Early post-operative performance of an anatomically designed hybrid thread interference screw for ACL reconstruction: A comparative study
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Abstract
Although the anterior cruciate ligament (ACL) reconstruction using interference screw is a well-accepted surgical procedure, patients still suffer graft failure in the initial rehabilitation phase. Graft fixation stability of a newly designed anatomical hybrid thread tapered interference screw (AHTTIS) was compared with a conventional standard one (CSIS) by conducting in-vitro mechanical tests. According to the CSIS manufacturer’s instruction, eight tapered bone tunnels, matching AHTTIS geometry, and eight straight cylindrical tunnels were drilled in artificial bone blocks. Bovine tendon grafts were fixed using AHTTIS and CSIS in their corresponding bone tunnels. Each graft was subjected to a pre-load, a dynamic cyclic sinusoidal tensile load, and a tensile pullout load. Aggregate graft displacement relative to the bone tunnel under dynamic cyclic load, load corresponding to a 3mm displacement; load and displacement at yield and ultimate failure of the graft; and graft-bone-screw stiffness resulted from pullout tests were recorded. There were no significant differences between recorded parameters of the two groups, except the graft displacements relative to the bone tunnel at ultimate failure load (8.35±3.03mm versus 5.28±1.37mm) and at the yield point (7.73±3.02mm versus 4.59±1.25mm) (P <0.05), which were both significantly greater for the AHTTIS group. Considering all tests were made in the worst-case scenario of fixation of an interference screw, i.e., the employed synthetic bone just mimicked cancellous bone, graft fixation with the AHTTIS is practical. However, in the case of employing high strain rate loads on AHTTIS, further considerations are needed to reduce the side effect of slippage of the graft.
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Introduction
One of the most commonly performed orthopedic surgeries is anterior cruciate ligament (ACL) reconstruction (Sajovic et al., 2018). In 2014, the incidence of ACL injury was between 40 and 60 in 100,000, and this number is growing every year (Sajovic et al., 2018). To reconstruct a ruptured ACL, various soft tissue grafts and fixation techniques can be used. However, this procedure is often performed using the hamstring tendon or bone-patellar tendon-bone as an autogenous graft (Monaco et al., 2017). Due to less donor-site morbidity, less knee pain, and no extensor mechanism alterations along with acceptable mechanical behavior, employing hamstring tendon as graft has gained popularity over the recent years (Carulli et al., 2017). Fixation of hamstring tendon graft using interference screws (bioabsorbable, or metallic ones) is a popular technique, and many biomechanical studies reported an acceptable level of stability for this type of fixation that allows an accelerated rehabilitation process (Arama et al., 2015; Micucci et al., 2010; Shen et al., 2010; Watson et al., 2015). Interference screws would reduce the graft working length and thus avoid graft-bone tunnel relative motion by compressing tendon grafts to the bone tunnel's wall and creating friction (Hu et al., 2018; Meyer et al., 2012). It is noteworthy that the graft fixator must be able to withstand early postoperative forces and prevent graft displacement relative to bone tunnel until its biological incorporation into the bone tunnel occurs (Carulli et al., 2017). On the other hand, an optimal fixator should minimize the amount of extreme adverse stresses to avoid excessive bone resorption (Abuhussein et al., 2010; Vahdati and Rouhi, 2009; Rouhi et al., 2015) and provide sufficient levels of compressive mechanical stimuli in the bone around the fixator (Haase and Rouhi, 2013; Rouhi et al., 2015). 
Despite effective long-term outcomes of ACL reconstruction, it is still broadly accepted that the weakest point of the ACL-construct, in the immediate postoperative period, is the region where graft, bone, and interference screw meet and interact with each other (Cheng et al., 2016; Halewood et al., 2011). The interaction of the screw and bone is more crucial in the tibial bone tunnel, due to its poor bone density, as well as the direction of applied load, which is parallel with the bone tunnel (Micucci et al., 2010; Aga et al., 2013; Weiler et al., 2000). Ten to twenty-five percent of patients still suffer from graft failure in the initial phase of rehabilitation (Cheng et al., 2016), and micro-motion between the graft and the interference screw within the bone tunnel, graft irritation, and even laceration caused by metal screws have been reported to be the causes of clinical failures (Hu et al., 2018). Moreover, even a well-functioning reconstructed ACL was reported to be at the risk of traumatic rupture with a pooled rate of 5.8 % at a minimum of 5-year follow-up (Feller et al., 2017). 
In this study, to improve the performance of current interference screws, the following three concepts were considered to design a new interference screw. The first point was based on the concept of a “triple-threaded” screw with triple thread helix of a single-threaded screw, consisting of three intertwined threads running parallel to one another (Abuhussein et al., 2010). Fig. 1a, shows the fine threaded part of the designed screw.  It should be noted that the lead, i.e., the length of insertion of a screw when it is turned 360 degrees, of a triple threaded screw is threefold of its pitch (see the fine threaded part of the designed screw in  Fig. 1a), while in a single-threaded screw, the screw pitch equals the screw lead (Abuhussein et al., 2010). This can be seen in Fig. 1a, where the coarse threaded part is shown. Investigations on triple-threaded screws also showed that triple-threaded screws have less vertical displacement under vertical loads, compared to single-threaded screws with the same helix angle, i.e., the same lead (Ma et al., 2017). The second concept was based on the fact that the cortical bone shell, which has a thickness of about 2-3mm on the distal end of the tibial bone tunnel, plays an important role in increasing the screw pull-out strength (Zhang et al.,2006). The last concept was to employ screws with greater pitch and depth, with a relatively narrow core diameter in cancellous bone, which creates greater holding capacity in low density bones (Wang et al.,2016), and in contrast, taking advantage of the design of cortical screws with smaller pitch and depth, with relatively larger core diameters (Wang et al.,2016). Thus, single coarse threads, i.e., screws with large thread pitches and depths, were designed for AHTTIS, in the location of their engagement with the cancellous bone, while fine triple-threads were designed in the location of screw engagement with the cortical bone. Eventually, by considering the current concept of “triple-threaded” screws, as well as the importance of screw thread's design beneath each bone type (cortical and cancellous), a novel anatomical hybrid thread tapered interference screw (AHTTIS) was designed and fabricated in this study. 
This study aimed at investigating the early post-operative performance of the AHTTIS through comparing the stability of a graft fixed with the AHTTIS and a graft fixed with a conventional standard titanium interference screw (CSIS). The comparison performed when the cases are under a dynamic cyclic loading combined with a single cycle of pullout loading, using in-vitro tests. The stability of the fixation was evaluated by assessing different parameters, i.e. measuring graft displacements and evaluating endurable loads which the graft can stand for it.  It was aimed to make the comparison as a preliminary step using the synthetic bone. The bone was simulating a homogeneous cancellous bone without any cortical bone component, which can be deemed as the worse-case scenario of a screw fixation (Pelletier et al.,2017). It was hypothesized that the grafts fixed with the AHTTIS, due to the region-specific thread design and graft locking mechanism in the tapered bone tunnel, should exhibit less graft slippage during the dynamic cyclic loading and higher ultimate tolerable or withstanding load which the graft can stand for it in comparison to the CSIS.
Materials and Methods
Anatomical hybrid thread tapered interference screw (AHTTIS) design features
Using Catia V6 software (Dassault Systems©), the AHTTIS with a 30mm length and a flat head was designed (Fig. 1a). The diameter of the AHTTIS decreased gradually from 10mm in its head to 7.5mm on its tip, creating a tapered body. Furthermore, due to the location of the interference screw in the tibial bone tunnel, two distinct types of threads were designed for AHTTIS (Fig. 1a). When the interference screw is placed in tibial bone tunnel, approximately 4mm of its length, near its head region, is engaged with cortical bone, and the rest is engaged with cancellous bone (Capozza et al., 2010). Thus, adjacent part of the AHTTIS to the compact bone has a fine triple thread design (Fig. 1b), which has three-start threads and consists of three intertwined threads, running parallel to one another (shown in Fig. 1B with different colors), and adjacent part of AHTTIS to cancellous bone has a coarse and single thread design (Fig. 1a). Although the pitch in coarse thread part is triple the pitch of fine thread part, leads of both thread parts was similar to each other, i.e., 3mm, to prevent further rotation of the screw in the insertion procedure. Eventually, the AHTTIS was fabricated from available CK45 steel, with the aid of a CNC machine (Fig. 1c). For the initial prototyping, this material was selected due to accessibility and focus of study which is on screw design.  The study appreciates that CK45 is not a surgical steel or is not an appropriate material for an in-vivo trial. More details about the AHTTIS's design features can be found in Table 1.
Bone tunnel preparation
To prepare bone tunnels in each comparing group, rigid polyurethane foam blocks (Sawbones, Pacific Research Laboratories, Inc., WA); with a density of 320 kg/m3, were used to simulate dense cancellous bone in tibial bone tunnel (Asnis et al., 2017), and 16 through-all bone tunnels were created in two groups (Fig. 2a). For CSIS group, straight cylindrical bone tunnels with the same size as of conventional standard screw (RCI; Smith and Nephew screw, with a diameter of 10mm), according to manufacturer’s instruction (Fig. 2b), and for AHTTIS group, tapered bone tunnels, with the same size of AHTTIS, with an increasing diameter from 7.5mm to 10mm (Fig. 2c), were created using a custom-made drill-bit.
Soft-tissue graft preparation and fixation
Fresh bovine digital extensor tendon was used to mimic hamstring tendon graft (Meyer et al., 2012; Donahue et al., 2001), which was cleared of adherent muscle fibers and other surrounding soft tissues, wrapped, and stored frozen at -20˚C in sealed plastic bags for no longer than one month (3 weeks) (Chizari et al., 2009). On the testing day, the tendons were thawed to room temperature (for 2–4 h), and all of them were kept moist with 0.9% normal saline solution during the sample preparation and test procedure (Chizari et al., 2009). Sixteen similar looped bovine tendon strands of 80mm length were then prepared. Circumferential size of the looped strands were measured by using an ACL graft–sizing block to be 7.5mm. Half of the prepared grafts, i.e., 8 grafts, were inserted into the straight cylindrical bone tunnels and were fixed with CSIS, which were inserted in the middle of the graft strands (Fig. 2b). The remaining 8 grafts were inserted into the tapered bone tunnels and fixed by AHTTIS (Fig. 1c). Three centimeters of the proximal end of the tendon strands were kept outside of the bone tunnel, to be secured in the custom-made jig (Fig. 2a). Finally, 16 samples, which consist soft tissue grafts, synthetic bone blocks, and interference screws were made ready for the mechanical tests.
Experimental testing procedure
Right after preparing each sample, mechanical tests were performed. Bone blocks were fixed with a hand-made fixture (Fig. 2a), the proximal looped end of the tendon strands were hooked to custom-made rigs in Zwick/Roell (Amsler HCT 25-400), and the load was applied parallel to the longitudinal axis of the tunnel (Fig. 2a), to imitate the worst-case scenario of load occurring in the body (Micucci et al., 2010). Similar loading patterns were applied to the grafts in both groups as follow: 1) Pre-loading: a sinusoidal tensile load, ranging from 5N to 20N, with a frequency of 1Hz, and for 10 cycles; 2) Dynamic cyclic loading: a sinusoidal tensile load, ranging from 20 N to 100N, with a frequency of 1Hz (Saithna et al., 2015), and for 100 cycles; and 3) Pullout loading: a tensile load with a rate of 20mm/s to evaluate the reaction of the constructs to a sudden over-load event (Fig. 3), and to find the maximum load capacity of the reconstructed graft. 
After the 1st and 2nd steps of loading, initial- and cyclic graft displacement, relative to the bone tunnel, were measured. Initial graft displacement was obtained by subtracting the graft displacement at the end of pre-loading phase from its displacement after the 1st cycle of dynamic loading, and cyclic graft displacement was obtained by subtracting graft displacement corresponding to the 100th loading cycle from its displacement in the 1st cycle of loading (Kousa et al., 2003) (Fig. 3). 
[bookmark: OLE_LINK3]As can be seen in a typical load-displacement curve resulted from the pullout test (Fig. 4), the curve is approximately linear up to the yield point. The slope of this linear region was calculated as the graft-bone-interference screw construct stiffness (Kousa et al., 2003). Just after the yield point, the graft experiences significant stretching till the ultimate failure occurs (Kousa et al., 2003). This failure mostly happens at the screw and graft interface (Fig.4) (Daneshvarhashjin et al., 2021) .Load and displacement at the yield point, load and displacement at ultimate failure all were recorded in the tests. Another measured parameter in this study was minimum graft laxity load, i.e., the load corresponding to a 3mm graft's displacement (Aga et al., 2013), that shows clinically important load level in which anterior knee laxity appears (Smith et al., 2010).
Statistical analysis
Statistical analysis was conducted with GraphPad Prisim software (GraphPad Software, Inc.), version 6. In all groups, nonparametric distribution of the data was found using Kolmogorow-Smirnow test (Scheffler et al., 2002). Parameters of interest were statistically compared between the two groups, i.e., between AHTTIS and CSIS groups, using the Mann-Whitney U Wilcoxon rank-sum test (Scheffler et al., 2002). The level of significant difference was considered to be P<0.05.
Results
In dynamic cyclic loading, dynamic graft displacements after 100 cycles were not significantly different in the constructs fixed with CSIS and those fixed with AHTTIS, i.e., 0.9±0.5mm versus 0.9±0.4mm, respectively (P>0.05) (Fig. 5). Nonetheless, the difference between initial grafts' displacements in the constructs fixed with CSIS and those fixed with AHTTIS, was significant, i.e., 1.2 ±0.5mm versus 1.8±0.4mm, respectively (P<0.05) (Fig. 5). 
In pullout loading, the grafts which were fixed with the CSIS and those of AHTTIS showed no significant differences in their minimum laxity loads, i.e., 523.1±147.6N versus 393.9±75.0N, respectively, also in their yielding loads, i.e., 695.9±173.9N versus 641.9±136.1N, respectively, as well as in their ultimate loads, i.e., 716.8±225.0N versus 646.3±221.5N, respectively (P>0.05) (Fig. 6). However, significant differences were observed in graft displacements relative to bone tunnel at both yield and ultimate loads between CSIS and AHTTIS groups (p<0.05), and the grafts fixed with CSIS showed less displacement than those fixed with AHTTIS. At yield, graft displacements relative to bone tunnel for CSIS and AHTTIS were 4.6±1.2mm and 7.7±3.0mm, respectively, and at ultimate load, they were 5.3±1.4mm and 8.3±3.0mm, respectively (Fig. 7). 
In pull-out loading, the graft-bone-interference screw construct stiffness showed that there is no significant difference between the two groups. Even though the CSIS offers a greater stiffness than AHTTIS, i.e., 130.2±56.6N/mm versus 90.5±20.8N/mm (Fig. 8).
Discussion
In spite of promising long-term ACL reconstruction outcomes, fixation with the interference screw in tibial bone tunnel is still a challenging issue in knee surgery. The main scope of this study was to suggest a way to improve initial stability of the reconstructed graft, through designing and fabricating an anatomical hybrid thread tapered interference screw (AHTTIS), by using some key points learned from intact ACL and bone-screw mechanics. One key aspect of this newly designed screw was its tapered body, which can resist against axial motion of the graft, and consequently result in less likelihood of graft laxity. Moreover, novelty of AHTTIS was its hybrid thread configurations, i.e., coarse- and fine threaded parts, in order to be which were more compatible with spongy and cortical bones structures, respectively (Wang et al.,2016).
In this research, the performance of the AHTTIS, compared to conventional standard titanium interference screws (CSIS), was evaluated in the worst-case scenario of using an interference screw, i.e., when bone tunnel lacks a cortical shell. Thus, the early post-operative performance of the reconstructed grafts, i.e., the ones fixed with AHTTIS and CSIS, were compared only using the cancellous bone. Through this study, key parameters, such as initial and cyclic graft displacement under dynamic cyclic loading (a sinusoidal tensile load, 100 cycles, 20-100N, 1Hz), and load corresponding to a 3mm displacement, load and displacement at yield and at ultimate failure of the graft, and graft-bone-screw construct's stiffness in pullout loading (a tensile load, with the rate of 20mm/s) were all measured and compared between the AHTTIS and CSIS groups. From the experimental tests on the AHTTIS prototypes and CSIS samples, it was found that even though in the 1st cycle of dynamic loading, there was a significant difference between the graft’s displacement in AHTTIS and CSIS groups, but in the consequent cycles, with the load in the range of 20-100N, AHTTIS and CSIS performed similarly (Fig. 5). Greater graft displacement in the first cycle of loading in AHTTIS group, compared to CSIS group, can be due to the initial stretching and displacement of the graft relative to the inserted screw and the bone tunnel right after screw fixation. Moreover, in dynamic cyclic loading AHTTIS, with only 0.9±0.5 mm of graft displacement, relative to bone tunnel, can be considered as a stable construct, and can prevent considerable graft slippage in the physiologic loading level, i.e. up to 100 N (Chizari et al., 2011). Normalizing cyclic graft displacement after 100 cycles in AHTTIS (0.9 mm) (Fig. 5)  to the graft length outside the of bone tunnel (30 mm) shows 3% of tendon length increase and was stabled with increasing the cycle numbers (Fig. 3). This value is comparable with study of Jiang et al., investigating in-situ effect of cyclic knee motion on the elongation of four-strand hamstring (Jiang et al., 2019). They found 4.8% of  graft length increase by repeated flexing and extending the knee joint and 110° with the tension load of 89 N, which reaches a stable value after 30 cycles and these values were not correlated with demographic data of patients (gender and age) and  graft diameter and length (Jiang et al., 2019). Thus graft elongation and displacement during cyclic loading  can reach the stable level and can be minimized in the clinical setting by preconditioning of the construct.  
In this study, it was also found that the minimum graft laxity load, as well as yield and ultimate loads, collected in pullout tests, were not significantly different between AHTTIS and CSIS groups, which may indicate promising performance of the AHTTIS (Fig. 6). As can be seen in Fig. 6, the grafts fixed with AHTTIS showed high strength and reasonable yield load (641.9±136.1N), and ultimate load (646.3±221.5N), which were in the same range as those of CSIS. The recorded loads for both AHTTIS and CSIS groups were all greater than the load exerted to graft during various activities in the initial stages of rehabilitation, as well as caused by daily normal activities, i.e., 500N (Herrera et al., 2010). Moreover, in AHTTIS group, mean value of the minimum graft laxity load, which is the load that causes a 3 mm displacement of the graft, relative to the bone tunnel, as a clinically important critical level for anterior knee laxity, was 393.9 N (Fig. 6), and was greater than the peak load value that an intact ACL can experience during walking, i.e., 300N (Escamilla et al., 2012).
Notwithstanding all acceptable results of measured parameters for the AHTTIS, greater graft slippage in AHTTIS group compared to CSIS group (Fig. 7), observed in pullout test at both yield and ultimate failure, might be partly due to its increased pitch and depth of the coarse threaded screw part, compared to the CSIS. Investigation on effect of screw thread design such as pitch and depth on their pullout strength has been widely investigated. It has been shown that in cancellous bone increasing thread depth to pitch ratio will lead to higher pullout strength (Chapman et al., 1996). However, for assessing interference screws fixation, it should be noted that graft screw interaction also plays a role in the final outcome and it is beyond  the  pullout of  the screw from the bone. Desirable outcome is combination of  higher fixation of screw in adjacent bone and providing sufficient pressure on graft while avoiding graft laceration. Furthermore, the insertion method of the graft-screw plays an important  role on the outcome of the pullout strength. Ideally, the screw should be placed among graft strands so the screw threads should only face with soft graft. But as the screw turns into the bone tunnel the graft may push away and screw get in touch with the bone. In this scenario, the effect of the variable screw pitch and depth may need to be studied at a combined bone-graft-screw. 
Unlike orthopedic screws ,the current literature on effect of variable interference screw design such as pitch and depth is limited.  Weiler et al found an interesting correlation between stability of fixation and thread depth. They commented on the rigidity of screw fixation and concluded that the thread depth is more important than thread diameter (Weiler et al., 1998). However in their study, screws with different thread diameters were used, which making the comparison difficult (Weiler et al., 1998).  On the other hands, Garcés et al investigated the effect of pitch on fixation strength and they did not find significant difference between  interference screws performance with 2.5 and 5 mm pitch (Garcés et al., 2019). To our knowledge the interference screw pitch depth ratio similar to previous studies on orthopedic screws has not been evaluated yet. 
In the current study, the size of bone tunnel was equal to the outer diameter of each screw along each screw's length, but increasing pitch and depth in AHTTIS, in the coarse thread part, might cause to remove more bone and consequently provides greater space between graft and bone tunnel in the coarse thread part of AHTTIS, and thus less squeezing pressure will be applied to the graft in that region. It is believed that the reduction of the graft’s squeezing pressure can lead to reduction of the friction between graft and bone tunnel, which can cause an increase in graft slippage. It is speculated that, based on the explanations provided regarding the greater slippage of the grafts fixed with AHTTIS, through making smaller tapered bone tunnel for fixation of the AHTTIS, and thus by increasing the graft squeezing pressure, graft slippage might reduce in this group.
It should be acknowledged that this study suffers from some limitations. First of all, due to the existing differences in bone; graft species; method of fixation; graft diameters and material properties; design specifications of the interference screws; size of interference screws (length and diameter); bone tunnel dimensions, as well as bone drilling quality; and wide range of loading protocols, used in this study with those reported in the literature, no close studies were found to make us able to compare results of this investigation with them. Nonetheless, the mean ultimate load for metal screws evaluated in several studies was reported to be from 233 to 817N (Aga et al., 2013; Herrera et al., 2010; Zantop et al., 2006), which are in agreement with the results of this work, i.e., 646.3N for AHTTIS group, and 716.8N for CSIS group (Fig. 6). Secondly, it should be noted that the comparison between the newly designed screw (AHTTIS) and CSIS, was performed using synthetic bone, which only mimics cancellous bone, and lacks cortical shell that can affect the reconstruction process. Despite this fact, as an initial step of evaluating AHTTIS performance, a comparison was made between the newly designed screw with CSIS, both fixed in cancellous bone, which can be deemed the worst-case scenario of using an interference screw in a bone sample. It is speculated that performance of the AHTTIS compared to CSIS due to its design’s features can be improved in the presence of the bone cortex. Thirdly, the employed synthetic bone had homogenous and isotropic material properties, unlike natural bone, which is non-homogenous and anisotropic, and this can be seen as an advantage when one compares the performance of AHTTIS and CSIS (Cift et al., 2010). The other limitation of this study was using digital extensor bovine tendon instead of real human hamstring tendon grafts, even though it has been shown that these grafts can be substituted for the human tendon grafts (Donahue et al., 2001; Domnick et al., 2016). Furthermore, the study appreciates that CK45 is not a surgical steel or is not an appropriate material for an in-vivo trial. However, we can accept the fact that the strength of the screw is significantly higher than the bone and the graft, therefore the focus of the study is on failure of the fixation at bone and graft side not on the screw side and this selection will not limit importance of  comparing two designs of interference screws both made of metals. In our initial prototyping, the study has chosen CK45 steel due to accessibility and the cost. However, the sample only used to carry the lab tests and for any in-vivo trial of course, the use of a proper surgical steel or titanium with the ability to resist against corrosive environment in the human body, is recommended. For comparing the fixation stability using the newly designed screw, with polymer materials  further in-vitro tests maybe also helpful.  Finally, the experimental tests done in this study were performed to simulate immediate loading of the fixed grafts right after reconstruction, and the effects of healing and remodeling processes were not considered here. In-vitro experimental tests on real human bones; in-vivo investigations on the performance of AHTTIS during the course of graft healing process; among other aspects of this multifactorial problem, can be subjects of future studies, which can shed more light on the problem of ACL reconstruction with the interference screws.
Conclusions
This investigation revealed that fixation of the grafts through employing the anatomical hybrid thread tapered interference screw (AHTTIS), even in the worst-case scenario from the mechanical perspective, i.e., using the interference screw in a synthetic bone with just spongy bone structure, is feasible. In the current study, the amount for the graft slippage of AHTTIS samples during the dynamic cyclic loading tests  compared to the results of those conventional standard screws, proves  that the variable screw pitch is comparable with the best of conventional market.  Furthermore, AHTTIS fixation can tolerate loads that are greater than those a graft experiences during the early stages of rehabilitation. Nonetheless, greater graft slippage in sudden-overload events for the AHTTIS, compared to the CSIS, can be likely controlled by modifying screw thread design, also through choosing smaller tapered bone tunnel to increase squeezing pressure, which needs further investigations and can be tackled in future studies.
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