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Objective: The purpose of this study was to investigate the effects of the location of transverse carpal ligament (TCL) transection on the biomechanical property of the carpal arch structure. It was hypothesized that carpal tunnel release would lead to an increase of the carpal arch compliance (CAC) in a location-dependent manner.



Methods: A pseudo-3D finite element model of the volar carpal arch at the distal carpal tunnel was used to simulate arch area change under different intratunnel pressures (0–72 mmHg) after TCL transection at different locations along the transverse direction of the TCL.



Results: The CAC of the intact carpal arch was 0.092 mm2/mmHg, and the simulated transections ranging from 8 mm ulnarly to 8 mm radially from the center point of the TCL led to increased CACs that were 2.6–3.7 times of that of the intact carpal arch. The CACs after radial transections were greater than those ulnarly transected carpal arches.



Conclusion: The TCL transection in the radial region was biomechanically favorable in reducing carpal tunnel constraint for median nerve decompression.
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1. Introduction

Carpal tunnel syndrome (CTS) is currently the most common upper-extremity compression neuropathy with prevalence rates varying between 1% and 5% of the general population in the United States (1). Elevated carpal tunnel pressure is commonly noted as the cause for the median nerve neuropathy (2–4). Structurally, the carpal tunnel is formed by the transverse carpal ligament (TCL) as its volar border and the interconnected carpal bones as its medial, lateral, and dorsal borders (5). The tunnel is crowded with the median nerve and nine digital flexor tendons, predisposing the median nerve to mechanical compression by the TCL (6). Clinically, if a conservative treatment fails, a surgical release of the carpal tunnel through TCL transection is performed so that the carpal tunnel becomes more compliant to accommodate the elevated pressure.

As a standard surgical treatment for carpal tunnel syndrome, carpal tunnel release (CTR) increases carpal tunnel volume (7–9), thereby decreases carpal tunnel pressure (10) and restores median nerve shape (11). The surgical approaches are mainly divided into two aspects: the open carpal tunnel release (OCTR) and endoscopic carpal tunnel release (ECTR). Surgical release of the transverse carpal ligament for the treatment of posttraumatic median nerve compression was first described in 1933 (12). The split of the transverse carpal ligament in a patient with CTS using endoscopy for the first time was not reported until 1987, and the endoscopic surgical approach has since been introduced (13).

Omokawa et al. investigated the anatomical course of the ulnar artery and its branches in relation to the TCL, as well as the position of the median nerve in 24 fresh cadaver hands. Their findings suggested that when performing surgery, transecting the TCL at a point roughly 5 mm radial to the radial margin of the hook of hamate may reduce postoperative bleeding and prevent inadvertent damage to the blood vessels and nerves (14). Z-lengthening is a surgical technique that has been developed as an alternative to the traditional complete incision carpal tunnel release surgery (15). In the Z-lengthening procedure, the surgeon creates a series of cuts in a zigzag pattern on the transverse carpal ligament to increase the available space for the compressed median nerve. Unlike complete severing, the Z-lengthening technique ensures that the ligament remains intact. Compared to the traditional carpal tunnel surgery, the Z-lengthening technique offers several advantages such as a smaller incision resulting in reduced pain and faster healing. In addition, this procedure has a lower incidence of complications such as damage to nearby nerves or blood vessels. As a result, Z-lengthening is an effective and safe surgical approach to treating carpal tunnel syndrome that can significantly enhance the quality of life for those affected by this condition (16). A previous study proposed a modified Z-lengthening technique that includes a distal flap on the radial side and a proximal flap on the ulnar side to avoid the hamulus insertion in the hamate bone and improve outcomes for carpal tunnel syndrome (17, 18). A meta-analysis of randomized controlled trials supported the effectiveness of Z-lengthening over the conventional TCL release for long-term functional improvement (19). Some research studies show better manual function and short-term grip strength with preserved TCL continuity comparing to complete cut of the ligament (20, 21). Therefore, TCL Z-lengthening has been proposed to preserve the TCL continuity and the first flexor tendon pulley, which is more effective than complete division. The ECTR has smaller cut incisions and better cosmetic results than the OCTR, but also has higher technical barriers and is associated with incomplete release of the transverse carpal ligament and neurovascular injury (16).

Notably, the volar carpal arch formed by the TCL contributes to the majority (93%) of the postoperative increase in the tunnel area (8). In a cadaveric study of the relationship between carpal tunnel cross-sectional area and intratunnel pressure, Kim et al. showed that carpal tunnel compliance after carpal tunnel release was nine times of that in the intact carpal tunnel (22).

Currently, the finite element (FE) model of the carpal tunnel is mainly pseudo-3D. Liong et al. established a patient-specific finite element model to analyze the relationship between repetitive finger flexion and the stress experienced on the nerve. The results show that the tendon volar movements (index finger and thumb flexion) impose larger stresses on the nerve than dorsal movements (middle finger flexion) (23). Walia et al. established a planar geometric model of carpal bones at the hamate level to analyze the best direction of the force for the maximization of the carpal arch area (CAA), so as to decrease the median nerve compression. The results showed that the maximal area occurred at 138° (volar-radial) relative to the hamate-to-trapezium axis (24). Mouzakis et al. simulated the computer work effects on the carpal arch area through finite element analysis. The results showed that the mouse work can introduce large deformation in the median nerve area, and the keyboard work can introduce a considerable and uneven axial lengthening of the nerve (25). Although there are many finite element models for studying carpal tunnel syndrome, they are currently mainly used to simulate the onset of symptoms, and few of them simulate the procedure of release surgery.

Although carpal tunnel release is a commonly performed surgical procedure for symptom relief in patients with CTS, the location of TCL transection can vary, and the implication of the transection variation on carpal tunnel biomechanics is unclear. The purpose of the current study was to investigate the effect of the location of TCL transection on the structural compliance of the distal carpal tunnel using a FE model. We hypothesized that carpal arch compliance (CAC) at the distal carpal tunnel would be dependent on the transection locations.



2. Materials and methods


2.1. Finite element modeling

The FE analysis in the current study was based on our previously developed pseudo-3D volar carpal arch structure at the distal tunnel level using computer-aided design modeling (SolidWorks 2012, Dassault Systems, Waltham, MA, United States) and then being exported to ABAQUS CAE (v6.10, Simulia, Providence, RI, United States) for FE analysis (26). Briefly, the model included the hamate bone, trapezium bone, thenar muscles, skin, fat, and TCL (Figure 1A). The skin and fat were modeled as a single skin–fat tissue. All tissue parts were manually segmented on transverse planar B-mode ultrasound images of the distal carpal tunnel of a cadaveric hand (male; left; age 74 years; height 177 cm; weight 95 kg). The specimen that had been thawed at room temperature prior to the test was placed in a supine, anatomically neutral position on the wrist. High-frequency (17 MHz) B-mode ultrasound images were acquired distal to the carpal tunnel using a linear array 18L6 HD transducer aligned in the transverse plane of the distal carpal tunnel along the line connecting the hook of hamate and ridge of trapezium. After acquiring the ultrasound images, the contours of thenar muscles, skin, fat, TCL, and the volar boundary of the hamate bone and trapezium bone were manually segmented and extracted with the use of the gray value threshold in ImageJ 1.46r (National Institutes of Health, Bethesda, MD, United States).
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FIGURE 1
(A) The FE model of the volar carpal tunnel based on ultrasound image. The FE model components including the hamate bone, trapezium bone, thenar muscles, skin–fat, and TCL. SF, skin–fat; HH, hook of hamate; T, TCL; RT, ridge of trapezium; TM, thenar muscles. (B) Transection location on the TCL marked as U, ulnar; CU, central-ulnar; C, central; CR, central-radial; R, radial. (C) Transection location marked from 1 to 8 on the ulnar half of the TCL. FE, finite element; TCL, transverse carpal ligament.


The elastic modulus of the hamate and trapezium bones was assumed as 10 GPa with a Poisson’s ratio of 0.3 (27). The TCL was modeled as linearly elastic and anisotropic with a volar-dorsal elastic modulus of 0.5 MPa and a transverse elastic modulus of 5.5 MPa (28) with a Poisson's ratio of 0.4. Hyperelasticity of both muscle and subcutaneous tissue was determined by a neo-Hookean strain energy potential equation with an effective Poisson's ratio of 0.49. The initial shear modulus of muscle was assumed to be 0.00425 MPa (29). The initial shear modulus of skin–fat was assumed to be 0.016 MPa (30). The intratunnel pressure was varied from 0 to 72 mmHg (0, 12, 24, 36, 48, 60, and 72 mmHg) in the simulation. The stiffness of the hamate-to-trapezium was set at 11.8 N/mm transversely and 2.9 N/mm in the volar-dorsal direction (31). The interface between any two components was assumed as a “tie” contact condition. The hamate, trapezium, TCL, muscle, and skin–fat tissue were all modeled as C3D10 quadratic tetrahedral elements. Displacement boundary conditions (free in-plane and fixed out-of-plane) were applied at both the distal and proximal surfaces of all components. Other surfaces were assumed free as their displacement boundary conditions. The hamate bone was fixed in all six degrees of freedom.

A mesh convergence test was conducted on the entire model, with the maximum von Mises stress on the TCL as the reference. The results indicated that when the global size was less than 0.3, the variation of von Mises stress was within 5% (Figure 2). Therefore, a global size of 0.3 was selected with 17,165 elements in the model.
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FIGURE 2
Mesh convergence test.




2.2. Transection of TCL

We simulated two sets of TCL transection locations. For the first set, the transections were performed at the central location (C), and 4 and 8 mm radially (CR, R) and ulnarly (CU, U) from location C (Figure 1B). The second set of transections was performed on the ulnar part of the TCL with 1 mm increment from the central location, marked as U1–U8 (Figure 1C). A mesh convergence analysis was performed using h-refinement method, where around double and triple element numbers in all components in the model with the same boundary conditions and material properties showed within 2.6% and within 3.6% error, respectively, on the result of TCL tensile strain for each transection. The carpal arch areas of the intact and transected carpal tunnels under various intratunnel pressures were determined as the area formed by the dorsal TCL boundary and the line connecting the two points at the hook of hamate and ridge of trapezium. Linear regression analyses were performed on the carpal arch area as a function of intratunnel pressures for each TCL transection. The CAC was defined as the slope of the regressed linear equation.



2.3. Model validation with pressure regulation

The hand was positioned in a supinated and neutral orientation and dissected minimally, preserving the tunnel and volar soft tissues. An incision was made 4 cm distal to the distal wrist crease and directly proximal to the second web space, allowing for the insertion of a custom-designed medical air balloon (Advanced Polymers Inc., Salem, NH, United States) to apply artificial pressure within the tunnel. The balloon was aligned along the tunnel's longitudinal axis with the assistance of an ultrasound and extended beyond the proximal and distal edges of the TCL (32). The balloon was pressurized, and a pressure gauge was used to monitor the pressure, which was set at levels ranging from 0 to 300 mmHg. At each pressure level, a B-mode ultrasound image was taken at the transverse plane of the distal carpal tunnel, along the line connecting the ridge of the trapezium and the hook of hamate. The tensile strain of the TCL was analyzed by manual tracing using the multipoint selection tool in ImageJ. The predictions of the TCL tensile strain simulation were compared to the measurements obtained from the cadaveric specimen to validate within 5% difference compared to the finite element analysis approach.




3. Results

Analysis of the CAA under different intratunnel pressures at five locations (Ulnar, Central-Ulnar, Central, Central-Radial, and Radial) along the transverse direction on the distal TCL is shown in Figure 3. The linear regressions on the curve of the Central-Ulnar, Central, and Central-Radial TCL transections showed a CAC of 0.25, 0.28, and 0.34 mm2/mmHg, respectively, within the intratunnel pressure range of 0–72 mmHg (R-square value = 1.00 for each curve). The linear regressions on the curve of the Ulnar and Radial TCL transections showed 0.26 and 0.32 mm2/mmHg, respectively, as CAC within the intratunnel pressure range of 0–72 mmHg (R-square value = 0.90 and 0.84 for the Ulnar TCL transection and Radial TCL transection, respectively). CAC without TCL transection was 0.092 mm2/mmHg. Below 68 mmHg intratunnel pressure, radial TCL transection increased CAA the most among the five transection locations in Figure 3. Above 68 mmHg intratunnel pressure, Central-Radial TCL transection increased CAA the most (Figure 3). Central-Ulnar TCL transection increased CAA the least within the intratunnel pressure range of 0–72 mmHg. CAA increased by 18.03 mm2, a 107% increase, below 72 mmHg intratunnel pressure at the Central-Radial TCL location after transection. CAA only increased by 10.99 mm2, an increase of 65%, below 72 mmHg intratunnel pressure at the Central-Ulnar TCL location after transection.
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FIGURE 3
CAA with different intratunnel pressures for the intact tunnel and transected tunnel at both radial and ulnar sides. CAA, carpal arch area.


During the traditional CTR, the TCL is transected on its ulnar side to avoid damage to the thenar muscle and median nerve. Analysis of CAA under different intratunnel pressures at the eight locations (Location 1–8) along the transverse direction on the ulnar half of the TCL is shown in Figure 4. The linear regressions on the curve of TCL transection at Locations 1–8 showed CAC of 0.28, 0.24, 0.24, 0.24, 0.25, 0.25, 0.27, and 0.29 mm2/mmHg, respectively, within the intratunnel pressure range of 0–72 mmHg (R-square value = 1.00 for each curve). There was no noticeable difference in CAC (within 0.05 mm2/mmHg) under TCL transection at Locations 1–8. At the intratunnel pressure of 72 mmHg, CAA increased by 28.77 mm2, an increase of about 70% compared to the condition without TCL transection.
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FIGURE 4
CAA with different intratunnel pressures for the intact and ulnarly transected tunnel conditions. CAA, carpal arch area.




4. Discussion

It is known that carpal tunnel release leads to an augmentation of the carpal tunnel space (7–9) and a reduction of the intratunnel pressure (3, 33). Our results of increased structural compliance after simulated TCL transections corroborate the biomechanical basis of the carpal tunnel release for median nerve decompression. A compliant carpal arch is more accommodating to elevated intratunnel pressure without excessive compression on the median nerve.

The current modeling results about CAC of the intact tunnel (0.092 mm2/mmHg) matched closely with a previous cadaveric study that examined the relationship between the intratunnel pressure and carpal arch area using MRI showing a compliance of 0.1 mm2/mmHg (32). The change in carpal tunnel compliance after carpal tunnel release was also previously studied by Kim et al. (22), showing an increase of 56.0 mm2 of the carpal arch area when the intratunnel pressure increased from 0 to 70 mmHg. In the current modeling study, the increase of the carpal arch area when pressure increased from 0 to 72 mmHg were 20.2 mm2 at the central location and 17.7–24.7 mm2 among all transection locations. Kato et al. reported that the carpal arch area increased by 82 mm2 (from preoperative 32 mm2 to postoperative 114 mm2) for patients who underwent carpal tunnel release. This discrepancy in the increase of the carpal arch area might be due to that the mechanical properties of the TCL surrounding tissues might not be the same as those in the cadaveric hands.

A finite element model is particularly advantageous for the study of the biomechanical effects of various transection locations. Carpal tunnel release is traditionally in the ulnar side of the TCL along the radial border of the ring finger, which likely corresponds to the simulated U1–U5 locations in the model. Our study showed that the CAA increase stayed relatively stable under transection at different locations on the ulnar half of the TCL. In this study, we found that the determination of TCL transection location on the ulnar half of the TCL in order to create the maximal carpal tunnel space is not a key factor for surgeon's consideration.

Along the transverse direction of the distal TCL, transection on the radial TCL increases CAA more than transection on the ulnar TCL. While in surgical practice, transection on the radial half of the TCL using OCTR or ECTR can lead to damage to the thenar muscles which attach on the radial TCL. Such damage to the thenar muscles and small nerve fibers might contribute to common CTR complications such as pillar pain and persistent pinch weakness. Future techniques with TCL transection at the edge of the trapezium might be a better approach to augment the carpal tunnel if the muscle and nerve fibers can be preserved intact, which might lead to better postoperative outcomes. Recently, the OCTR with Z-lengthening reconstruction of the TCL mobilizing the ulnar and radial flaps of the transverse carpal ligament with proximal release of the ulnar flap and distal release of the radial flap showed postoperative advantages (Seitz and Lallb 2013). Z-lengthening reconstruction of the TCL releasing the radial distal TCL might create more carpal tunnel space at the distal tunnel level. The effect of radial TCL transection on carpal tunnel morphology might be a promising direction for further studies. Our study aimed to investigate the distal portion of the carpal tunnel, with the goal of establishing a theoretical basis for determining the optimal location for the distal incision in future CTR surgeries, as well as for deciding whether to preserve or transect the TCL. We discovered that a modified Z-lengthening technique with distal transection on the radial side may produce better outcomes compared to a conventional complete TCL incision. However, we also identified that there were no previous studies comparing the modified Z-lengthening with the conventional Simonetta's Z-lengthening technique, highlighting the need for further research in this area.

This study provided a basic understanding of the effect of TCL transection location on CAA and CAC. There are several limitations as follows: one limitation is that the intratunnel pressure was modeled as a constant without considering its interactive effects with TCL transection. The intratunnel pressure could decrease with the increase of CAA after TCL transection. This coupling effect warrants more investigation in the future. Another limitation is that the pseudo-3D FE model focusing on the distal level of the carpal tunnel cannot reflect the volume changes of the carpal tunnel after CTR. Future works can expand the modeling framework developed in this study to be a 3D carpal tunnel model. Finally, the FE model in this study is geometrically specimen-specific, and the future work on population-based modeling can provide more insights into the generalizability of the current results.



5. Conclusions

The radial TCL transection on carpal tunnel morphology might be a promising approach for decompression in CTS. Also, TCL transection location on the ulnar half of the TCL might not be a key factor for surgeon's consideration. Our model indicated potential benefit with radial transection location at the distal part the carpal tunnel in a modified Z-lengthening technique.



Data availability statement

The original contributions presented in the study are included in the article, further inquiries can be directed to the corresponding authors.



Ethics statement

The studies involving human participants were reviewed and approved by the Ethics Committee of the Shanghai Ninth People's Hospital. The patients/participants provided their written informed consent to participate in this study.



Author contributions

LY: formal analysis, investigation, writing-original draft preparation, writing review, and editing. JJ: formal analysis, investigation, writing review, and editing. YL and KL: investigation, review, and editing. YG: supervision, writing review, and editing. YY: conceptualization, methodology, project administration, supervision, writing review, and editing. All authors contributed to the article and approved the submitted version.



Funding

The study described in this publication was partially supported by Key Projects of the National Defense Foundation Strengthening Plan (2020-JCJQ-ZD-264), National Natural Science Foundation of China (No. 32201067), and Shanghai Jiao Tong University “Star of Jiao Tong University” Medical-Engineering Cross Research Fund (No. YG2021QN142).



Conflict of interest

The authors declare that the research was conducted in the absence of any commercial or financial relationships that could be construed as a potential conflict of interest.



Publisher's note

All claims expressed in this article are solely those of the authors and do not necessarily represent those of their affiliated organizations, or those of the publisher, the editors and the reviewers. Any product that may be evaluated in this article, or claim that may be made by its manufacturer, is not guaranteed or endorsed by the publisher.



References

1. Dale AM, Harris-Adamson C, Rempel D, Gerr F, Hegmann K, Silverstein B, et al. Prevalence and incidence of carpal tunnel syndrome in US working populations: pooled analysis of six prospective studies. Scand J Work Environ Health. (2013) 39:495. doi: 10.5271/sjweh.3351

2. Alfonso C, Jann S, Massa R, Torreggiani A. Diagnosis, treatment and follow-up of the carpal tunnel syndrome: a review. Neurol Sci. (2010) 31:243–52. doi: 10.1007/s10072-009-0213-9

3. Diao E, Shao F, Liebenberg E, Rempel D, Lotz JC. Carpal tunnel pressure alters median nerve function in a dose-dependent manner: a rabbit model for carpal tunnel syndrome. J Orthop Res. (2005) 23:218–23. doi: 10.1016/j.orthres.2004.05.014

4. Szabo RM, Chidgey LK. Stress carpal tunnel pressures in patients with carpal tunnel syndrome and normal patients. J Hand Surg. (1989) 14:624–7. doi: 10.1016/0363-5023(89)90178-0

5. Cobb TK, Dalley BK, Posteraro RH, Lewis RC. Anatomy of the flexor retinaculum. J Hand Surg. (1993) 18:91–9. doi: 10.1016/0363-5023(93)90251-W

6. Armstrong TJ, Chaffin DB. Some biomechanical aspects of the carpal tunnel. J Biomech. (1979) 12:567–70. doi: 10.1016/0021-9290(79)90045-9

7. Ablove RH, Peimer CA, Diao E, Oliverio R, Kuhn JP. Morphologic changes following endoscopic and two-portal subcutaneous carpal tunnel release. J Hand Surg. (1994) 19:821–6. doi: 10.1016/0363-5023(94)90194-5

8. Kato T, Kuroshima N, Okutsu I, Ninomiya S. Effects of endoscopic release of the transverse carpal ligament on carpal canal volume. J Hand Surg. (1994) 19:416–9. doi: 10.1016/0363-5023(94)90055-8

9. Richman JA, Gelberman RH, Rydevik BL, Hajek PC, Braun RM, Gylys-Morin VM, et al. Carpal tunnel syndrome: morphologic changes after release of the transverse carpal ligament. J Hand Surg. (1989) 14:852–7. doi: 10.1016/S0363-5023(89)80089-9

10. Okutsu I, Ninomiya S, Hamanaka I, Kuroshima N, Inanami H. Measurement of pressure in the carpal canal before and after endoscopic management of carpal tunnel syndrome. J Bone Joint Surg Am. (1989) 71:679–83. doi: 10.2106/00004623-198971050-00006

11. El-Karabaty H, Hetzel A, Galla TJ, Horch RE, Lücking CH, Glocker FX. The effect of carpal tunnel release on median nerve flattening and nerve conduction. Electromyogr Clin Neurophysiol. (2005) 45:223–7. PMID: 16083145.

12. Learmonth JR. The principle of decompression in the treatment of certain diseases of peripheral nerves. Surg Clin North Am. (1933) 13:905–13.

13. Okutsu I, Ninomiya S, Natsuyama M, Takatori Y, Inanami H, Kuroshima N, et al. Subcutaneous operation and examination under the universal endoscope. Nippon Seikeigeka Gakkai Zasshi. (1987) 61:491–8.

14. Omokawa S, Tanaka Y, Ryu J, Suzuki J, Kish VL. Anatomy of the ulnar artery as it relates to the transverse carpal ligament. J Hand Surg. (2002) 27:101–4. doi: 10.1053/jhsu.2002.30077

15. Saravi MS, Kariminasab MH, Bari M, Ghaffari S, Razavipour M, Daneshpoor SMM, et al. A comparison of hand pain and hand function after Z-plasty reconstruction of the transverse carpal ligament with traditional median neurolysis in carpal tunnel syndrome. Arch Bone Jt Surg. (2016) 4:145. doi: 10.22038/ABJS.2016.6236

16. Hernández-Cortés P, Hurtado-Olmo P, O’Valle F, Pajares-López M, Catena A, Sánchez-Montesinos I, et al. Modification of intra-carpal tunnel pressure after Z-lengthening of the transverse carpal ligament. Clin Biomech. (2020) 80:105150. doi: 10.1016/j.clinbiomech.2020.105150

17. Castro-Menéndez M, Pagazaurtundúa-Gómez S, Pena-Paz S, Huici-Izco R, Rodríguez-Casas N, Montero-Viéites A. Z-elongation of the transverse carpal ligament vs. complete resection for the treatment of carpal tunnel syndrome. Rev Esp Cir Ortopédica Traumatol Engl Ed. (2016) 60:355–65. doi: 10.1016/j.recote.2016.09.002

18. Seitz Jr. WH, Lall A. Open carpal tunnel release with median neurolysis and Z-plasty reconstruction of the transverse carpal ligament. Curr Orthop Pract. (2013) 24:53–7. doi: 10.1097/BCO.0b013e3182797ac3

19. Lai S, Zhang K, Li J, Fu W. Carpal tunnel release with versus without flexor retinaculum reconstruction for carpal tunnel syndrome at short- and long-term follow up—a meta-analysis of randomized controlled trials. PLoS One. (2019) 14:e0211369. doi: 10.1371/journal.pone.0211369

20. Faour Martín O, Martín Ferrero MÁ, Valverde García JA, Zuil Acosta P, Amigo Liñares L. The Simonetta technique for carpal tunnel syndrome: immediate postoperative evaluation and long-term comparative study. Int J Orthop. (2014) 1:109–15. doi: 10.6051/j.issn.2311-5106.2014.01.21

21. Gutiérrez-Monclus RG, Gutiérrez-Espinoza HJ, Flores-Astudillo AR, Lluch-Homedes AL, Aguirre-Jerez M. Release with or without reconstruction of the transverse carpal ligament for severe carpal tunnel syndrome: a randomized clinical trial. J Hand Surg Eur Vol. (2018) 43:303–9. doi: 10.1177/1753193417730260

22. Kim DH, Marquardt TL, Gabra JN, Shen ZL, Evans PJ, Seitz WH, et al. Pressure–morphology relationship of a released carpal tunnel. J Orthop Res. (2013) 31:616–20. doi: 10.1002/jor.22271

23. Liong K, Lahiri A, Lee S, Chia D, Biswas A, Lee HP. Finite element simulation of intra-carpal tunnel pressure: the effects of individual finger flexion and histological changes. Int J Exp Comput Biomech. (2015) 3:250–66. doi: 10.1504/IJECB.2015.073929

24. Walia P, Erdemir A, Li Z-M. Subject-specific finite element analysis of the carpal tunnel cross-sectional to examine tunnel area changes in response to carpal arch loading. Clin Biomech. (2018) 42:25–30. doi: 10.1016/j.clinbiomech.2017.01.004

25. Mouzakis DE, Rachiotis G, Zaoutsos S, Eleftheriou A, Malizos KN. Finite element simulation of the mechanical impact of computer work on the carpal tunnel syndrome. J Biomech. (2014) 47:2989–94. doi: 10.1016/j.jbiomech.2014.07.004

26. Yao Y, Erdemir A, Li Z-M. Finite element analysis for transverse carpal ligament tensile strain and carpal arch area. J Biomech. (2018) 73:210–6. doi: 10.1016/j.jbiomech.2018.04.005

27. Pistoia W, Van Rietbergen B, Lochmüller E-M, Lill CA, Eckstein F, Rüegsegger P. Estimation of distal radius failure load with micro-finite element analysis models based on three-dimensional peripheral quantitative computed tomography images. Bone. (2002) 30:842–8. doi: 10.1016/S8756-3282(02)00736-6

28. Holmes MW, Howarth SJ, Callaghan JP, Keir PJ. Biomechanical properties of the transverse carpal ligament under biaxial strain. J Orthop Res. (2012) 30:757–63. doi: 10.1002/jor.21583

29. Palevski A, Glaich I, Portnoy S, Linder-Ganz E, Gefen A. Stress relaxation of porcine gluteus muscle subjected to sudden transverse deformation as related to pressure sore modeling. J Biomech Eng. (2006) 128(5):782–7. doi: 10.1115/1.2264395

30. Brosh T, Arcan M. Modeling the body/chair interaction—an integrative experimental–numerical approach. Clin Biomech. (2000) 15:217–9. doi: 10.1016/S0268-0033(99)00073-X

31. Marquardt TL, Gabra JN, Evans PJ, Seitz Jr WH, Li Z-M. Thickness and stiffness adaptations of the transverse carpal ligament associated with carpal tunnel syndrome. J Musculoskelet Res. (2016) 19:1650019. doi: 10.1142/S0218957716500196

32. Li Z-M, Masters TL, Mondello TA. Area and shape changes of the carpal tunnel in response to tunnel pressure. J Orthop Res. (2011) 29:1951–6. doi: 10.1002/jor.21468

33. Gelberman RH, Hergenroeder PT, Hargens AR, Lundborg GN, Akeson WH. The carpal tunnel syndrome. A study of carpal canal pressures. J Bone Joint Surg Am. (1981) 63:380–3. doi: 10.2106/00004623-198163030-00009



OPS/images/fsurg-10-1134129-g003.jpg
Carpal Arch Area (mm?)

40

20 40 60
Pressure (mmHg)

80

- Without transection

- Ulnar

Central-Ulnar
Central
Central-Radial
Radial





OPS/images/fsurg-10-1134129-g004.jpg
Carpal Arch Area (mmz)

Pressure (mmHg)

*

Without transection
Location 1
Location 2
Location 3
Location 4
Location 5

- Location 6

Location 7
Location 8





OPS/xhtml/Nav.xhtml




Contents





		Cover



		A finite element analysis of the carpal arch with various locations of carpal tunnel release

		1. Introduction



		2. Materials and methods



		2.1. Finite element modeling



		2.2. Transection of TCL



		2.3. Model validation with pressure regulation











		3. Results



		4. Discussion



		5. Conclusions



		Data availability statement



		Ethics statement



		Author contributions



		Funding



		Conflict of interest



		Publisher's note



		References



















OPS/images/cover.jpg
, frontiers ‘ Frontiers in Surgery

A finite element analysis of the carpal arch
with various locations of carpal tunnel release









OPS/images/crossmark.jpg
(®) Check for updates.





OPS/images/logo.jpg
& frontiers | Frontiers in Surgery





OPS/images/fsurg-10-1134129-g001.jpg





OPS/images/fsurg-10-1134129-g002.jpg
Maximum von Mises stress (kPa)

0

Mesh convergence test

20000 40000 60000
Element number

80000





