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Surgical Effects of Resecting Skull Base Tumors Using Pre-operative Multimodal Image Fusion Technology: A Retrospective Study












	
	ORIGINAL RESEARCH
published: 12 May 2022
doi: 10.3389/fneur.2022.895638






[image: image2]

Surgical Effects of Resecting Skull Base Tumors Using Pre-operative Multimodal Image Fusion Technology: A Retrospective Study

Zhi-heng Jian1†, Jia-yan Li1†, Kai-hua Wu1, Yu Li1, Shi-xue Li1, Hai-dong Chen2 and Gang Chen1*


1Department of Neurosurgery, Zhuhai People's Hospital (Zhuhai Hospital Affiliated With Jinan University, China), Zhuhai, China

2Department of Radiology, Zhuhai's People Hospital, Zhuhai, China

Edited by:
Sandro M. Krieg, Technical University of Munich, Germany

Reviewed by:
Mirza Pojskic, University Hospital of Giessen and Marburg, Germany
 Jan Egger, University Hospital Essen, Germany

*Correspondence: Gang Chen, jhy_501@163.com

†These authors share first authorship

Specialty section: This article was submitted to Neuro-Oncology and Neurosurgical Oncology, a section of the journal Frontiers in Neurology

Received: 14 March 2022
 Accepted: 04 April 2022
 Published: 12 May 2022

Citation: Jian Z-h, Li J-y, Wu K-h, Li Y, Li S-x, Chen H-d and Chen G (2022) Surgical Effects of Resecting Skull Base Tumors Using Pre-operative Multimodal Image Fusion Technology: A Retrospective Study. Front. Neurol. 13:895638. doi: 10.3389/fneur.2022.895638



Objectives: To analyze the surgical effects of resecting skull base tumors using multimodal three-dimensional (3D) image fusion technology in the neurosurgery department and present some typical cases.

Methods: From October 2019 to October 2021, we included 47 consecutive patients with skull base tumors in the Neurosurgery Department at Zhuhai People's Hospital in this study. Pre-operative head computed tomography and magnetic resonance imaging data acquisition was performed using the GE AW workstation software for registration fusion, image fusion, and 3D reconstruction. The surgical approach and surgical plan were designed based on the multimodal 3D image, and the resection rate, complication rate, and operative time of the surgery using the multimodal image fusion technique were analyzed.

Results: The reconstructed multimodal 3D images precisely demonstrated the size, location, and shape of the tumor along with the anatomical relationship between the tumor and surrounding structures, which is consistent with the intraoperative findings. Among 47 patients, 39 patients (78.7%) underwent total resection, 5 (14.9%) underwent subtotal resection, and 3 (6.4%) underwent partial resection. The mean operative time was 4.42 ± 1.32 h. No patient died during the inpatient period. Post-operative complications included 6 cases of cerebrospinal fluid leakage (14.9%), 3 cases of intracranial infection (6.4%), 6 cases of facial paralysis (12.8%), 2 cases of dysphagia (4.3%), and 1 case of diplopia (2.1%), all of which were improved after symptomatic treatment. The application value of pre-operative 3D image fusion technology was evaluated as outstanding in 40 cases (85.1%) and valuable in 7 cases (14.9%).

Conclusions: Pre-operative multimodal image fusion technology can provide valuable visual information in skull base tumor surgery and help neurosurgeons design the surgical incision, choose a more rational surgical approach, and precisely resect the tumor. The multimodal image fusion technique should be strongly recommended for skull base tumor surgery.
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INTRODUCTION

Skull base tumors are a spectrum of tumor deriving from bone structure, dura mater, brain tissue, and outer cranial tissue adjoin with the skull base. They also have a large number of branching vessels involved in the blood supply, so intraoperative bleeding can easily cause an unclear surgical field (1–3). Moreover, some skull base tumors are accompanied by destruction of the skull base bone structure (4, 5). The total resection rate varies from 57 to 77% (6–10). Skull base tumor surgery requires a high order of neuroanatomical knowledge and a substantial surgical experience; therefore, it has been recognized as one of the most challenging types of neurosurgery. Yet, single-mode imaging has been unable to meet the soaring demand of microinvasion and precise resection in neurosurgery, especially in skull base tumor resection. Multimodal image fusion is a three-dimensional (3D) reconstruction of multiple image data on the same image that provides a clear, intuitive, and overall display of the tumor and its spatial relationship with peripheral vessels, nerves, and brain tissue, as well as the skull structure related to the surgical approach. By applying to this technique, neurosurgeons can design a more rationale surgical approach to skull base tumor surgery, avoid unexpected injury, better protect the normal skull structure, and reduce complications (11–14). This technology was introduced in our department in October 2019. The present study aimed to analyze the surgical effects of resecting skull base tumors using multimodal 3D image fusion technology in the neurosurgery department and present some typical cases.



MATERIALS AND METHODS


Ethics Statements

This study was approved by the Medical Ethics Committee of Zhuhai People's Hospital (Number: ZY.no20201001B06011231).



Study Design and Patient Population

In total, 47 consecutive patients with skull base tumors who were admitted to the Neurosurgery Department of Zhuhai People's Hospital underwent microcraniotomy from October 2019 to September 2021 and were screened for the present retrospective study.



Image Data Collection and Examination Methods

A computed tomography (CT) examination was performed using a GE Revolution CT (128-row) scanner (Boston, MA, USA) with a scan thickness of 1 mm. A Philips 3.0T Achieva TX MR scanner (Amsterdam, the Netherlands) was used for the magnetic resonance imaging (MRI) examination, and the imaging sequence included T1-weighted imaging (T1WI), T1WI 3D turbo field echo, T2-weighted imaging 3D fluid-attenuated inversion recovery (FLAIR), 3D phase contrast angiography magnetic resonance (MR) venography (MRV), contrast-enhance magnetic resonance angiography (MRA), 3D time of flight MRA, etc.



Image Acquisition and Multimodal Image Fusion

CT and MR image data (Digital Imaging and Communications in Medicine format) of all patients were downloaded from the HIS information system, and then the image data were uploaded to the GE AW workstation. Corresponding image sequences were opened in the workstation to complete registration fusion and 3D reconstruction. Automatic registration and manual registration are used for registration. Automatic alignment imports required image data such as MR sequences and CT data, and then the Infusion function was selected for automatic matching. Manual registration uses characteristic anatomical markers (e.g., the center of the eyeball, pituitary fossa, sinuses, mastoid apex, digastric sulcus apex, etc.) as reference points. Three to five reference points were used for each case. The Smart Brush function was used to draw the outline of the tumor, and then the MRA, MRV, and other images were fused with the tumor to form the 3D digital anatomical image of the tumor and vessels. Finally, the 3D reconstruction image of the skull was added to the 3D image of the tumor with blood vessels by CT to complete the multimodal image fusion.



Surgical Treatment Assisted by Multimodal Image Fusion Technology

All patients were operated by one senior surgeon. Multimodal image fusion and 3D reconstruction were used to demonstrate the spatial relationship of the tumor and surrounding structures (Figure 1A). Specific details such as bony defection was evaluated (Figure 1B). Approach stimulation was performed based on the 3D reconstructed image (Figure 1C). The incision design was based on the stimulation result (Figure 1D). Intraoperative resection was performed along the tumor boundary, and attention was paid to protect the tumor and important tissues, such as the surrounding arteries, veins, and nerves, to achieve the maximum possible total tumor resection. For tumors invading the cavernous sinus, internal carotid artery, cranial nerves, and other tissues, subtotal resection or partial resection can be performed, and stereotactic radiotherapy should be performed after to detect residual tumors (Figure 1E). The post-operative image was used to evaluate the surgical effect (Figure 1F).


[image: Figure 1]
FIGURE 1. Surgical plan for resecting skull base tumors using multimodal image fusion technology. (A) Tumor in the left infra-temporal fossa shown by multimodal image fusion [combined with head computed tomography (CT), magnetic resonance imaging, magnetic resonance angiography, and magnetic resonance venography]. (B) Bony defect is demonstrated by head CT three-dimensional (3D) reconstruction. (C) Simulation of the surgical plan using multimodal fusion and 3D images. (D) Incision design based on simulated approach. (E) Tumor exposure and resection during the surgical procedure; the zygomatic arch is removed. (F) Post-operative head CT scan and 3D reconstruction showing that the tumor was totally resected and the zygomatic arch was reconstructed.




Evaluation Criteria of the Application Value

The evaluation method of the application value of multimodal image fusion technology was based on Oishi et al.'s (15) study. All patients were operated by one senior surgeon and the overall application value was estimated by the surgeon after surgery. The evaluation grade was divided into three levels:

(1) Prominent: pre-operative multimodal image fusion technology is important to completion of the operation, and the expected surgical effect cannot be achieved by using single modal images only;

(2) Supportive: a single modal image can also achieve the expected surgical effect, but multimodal image fusion technology can provide a clearer and more intuitive demonstration of fine structures, which can reduce the injury of surgical collateral and benefit surgery; and

(3) No value: surgery can be completed as expected through using of a single modal image only, without the assistance of multimodal image fusion technology.

The evaluation criteria were as follows:

(1) whether the choice of surgical approach was appropriate;

(2) whether the judgment of spatial location of tumor was accurate;

(3) whether the location and adjacent relationship of vessels were accurate;

(4) whether the adjacent relationship between the tumor and venous sinus was accurate;

(5) whether the exposure of bone window was sufficient; and

(6) whether the surgical procedure was consistent with the pre-operative judgment.



Surgical Resection Rate, Post-operative Complication Rate, and Follow-Up
 
Surgical Resection Rate

The total resection rate was determined based on the following brain MR examination results within 1–3 days after the operation (1):

(1) total resection (100% tumor resection with no radiographic residue);

(2) subtotal resection (more than 90% tumor volume reduction); and

(3) partial resection (0–90% tumor volume reduction) and unresection.



Complication Rate

The incidence of surgical complications during the perioperative period included olfactory disorders, blurred vision, protruding eyes, epistaxis, nasal obstruction, hearing loss, facial numbness, facial paralysis, eyelid closure, limb sensory, and limb motor disorders.



Operative Time

The operative time was estimated from the incision of the scalp to completion of tumor resection. The overall mean operative time was measured and analyzed.



Follow-Up

Patients were followed up within 3–12 months after surgery. Brain MR enhancement was reviewed to evaluate whether the tumor recurred or increased and assess whether there are new complications.




Statistical Analysis

The t-test and χ2-test were used to compare the mean or frequency between the patient groups, respectively. Statistical analysis was performed using SPSS 25.0 (IBM Corp., Armonk, NY, USA). A P-value < 0.05 was considered to be statistically significant.




RESULTS


Demographic and Clinical Characteristics

Forty-seven patients (19 men and 28 women) were included. Patients' average age was 51.11 ± 12.62 years (range, 12–77 years).



Multimodal Image Fusion Outcome

Pre-operative multimodal image fusion and reconstruction were completed in all 47 patients with skull base tumors. The 3D image after multimodal image fusion could be rotated arbitrarily, and the surface structure became transparent or translucent to show the internal structure of interest, when enabled design of the surgical approach and plan (Figure 2A). The spatial relationship of the tumor and surrounding structures (Figure 2B), spatial relationship of the vessels and lesions (Figure 2C), and demonstration of the intracranial communication lesion (Figure 2D) were all consistent with the intraoperative findings.


[image: Figure 2]
FIGURE 2. Effectiveness of multimodal image fusion technology. (A) Surgical plan of the retrosigmoid approach using a multimodal image fusion image (combined with head computed tomography, magnetic resonance imaging, magnetic resonance angiography, and magnetic resonance venography). (B) Multimodal image fusion demonstrates the spatial relationship of the tumor and surrounding structures. (C) Multimodal image fusion demonstrates the relationship between the left vertebral artery and tumor (green). (D) Multimodal image fusion demonstrates the spatial relationship between the tumor (red and blue), artery, and surrounding bony structures.




Clinical Outcome
 
Tumor Characteristics

(1) Anterior skull base: There were left cranio-orbital communication tumors in 2 cases, olfactory groove/sphenoid platform meningiomas in 6 cases (left side, 3 cases; right side, 2 cases), and sphenoid ridge meningiomas in 3 cases (right side, 3 cases).

(2) Middle skull base: There were tumors in the saddle area/cavernous sinus area in 8 cases (left cavernous sinus area, 6 cases; right cavernous sinus area, 2 cases), temporal base/inferior temporal fossa in 6 cases (left side, 2 cases; right side, 4 cases), and petroclival area in 5 cases (left side, 4 cases; right side, 1 case).

(3) Posterior skull base: There were tumors in the cerebello-pontine angle (CPA) area in 10 cases (left side, 5 cases; right side, 5 cases), jugular foramen in 2 cases (left side, 2 cases), and occipitocervical junction in 4 cases (left side, 2 cases; right side, 2 cases).

(4) There were 14 cases of intracranial communication and 33 cases of non-intracranial communication. Recurrent tumors developed in 9 cases, and malignancy occurred in 6 cases. The volume of the mass was >3 cm3 in 32 cases (Table 1).


Table 1. Characteristic of the 47 cases of tumors.
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Pathology of the Tumors

There were meningiomas in 23 cases, schwannomas in 14 cases, metastatic tumors in 3 cases, a spindle cell tumor in 1 case, mesenchymal malignant tumor in 1 case, giant cell granuloma in 1 case, cholesteatoma in 1 case, squamous cell carcinoma of the left external auditory canal with petrosal bone and temporal base infiltration in 1 case, pituitary adenoma in 1 case, and choroid plexus papilloma in 1 case (Table 2).


Table 2. Pathology of the tumors.
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Outcome of Surgical Resection

Total resection was performed in 39 cases (39/47, 78.7%), subtotal resection in 5 cases (7/47, 14.9%), and partial resection in 3 cases (3/47, 6.4%). No perioperative deaths occurred. The cases of subtotal resection included a left trigeminal schwannoma in 1 case, right cavernous sinus meningioma in 1 case, breast cancer and brainstem metastasis in 1 case, and olfactory groove meningioma in 2 cases with ethmoid sinus infiltration in the maxillary sinus. Cases of partial resection included a left optic canal meningioma in 1 case, external auditory canal squamous cell carcinoma with left petrosal bone–temporal base infiltration in 1 case, and petroclival meningioma in 1 case. The differences of the tumor size, malignancy, recurrence and position of tumors were not statistical significant except the total resection rate of intracranial and extracranial communication tumors was lower than that of non-intracranial and extracranial communication tumors (71.4 and 87.9%, respectively, P = 0.001).



Operative Time

The mean operative time was 4.42 ± 1.32 h. The mean operative times in the anterior skull base group, middle skull base group, and posterior skull base group were 4.72 ± 0.98 h, 5.32 ± 1.28 h, and 3.92 ± 1.73 h, respectively. The differences of the tumor size, malignancy, recurrence and position of tumors were not statistical significant except the operation time of intracranial and extracranial communication tumors is longer than non-intracranial and extracranial communication tumors (5.72 ± 1.53 h and 4.12 ± 1.33 h, respectively, P = 0.012).



Complications

Six cases of cerebrospinal fluid leakage were cured by lumbar cistern drainage. Three cases of intracranial infection were treated with lumbar cistern drainage and antibiotic treatment. One case of intracranial hematoma was a meningioma of the anterior skull base, so a secondary operation was performed to evacuate the hematoma and decompress the bone flap. One case of infraction was an olfactory groove meningioma that was cured by conservative treatment. There were 9 cases of cranial nerve dysfunction, including 6 cases of facial paralysis, 2 cases of dysphagia, and 1 case of oculomotor nerve paralysis; 6 patients improved after symptomatic treatment and hormone shock therapy. Two patients with posterior cranial nerve paralysis underwent tracheotomy and recovered after discharge.



Follow-Up

Forty-five cases were successfully followed up after discharge, and 2 cases missed follow-up. The 45 patients were followed up for 3–12 months, with an average of 7 months. One patient with metastatic lung cancer died. Among 39 patients who underwent total resection of the tumor, 2 patients had recurrence after surgery, namely 1 patient with a malignant meningioma of the anterior skull base and 1 patient with a trigeminal schwannoma. There were no new complications in the remaining 44 cases except 1 mortality.




Application Value of Multimodal Image Fusion Technology

Among 47 cases of skull base tumors, 40 cases were evaluated as prominent and 7 cases as supportive. The multimodal image fusion-assisted pre-operative approach was reasonable in all cases. The spatial location and surrounding tissue structure of the tumor reconstructed in all cases were consistent with the intraoperative findings. The reconstructed vessels, venous sinuses, and cranial nerves in all cases were consistent with the intraoperative findings. Two cases had overexposure of the bone window (Table 3).


Table 3. Summary of cases, pre-surgical plan, and surgical outcomes.
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Representative Cases

Case 1: A 32-year-old man with a recurrent C2 schwannoma (Supplementary Video 1).

Case 27: A 52-year-old man with a recurrent spindle cell tumor of the left cranio-orbital communication (Supplementary Video 2).

Case 46: A 57-year-old woman with a lobular malignant tumor of the left infratemporal fossa (Supplementary Video 3).




DISCUSSION

Multimodal image fusion technology benefits pre-operative surgical planning and resection in all types of skull base tumor cases (16–18). In cases in which the retrosigmoid approach as used, we made the incision based on the multimodal fusion image, which clearly displayed the spatial relationship of the tumor, transverse sinus, and sigmoid sinus. The bone flap could also be precisely designed in all 47 cases, except for 2 cases of overexposure. In both cases (1 case of an olfactory groove meningioma and 1 case of an acoustic schwannoma), unexpected intraoperative brain swelling occurred and hampered the surgical site exposure. Overall, the main arteries and veins were consistent with the intraoperative findings. We evaluated the application value of every case involved in our study individually based on the evaluation criteria. Forty cases were prominent, which was substantial for the resection procedure, and 7 cases were supportive. In 7 supportive cases, 1 case was a cholesteatoma in the CPA region, 2 cases were meningiomas of the planum sphenoidale, and 1 case was a meningioma of the sphenoid ridge. Those 4 cases were both clearly located with no bone deconstruction, and no significant nerves or arteries were adhered to the tumor; this could be seen on the two-dimensional MR or CT scan. In 1 acoustic tumor case, the volume of the tumor was small and the auditory canal was not penetrated, so total resection was possible based on only the pre-operative MR image. In 1 case of an occipital-cervical schwannoma that was not adhered to the vertebral artery, the tumor was fully visible in the outer dura mater on the MR scan. Except 1 case of a squamous cell carcinoma of the left external auditory canal with petrosal bone and temporal base infiltration, the partial resection plan could only be determined intraoperatively due to the inability to fully observe the degree of adhesion between the tumor, internal cortical artery, and petrosal segment pre-operatively. In that case, a supportive evaluation was given. However, in MR T2-FLAIR sequence, the moisture content could be demonstrated so the degree of hardness could be primarily evaluated (19). In that case, a primary comprehensive MR image is still needed.

The total resection rate was 78.7%, which was mildly higher than that previously reported without the multimodal image fusion technique. In most previous cases, the number of intracranial and extracranial communication tumors and malignant tumors was lower than that of non-intracranial and extracranial communication tumors and benign tumors. Our study showed a similar result. Generally, when tumors have a high degree of adhesion with major blood vessels, the total resection rate is low. There were two post-operative cases shifted to radiotherapy department due to partial resection which were petroclival region meningioma for one case and infra-temporal fossa meningioma for one case. Both of those two cases were occurred unexpected intraoperative bleeding due to high adhesion.

The mean operative time was mildly shorter than that in some previous reports in which the multimodal image fusion technique were not applied (20–22). The operative time in the posterior skull base in the present study was shorter than that in other case reports (23, 24). In one study, the original craniotomy technique of the posterior sigmoid sinus keyhole approach was used by the surgeon's team, and the new method kept the craniotomy time within 22–25 min (25).

In the current study, there were 3 cases of intracranial infection including 2 cases of middle skull base tumors. Extracranial communication and malignant tumors were mostly accompanied by bony defects and severe adhesion (26, 27); thus, the long operative time and difficult resection would increase the complication rate. Post-operative complications of the posterior skull base were mainly facial paralysis, most of which improved after symptomatic treatment. Two patients with dysphagia underwent post-operative tracheotomy, but their swallowing function recovered after discharge.

Skull base reconstruction is the key to preventing cerebral fluid leakage and intracranial infection, and is one of the important factors for successful intracranial base resection (28, 29). In this study, we used the multimodal image fusion technique to evaluate the reconstruction plan, and bone defects were fully visible and titanium plates for reconstruction were formed pre-operatively. Only 6 cases of cerebrospinal fluid leakage occurred post-operatively, mainly due to severe damage of the skull base fracture and failure to repair damaged meninges intraoperatively. Skull base reconstruction should be fully comprehensible based on the pre-operative incision design. Intraoperative separation of tumors adhered to the meninges should be performed carefully and gently to minimize damage to their structural integrity. During intraoperative resection of the tumor, attention should be paid to preserving the meningeal residual margin of the skull base and not to overexcising the meningeal residual margin by emphasizing total tumor resection. There should be enough cap-shaped aponeurosis and periosteum for dural repair. For skull defects <4 cm in diameter, the dural was closely repaired using a pedicled bone valve or cap aponeurosis without skull reconstruction. Cranial reconstruction should be considered for skull defects ≥4 cm in diameter. If cerebral fluid leakage occurs after surgery, lumbar cistern drainage is feasible; if cerebral fluid leakage still exists after 1 month of conservative operation, a secondary operation to fix the leakage is needed (30).

At present, multimodal image fusion technology still has some limitations, as it is difficult to reconstruct tiny vessels. However, 3D reconstruction has high requirements for image inspection, such as a scanning layer thickness >2 mm, which may lead to a roughly reconstructed image and affect the reference value.



CONCLUSIONS

The multimodal image fusion technique can achieve satisfactory results and should be strongly recommended for skull base tumor surgery. Derived from this technique, mixed virtual reality technology has broad prospects for assisted surgery of skull base tumors in the future. A follow-up study is ongoing by our team.
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