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Abstract

:

Background and Objectives: Using an appropriate torque to tighten set screws ensures the long-term stability of spinal posterior fixation devices. However, the recommended torque often varies between different devices and some devices do not state a recommended torque level. The purpose of this study is to evaluate the effect of set screw torque on the overall construct stability and fatigue life. Materials and Methods: Two commercial pedicle screw systems with different designs for the contact interface between the set screw and rod (Group A: plane contact, Group B: line contact) were assembled using torque wrenches provided with the devices to insert the set screws and tighten to the device specifications. The axial gipping capacity and dynamic mechanical stability of each bilateral construct were assessed in accordance with ASTM F1798 and ASTM F1717. Results: Increasing or decreasing the torque on the set screw by 1 Nm from the recommended level did not have a significant effect on the axial gripping capacity or fatigue strength of Group A (p > 0.05). For Group B, over-tightening the set screw by 1 Nm did cause a significant reduction in the fatigue strength. Conclusions: Excessive torque can damage the rod surface and cause premature failure. When insertion using a manual driver is preferred, a plane contact interface between the set screw and rod can reduce damage to the rod surface when the set screw is over-torqued.
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1. Introduction


Pedicle screws are commonly used to treat disorders of the spine through instrumented spinal fusion. The aim is to correct deformities and stabilize the spine to safely achieve arthrodesis. Stiff and stable constructs have been shown to improve fusion rates and increase the strength of the fusion mass [1,2].



Spinal surgical techniques have evolved considerably over the past 10 years, particularly with the use of minimally invasive surgery where pedicle screws can now be inserted through a 2–3 cm incision [3]. Open surgery typically involves prolonged use of anesthetics, long operation time, prolonged hospital course, blood loss, and damage to neural/soft tissues. While a minimally invasive approach can overcome many of these disadvantages of open surgery, the procedure often requires the surgeon to use their hands to manually control set screw insertion. The use of power and precision instrumentation is limited by such a small incision window. Hence, surgical errors, such as an inappropriate insertion torque on the set screw, are more common than with the open approach [4].



Standard top-loading pedicle screws have a tulip-type screw head with a U-shaped slot to accommodate the rod, which is held in place by a set screw. The clamping force of the system is mainly determined by the ability of the set screw to maintain a tight clamp on the rod when the rod is subjected to a radial force. The set screw can be torqued manually using screwdrivers, but this is prone to error with variation in the torque applied. Inadequate torque may lead to set screw loosening and failure, while excessive torque may lead to fracture of the rod [5,6,7]. Therefore, it is essential to accurately torque each set screw within the range recommended by the manufacturer. Studies on dental implants have shown that most dentists cannot accurately torque abutment screws using manual drivers [8,9], and there is a wide variation between operators [10]. We propose that there is a similar variation in the ability of spinal surgeons to perceive adequate torque when inserting set screws during internal spinal fixation.



Implant disassembly due to loosening the set screw is uncommon, but insufficient tightening of the inner nut into the pedicle screw head can predispose the system to rod migration [6,11]. Few studies have investigated this failure mode, and most are in the form of case reports [5,6,7]. In contrast, excessive torque may affect the fatigue cycle of an implant. Therefore, the degree of tightening of the set screw plays an important role in structural stabilization.



Some rod and screw systems are supplied with a torque-limiting driver or breakaway set screw design to allow for consistent tightening of all set screws. However, this is not standard with all pedicle screw systems, and the recommended driving torque is often not detailed in the instructions supplied with the product. The effect of set screw torque on construct stability and screw loosening has not been investigated to date. The aim of this study is to evaluate the stability of commercially available pedicle screw constructs tested according to ASTM F1798 and ASTM F1717 using different torques for the set screws. Insufficient preloading or inadequate tightening of set screws can create stress concentrations and compromise implant stability. Hence, this study will investigate the relationship between the tightening torque and overall construct stability to improve understanding for clinical applications.




2. Materials and Methods


Two commercially available pedicle screw and rod systems were assessed in this study, both using 4.0 mm-diameter screws that accommodate a 5.5 mm-diameter rod (Table 1, Figure 1). Both systems are CE-marked, meeting the standards of equivalency with existing devices. The set screws used to secure the pedicle screws to the spinal rods were tightened according to specification using a torque wrench provided with each device. Bilateral constructs were tested for axial gipping capacity and dynamic mechanical loading in accordance with ASTM F1798 [12] and ASTM F1717 [13], respectively, using an MTS MiniBionix testing system (MTS Systems Corporation, Eden Prairie, MN, USA) with an MTS axial/torsional load cell (model 662.20H-05). The axial and torsional capabilities were 25 KN and 250 Nm, respectively.



2.1. Axial Gipping Capacity (AGC) Testing


The axial gripping capacity (AGC) was assessed using 15 pedicle screws and 15 spinal rods for each device (Group A and B). One end of the spinal rod was clamped to the actuator using a collet. A poly-axial screw assembly was then placed on the load cell and rested on a metal tube with a recess to allow the rod to advance (Figure 2a). A pedicle screw was secured to the rod 20 mm from the collet end with 5 mm of rod left beyond the interconnection. Pedicle screw heads that were not flush with the test machine base were supported with a washer to evenly distribute the load around the interconnection. Axial loading was applied at a rate of 15 mm/min until 5 mm of displacement was achieved. The axial gripping capacity (AGC) of each construct was defined as the maximum load (N) supported within the initial 1.5 mm of displacement [14] (Figure 3). Set screws were tightened at three different torque values to simulate standard insertion (manufacturer recommended), over-tightening and under-tightening. Five samples were tested at each torque value. A student’s t-test was used to detect significant differences in AGC for different torque values (p < 0.05 indicates a statistically significant difference).




2.2. Dynamic Mechanical Testing of Bilateral Constructs


Dynamic mechanical testing was performed on 11 bilateral constructs of each device, in total consisting of 44 pedicle screws and 22 rods. Blocks of ultra-high molecular weight polyethylene (UHMWPE) were formed according to ASTM F1717. As shown in Figure 2b, two screws were secured in each block and linked by rods to simulate fixation between two adjacent vertebrae. The constructs (rods and screws) were set up according to the manufacturer’s instructions using standard surgical instruments. The active length was 76 mm, and the moment arm from the centerline to the insertion point was 40 mm on the x-axis and 20 mm on the y-axis. Set screws were tightened at three different torque values to simulate standard insertion (manufacturer recommended), over-tightening by 1 Nm and under-tightening by 1 Nm. Dynamic compression bending tests were performed on both constructs according to the methods described in ASTM F1717 [13]. All tests were conducted in dry air at room temperature. For the dynamic fatigue test, the frequency was set at 5 Hz with a cyclic sine wave. The R value (minimum load divided by maximum load) was 10. The test was ceased when the sample failed (meaning any permanent deformation that altered the functional performance), the distance between the test blocks was reduced to less than 38 mm, or when 5,000,000 cycles (run-out) were reached. The load applied and the duration of loading were recorded to determine the fatigue strength. ASTM F1717 recommends that loading commences at 50% of the ultimate load, which in this study was determined to be 340 N and 355 N for Group A and B by using a preliminary static test. Therefore, loading started at 170 N for both groups and was increased after every third sample until permanent deformation or functional failure occurred, or the number of cycles exceeded 5,000,000 cycles. Otherwise, the load level was decreased every third sample until sample run-out. The fatigue strength for both Group A and B was 190 N when torquing the set screw to the manufacturer’s recommended specification.





3. Results


3.1. Axial Gripping Capacity


Group A had an average AGC of 2019.65 N when using the manufacturer’s recommended torque to tighten the set screw, while the AGC increased or decreased, respectively, when the torque value was higher or lower than the standard insertion (Table 2). There was no significant difference (p > 0.05) between the AGC values recorded for Group A. Group B had an average AGC of 1775.07 N using the standard insertion toque, and over-tightening the set screw did not significantly affect the gripping capacity (p > 0.05). However, there was a significant decrease in AGC when the set screw was under-tightened (p < 0.05).




3.2. Dynamic Mechanical Testing of Bilateral Construct


Table 3 and Table 4 details the results of the dynamic compression bending test. All constructs in Group A had a fatigue strength of 190 N regardless of the torque used to tighten the set screw. Where the construct failed within 5,000,000 cycles, failure was through fracture of the pedicle screw at the point where it entered the UHMWPE block (Figure 4). Group B had a fatigue strength of 190 N when using the manufacturer’s recommended torque (12 Nm). Decreasing the torque had no discernible effect, but increasing it to 13 Nm did lead to a reduction in fatigue strength to 170 N (Table 3). In cases where 5,000,000 cycles were not reached, the construct failed by fracture of the rod.





4. Discussion


Internal fixation with top-loading pedicle screw systems requires the set screws to be sufficiently tightened to hold the rod in place and achieve a secure fixation and symmetric load condition. It has been reported that operators using hand-held manual drivers can show considerable variation in the torque applied [10,15]. The ability to accurately torque a set screw is essential for long-term implant stability. Through clinical experience, the authors are aware of cases of postoperative set screw loosening, and studies have shown that the insertion torque is a critical factor [5,6,7,16,17]. Hence, this study evaluated the mechanical performance of posterior fixation systems incorporating pedicle screws and rods using different tightening torques for the set screws. The hypothesis was that deviating from the recommended torque on the set screws would damage the construct stability.



The function of set screws is to secure the rod to the poly-axial mechanism. Previous reports indicated that inadequate tightening of the set screws could result in rod disengagement from the screw head [18]. In the axial gripping capacity test, for both constructs tested, the holding load between the set screw and rod increased with the torque. A mechanical study involving three custom-made pedicle screws by Liu et al. [19] showed that the gripping capacity of a poly-axial screw using a 12 Nm tightening torque was significantly greater than with an 8 Nm tightening torque. This finding is similar to the results of our study, indicating that a greater torque could reduce the risk of rod slippage. Although the OCTOPODA construct (Group B) used a greater tightening torque than Group A, the average axial gripping strength of Group B was lower. The design of the set screw may be the main reason for the different grip strengths. The saddle on the underside of the set screw in Group A has a groove and ridge geometry to increase the holding area of the rod on the screw head, whereas Group B had a line contact with a smaller profile (Figure 1) [20]. Liu et al. [19] indicated that gaps between the tulip-rod interface, such as with the OCTOPODA implant (Group B), can lead to a reduction in holding force.



Even in cases where a torque-limiting driver is supplied with the implant, an orthopedic surgeon still has the option to tighten the set screw manually. Loosening set screws after implantation has been reported with an incidence rate of 2–12% at the long-term follow up [21,22]. To mitigate the known potential for screw loosening, some surgeons over-tighten the set screws. However, the results of the compression bending test in this study showed a considerable reduction in fatigue strength of the construct when tightening the screw beyond the recommended torque. All samples in Group A had a fatigue strength of 190 N, with the primary failure mode being fracture around the proximal neck of the screw where it enters the test block. There was a noticeable reduction in fatigue strength in Group B as the insertion torque on the set screw was increased to 13 Nm, and all implants that did not achieve run-out failed by fracture of the rod at the region where it connects with the pedicle screw. We considered that excessive torque on the set screw could damage the contact surface of the rod, which would reduce the fatigue strength. The low contact profile between the rod and screw in Group B, defined as ‘line contact’ in this study, may produce localized stress concentrations that would exceed the plane contact stresses experienced by Group A. Figure 5 shows the depression on the rod in Group B at the region where it contacts the set screw, whereas only minor scratch marks were observed in Group A. This may explain the difference in failure modes. In a retrieval study on PEEK rods, Kurtz et al. [23] predominantly observed plastic deformation of the rods caused by indentations by set screws. Hence, the recommended torque for tightening set screws when used in conjunction with PEEK rods is usually lower than with metal rods. To reduce the incidence of pedicle screw failure, it is recommended that surgeons use a torque-limiting driver adjusted to the manufacturer’s recommended torque.



This study has some limitations. First, only two commercially available poly-axial screws were evaluated using three torque values for the set screws. The methods used are adequate for this study because the intent was to investigate how over- and under-tightening of set screws affects the performance of the construct. In addition, testing was performed in accordance with ASTM F1798 and ASTM F1717 rather than aiming to replicate physiological conditions, so rod bending and variations in the poly-axial tilt angle were not evaluated. ASTM standards are typically used to compare different component designs or surgical techniques in terms of relative mechanical parameters [24,25]. Finally, the mechanical properties of the two rods were not evaluated in this study. However, a previous investigation by the authors using four-point bending on the rods in Groups A and B showed that the rods have similar mechanical properties; please refer to the Supplementary Materials (Supplemental Reports S1). Any difference in properties between the rods would have a negligible effect on the test results.




5. Conclusions


Within the limitations of this study, the results demonstrated the importance of achieving the target torque values when tightening the set screw. Insufficient torque can lead to rod slippage or failure of the poly mechanism, while excessive torque can damage the rod surface and reduce the fatigue life. A line contact surface between the set screw and rod can damage the rod surface when the screw torque exceeds the recommended level. The optimal torque range for the set screw often depends on the design and properties of the construct, and, as such, there is no universal torque suitable for all devices. The authors recommend that the target torque range be stated with all devices, and a torque-limiting driver be provided as standard instrumentation for non-breakaway set screw systems. In pre-surgery planning, surgeons should confirm the torque limit handles with manufacturer-recommended torque or set screws with the breakaway head feature have been provided in instrument and implant sets, respectively.








Supplementary Materials
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Figure 1. (a) MATRIX Spine System; plane contact surface between set screw and rod. (b) OCTOPODA Spine System; line contact surface between set screw and rod. 
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Figure 2. (a) Setup of axial gripping capacity (AGC) testing. (b) Setup of dynamic mechanical testing. 
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Figure 3. Sample testing curve for axial slip testing showing five test runs for a group. 
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Figure 4. Failure patterns from the dynamic compression bending test in (a) Group A and (b) Group B. 
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Figure 5. The contact surface between the set screw and Ti6Al4V rod in Groups A and B after tightening the tulip head of the pedicle screw. 
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Table 1. Specifications of implants assessed in this study.
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	Pedicle Screw
	A (Matrix) *
	B (OCTOPODA) **





	Rod material
	Ti alloy
	Ti alloy



	Screw diameter (mm)
	4.0
	4.0



	Screw length (mm)
	30
	30



	Screw material
	Ti alloy
	Ti alloy



	Set screw material
	Ti alloy
	Ti alloy



	Tightening torque (Nm)
	9 (lower)

10 (Manufacturer recommended)

11 (higher)
	11 (lower)

12 (Manufacturer recommended)

13 (higher)







* MATRIX, DePuy Synthes, Oberdorf, Switzerland. ** OCTOPODA, Bricon GmbH, Wurmlingen, Germany.
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Table 2. Comparison of axial gripping capacity (AGC) between test groups.
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	Group

(Torque Value of Set Screw)
	Mean
	SD *
	p Value **





	A (9 Nm)
	1940.23
	102.10
	0.123

compared to A (10 Nm)



	A (10 Nm)
	2019.65
	98.81
	-



	A (11 Nm)
	2067.30
	105.66
	0.241

compared to A (10 Nm)



	B (11 Nm)
	1651.23
	88.05
	0.031



	B (12 Nm)
	1775.70
	94.78
	-



	B (13 Nm)
	1818.97
	69.25
	0.216







* SD standard deviation. ** Bold values indicate statistical significance with a p value < 0.05.
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Table 3. Results of the dynamic compression bending test.
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	Sample No. Group A
	Torque Value of Set Screw (Nm)
	Range of Axial Force (N)
	Cycles to Failure





	1
	10
	22~220
	53,548



	2
	10
	20~200
	2,177,963



	3
	10
	20~200
	1,757,238



	4
	10
	19~190
	Run-out



	5
	10
	19~190
	Run-out



	6
	9
	19~190
	Run-out



	7
	9
	19~190
	Run-out



	8
	11
	19~190
	Run-out



	9
	11
	19~190
	Run-out



	10
	11
	20~200
	1,831,177



	11
	11
	20~200
	1,593,474
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Table 4. Results of the dynamic compression bending test for two test groups.
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Group

(Torque Value of Set Screw)

	
* Fatigue Strength (N)

	
Maximum Axial Force (N)

	
Failure Patten If Did Not Run-Out






	
A (9 Nm)

	
190

	
22~220

	
Screw fracture




	
A (10 Nm)




	
A (11 Nm)




	
B (11 Nm)

	
190

	
22~220

	
Rod fracture




	
B (12 Nm)




	
B (13 Nm)

	
170

	
19~190








* Run-out: run out at 5 million cycles as recommended by ASTM F1717.
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