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    Abstract
Background: The main goals of flexor tendon surgery are to restore digital motion by providing tendon healing and to preserve tendon gliding. Our purpose was to investigate the effects of 5-fluorouracil (5-FU) on tendon adhesions in partially divided profundus flexor tendons (flexor digitorum profundus [FDPs]) following surgical repair and in partially divided FDPs without surgical repair, and to compare the results of the repair versus the nonrepair of zone two injuries via macroscopic and biomechanical evaluations of tendon adhesions. Methods: We used 32 adult male European rabbits (Oryctolagus cunniculus) weighing from 2.5 to 3.5 kg. The study was performed on the deep flexor tendons of the second and third digits of the right hind paws of the rabbits; thus, a total of 64 tendons were examined in this study. Results: Based on the results achieved in our experimental study, the load (N) significantly increased in subgroup 1a in which the tendons were surgically repaired and were not treated with 5-FU compared with subgroup 2a in which tendons were surgically repaired and treated with 5-FU. Conclusions: The load (N) significantly increased in subgroup 1a in which the tendons were surgically repaired and were not treated with 5-FU compared to subgroup 2a in which the tendons were surgically repaired and treated with 5-FU. Therefore, these results revealed a decrease in adhesion formation in the subgroup that was treated with 5-FU due to increased resistance to tendon adhesions during their excursion through the tendon sheath, which in this case required greater traction force.
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    Introduction


    The main goals of flexor tendon surgery are to restore digital motion by providing tendon healing and to preserve tendon gliding. The formation of peritendinous adhesions around the repair site is one of the several adverse events that may prevent the achievement of this goal. [bookmark: ft1][1]


    The clinical problem of flexor tendon injuries can be complicated when healing results in the formation of adhesions between the tendon and the surrounding synovial sheath. Although they are difficult to predict following surgical repair, adhesions have long been accepted as a cause of restricted tendon movement. [bookmark: ft2][2],[bookmark: ft3][3]


    Despite advances in surgical techniques and improvements in postoperative rehabilitation programs, adhesions between the tendon and the surrounding tissues continue to be an important problem following primary flexor tendon repair, particularly in zone II, which extends from the A1 pulley to the distal insertion of the flexor digitorum superficialis (FDS) tendon in the finger. Zone II was called "no man′s land" by Bunnell based on the belief that primary repairs should not be performed in this zone due to the frequency of complications including adhesions, entrapment or triggering of the flexor tendons. [bookmark: ft2][2],[bookmark: ft4][4]


    To reduce peritendinous adhesions and to achieve better gliding function of the digital tendons, several options, both surgical and pharmacological have been explored. [bookmark: ft5][5]


    Various pharmacologic agents have been used in attempts to modify adhesion formation. Steroids, antihistamines, and beta-aminoproprionitrile have not been shown to clinically decrease scar formation. Ibuprofen and indomethacin have been found to have small beneficial effects.


    The ideal drug should have no systemic side effects, should only require a single application, and should be targeted to the extrinsic healing mechanism and the immediate inflammatory response. Among the pharmacological anti-adhesive reagents, 5-fluorouracil (5-FU) appears to fit this profile. 5-FU is an antimetabolite that is used in glaucoma filtration surgery and has been proposed as a putative anti-adhesive drug for use following tendon repair. One-time exposure of the surgical field to 5-FU for as little as 5-min can elicit anti-proliferative effects in fibroblasts that last for several days, and this frame may be adequate to inhibit adhesion formation following tendon repair and prior to the initiation of postoperative motion after tendon surgery. [bookmark: ft6][6],[bookmark: ft7][7],[bookmark: ft8][8],[bookmark: ft9][9],[bookmark: ft10][10],[bookmark: ft11][11] However, the scientific evidence of these effects of 5-FU should be thoroughly scrutinized before 5-FU is widely incorporated into clinical practice. [bookmark: ft5][5]


    Our purpose was to investigate the effects of 5-FU on tendon adhesions in partially divided profundus flexor tendons (flexor digitorum profundus [FDPs]) following surgical repair and in partially divided FDPs without surgical repair and to compare the results of the repair versus the nonrepair of zone two injuries via macroscopic and biomechanical evaluations of tendon adhesions.


    Methods


    The study was performed on the deep flexor tendons of the second and third digits of the right hind paws of rabbits. These deep flexor tendons were performed 50% partial tenotomy through the technique described below in operative procedure.


    We used 32 adult male European rabbits (Oryctolagus cunniculus) weighing between 2.5 kg and 3.5 kg. All of the procedures were performed in the Experimental Animals Breeding and Research Center. The care of the animals was performed with the prior approval of the Animal Experimental Ethics Committee (nr. 1551 date 30.04.2013).


    The rabbits were randomly divided into four experimental subgroups. Sixteen rabbits were used in subgroups 1a and 2a and 16 rabbits were also used in subgroups 1b and 2b for a total of 64 tendons. Thirty-two tendons were used for macroscopic evaluations, and the remaining 32 tendons were used for biomechanical evaluations.


    
      	Research subgroup 1a: This group included 16 rabbits. In the second digit of the right hind paw, the FDP was partially divided and repaired with modified Kessler 2 core 5/0 Ethibond sutures (Johnson and Johnson, Somerville, NJ, USA) and a 6-0 Prolene (Ethicon, Johnson and Johnson, Somerville, NJ, USA) stitch for the circumferential epitenon repair. The repaired tendons in this group were not topically treated with 5-FU


      	Research subgroup 2a: This group included the same 16 rabbits of subgroup 1a, but in the third digit of right hind paw, the FDP was partially divided and repaired with modified Kessler 2 core 5/0 Ethibond sutures (Johnson and Johnson, Somerville, NJ, USA) and a 6-0 Prolene (Johnson and Johnson) stitch for the circumferential epitenon repair. After repair, the tendons were topically treated with a 5-min exposure to sponges cut into 7 mm × 20 mm × 1-mm strips that had been soaked in 5-FU at a concentration of 25 mg/ml. After this exposure, the region was irrigated with 10 ml of 0.9% NaCl


      	Research subgroup 1b: This group included 16 rabbits, and we used the second digit of the right hind paw to partially divide the FDP, which was not repaired or topically treated with 5-FU


      	Research subgroup 2b: This group included the same 16 rabbits of subgroup 1b. In the third digit of the right hind paw, the FDP was partially divided and was not repaired but was topically treated with a 5-min exposure to sponges cut into 7 mm × 20 mm × 1-mm strips that had been soaked in 5-FU at a concentration of 25 mg/ml. After this exposure, the region was irrigated with 10 ml of 0.9% NaCl.

    


    Operative procedure


    The rabbits were anesthetized with an injection of xylazin hydrochloride (5 mg/kg) and ketamine hydrochloride (35 mg/kg) into the femoral muscle. Cephazolin (20 mg/kg) was intravenously injected immediately before incision.


    The operative site was draped in a sterile fashion, and under tourniquet control and loupe magnification (×3.5), separate longitudinal incisions were made on the plantar aspects of the proximal phalanges of the second and third digits of right hind paw and carefully dissected to expose the synovial sheath. The sheath was incised transversely between the A2 and A3 pulleys to access the FDP distal to the FDS bifurcation, which corresponds to zone II flexor tendon injuries. About 50% partial tenotomy was made by lifting the FDP with the aid of curved microforceps just distal to its emergence from the FDS bifurcation and cutting transversely halfway through the tissue. From this point, the incisions were extended longitudinally 5 mm proximally and distally to simulate 50% standard partial tendon injuries. The incision in the flexor tendon sheath was not repaired. The skin incisions were closed with a Prolene interrupted 5/0 suture, and then, all of the rabbits were immobilized for 4 weeks in plaster boxing casts with the metacarpophalangeal and interphalangeal joints slightly flexed. During this time, after recovery from anesthesia, the animals were allowed to walk comfortably in their cages.


    Beginning on postoperative day 5, rehabilitation was performed via the application of a modified synergistic protocol twice daily and 7 days/week until the rabbits were killed. Passive motion of the elbow and wrist of the operatively treated hind paws was first applied for ten flexion-extension repetitions to prevent any joint contracture due to immobilization. Next, therapy was performed that involved proximal interphalangeal and distal interphalangeal (DIP) joint flexion, metacarpophalangeal and wrist extension, a proximal interphalangeal and DIP joint extension with metacarpophalangeal and wrist flexion repeated ten times for each operatively treated digit. [bookmark: ft12][12]


    Four weeks after surgery, the animals were sacrificed with intravenously injections of pentobarbital (100 mg/kg).


    Macroscopic evaluation


    From each group, 8 tendons were prepared 4 weeks after surgery for macroscopic evaluation. The macroscopic grading of the adhesions was performed using the system of Tang et al. [bookmark: ft13][13] [Table - 1]. The length of the adhesion and the density and movement capability of the tendon were evaluated.
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        	Table 1: Adhesion macroscopic evaluation criteria
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    Biomechanical evaluation


    Four weeks after surgery, 8 tendons from each group were prepared for biomechanical evaluation.


    The biomechanical experimental test was performed using a universal tensile machine [Figure - 1]. The testing machine uses adjustable-speed jaws to produce adequate force for the measurement of the required parameters while producing a suitable output on a monitor. The details of the testing procedure are provided below.
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        	Figure 1: Universal tensile machine.

        

        Click here to view
      

    


    To evaluate the range of flexion of the DIP joints and to quantify the resistance to adhesion formation after the repair of the profundus tendons, measurements of the friction force between the FDS and FDP were made by applying a load (N) to the FDP tendon while measuring the displacement between FDS and FDP. The toe was amputated at the metatarsophalangeal joint to leave a 2-cm length of the profundus tendon, which was connected to a hook on the upper jaw of the tensile machine. The proximal phalange was fixed to the lower jaw of the machine by adapting the device with a screw that was attached to an angle meter. In addition, to prevent the rotation of the proximal phalanx, the proximal and medial phalanges were fixed longitudinally with two Kirschner wires. To standardize the neutral position, the DIP joint was passively extended by the examiner at 0° and allowed to return to an unloaded position before the initiation of the traction of profundus tendon. The load (Newtons) and the displacement (mm) were measured as the FDP tendon was pulled at 20 mm/min until the angle of the DIP joint reached 40°.


    The output load (Newtons) was defined as the maximum load required to move the DIP joint from 0° to 40°.


    Displacement, which is proportion to tendon gliding, was also recorded as the amount of movement of the profundus tendon before the angle of the DIP joint reached 40° and is expressed in mm. The samples from the rabbits were tested within 2 h of death. Only the initial run was recorded because subsequent runs were found to be invalid due to changes in the viscoelastic properties of the tendon.


    Statistical analysis


    All statistical analyses were undertaken using StatSoft, version 7.1 (StatSoft Inc, Boston, MA, USA). Differences in the load (N) during the traction of tendons and displacement (mm), which reflects the tendon gliding, between groups 1a, 2a, 1b, and 2b were examined with analyses of variance (ANOVA) and post-hoc Tukey honestly significant difference tests as well as Kruskal-Wallis ANOVAs by rank.


    The differences between the analyzed parameters of two groups were tested with t-tests for independent samples and Mann-Whitney tests depending on the distribution of the data.


    Statistical significance was indicated by P < 0.05.


    Results


    The study was performed on the deep flexor tendons of the second and third digits of the right hind paw of rabbits. A total of 64 tendons were evaluated macroscopically and biomechanically. No ruptures occurred in the repaired tendons.


    Macroscopic findings


    Wound infection was not observed in any of the groups. Quantitatively, at 4 weeks the adhesion lengths were longest in groups 1a and 1b and shorter in groups 2a and 2b. Qualitatively, at 4 weeks, rigid, dense and immobile adhesions were observed around the repaired tendons in group 1a [Figure - 2]. In group 2a, loose, elastic and mobile adhesions were observed [Figure - 3]. In groups 1b and 2b, almost no adhesions were observed.
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        	Figure 2: Macroscopic evaluation of adhesions in group 1a without topical treatment with 5-fluorouracil.
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        	Figure 3: Macroscopic evaluation of tendon treated with 5-fluorouracil in rabbits.
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    The quantitative and qualitative evaluations of the extents and severities of the adhesions in the peritendinous regions at 4 weeks revealed the greatest values in group 1a, significantly lower values in group 2a, and lowest values in groups 1b and 2b.


    The macroscopic findings are summarized in [Table - 2].
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        	Table 2: Results of the evaluation of adhesions between the tendon and tendon sheath in groups 1a, 2a, 1b and 2b
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    Biomechanical findings


    Eight tendons from each group were prepared for evaluations of the peritendinous adhesions with the universal testing machine described above.


    Descriptive statistics, the differences between groups and the mean tensile load values (N) are summarized in [Table - 3], [Table - 4] and [Table - 5].
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        	Table 3: Descriptive statistic of load (N) by groups
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        	Table 4: Load/difference between groups/post-hoc Tukey HSD test
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        	Table 5: Load (N), differences between groups 1a, 2a, 1b and 2b
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    The mean tensile load values (N) for group 1a were significantly increased compared to those of group 2a, suggesting the presence of severe adhesions that encircled the tendons in group 1a. There was no significant difference in the mean tensile load values during the traction of tendons from groups 1b and 2b, suggesting that the extents of the adhesions were similar in these two groups.


    Descriptive statistics for the displacement (mm), the differences between groups, and mean displacement values are summarized in [Table - 6], [Table - 7] and [Table - 8].
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        	Table 6: Descriptive statistic of displacement (mm) by groups
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        	Table 7: Displacement (mm), differences between groups 1a, 2a, 1b and 2b
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        	Table 8: Displacement, differences between groups, 1a, 2a, 1b, and 2b
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    The mean displacement (mm) value of group 2a was significantly increased compared with that of group 1a, which suggested the presence of severe adhesions on the tendons of group 1a because better gliding and reduced resistance led to greater rates of displacement. There was no significant difference between the mean displacement values of groups 1b and 2b, suggesting that the extents of the adhesion formation were similar between these two groups.


    Discussion


    One of the most frequently encountered problems following tendon repairs is the development of adhesions. [bookmark: ft11][11] Despite advances in surgical techniques and postoperative rehabilitation programs, the formation of an adhesion around the repair site limits the gliding of the tendon and restricts joint movement. The main goal of flexor tendon surgery is to obtain a tendon with a sufficient degree of tensile strength, and this goal is achieved by reducing the formation of intra-synovial adhesions and restoring the gliding surface. [bookmark: ft1][1],[bookmark: ft14][14]


    Multiple investigators have concluded that partial lacerations involving ≤60% of the tendon`s cross-sectional area should not be repaired. That recommendation is supported by both in vivo and ex vivo biomechanical studies that have demonstrated that nonrepaired partial lacerations bear significantly greater ultimate loads and exhibit greater stiffness than repaired tendons. [bookmark: ft15][15],[bookmark: ft16][16],[bookmark: ft17][17]


    The recommendation of the majority of authors for injuries involving ≤60% of the tendon`s cross-sectional area is the debridement of the tendon. Injuries involving >60% of the tendon should be repaired with traditional core-suture methods supplemented with a running epitendinous suture. [bookmark: ft18][18]


    The correct management of partially divided flexor tendon injuries is still disputed. Opinions regarding whether partially divided flexor tendon injuries should be repaired still vary across studies. Therefore, this is the reason why we choose on our study partially divided flexor tendons as the focus of study subjects.


    A FU (5%), topical solution and cream are preparations that contain fluorinated pyrimidine 5-FU, which is an antineoplastic antimetabolite. As one of the antimetabolites that interfere with DNA production, 5-FU interferes with cell proliferation. In addition to it applications in cancer treatment, 5-FU has also been shown to inhibit the formation of postoperative flexor tendon adhesions. [bookmark: ft19][19],[bookmark: ft20][20]


    The proliferative and inflammatory response can be significantly reduced in tendons via treatment with 5-FU. One-time exposure to 5-FU for as little as 5-min can elicit anti-proliferative effects on fibroblasts that last for several days. The suppression of fibroblast proliferation has been observed for up 36 days without signs of cell death, and this time frame may be adequate to inhibit the formation of adhesions following tendon repair prior to the initiation of postoperative motion. [bookmark: ft12][12],[bookmark: ft21][21],[bookmark: ft22][22],[bookmark: ft23][23],[bookmark: ft24][24],[bookmark: ft25][25],[bookmark: ft26][26],[bookmark: ft27][27],[bookmark: ft28][28]


    In our experimental study, we examined the topical application of 5-FU at a concentration of 25 mg/ml because, based on the biomechanical studies conducted by Moran et al., [bookmark: ft6][6] a 25 mg/ml dose is so effective in preserving gliding function that after 3 weeks of immobilization, these authors observed no significant differences in the excursion, maximal load, or work of flexion between experimental animals and normal nonoperative controls.


    In our experimental study, the mean tensile load values during traction of the tendons in subgroup 1a were significantly greater than those of subgroup 2a, and there were no significant differences between the mean tensile load values during traction of the tendons from subgroups 1b and 2b.


    The mean displacement (mm) value of the tendons from group 2a was significantly greater than that of group 1a, and there was no significant difference in the mean displacement values of groups 1b and 2b.


    Based on the results observed in our experimental study, the load (N) of subgroup 1a in which the tendons were repaired surgically and not treated with 5-FU were significantly greater than those of subgroup 2a in which the tendons were repaired surgically and treated with 5-FU. Therefore, these results are indicative of a reduction in adhesion formation in the subgroup treated with 5-FU due to increased resistance to adhesion formation during their excursion through the tendon sheath, which in this case requires a greater force of traction. Our results generally agree with those of the biomechanical studies conducted by Karaaltin et al. [bookmark: ft29][29]


    Similarly, the loads (N) during traction of the tendons were significantly increased in subgroup 1a in which the tendons were repaired surgically and not treated with 5-FU compared with subgroup 1b in which the tendons were partially divided and not repaired or treated with 5-FU. These results favor the opinion of the majority of authors regarding the surgical treatment of partially lacerated tendons. [bookmark: ft30][30],[bookmark: ft31][31]


    There were no significant differences in the mean tensile loads during traction between the tendons of subgroups 1b and 2b. Based on this result, we conclude that 5-FU does not affect the gliding of partially divided flexor tendons that have not been surgically repaired.


    The mean displacement (mm) values of the tendons in subgroup 2a were significantly increased compared with those of subgroup 1a. This result indicates a decrease in adhesion formation in the subgroup that was treated with 5-FU because better gliding and reduced resistance lead to a greater rate of displacement. Our results generally agree with those of the biomechanical studies conducted by Sheng et al. [bookmark: ft32][32] The group C animals in the latter study were treated with 5-FU and exhibited a significant reduction in tendon adhesions.


    There were no significant differences in the mean displacement values during the traction between the tendons from subgroups 1b and 2b.


    One limitation of this study is the limited ability to differentiate between adhesion development and failure of repair, which might have presented as a reduced load and been mistakenly interpreted as a lack of adhesions. This limitation was mitigated by opening the samples after testing and ensuring the presence and regularity of the repair site. A second weakness of this investigation is that we only studied a single concentration of 5-FU. The 5-FU concentration and treatment duration were based on published results from a small animal model. The ideal dose and duration might have been higher than optimal for a rabbit study. Another weakness of this investigation is that mechanical strength was not measured after the gliding resistance test, and the work-of-flexion measurements were not performed within the same digit due to the sequentially disruptive assessments. One additional limitation of this study is the lack of the blinding of the investigators, which might have served as a potential source of bias in the interpretation of the results.


    Recent studies of 5-FU have proven that it reduces tendon adhesions. This adhesion-reducing effect of 5-FU was corroborated in our experimental study in animals, which will aid future supportive clinical therapies for reducing tendon adhesions in humans.


    In conclusion, a single topical application of 5-FU at a concentration of 25 mg/ml was effective in controlling peritendinous adhesions following surgical repair. Partially lacerated tendons (up to 50%) that are not repaired exhibited better gliding of the tendons through the tendon sheath than those that have been repaired. Our results revealed that 5-FU does not affect the gliding of partially divided flexor tendons that have not been surgically repaired.
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  Figure 1: Universal tensile machine.
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  Figure 2: Macroscopic evaluation of adhesions in group 1a without topical treatment with 5-fluorouracil.
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  Figure 3: Macroscopic evaluation of tendon treated with 5-fluorouracil in rabbits.
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  Table 1: Adhesion macroscopic evaluation criteria
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  Table 2: Results of the evaluation of adhesions between the tendon and tendon sheath in groups 1a, 2a, 1b and 2b
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  Table 3: Descriptive statistic of load (N) by groups
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  Table 4: Load/difference between groups/post-hoc
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  Table 5: Load (N), differences between groups 1a, 2a, 1b and 2b
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  Table 6: Descriptive statistic of displacement (mm) by groups
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  Table 7: Displacement (mm), differences between groups 1a, 2a, 1b and 2b
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  Table 8: Displacement, differences between groups, 1a, 2a, 1b, and 2b
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