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Abstract

:

Introduction: Hemivertebrae are a common defect of vertebral formation, potentially resulting in debilitating congenital scoliosis and necessitating highly traumatic surgery. Virtual surgical planning (VSP) and 3D-printed patient-specific implants (PSIs) have increasingly been applied to complex spinal surgery, and offer a range of potential benefits. Research Question: We report the use of 3D-printed PSIs and VSP as part of a two-level anterior lumbar interbody fusion (ALIF) for the management of lateral hemivertebra and congenital scoliosis. Material and Methods: A 53-year-old male with chronic low-back pain, due to L4 hemivertebra and mild congenital scoliosis, presented with new-onset leg pain. CT revealed L4/5 and L5/S1 degeneration and foraminal stenosis. Given the complex anatomy and extensive multi-level osteophytosis, 3D-printed PSIs were designed, manufactured, and implanted as part of a two-level ALIF. Results: Excellent implant fit was achieved intraoperatively, confirmed via postoperative imaging. VSP assisted with navigating challenging bony and vascular anatomy. Three-month postoperative imaging demonstrated construct stability, early signs of bony fusion, with implant placement, spinal curvature, and disc height corrections closely matching the VSP. Clinically, the patient’s pain and functional impairment had effectively resolved by nine-month follow up, as demonstrated through subjective and objective measures. Discussion and Conclusions: Virtual surgical planning and 3D-printed PSIs can be useful surgical aids in the management of the often-complex cases involving hemivertebrae and congenital scoliosis. This case of congenital pathology adds to the growing reports of PSI application to a variety of complex spinal pathologies, with analyses showing a close match of the postoperative construct to the preoperative VSP.
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1. Introduction


A hemivertebra refers to a defect of embryological vertebral formation characterised by a pathological wedge-shaped vertebral body with a single hemi-lamina and pedicle [1]. With an estimated incidence of 1–10 per 10,000 live births, they are a common cause of congenital scoliosis, which develops as a result of the normal adolescent growth spurt, driving wedge growth and the subsequent disruption of normal spinal curvature [2]. A hemivertebra may be detected through prenatal ultrasound or, if scoliosis becomes clinically apparent in early life, radiographic investigation. Asymptomatic abnormalities are likely to remain undetected. Hemivertebrae are commonly associated with a range of other vertebral and congenital abnormalities, which may also serve as the impetus for investigation. Hemivertebrae are commonly associated with a range of other vertebral and congenital abnormalities, which may also serve as the impetus for investigations [2,3,4]. There is no consensus on or widely accepted guidelines for the management of hemivertebrae, which is generally undertaken in the paediatric and adolescent years. Goals of hemivertebra and associated congenital scoliosis management include the prevention of progression to significant deformity, as well as the restoration of physiologic spinal profiles in the coronal and sagittal planes, while minimising the number of fused levels [3,5]. Broadly, management can be conservative, including monitoring and bracing, or surgical. The main surgical procedures include hemivertebrae resection through either an anteroposterior- or posterior-alone approach, in situ arthrodesis, or convex-side growth arrest (epiphysiodesis) [2,5], as well as instrumented fusion for adult scoliosis [6].



Virtual surgery planning (VSP) and 3D printing (3DP) are associated computer-based technologies, which have increasingly been applied to spinal surgery through the development of computer-aided preoperative surgical planning and 3D-printed patient-specific guides, anatomical (bio)models, and implants [7,8]. Increasing reports on spinal patient-specific implant (PSI) use have emerged over the last 10 years [7], particularly for complex cases of malignancy and degeneration [9,10,11]. This interest is driven by the range of potential benefits of PSIs, which include improved implant fit with the anatomy, resulting in an improved stability, stress distributions, and osseointegration, as well as reduced operative times and blood loss as a result of removing the need to excessively alter the anatomy by cutting away additional tissue, such as endplate bone, to accommodate the implant [7,12]. However, disadvantages also exist with increased pre-operative planning time (despite intraoperative time savings) and reduced intraoperative flexibility. Financial costs may mount with design and manufacturing challenges and the need for specialised skills and equipment [7,13]. A lack of quality data may also pose a challenging regulatory environment [14].



VSP, whilst commonly an integral part of PSI development, is itself a uniquely useful surgical aid aimed at enhancing preoperative planning by improving anatomic visualisation and simulating surgical steps, ultimately aiming to reduce surgical risk and improve outcomes for patients [8,12]. While conventional surgical management options for hemivertebra and congenital scoliosis often include ‘subtractive’ methods, including hemivertebra resection, decortication as part of in situ fusion, and osteotomies [5,15,16,17], PSIs allow for a largely ‘additive’ approach, which likely considerably minimises intraoperative trauma and secondarily may improve postoperative recovery and outcomes [18,19,20]. We describe the use of VSP and 3D-printed PSIs, as part of a two-level anterior lumbar interbody fusion (ALIF), to manage symptomatic degeneration and congenital scoliosis associated with an L4 lateral hemivertebra in an adult male patient.




2. Technical Note


2.1. Case Presentation


A 53-year-old man presented with a 12-month history of severe, progressive back and bilateral leg pain (visual analogue scale (VAS) pain score of 8/10). No deficits in sensory or motor deficits were present on examination; however, the patient reported difficulty in performing occupational tasks. The patient reported a background of chronic lower-back pain since childhood, secondary to an L4 lateral hemivertebra diagnosed in adolescence. Conservative management had successfully provided symptomatic relief until the recent onset of leg pain. CT imaging demonstrated the long-standing L4 hemivertebra and mild congenital scoliosis, as well as associated degenerative changes at the L4/5 and L5/S1 levels, including a loss of disc and neuroforaminal heights, and extensive osteophytosis (Figure 1 and Figure 2).



Two-level (L4/5 and L5/S1) ALIF surgery was indicated, given the patient’s severe and intractable symptoms. Risks including retrograde ejaculation and infertility were discussed and patient’s sperm was cryo-banked prior to surgery. The primary operative goal was the indirect distraction of the neuroforamina, with the aim of relieving the patient’s symptoms, as well as secondarily providing lordotic and partial scoliotic correction. The surgeon deemed the use of VSP and PSIs appropriate due to the lack of suitable off-the-shelf (OTS) implants.




2.2. Surgical Planning and Implant Design


The design and manufacture process was performed using 3DMorphic Pty Ltd. (Matraville, Australia) and has been described prior [21]. In brief, this involved thresholding, segmentation, and an initial 3D reconstruction of the patient’s CT using Materialise MIMICs (version 22, Leuven, Belgium). Haptic BioModels [8] of the preoperative pathological anatomy were 3D-printed in acrylonitrile butadiene styrene (ABS) (F170, Stratasys, MN, USA).



The PSIs were designed using 3DMorphicCAD (3DMorphic Pty Ltd., Sydney, Australia) and Rhinoceros (vs6, McNeel and Associates, Seattle, WA, USA) [22]. Features incorporated included: radiographic alignment assessment features, anti-expulsion teeth, integral screw fixation, variable surface topology/porosity, large central graft window for auto/allograft, pre-planned screw lengths and trajectories (Figure 3), as well as contacting surfaces designed to match the superior and inferior endplate morphologies of each (L4-5 and L5-S1) of the interbody spaces and to correct vertebral alignment in both coronal (scoliotic) and sagittal (lordotic) planes.



The PSIs were 3D-printed using biomedical grade 5 titanium alloy (Ti6Al4V) (3Dmorphic Pty Ltd., Matraville, NSW, Australia) on an EOSM100 (EOS GmbH, Krailling/Munich, Germany) using parameters described by Amin et al. [21]. Mechanical post-processing was performed to remove support material and powder residue, refine the surface topology and chemistry, and improve crack resistance and fatigue lifespan. The surface roughness of the bone-contacting areas of the device had an Ra of 1.5–4 µm and the devices were coated with hydroxyapatite to encourage early osseointegration [23]. Three device heights were provided to provide intraoperative options as the degree of mobilisation; and therefore, the degree of interbody height and angle restoration achievable is dependent on the extent of the intraoperative discectomy.




2.3. Surgery


The patient was positioned supine. Using image-intensified fluoroscopy, the level of the first ALIF (L5/S1) was confirmed prior to incision. A linear mini-Pfannenstiel incision was made, with a circular retractor system, used for retroperitoneal exposure. Anterior vessels required mobilization to allow for exposure of the anterior vertebral body at the L5 level. Exposure was performed by a vascular surgeon. Image intensification was again used to confirm the level of pathology. Discectomy of both disc spaces was performed, with careful endplate preparation via curetting to avoid damaging the endplates (Figure 4). Single-shot exposure fluoroscopy was used to check the alignment and depth of the implants, with the surgeon selecting the best fitting (L4/5: small; L5/S1: medium) for final implantation. The cages were packed with allograft cancellous bone block (Australian Biotechnologies, Sydney, Australia) and i-factor Putty (Cerapedics, Broomfield, CO, USA). Single-shot exposure fluoroscopy was used to confirm their final placement. A small tear occurred at the aortic bifurcation during this trialling process, likely due to significant vascular adhesions. This was successfully managed using suture repair. Copious antibiotic irrigation was used. Further bone graft was packed around the cages. Fascial and skin layers were closed. Skin-to-skin operative time was 3 h 20 min and estimated blood loss was 140 cc. Throughout the procedure, the 3D-printed biomodels of the patient’s spine and the custom cages, as well as the VSP, were referred to as needed to confirm bony anatomy, vessel position, and implant placement.




2.4. Clinical Follow-Up


The patient was followed up clinically, using subjective and objective measures, and radiographically. The patient’s back and leg pain improved postoperatively with an overall return to pre-morbid function; a preoperative VAS pain score of 8/10 and an Oswestry Disability Index of 42 improved to 1/10 and 3, respectively, at 9-month follow-up.



Objective monitoring was undertaken using smartphone-based wearable accelerometry (Apple Health application on the iPhone smartphone; Apple Inc., Cupertino, CA, USA). Gait parameters recovered progressively over the first three postoperative months (Table 1; Figure 5). The mean total daily step-count improved from 3030 steps preoperatively to over 12,000 by 9-month follow-up.



Imaging at day 1 postoperatively demonstrated excellent implant positioning (Figure 6). Disc and neuroforaminal height correction, as well as lordotic and partial scoliotic correction closely matched the planned correction in the VSP. At 9-month postoperative imaging, implant positioning and parameter corrections were stable. Early radiographic evidence of bony fusion at both operative levels and osteophyte resorption were appreciable (Figure 7).





3. Discussion


Hemivertebra and congenital scoliosis may produce complex anatomies and challenging operative scenarios, particularly in cases of delayed management where degenerative processes and secondary structural curves may be significantly progressed [3]. The lack of literary consensus on management and the focus on paediatric and adolescent cases further adds to management difficulty [15,24]. The characteristic customisability of PSIs, allowing for the profile of prostheses to be matched to the specific anatomy of each patient [25], as well as the growing reports of their application to complex spinal pathoanatomies [7,11,26,27,28], are suggestive of their utility in the management of hemivertebrae and congenital scoliosis.



The abilities to match the prosthesis profile to the patient’s exact pathoanatomy and to add custom features underpin the primary benefits of using PSIs in this case, which include optimal fit and a likely minimised surgical trauma, an improved primary stabilisation, and a more precise correction to height and curvature parameters. In this case, 3D-printed PSIs allowed for ALIF surgery to be a feasible surgical option, preventing more radical surgeries, like hemivertebra resection, being needed as well as minimising the need for significant endplate preparation if OTS implants were used, which could have increased surgical time as well as cage subsidence risk through the loss of stiffer cortical bone [22,29]. These advantages are highlighted by Khan et al.’s description of a comparatively more complex and prolonged two-stage ALIF-based procedure to treat lumbar hemivertebra and congenital scoliosis in an adult [15].



The close adherence of the relative implant and anatomy positioning in postoperative imaging to the preoperative VSP demonstrates the accurate realisation of VSP correction goals and the validity of this technique (Figure 6). The ability to assess the vascular anatomy preoperatively and refer to the VSP intraoperatively allowed the surgical team to be better prepared, particularly in dealing with the extensive adhesions at the aortic bifurcation, and more rapidly successfully manage the intraoperative aortic tear [8]. The use of prominent osteophytes as patient-specific pathoanatomical landmarks also aided surgical navigation.



Additionally, while Mobbs et al. reported a similar case of an L5 hemivertebra managed with a PSI [30], the sagittal orientation of their patient’s hemivertebra wedge created a different operative challenge, given the better alignment with the essentially sagittal access tunnel, and therefore likely improved visualisation, surgical ergonomics, and ease of implantation. In contrast, the laterally oriented wedge in this case presented significant difficulty in implantation due to the wedge shape creating a lateral expulsive force. This was overcome through thorough cartilaginous endplate preparation and optimal adjacent vertebral body distraction prior to implantation.




4. Limitations


While early clinical and radiographic outcomes in this case have been encouraging, this application of VSP and PSIs required a highly experienced team. This includes both preoperatively and intraoperatively. Preoperatively, implants needed to be designed such that all nine combinations of implant sizes in this two-level operation can combine to result in an acceptable total correction. Intraoperatively, there were challenges with implantation, mobilising significantly adherent vessels and managing an aortic bifurcation tear. Other limitations include the VSP not including an additional transverse vessel on approach. Future studies may also investigate global balance in PSIs to compare pre- and postoperative spino–pelvic relationships in relation to OTS implants.




5. Conclusions


VSP and 3D-printed PSIs allowed the surgical team to provide optimally fitting implants in a less traumatic procedure, allowing for an improved stabilisation and a more precise correction in hemivertebra and congenital scoliosis management. This case of congenital pathology also adds to the growing reports of 3D-printed PSI use for complex spinal cases, supporting their important role in the surgical arsenal of spinal teams.
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	Three-Dimensional
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	Three-Dimensional Printing



	ABS
	Acrylonitrile Butadiene Styrene
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	Anterior Lumbar Interbody Fusion



	AP
	Anteroposterior
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	Computed Tomography
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	Magnetic Resonance Imaging



	NSURG
	NeuroSpine Surgery Research Group



	NSW
	New South Wales



	OTS
	Off-The-Shelf



	ODI
	Oswestry Disability Index
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	Patient-Specific Implants
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	UNSW
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Figure 1. Imaging at presentation: (A) standing AP X-ray; (B) sagittal slice of T2 MRI of the lumbar spine; (C) lumbar spine CT coronal slice; (D) lumbar spine CT sagittal slice at a similar position to (B). 
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Figure 2. Three-Dimensional modelling. (A) Anterior view of the preoperative pathological anatomy; hemivertebra is opaque; remainder of the lumbar spine is translucent. (B) Anterior view of the 3D-printed haptic biomodel. (C) Left-hand side view of the virtual model, showing the neuroforaminal stenosis at the L5-S1 level (red highlight). (D) Similar to (C), with the red highlight showing the neuroforaminal stenosis in the 3D-printed biomodel. 
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Figure 3. Virtual surgery planning (VSP). (A) Anterior view of the 3D model of the planned anatomical reconstruction and cage positions for medium-sized cages (NB: a small cage was actually used at the L4-5 level). (B) The 3D model shown in (A) superimposed on S1 in the preoperative CT (coronal slice shown). (C) Simulated X-ray of the 3D model in (A). (D) Postoperative standing X-ray. (E) Lateral view of the planned reconstruction with translucent vertebrae to show the screws and devices. (F) Sagittal-plane CT slice with the 3D reconstruction shown in (E) superimposed on S1 to show the planned postoperative state compared to the pathological state. 
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Figure 4. Virtual surgery planning (VSP) of anterior lumbar interbody fusion (ALIF) as compared to intraoperative view. (A) Preoperative pathology, showing a large L4-L5 osteophyte (black arrows and halo in (A)). This osteophyte was used during surgery as a landmark to aid with anatomical navigation and subsequently resected (B) after access was complete. (B) shows L4-L5 and L5-S1 discectomies. (C) VSP of major vessels and the ALIF devices in position with the aorta (translucent red) bifurcation occurring just above the L4-L5 disc space (vena cava shown in translucent blue). (D) Surgical view after ALIF devices implanted with the aorta and common iliac arteries showing (vascular retraction eased). Note the similarities between the VSP vessel and device positions and those observed in surgery. 
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Figure 5. Perioperative mean total daily step count data demonstrating postoperative recovery and improvement over preoperative function. Note: Data were collected via smartphone-based wearable accelerometry (Apple Health application on the iPhone smartphone; Apple Inc., Cupertino, CA, USA). 
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Figure 6. Day-1 postoperative CT and 3D reconstruction of the construct (bottom right panel) compared to the virtual surgery planned (VSP) device and anatomy positioning (shown by the coloured outlines). The L5-S1 device was positioned very close to the VSP position, being ~1–1.5 mm further to the right and anterior than planned. The L4-L5 device was implanted ~6 mm to the left and ~2 mm anterior to the VSP position (see Section 3), which resulted in slightly less coronal and a sagittal-plane angle adjustment of the L4 hemivertebra being achieved than planned. 
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Figure 7. Nine-month postoperative CT imaging sagittal (left) and coronal (right) slices showing adequate fusion with osteophyte demineralisation as well as osseointegration. Both CTs are shown with the same contrast settings. 
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