Bolt Configuration and Cancellous Compaction Affect the Mechanical Stability of an I-Loc Construct in a Canine Distal Femur Osteotomy Model
Objective: The immediate stability of implant fixation is an important determinant of surgical outcomes in patients treated for distal femoral varus with an interlocking nail. Bone compaction techniques, which compress cancellous bone during preparation of the femoral condyle, have shown promising results in improving initial implant stability1,2 across various cancellous bone densities3. Compaction creates a densified bone ring around the nail, which in turn enhances the bone-implant interface strength, reduces micromotion, and optimizes load transfer through the construct4,5. Concurrently, the placement of distal interlocking bolts represents another crucial factor in construct design that may offer different mechanical advantages regarding construct rigidity and load distribution. The number and position of these bolts may potentially influence the biomechanical behavior of the entire construct, particularly its resistance to bending moments. Despite the importance of both bone preparation technique and bolt configuration, their relative contribution to overall construct stability remains unknown. 
The objective of this study was to investigate the mechanical effects of distal bolt placement in compacted and non-compacted synthetic bone models of varying densities. We hypothesized that cancellous bone compaction would enhance stability at the bone–nail interface across all bone densities, whereas variations in bolt configuration would not have a significant effect on the overall mechanical stability of the construct. 
Study Design: Custom-made aluminum cylinders (4 cm long by 2 cm OD) filled with 10, 12.5, 15 and 20 PCF (pound per cubic foot) polyurethane foam were used to simulate the distal femoral condyle of a mid-sized dog (Figure 1). Consistent with current surgical technique, a 7-160 I-Loc nail was centrally inserted into a reamed 7 mm line-to-line 40 mm deep pilot hole (control group). In the experimental group, the nail was impacted into a sequentially compacted 40 mm deep central tunnel that was prepared using custom mandrels of increasing diameters from 4 mm to 7 mm. All nails extended 3.5 cm into the reamed or compacted foam tunnel. The bone model/I-Loc nail constructs (n=4 per group) locked using bolts inserted in positions 3, 4, or 3+4 (Figure 2).  Constructs were mounted horizontally in a custom bending fixture secured to an Instron servo-hydraulic press base plate. The nail proximal end was coupled to the Instron actuator via a U-joint and secured with two locking bolts. Four constructs per group were tested in medio-lateral bending under displacement control using a single ramp load at a rate of 5 mm/sec. The Instron actuator displacement was 5 mm, equivalent to a 1.8° deflection in the nail axis (Figure 3). Load vs deformation data were collected from each sample. Outcome measures consisted of stiffness (computed from 2 to 4 mm of actuator displacement) and maximum load at 5 mm of actuator displacement. Data were reported as mean and standard deviation (SD) and compared using two-factor ANOVA (bone preparation and bolt distribution) followed by post-hoc Tukey tests when significant differences were identified (p<0.05). 
Results: In low-density foams: 10 and 12.5 PCF, both preparation methods and bolt positions showed significant differences for maximum load and stiffness (p<0.05), with bolt 4 showing a higher load and stiffness than bolt 3, and double-bolt configurations maintaining superiority over bolt 3 and 4 alone. For the 15 PCF group, bolt positions 3 versus 4 showed no significant differences (p>0.05) in either group (compacted vs noncompacted), while double-bolt configurations remained superior to single bolts for maximum load and stiffness. In 20 PCF foam, the effect of double bolting vs single bolting is no longer evident (p>0.05) and primary advantage comes from the preparation technique, not the number or location of the bolts
Conclusion: Our findings demonstrate that both bone preparation technique and bolt configuration significantly influence the initial stability of I-Loc/bone constructs in a distal femoral bone surrogate. Cancellous bone compaction improved interface stability across all foam densities, confirming our first hypothesis. However, we rejected our second hypothesis as the bolt configuration proved to significantly influence construct stability at every foam density tested. Specifically, the double-bolt configuration (positions 3+4) provided higher mechanical stability compared to either single-bolt arrangement, with the exception of 20 PCF foam. This finding highlights the synergistic importance of primary fixation through bone compaction and secondary fixation via bolt placement in achieving optimal load distribution and construct rigidity.
Limitations of this study include the use of synthetic rather than native bone, testing limited to medio-lateral bending and evaluation of a single nail diameter (7mm).
Although further clinical validation is warranted, this study indicates the potential for improving surgical techniques in distal femoral angular correction procedures. Additionally, in young or geriatric patients or those with compromised bone quality, implementing both compaction and the double-bolt technique may improve surgical outcomes.
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Figure 1 – The synthetic bone models (right) were composed of a custom-made hollow aluminum tube (center) and a foam cylinder with a specified density either 10, 12.5, 15 or 20 PCF (left). 
Figure 2 – Bolt configuration for medio-lateral bending. The numbers show bolt position at the distal end of an I-Loc nail 
Figure 3 – Medial-lateral bending test setup. Left: A custom-made bending fixture is secured to a base plate. Right: An Instron load cell with a universal U-joint is shown with the I-Loc nail connected to the U-joint with bolts at one end (right) and inserted into the foam at the other (left), where it is secured with locking bolts (3+4). The green arrow indicates the testing direction. A spacer \ was used to standardize the distance between the bending fixture and the I-Loc nail, to ensure consistent 30mm nail insertion depth of the nail into the bone model during testing

References: 
1. Chareancholvanich K, et al. In vitro stability of cemented and cementless femoral stems with compaction. Clin Orthop 2002; 394:290
2. Kold S, et al. Bone compaction enhances implant fixation in a canine gap model. JOR 2005;23(4):824-30
3. Fracka A, et al. Compaction effect on different densities of cancellous bone and immediate stability of an angle stable interlocking nail in a distal femoral osteotomy model. [Proceedings of the 2025 ACVS Surgery Summit October 23-25] 2025 [Seattle, WA] 
4. Channer MA, et al. Use of bone compaction in total knee arthroplasty. J Arthroplasty 1996;11:743–749
5. Green JR, et al. The effect of bone compaction on early fixation of porous-coated implants. J Arthroplasty 1999;14:91–97
Acknowledgements: One of the authors has royalties relating to the implants described in this study. This study was funded by Endowed Research Fund (internal funding)


