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Accuracy and safety of freehand vs. end-on fluoroscopic guided drill-hole placement in canine cadaveric thoracic, lumbar and sacral vertebrae
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Objective: To develop and evaluate the safety and accuracy of an open, end-on fluoroscopic guided (EOFG) drill hole position technique in canine cadaveric spinal surgery, in comparison to a traditional free-hand (FH) drilling technique.

Study design: Cadaveric comparison study.

Animals: Canine cadaveric vertebral columns (n = 4).

Methods: Computed tomography (CT) scans were performed for in-silico planning. Ideal implant purchase depth and angulations were determined from previously published data. Plans for end-on fluoroscopic guided drill holes included angled reconstructions in thick slab mode to mimic fluoroscopic images. Following surgical preparation of T8 to S2, holes were drilled by one of two experienced surgeons randomized evenly by operated side, surgeon, and technique. C-arm fluoroscopy was utilized for the end-on technique. CT was repeated after the procedures. Safety was determined categorically using a modified Zdichavsky classification and “optimal” placement was compared between techniques. Continuous data for drill-hole accuracy was calculated as angle and depth deviations from the planned trajectories. Data sets were analyzed at both univariable and multivariable levels with logistic regression analysis.

Results: Drill hole safety was categorized as optimal (modified Zdichavsky classification 1) in 51/60 (85%) of drill holes using EOFG and 33/60 (55%) using FH (P < 0.001) techniques. There were no “unsafe” holes (modified Zdichavsky classification 3a). Optimal drill hole placement was significantly associated with the EOFG technique and use of the largest cadaver, and was significantly less likely within the thoracic region. Mean angle and depth deviations were significantly lower with the EOFG technique. Angle deviations were significantly lower for EOFG in the lumbar region, whereas bone purchase deviations were significantly lower for EOFG in both the thoracic and lumbar regions. The mean time taken to drill the hole was significantly longer for the EOFG technique.

Conclusion: Optimal drill hole placement was significantly more likely with the EOFG technique and improved the accuracy of bone purchase in the thoracic region.

Clinical significance: The EOFG technique shows promise for translation into a clinically setting, potentially improving implant purchase and therefore stabilizing construct strength, whilst potentially reducing the likelihood of neurovascular injury and need for surgical revision.
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1 Introduction

Metallic instrumentation is applied surgically for a range of spinal disorders of dogs that require vertebral stabilization, including trauma resulting in fracture and/or luxation (1), congenital malformation (2), infection resulting in diskospondylitis or osteomyelitis (3), and neoplasia (4). Instrumentation is typically bilateral, although unilateral fixation has been described (5, 6). Potential techniques include the use of pins or screws and polymethylmethacralate (PMMA) bone cement (2, 7, 8), locking bone plates (9), clamp rod internal fixator (10), external fixator (11), and polyaxial pedicle screw and rods (12). Preferred insertion points and trajectories have been published (13) with the main target for bone purchase being the vertebral bodies, although the vertebral pedicles are another attractive option particularly in the caudal lumbar spine (14).

The safe and accurate placement of vertebral implants is technically challenging due to the variable morphology of canine vertebra and associated important neurovascular structures (15). In addition, important soft tissue structures adjacent to thoracic vertebra (right azygos vein, the aorta, the pleura, lungs, spleen, liver, esophagus, sympathetic trunk, and the thoracic canal) are at risk of injury (13). Techniques assessed for safety and accuracy include “free-hand” placement, which is the use of anatomical landmarks and trajectories determined from pre-operative cross-sectional imaging (16), fluoroscopic guidance (11), use of patient-specific 3D-printed resin drill guides (17, 18), and intra-operative neuronavigation (19). Aside from accuracy, each technique has relative advantages and disadvantages, including equipment availability, planning time, and cost.

Despite the ubiquity of image-intensification for assisted implant placement in human spinal surgery, reports of intra-operative spine fluoroscopy in dogs have been limited to closed percutaneous placement of implants at a fixed angle of 30° (11) and closed positioning of spinal external skeletal fixators (20). The relative paucity of reports may reflect the difficulty in imaging the more angled/less cuboidal canine vertebral anatomy. Recently, end-on fluoroscopy has been shown to be accurate in determining the position of implants relative to the thoracolumbar vertebral canal in canine cadavers, which may represent a suitable technique in preference to computed tomography (CT) during post-operative assessment (21). End-on fluoroscopy represents an interesting alternative to free-hand placement in improving implant accuracy given C-arm units are often present in veterinary clinics for other interventional procedures and could be adapted for use at varying angles relative to the long axis of the canine vertebral column, adapting the exposure angle according to regional morphology.

Our aim was to develop and describe the safety and accuracy of an open, end-on fluoroscopic guided drill hole position technique (EOFG) in canine cadaveric spinal surgery, in comparison to a traditional free-hand technique (FH), assessed by post-procedural CT. We hypothesized that EOFG is safe and more accurate than FH in all spine regions assessed and that they are most significantly different for the thoracic, rather than lumbar or sacral spine.



2 Materials and methods


2.1 Study design

This study was a cadaveric methods comparison study (FH vs. EOFG). The study subjects were four dog cadavers weighing >20 kg, euthanized for reasons unrelated to spinal disease, with no previous clinical history of spinal disease. Use of the cadavers was approved by written owner consent following institutional ethical approval of the study. A power analysis for sample size was initially conducted, based on a study with similar methodology assessing implant insertion accuracy (18), suggesting that a comparison of expected mean differences would require a minimum of 59 drilled holes per technique to have 95% confidence and 80% power. We therefore aimed to perform the two techniques on 15 vertebrae (one technique for each side) from four cadavers (T8 to T13, L1 to L7, and S1 and S2) for a total of 120 drilled holes (60 for FH and 60 for EOFG).



2.2 Subject preparation and technique planning

Cadavers were utilized for the study within 24 h of euthanasia. A planning CT (Siemens Somatom Scope, 16 slice) was first performed with the cadaver in sternal recumbency. The helical scan protocol encompassed images from the first thoracic vertebra to the first coccygeal vertebra. Acquisition parameters included a slice thickness of 0.75 mm, a pitch of 1, a matrix size of 512 × 512 and utilization of a bone kernel for image processing. In-silico planning for both techniques was performed in commercially available DICOM (digital imaging and communications in medicine) viewing software (OsiriX MD Dicom Viewer Pixmeo Sarl®, version 13.0.1, Geneva, Switzerland) with 3D multi-planar reconstruction (MPR) perpendicular to the long axis of the vertebral column. Region of interest (ROI) tools for measuring angle and distance were used.

The planning CT was first used to confirm that there were no incidental diseases affecting vertebral morphology (malformation, osteolytic or productive lesions related to suspected spinal neoplastic, inflammatory, or infectious disease). Plans were then produced for all 120 drilled holes, as follows:

For FH, ideal implant insertion points and angulations were determined from previously published data (13) and surgeon preference, then recorded for future reference (Figure 1A). Insertion points were typically planned to be identified from orientation points such as the base of the accessory process, the tubercle of the ribs, the distance from the articular processes or the transverse processes. The preferred angle of insertion was determined relative to the mid-point of the vertebral lamina and spinous process, aiming for a safe column (mid-way between the lateral margin of the vertebral pedicle or body and the vertebral canal) aiming for maximal implant bone purchase.


[image: Figure 1]
FIGURE 1
 Pre-operative in-silico planning from CT scans in Osirix using multi-planar reconstructions in a bone window, for the free hand technique (A) and the end-on fluoroscopic guidance technique (B) at the level of T10. A 15–20 mm slice thickness is used to mimic the fluoroscopic image.


For EOFG, ideal insertion points and angulations were similarly determined, but were subsequently assisted using 3D-MPR in “thick slab mode” adjusting the mean slice thickness to between 15 and 20 mm (interval 0 mm), orientated to the angle of implant insertion, such that the reconstructed image in a dorsal oblique plane would mimic the desired appearance of intra-operative fluoroscopy (Figures 1A, B).



2.3 Cadaveric technique

Cadavers were prepared surgically with the paraspinal musculature reflected from the vertebrae of the mid thoracic to the sacral region and held with Gelpi self-retaining retractors. Care was taken to remove all soft-tissue attachments to the bony orientation points. All holes were drilled by one of two experienced spinal surgeons according to the technique plans, randomized evenly by operated side (left or right), surgeon (CD or JR), and technique (FH or EOFG). The time taken to drill each hole (from initial assessment of insertion position to penetration of the trans cortex) was recorded.

For FH, the insertion point was determined from the pre-operative plans and bony orientation points, then decortified with a 2 mm high-speed burr. The insertion angle was then determined using a goniometer held close to the patient and the drill. A 2.0 mm (cadaver weighing 20–25 kg) or 2.5 mm diameter (25 kg+) drill bit (Veterinary Instrumentation) was then used to drill a bi-cortical hole (Figure 2).


[image: Figure 2]
FIGURE 2
 Free hand technique. The insertion point is determined from in-silico planning with the assistance of bony landmarks and tools such as a pen and caliper (A). The insertion point is decortified with a 2 mm burr (B). A goniometer is used in close proximity to the vertebrae and the drill for drilling along the planned angle (C). Drill holes can be seen (D).


For EOFG, local radiation safety rules concerning fluoroscopy were obeyed, including the use of personal and finger ring dosimeters. C-arm (Philips BV Pulsera Mobile C-arm Unit) angulation was set according to the in-silico plan and was orientated to the approximate insertion point on the vertebral body or pedicle using its guidance laser. X-ray projection parameters varied according to the physical properties of each cadaver (voltage 55–75 kV, collimation 14 cm, continuous and fluoroscopic mode at 25 frames per second). A 1.1 mm k-wire, held by long-handled forceps, was used to identify the ideal insertion point under fluoroscopic guidance. This mark was then decortified, using a 2 mm high-speed burr. The k-wire could then be firmly inserted by hand 2–3 mm into the cancellous bone such that it was gripped along the approximate insertion trajectory. Intermittent fluoroscopic projections were used to align the k-wire to its smallest cross-sectional opacity, such that it is aligned along the trajectory of the x-rays (i.e., is seen “end-on”). When satisfied, the surgeon used a motorized pin driver to drive the pin through into the cancellous bone to engage with the trans-cortex, such that its trajectory could not easily be modified. In some instances, it was necessary to “slide” the C-arm sideways (maintaining the same trajectory and distance from the cadaver and operating table) away from the region of interest to create space for the surgeons hand and the drill. After this, a cannulated drill bit (2.0 or 2.5 mm) was used to drill the bi-cortical hole, with penetration of the trans cortex determined from tactile feedback (Figure 3). In large dogs (cadaver weighing > 35 kg) the cannulated drill bit was used to drill the cis-cortex and cancellous bone, then once the k-wire had been removed, a non-cannulated drill bit could instead be inserted into the hole and used to penetrate the trans cortex (this was helpful to prevent the k-wire becoming stuck in the cannulated drill bit).


[image: Figure 3]
FIGURE 3
 End on fluoroscopic guidance technique. First, the implant insertion point is estimated based on in-silico plans and pointed to with a k-wire held with long handled forceps (A), the position of which is confirmed with video-fluoroscopy (B). This insertion point is then decortified with a 2 mm high-speed burr and the k-wire is re-orientated along the primary beam (C) such that it has as small a cross-sectional area as possible (D). The k-wire is then firmly inserted 2–3 mm by hand (E) and the position is again checked (F). The C-arm detector is “slid” sideways away from the surgical field, so that the k-wire can then be inserted through the cancellous bone until it contacts the trans cortex (G). A cannulated drill-bit is then used to drill the hole and penetrate the trans cortex (H).


When all holes were drilled, the wound was closed, and the cadaver was transferred for repeat CT of the spine with the position, acquisition protocol and field of view to match the previous scans.



2.4 Image evaluation

All CT images were evaluated by one of the authors (CD) with Osirix using 3D-MPR in a bone window using ROI tools as previously described (Figure 4). Continuous data for drill-hole accuracy was determined in two ways. Firstly, “angle deviation” (in degrees) from the planned angled trajectory of insertion was determined and recorded. Secondly, “depth deviation” (in mm) below the planned insertion depth was recorded (representing the accuracy of obtaining the minimum preferred bone purchase). Where this value was negative (i.e., greater bone purchase achieved) it was recorded as zero.


[image: Figure 4]
FIGURE 4
 Post-procedural assessment of CT scans in Osirix using multi-planar reconstructions in a bone window at the level of T9. The region of interest tools for angle and length can again be used to assess deviations from the pre-procedure plans.


Safety was determined categorically using a modified Zdichavsky classification (22) (a validated scoring system for pedicle screw placement in the human spine by using defined criteria), as previously described elsewhere (16) but adapted to include the sacrum according to the same principles.



2.5 Statistical analysis

Data sets were analyzed according to all data, data by spinal region (thoracic vs. lumbar vs. sacral), and data by surgeon. All data sets were assessed for normal distribution. Statistical significance was set at P < 0.05.

In determining drill-hole safety, modified Zdichavsky grade 111a holes were categorized as “unsafe” and all other grades categorized as “safe.” Modified Zdichavsky grade 1 holes were categorized as “optimal” and all other grades categorized as “suboptimal.” Differences in safety category of the two methods were incorporated into multivariable logistic regression analysis to take cadaver number, technique, and spinal region into account. In determining drill-hole accuracy, the differences in angle and depth deviations between the two techniques were compared in a paired vertebrae analysis at the univariable level using either paired t-tests (if normally distributed) or a Wilcoxon signed rank test (non-normally distributed) first considering all drill-holes and then by spinal region.

The differences in time taken between the two techniques will be compared in a paired vertebrae analysis using either paired t-tests (if normally distributed) or a Wilcoxon signed rank test (non-normally distributed).




3 Results

Four canine cadavers were used for the study of the following breeds and body weights: Greyhound (35 kg), German Shepherd dog (GSD, 38 kg), and two crossbreeds (27 and 23 kg). Mean age was 6.5 years (range: 5–8 years), and there were two male and two female dogs. None of the vertebral columns had radiographic evidence of bony changes. One hundred and twenty holes were drilled as planned, 60 for each technique.

Drill-hole safety data is summarized in Table 1. There were no “unsafe” holes drilled using either technique in the study. Type 2b and 3b errors were most common in the thoracic spine and with the FH technique (Figure 5). Overall, drill hole placement was categorized as optimal in 51/60 (85%) of drill holes using EOFG and 33/60 (55%) using FH (P < 0.001). Percentages for optimal drill hole placement between the two techniques (EOFG and FH) were lower in the thoracic (71 and 38%, respectively) in comparison to the lumbar (93 and 61%) and sacral (100 and 88%) segments. In the multivariate analysis, optimal drill hole placement was significantly associated with the EOFG technique (P < 0.001, OR = 7.34, 95% CI: 2.73–22.29) and the largest (GSD) cadaver (P = 0.002, OR = 16.37, 95% CI: 3.23–131.4), whereas optimal placement was less likely within the thoracic region (P = 0.007, OR = 0.24, 95% CI: 0.08–0.65).


TABLE 1 Summary of drill-hole safety data (EOFG, end-on fluoroscopic guidance technique; FH, free hand technique).
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FIGURE 5
 Drill hole errors according to the modified Zdichavsky grade, assessed using post-procedure CT scans in Osirix using multi-planar reconstructions in a bone window. Errors are highlighted by short arrows. Type 2b errors in the thoracic (A) and lumbar (B) spine. Type 3b error in the thoracic spine (C). Type 2a error in the lumbar spine (D).


Accuracy data is summarized in Table 2. Overall, there was a significant difference in mean (± SEM) angle deviation between the EOFG (3.30° ± 0.46°) and FH (5.07° ± 0.51°) techniques (P = 0.009). There was also a significant difference in mean bone purchase deviation between the EOFG (1.07 ± 0.32 mm) and FH (3.60 ± 0.68 mm) techniques (P < 0.001). In the paired univariate analysis by region, mean angle deviations are significantly lower for EOFG in the lumbar region (P = 0.013) whereas mean bone purchase deviations are significantly lower for EOFG in both the thoracic (P = 0.017) and lumbar (P = 0.007) regions.


TABLE 2 Summary of drill-hole accuracy data including results of univariable analysis (EOFG, end-on fluoroscopic guidance technique; FH, free hand technique).
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There was a significant] difference (P < 0.001) in mean (± SEM) time taken to drill the hole between the EOFG (4 min 39 s ± 17 s) and FH (1 min 52 s ± 7 s) techniques.



4 Discussion

To date, intra-operative fluoroscopic guidance for canine spinal instrumentation has been limited to percutaneous pin positioning at a fixed angle (11). This contrasts with human spinal surgery, where fluoroscopic assistance for transpedicular screw implantation has represented the normal methodology for several decades when assessing vertebral canal or lateral pedicle wall breaches in the thoracic (23) and lumbar (24) spine. This difference might reflect the relatively cuboidal shape to human thoracolumbar vertebrae (meaning implantation is more easily performed in the anterior-posterior plane) and the lack of morphologic variance that dogs demonstrate between breeds.

The first description of EOFG aimed to predict implant position in relation to the vertebral canal as an alternative method of determining safe implantation to post-operative CT (21). Our purpose was to develop and describe a similar technique for open intra-operative use that could overcome some of the morphologic challenges in dogs and allow for pin or screw implantation. In the current study, EOFG for drilling canine cadaveric vertebra was found to be safe when employed by experienced spinal surgeons, avoiding any vertebral canal breaches. For experienced surgeons, FH is also a safe technique, but EOFG was found to be significantly more accurate with significantly fewer suboptimal drill hole placements. Type 2b and 3b errors were most common in the thoracic spine and with FH technique; this suggests experienced spinal surgeons tended to err on the side of safety, at the cost of reducing accuracy. Improved accuracy with EOFG might have a positive influence on post-operative spinal stability through strength of the implant construct with improved bone purchase.

In comparison to existing studies on the accuracy of fluoroscopic techniques, our findings were consistent with those of Wheeler et al. (11), where fluoroscopy significantly improved the mean bone purchase in comparison to an open technique except for T10 and T11 (11). In the human literature, slight lumbar vertebral canal breaches may occur more often than expected (24). There are no similar veterinary studies examining safety for fluoroscopic techniques. 5/120 holes were found to contact the cortex of the lumbar vertebral canal (type 2a error; 3 with FH and 2 with EOFG) whereas there were no “unsafe” vertebral canal breaches (type 3a error). Thoracic vertebral canal breach is also uncommon in human fluoroscopic guided spine surgery, with >2 mm breaches occurring in < 1% of implants in one study (23). It was significantly more common to see slight thoracic lateral pedicle wall breaches (68% of implants) in the same study (23). This is similar to our findings, where type 2b and 3b errors were more common in the thoracic spine (71% of all of those error classes occurring in the thoracic region) relative to other regions. Considering those errors in the thoracic region, EOFG appeared particularly useful, given 68% of type 2b and 3b errors were made with FH technique. This is reflected by the significant improvements in angle and depth deviations, with EOFG drill-holes being more likely to offer better bone purchase and potentially resistance to fatigue, pull-out, and implant failure. This may be related to the fact that the thoracic vertebral pedicle is a narrower target in comparison to the lumbar vertebral body which is easier to access without the presence of the ribs, intercostal and other critical adjacent soft-tissues.

Concerning FH techniques, publications vary somewhat in methodology based on the experience of the surgeon (25), whether a pedicle probing technique is used (26) and whether a metallic implant is inserted rather than assessing a drilled hole. This results in estimates of optimal FH implant placement varying from 51.68 to 87.5% (25, 26) and makes direct comparison to the current study challenging, where modified Zdichavsky grade I was assigned to 55% of drilled holes using the FH technique. Type 2b and 3b errors were most common, resulting in significantly greater angle deviations and lower bone purchase in comparison to EOFG. In the human literature, free hand implantation of pedicle screws resulting in violation varies in frequency from 15 to 41% (22, 27, 28).

There has been increasing interest in the use of patient-specific three-dimensional printed resin drill guides for canine spine surgery which offer a high degree of safety and accuracy (17, 18, 29–32), including in comparison to FH techniques in cadavers (18, 26). However, there are several disadvantages to this technique, including delay in time (potentially rendering it not suitable for vertebral fracture luxation), increased cost, and inconsistent availability of software and hardware. The technique also requires an open approach and may require more extensive soft-tissue exposure to accommodate guide tunnels. As drilling holes with the EOFG technique took significantly more time than FH, it is also likely that drill guides would save intra-operative time in comparison to EOFG.

Although the technique was planned from cross-sectional imaging in this study, it has the potential to be used instead of CT, particularly when this modality is not readily available. This, however, would assume that the surgeon and assisting radiographer have sufficient experience with the expected anatomy and there is no considerable variance in vertebral morphology that would limit published references for implant trajectory. Further clinical studies would be required to investigate this possibility.

A significant limitation to the use of fluoroscopy is the risk of radiation exposure to surgeon and patient. In human spine surgery, surgeon exposure is normally within recommended levels (33) but this could be influenced by the technique of use, the position of the source of radiation and the time taken to introduce each implant. In the present study we obeyed local radiation safety rules, including the use of personal lead aprons, thyroid protectors, and personal dosimeters (both attached to clothing and on finger rings) and there were no concerns on scheduled dose assessments after the study was completed. We kept exposure times as short as possible, although significantly more time is required to drill the holes in comparison to the FH technique. Exposure could be limited with rotation of the C-arm such that the primary beam is directed from dorsoventral oblique. Further study is required to assess radiation exposure for patient and surgeon with the EOFG technique presented.

There are several potential limitations to the study. Firstly, the small sample size and ex-vivo study design might not accurately reflect the accuracy and safety of the techniques in a clinical setting. We used drill-holes rather than inserting metallic implants, which might have had a tendency to under-estimate impingement of the vertebral canal and lateral cortex, given metallic implants might have been wider, which is particularly the case for 2.5 mm holes as screws with a larger outer diameter would most likely be employed on such cases. In addition, we only assessed the technique in the hands of experienced spinal surgeons who have already performed FH techniques on multiple occasions and felt comfortable with translating some skills into the EOFG technique. It might have been interesting to assess less experienced surgeons assuming the learning curve of the technique to be quite steep. Experience of viewing fluoroscopic images at an oblique angle may also take time to develop. Operating theaters are complex working environments with a draped patient, a range of surgical and anesthetic equipment and additional personnel which may influence the ability of the C-arm to freely move, orientate around the surgical table and expose the area of interest without obstruction. There is a requirement for specialized surgical tables with radiolucent portions which may not be suitable for patients of all sizes. We also widely reflected the para-spinal soft tissues which may have reduced the degree of tissues superimposed on the fluoroscopy images relative to clinical cases where vertebral fixation is being performed over a narrower area. From a technical perspective, there can also be challenges with re-aligning the C-arm with the partially inserted k-wire, if the C-arm has been “slid” away from the implant insertion point. This limitation could be overcome depending on the physical properties (shape and size) of the fluoroscopy detector plate, particularly if there was room to accommodate the detector and the drill. Lastly, it is not possible to “blind” surgeons to the technique they are performing, which might introduce bias in attempting a particular technique more accurately.



5 Conclusion

In conclusion, we developed the EOFG technique for safe drill hole placement in canine cadavers and found the technique to be significantly more accurate than traditional FH techniques. The EOFG technique shows promise for translation into a clinically setting, potentially improving surgeon confidence, implant purchase and construct strength, whilst reducing the likelihood of neurovascular injury and need for surgical revision.
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ALL EOFG 51 7 0 85
ALL FH 33 13 11 55
Thoracic EOFG 17 7 0 71

FH 9 8 7 38
Lumbar EOFG 2 0 0 93

FH 17 5 3 61
Sacral EOFG 8 0 0 100

FH 4 0 1 88
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Variable Technique P-value

EOFG FH
Angle ALL 3.30 (0.46) 5.07 (0.51) 0.009*
deviation®
Purchase ALL 1.07 (0.32) 3.60 (0.68) <0.001*
depth
deviation®
Angle Thoracic 4.17 (0.94) 6.21 (0.95) 0.15
deviation®
Lumbar 2.68 (0.40) 4.29 (0.64) 0.013%
Sacral 2.88 (1.51) 4.38 (1.02) 0.472
Purchase Thoracic 1.71 (0.65) 5.33 (1.25) 0.017%
depth
deviation®
Lumbar 0.11 (0.08) 2.00 (0.64) 0.007%
Sacral 2.50 (1.05) 4.00(2.32) 0.368

*Angle deviation in mm (mean = standard error of mean).
bPurchase depth variation in degrees (mean = standard error of mean).
Asterisk denotes statistical significance (P-value set at <0.05).
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