kalb S, Zhu AM, Molina CA, Jiang B, et al. 
First spine surgery utilizing real‑time image‑guided robotic assistance. 
Comput Assist Surg (Abingdon) 2019;24:13‑7.

22. Zindrick MR, Wiltse LL, Doornik A, Widell EH, Knight GW, 
Patwardhan AG, et al. Analysis of the morphometric characteristics of 
the thoracic and lumbar pedicles. Spine (Phila Pa 1976) 1987;12:160‑6.

23. Chadha M, Balain B, Maini L, Dhaon BK. Pedicle morphology of 
the lower thoracic, lumbar, and S1 vertebrae: An Indian perspective. 
Spine (Phila Pa 1976) 2003;28:744‑9.

24. Müller A, Gall C, März U, Reulen HJ. A keyhole approach for 
endoscopically assisted pedicle screw fixation in lumbar spine instability. 
Neurosurgery 2000;47:85‑95; discussion 95‑6.

25. Burström G, Buerger C, Hoppenbrouwers J, Nachabe R, Lorenz C, 
Babic D, et al. Machine learning for automated 3‑dimensional 

segmentation of the spine and suggested placement of pedicle screws 
based on intraoperative cone‑beam computer tomography. J Neurosurg 
Spine 2019;31:147‑54.

26. Davis C, Grant C, Pearcy M, Akskin G, Labrom R, Izatt M. Is there 
asymmetry between the concave and convex pedicles in adolescent 
idiopathic scoliosis? A CT investigation. Clin Orthop Relat Res 
2017;475:884‑93.

27. Albert MC, LaFleur BC. Hybrid fixation with sublaminar polyester bands 
in the treatment of neuromuscular scoliosis: A comparative analysis. 
J Pediatr Orthop 2015;35:172‑7.

28. Senaran H, Shah SA, Gabos PG, Littleton AG, Neiss G, Guille JT. 
Difficult thoracic pedicle screw placement in adolescent idiopathic 
scoliosis. J Spinal Disord Tech 2008;21:187‑91.

29. Bianco RJ, Arnoux PJ, Wagnac E, Mac‑Thiong JM, Aubin CÉ. Minimizing 
pedicle screw pullout risks: A detailed biomechanical analysis of screw 
design and placement. Clin Spine Surg 2017;30:E226‑32.


