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ABSTRACT: Background: Advancements in intraoperative imaging techniques have revolutionized spine surgery by 

enhancing surgical precision, reducing complications, and improving patient outcomes. Objective: To evaluate the 

impact of advanced intraoperative imaging techniques on surgical precision and patient outcomes in spine procedures, 

with a focus on real-time imaging integration. Methods: This prospective study included 188 patients who underwent 

spine surgery at the Department of Neurology and Clinical Neurosciences, Northwestern University Feinberg School of 

Medicine, from January 2022 to June 2023. The patients were divided into two groups: one using traditional fluoroscopy 

and the other using advanced intraoperative imaging systems (CT, MRI, and AR navigation). Surgical precision was 

assessed by evaluating the placement of spinal instrumentation and intraoperative complications. Statistical analysis 

included t-tests for comparison between groups, with significance set at p<0.05. Standard deviation (SD) was used to 

measure variability in outcomes. Results: The group using advanced imaging techniques showed a 35% improvement 

in the accuracy of spinal instrumentation placement (p-value=0.03). The complication rate in the advanced imaging 

group decreased by 27%, with a 23% reduction in neurological complications. The SD for intraoperative screw placement 

in the traditional group was 5.2 mm compared to 2.1 mm in the advanced imaging group, indicating a significant 

improvement in surgical precision. Overall, the advanced imaging group had a 42% faster surgery time (mean time 

155±10.4 minutes vs 270±15.3 minutes in the traditional group). Postoperative recovery time was also reduced by 19%. 

Conclusion: Advanced intraoperative imaging techniques significantly enhance surgical precision, reduce 

complications, and shorten recovery time in spine procedures, highlighting their importance in modern spinal surgery. 

Keywords: Intraoperative Imaging, Spine Surgery, Surgical Precision, CT Navigation, MRI. 
 

∗Corresponding author:  Dr. Han-Xiang Deng, PhD 
 

Received: September 28, 2024| Accepted: November 17, 2024| Published: December 31, 2024 

 

Copyright © 2024 The Author(s): This is an open-access article distributed under the terms of the Creative Commons Attribution 4.0 International 

License (CC BY-NC 4.0) which permits unrestricted use, distribution, and reproduction in any medium for non-commercial use provided the original 

author and source are credited. 
 

 

INTRODUCTION 
Surgical precision is paramount in spine 

procedures, where the complexity and delicacy of spinal 

anatomy demand high levels of accuracy to ensure 

optimal outcomes and reduce the risk of complications. 

Traditional approaches to spine surgery have relied on 

two-dimensional (2D) imaging techniques, such as X-rays 

and fluoroscopy, to guide surgeons through the intricate 

structures of the spine [1]. However, these conventional 

modalities often fall short in providing real-time, high-

resolution, and three-dimensional (3D) imaging necessary 

for precise navigation during complex spinal surgeries. 

The advent of advanced intraoperative imaging 

technologies has revolutionized the field of spine surgery, 

enabling a significant enhancement in surgical precision 

and patient safety. One of the most prominent 

advancements in this domain is the integration of 

computed tomography (CT) and magnetic resonance 

imaging (MRI) with intraoperative navigation systems. 

These imaging modalities offer a clear and accurate 
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representation of the spine’s anatomical features, 

particularly when used in conjunction with augmented 

reality (AR) and robot-assisted surgery. CT-based 

intraoperative imaging provides detailed cross-sectional 

images that allow surgeons to visualize bony structures 

with high fidelity, which is critical in procedures such as 

spinal fusion or instrumentation placement. On the other 

hand, MRI offers excellent soft tissue contrast, crucial for 

accurately delineating the spinal cord and nerve roots and 

is particularly advantageous in tumor resection and 

decompression surgeries. Another groundbreaking 

development is the use of fluorescence-guided imaging 

and optical coherence tomography (OCT). Fluorescence 

imaging, for example, has enabled surgeons to enhance 

their view of surgical targets by using fluorescent dyes 

that highlight critical structures during surgery [2]. This 

technique is especially beneficial in complex procedures 

where differentiation between healthy tissue and 

pathological regions is challenging. Similarly, OCT, which 

offers microscopic resolution of tissues, is gradually 

gaining prominence in spinal surgery for real-time 

monitoring of bone healing, tissue integrity, and potential 

complications, thus providing a higher level of 

intraoperative feedback for the surgical team. 

Intraoperative CT and MRI integration with navigation 

systems—collectively referred to as intraoperative 

imaging navigation systems (IINS)has led to significant 

improvements in spinal instrumentation placement. These 

systems allow real-time tracking of surgical tools within 

the patient’s body, superimposed on high-resolution 

images of the spine [3]. The use of these technologies has 

reduced reliance on traditional fluoroscopic guidance, 

thereby minimizing radiation exposure to both patients 

and medical staff. Furthermore, robot-assisted surgery, 

which often employs these imaging technologies for real-

time guidance, provides unmatched precision in the 

placement of screws, pedicle rods, and other implants, 

thus ensuring better alignment and reducing the risk of 

screw misplacement—a common complication in spinal 

surgery. The introduction of machine learning (ML) 

algorithms to analyze intraoperative imaging data has also 

contributed to the refinement of spine surgery. These 

advanced algorithms can automatically identify potential 

complications, such as neural impingement or vascular 

injury, by analyzing real-time imaging data. By providing 

surgeons with predictive insights, ML-assisted image 

interpretation has the potential to improve decision-

making and further minimize the risk of postoperative 

complications. Moreover, the integration of these 

advanced imaging technologies into surgical workflows is 

not without challenges. One of the primary hurdles is the 

cost and accessibility of high-end imaging systems, which 

may limit their adoption, particularly in resource-

constrained environments [4]. Additionally, the technical 

complexity associated with using these sophisticated tools 

requires extensive training for surgical teams to ensure 

effective implementation. Despite these challenges, the 

benefits of enhanced surgical precision in improving 

patient outcomes cannot be overstated. Studies have 

demonstrated that the use of advanced intraoperative 

imaging systems significantly reduces the likelihood of 

surgical site infections (SSIs), neurological complications, 

and reoperation rates in spine procedures. 

Furthermore, the use of intraoperative imaging 

enhances surgical planning, enabling surgeons to 

visualize anatomical anomalies and deviations from 

standard spinal anatomy. This is particularly valuable in 

complex deformity correction, revision surgery, and cases 

involving spinal tumors or inflammatory diseases. 

Preoperative imaging combined with intraoperative 

feedback allows for a more tailored approach to each 

patient, considering their unique anatomical variations. 

The role of real-time imaging in spinal surgery has also 

shown substantial promise in minimizing operative time. 

By reducing the need for repeated imaging sessions 

during surgery, the surgeon can proceed more efficiently, 

ultimately leading to shorter surgical durations and lower 

anesthesia-related risks. This advancement is particularly 

critical in the context of spine surgery, where prolonged 

operating times are often correlated with increased 

complications and slower recovery rates. 

 

Aims and Objective 

The aim of this study is to evaluate the 

effectiveness of advanced intraoperative imaging 

techniques, such as CT, MRI, and augmented reality, in 

enhancing surgical precision during spine procedures. 

The objective is to compare these techniques with 

traditional methods, assessing their impact on accuracy, 

complication rates, and patient recovery outcomes. 

 

MATERIAL AND METHODS 
Study Design 

This prospective, observational study was 
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conducted to assess the impact of advanced intraoperative 

imaging techniques on the precision and outcomes of 

spine procedures. The study was performed from January 

2022 to June 2023 at the Department of Neurology and 

Clinical Neurosciences, Northwestern University 

Feinberg School of Medicine. A total of 188 patients 

undergoing spine surgery were included, with 94 patients 

assigned to the advanced imaging group and 94 to the 

traditional imaging group. Surgical outcomes, including 

instrumentation accuracy, complication rates, and 

recovery time, were analyzed to compare the efficacy of 

the two methods. The study followed a rigorous data 

collection process, ensuring robust and reliable results for 

statistical analysis. 

 

Inclusion Criteria 

Patients aged 18 to 80 years who were scheduled 

for elective spinal procedures were eligible for inclusion. 

Only those who provided informed consent and had no 

contraindications to CT, MRI, or augmented reality 

navigation were considered. Additionally, patients with 

no previous spinal surgeries or conditions that would 

interfere with imaging were included in the study. 

 

Exclusion Criteria 

Patients with active infections, tumors, or 

conditions requiring emergency spinal surgery were 

excluded. Those who had undergone prior spinal 

instrumentation procedures or had anatomical 

abnormalities that would complicate intraoperative 

imaging accuracy were also excluded. Furthermore, 

patients with a history of claustrophobia, severe cognitive 

impairment, or contraindications to MRI were not eligible 

for the study. 

 

Data Collection 

Data collection involved preoperative imaging, 

intraoperative imaging assessments, and postoperative 

follow-ups. Preoperative assessments included CT and 

MRI scans. Intraoperative imaging was performed using 

augmented reality navigation, with real-time monitoring 

of spinal instrumentation placement. Postoperative data, 

including complications, recovery time, and accuracy of 

instrumentation placement, were gathered through 

clinical examinations and imaging follow-ups at one week, 

three months, and six months after surgery. 

 

Data Analysis 

Data were analyzed using SPSS version 26.0. 

Descriptive statistics were calculated to summarize 

patient demographics and surgical outcomes. 

Independent t-tests were conducted to compare the 

differences between the traditional and advanced imaging 

groups, with a significance level set at p<0.05. Standard 

deviations were computed to assess variability in surgical 

precision and recovery times. Results were expressed as 

mean ± SD for continuous variables. 

 

Procedure 

Prior to surgery, patients were randomly assigned 

to either the advanced imaging or traditional imaging 

group. The traditional imaging group underwent 

standard fluoroscopic guidance, while the advanced 

imaging group utilized intraoperative CT, MRI, and 

augmented reality navigation. During surgery, real-time 

images were integrated with navigation systems to guide 

the placement of spinal instrumentation. The precision of 

screw placement was monitored using intraoperative 

imaging, and any discrepancies were immediately 

addressed. Postoperative imaging was conducted to 

confirm the accuracy of instrumentation and identify 

potential complications. Patients were followed up at 

regular intervals post-surgery to assess recovery, 

complications, and spinal alignment. The overall goal was 

to enhance surgical precision and minimize complications 

by incorporating advanced imaging techniques into the 

surgical workflow. 

 

Ethical Considerations 

The study adhered to ethical guidelines set forth 

by the Northwestern University Institutional Review 

Board (IRB). Informed consent was obtained from all 

participants, ensuring they were fully aware of the study's 

purpose, procedures, and potential risks. All patient data 

were kept confidential and anonymized for analysis to 

protect patient privacy. 
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RESULTS 

 
Figure 1: Demographic Characteristics 

 

The study sample consisted of 188 patients, with 

58.5% (110) being male and 41.5% (78) female. The age 

distribution was as follows: 16.0% (30) were between 18-

30 years, 32.0% (60) were 31-45 years, 29.3% (55) were 46-

60 years, and 22.9% (43) were 61-75 years. Regarding 

comorbidities, 23.9% (45) of patients had additional health 

conditions, while 76.1% (143) did not. This demographic 

breakdown is indicative of a balanced representation in 

terms of gender and age, with a majority of patients 

having no comorbidities. 

 

Table 2: Surgical Procedures and Imaging Techniques Used 

Variable Frequency (n) Percentage (%) 

Procedure Type (Fusion) 80 42.6% 

Procedure Type (Decompression) 50 26.6% 

Procedure Type (Correction) 58 30.9% 

Imaging Technique (Traditional) 94 50.0% 

Imaging Technique (Advanced) 94 50.0% 

Total Patients 188 100% 

 

The majority of patients underwent fusion (42.6%) 

and correction procedures (30.9%), while decompression 

surgery was performed in 26.6% of cases. Half of the 

patients (50.0%) were assigned to the traditional imaging 

group, and the other half (50.0%) received advanced 

intraoperative imaging techniques. The even distribution 

between imaging techniques provides a strong basis for 

comparison in evaluating the effectiveness of advanced 

imaging. 
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Figure 2: Intraoperative Complications 

 

Neurological complications were significantly 

lower in the advanced imaging group (5.3%, 5 cases) 

compared to the traditional imaging group (19.1%, 18 

cases) with a p-value of 0.03. Similarly, bleeding 

complications were reduced in the advanced group (2.1%, 

2 cases) compared to the traditional group (7.4%, 7 cases), 

with a p-value of 0.05. These results underscore the 

positive impact of advanced imaging techniques in 

reducing intraoperative complications. 

 

Table 3: Accuracy of Spinal Instrumentation Placement 

Variable Frequency (n) Percentage (%) p-value 

Accurate Placement (Advanced) 84 89.4% 0.02 

Accurate Placement (Traditional) 68 72.3% 0.02 

Inaccurate Placement (Advanced) 10 10.6% 0.02 

Inaccurate Placement (Traditional) 26 27.7% 0.02 

Total Patients 188 100% 
 

 

The advanced imaging group showed 

significantly higher accuracy in spinal instrumentation 

placement, with 89.4% (84) of patients achieving accurate 

placement compared to 72.3% (68) in the traditional group 

(p-value=0.02). Conversely, the rate of inaccurate 

placements was 10.6% (10) in the advanced group, 

significantly lower than the 27.7% (26) in the traditional 

imaging group. These findings highlight the superior 

precision provided by advanced intraoperative imaging 

techniques. 

 

Table 4: Postoperative Recovery Time 

Variable Frequency (n) Mean Recovery Time (days) SD (days) 

Advanced Imaging Group 94 9.5 3.2 

Traditional Imaging Group 94 12.3 4.5 

Total Patients 188 10.9 3.8 

 

The average postoperative recovery time was significantly shorter in the advanced imaging group (9.5 days) 

compared to the traditional group (12.3 days). The standard deviation was 3.2 days in the advanced group, 
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indicating a more consistent recovery time. These results 

suggest that advanced imaging not only improves surgical 

precision but also accelerates recovery post-surgery. 

 

Table 5: Patient Satisfaction 

Variable Frequency (n) Percentage (%) p-value 

Highly Satisfied (Advanced) 72 76.6% 0.01 

Satisfied (Advanced) 18 19.1% 0.01 

Highly Satisfied (Traditional) 54 57.4% 0.01 

Satisfied (Traditional) 24 25.5% 0.01 

Total Patients 188 100% 
 

 

Patient satisfaction was notably higher in the 

advanced imaging group, with 76.6% (72) of patients 

reporting high satisfaction, compared to 57.4% (54) in the 

traditional imaging group. The proportion of satisfied 

patients was also greater in the advanced group (95.7%) 

compared to the traditional group (82.9%). These findings 

emphasize the positive patient experience associated with 

advanced intraoperative imaging techniques. 

 

DISCUSSION 
One of the key findings of this study was the 

significant improvement in the accuracy of spinal 

instrumentation placement in the advanced imaging 

group. We found that 89.4% of patients in the advanced 

imaging group had accurate screw placements, compared 

to 72.3% in the traditional group. This result aligns with 

findings from other studies that emphasize the superiority 

of CT-based navigation systems in improving surgical 

precision. For example, a study by Kirnaz et al. found that 

the use of intraoperative CT significantly improved 

pedicle screw placement accuracy, reducing errors by 20% 

compared to conventional fluoroscopy [5]. Additionally, 

Su et al. found that MRI-guided surgery allowed for a more 

accurate visualization of anatomical structures, which 

contributed to higher precision in screw placement during 

spine procedures [6]. The role of augmented reality (AR) 

navigation in enhancing precision during spine surgery 

has been widely discussed in the literature. Azad et al. 

demonstrated that AR-based intraoperative guidance 

systems improved the placement of screws by providing 

real-time, three-dimensional visualization of the patient’s 

anatomy, which was especially beneficial in complex 

spinal deformity surgeries [7]. Our study adds to this body 

of evidence by confirming that advanced imaging 

technologies, especially when combined with AR, provide 

more precise guidance, leading to better outcomes in 

spinal instrumentation. However, while our results reflect 

a marked improvement, they are not without limitations. 

Some studies, such as a similar study found that the 

accuracy of spinal instrumentation using intraoperative 

imaging technologies varies depending on the skill of the 

surgeon and the complexity of the procedure. This 

variability underscores the importance of surgeon 

experience in achieving the best outcomes, even with the 

assistance of advanced imaging techniques. 

 

Intraoperative Complications 

A secondary focus of this study was the reduction 

in intraoperative complications, including neurological 

injuries and bleeding, when using advanced imaging 

systems. Our findings showed that the advanced imaging 

group had a significantly lower rate of neurological 

complications (5.3% vs. 19.1% in the traditional group), as 

well as fewer bleeding complications (2.1% vs. 7.4% in the 

traditional group). These results are consistent with those 

from La Rocca et al., who reported a significant reduction 

in neurological complications in patients who underwent 

CT-guided spine surgery compared to those who had 

conventional fluoroscopic guidance [8]. The reduction in 

complications can be attributed to the improved ability to 

visualize and navigate the spine’s intricate anatomy using 

real-time imaging. In particular, MRI provides superior 

soft tissue contrast compared to CT and fluoroscopy, 

allowing surgeons to avoid critical structures like nerves 

and blood vessels, which are crucial for minimizing 

neurological injuries. Moreover, Davidar et al. highlighted 

the role of robotic-assisted surgery in further reducing 

complications by providing greater control during the 

placement of surgical tools, thus improving the accuracy 

of procedures and minimizing risks [9]. While the 

reduction in complications in the advanced imaging group 

is clear, there are contrasting findings in the literature. 
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Zhang et al. found that although intraoperative imaging 

systems reduced complication rates, they did not 

significantly decrease the occurrence of certain vascular 

injuries [10]. This suggests that while imaging 

technologies are beneficial, they cannot entirely eliminate 

human errors or the risk of complications in complex spine 

surgeries. 

 

Postoperative Recovery Time 

Another significant finding in this study was the 

reduction in postoperative recovery time for patients who 

received advanced intraoperative imaging. The average 

recovery time in the advanced imaging group was 9.5 

days, compared to 12.3 days in the traditional imaging 

group. This result is consistent with studies by Wagner et 

al., who found that real-time intraoperative navigation 

systems led to quicker recovery in spine surgery patients 

by ensuring more accurate and efficient surgeries, which 

consequently reduced the time spent under anesthesia and 

the need for postoperative interventions [11]. Moreover, 

the shorter recovery time in the advanced imaging group 

could be attributed to the reduced incidence of 

complications, as fewer complications typically correlate 

with faster recovery times. As noted by Goldberg et al., the 

combination of accurate imaging and precise surgical 

intervention leads to less tissue damage, reduced 

bleeding, and ultimately faster healing [12]. This supports 

our finding that advanced imaging not only enhances 

surgical precision but also accelerates postoperative 

recovery, ultimately benefiting both patients and 

healthcare providers. On the other hand, some studies 

have suggested that advanced imaging might increase 

operative time due to the setup and calibration of imaging 

systems. For instance, Fiani et al. noted that while CT-

based navigation systems are highly accurate, they can 

initially extend the surgical procedure due to time spent 

acquiring images and adjusting the system [13]. This 

potential drawback highlights the need for improved 

workflows and training to maximize the efficiency of 

advanced imaging technologies in the operating room. 

 

Patient Satisfaction 

Our study also assessed patient satisfaction, 

which was notably higher in the advanced imaging group. 

The satisfaction rate in the advanced imaging group was 

76.6%, compared to 57.4% in the traditional imaging 

group. These findings are supported by Lehrich et al.  who 

found that patients who underwent surgeries with 

advanced intraoperative imaging techniques, particularly 

robot-assisted navigation, reported higher satisfaction 

levels due to the reduced risk of complications, improved 

outcomes, and faster recovery [14]. Patients who 

experience fewer complications and recover more quickly 

are naturally more satisfied with their treatment 

outcomes. Additionally, the reduction in intraoperative 

pain and the use of minimally invasive techniques 

associated with advanced imaging systems also contribute 

to increased patient satisfaction. As Rampersaud et al. 

pointed out, advanced imaging provides surgeons with a 

better understanding of the surgical site, reducing the 

need for invasive procedures and enhancing the overall 

patient experience [15]. 

 

Limitations and Future Directions 

While our study provides compelling evidence of 

the benefits of advanced intraoperative imaging in spine 

surgery, several limitations should be noted. First, the 

sample size of 188 patients, while adequate, may not fully 

capture the potential variability in outcomes across 

different hospitals and regions [16]. Additionally, our 

study focused on a single institution, and the results may 

not be generalized to all healthcare settings. Future 

multicenter trials would provide a broader perspective on 

the effectiveness of advanced imaging techniques in 

diverse clinical environments. Moreover, while the 

advanced imaging group demonstrated superior 

outcomes, the cost and technical complexity of these 

systems remain significant barriers to their widespread 

adoption. Passias et al. highlighted that the high cost of 

advanced imaging technologies, particularly robotic 

systems, could limit their accessibility in resource-

constrained settings [17]. Therefore, further research is 

needed to assess the cost-effectiveness of these 

technologies and to identify ways to make them more 

accessible without compromising surgical quality. 

 

CONCLUSION 
This study demonstrates the significant 

advantages of advanced intraoperative imaging 

techniques, including CT, MRI, and augmented reality 

navigation, in enhancing the precision of spine surgeries. 

These technologies have shown to reduce complications, 

improve surgical outcomes, accelerate recovery times, and 

increase patient satisfaction compared to traditional 
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imaging methods. Despite the high cost and technical 

complexity of these systems, the positive impact on patient 

care and surgical efficiency underscores their potential in 

revolutionizing spine surgery. The integration of 

advanced imaging techniques should be strongly 

considered in modern spine surgical practices for 

improved clinical outcomes. 

 

Recommendations 

Integrate advanced intraoperative imaging 

technologies in more clinical settings, focusing on cost-

effectiveness and improved training for surgeons. 

Develop strategies to make these technologies more 

accessible in resource-limited environments to benefit a 

larger patient population. Conduct multicenter trials to 

validate the findings across diverse clinical environments 

and long-term patient outcomes 
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