BioMechanics
July 2002
FUNCTION ANALYSIS

Tibial malrotation after injury triggers changes in kinetic chain
By CPT Aman Dhawan, MD, MAJ Steven J. Svoboda, MD, and COL Kathleen A. McHale, MD
P>Most literature regarding tibial malalignment concerns tibial torsion in childhood. Idiopathic tibial torsion is thought to be a benign clinical entity with predictably good outcome, although the long-term effects of residual deformity are not known. Rotational abnormalities of the lower leg in children tend to improve spontaneously over time. Many orthopedists do not prescribe treatment other than observation or, at most, night bracing.1 Surgery for persistent rotational deformity is infrequent. Indications include severe deformities that cause tripping, gait abnormalities, and anterior knee pain.2-4 

Tibial malrotation after injury in adults is an altogether different issue with potentially serious consequences. Tibia fractures are among the most common of serious skeletal injuries and the most common diaphyseal fracture.5 Yearly incidence in Sweden has been reported to be approximately two injuries per 1000 people. Patients with this type of injury face the possibility of permanent defo6rmity and disability. Nicoll, in a series of 671 tibial fractures, noted 8.6% had residual deformities including 2 cm or more of shortening or at least 10 degrees of angulation or rotation.7 

Tibial alignment in fracture management is considered imperative. Often treatment decisions can hinge on the odds of successfully obtaining and maintaining adequate alignment. However, the real effect of malalignment in any plane, especially the transverse plane, is not fully understood for several reasons. 

First, the ankle and subtalar joints may be able to compensate for small degrees of angular deformity during ambulation following malunion of tibial fractures.8 The subtalar joint may act as a torque transmitter with the ability to compensate for varus or valgus deformities in the tibia.9 The potential magnitude of compensation is unclear. Concern exists that malalignment of a healed tibial shaft fracture may result in posttraumatic arthritis of the knee or ankle, though the degree of deformity that becomes significant has not been irrefutably established.10-13 

Second, the recommendations on acceptable fracture alignment are based largely on clinical impressions and experiences of various authors and mostly involve alignment in the sagittal and coronal planes only. General guidelines for fracture alignment include up to 5 degrees of angulation in any plane14 or 5 degrees in the coronal plane and 10 degrees in the sagittal plane.14-17 However, no good long-term analysis or radiographic follow-up studies have been done to determine the appropriateness of these guidelines.12,18 Olerud suggested that varus angulation may be poorly tolerated because of the limited ability of the hindfoot to compensate by pronation.19 Merchant and Dietz reviewed the results of 37 patients with an isolated tibial shaft fracture an average of 29 years following the original injury.12 To assess the effect of angulation on outcome, patients in this study were divided into three groups: those who had less than 5 degrees of angulation in any direction; those who had between 5 degrees and 10 degrees of angulation in either the sagittal or coronal plane; and those who had more than 10 degrees of angulation in any plane. No significant difference in the clinical or radiographic outcome was found between any of these groups. In addition, fractures of the distal third of the shaft were not associated with worse clinical or radiographic results than those in the proximal two-thirds of the bone. The results of this study do not support the hypothesis that fracture angulation or fracture level, particularly distal fractures, contributes to a poorer radiographic or clinical outcome. Kristensen et al reviewed 92 patients at an average of 28 years after they had sustained an isolated fracture of the tibia and found 17 to have angulation in varus, in valgus, dorsally, and/or anteriorly exceeding 10 degrees .11 All these patients had normal function of the ankle, no pain, and no radiographic signs of arthrosis in either the knee or ankle. These studies seem to support the theory that limited angular deformity is of little clinical importance.18
Third, results of laboratory studies contradict the above clinical findings. Certainly, animal studies have supported the pathologic relationship between malalignment and arthrosis.18,20 After simulating a constant varus stress to the rabbit knee, Ogata et al found gradually progressive lesions of the articular cartilage.21 Wu et al created valgus or varus proximal tibial osteotomies of 30 degrees in rabbits.22 These authors found degenerative changes in the articular cartilage as well as increased subchondral bone thickness and reduced trabecular porosity. Gritzka et al demonstrated changes in articular cartilage in rabbit elbows to include fibrillation and ultimately erosion after springs were placed to simulate continuous contact loads.23 The authors noted that the severity of the damage correlated better with the duration than with the magnitude of the compression. It appears that altered loading of articular cartilage affects the stiffness of the calcified cartilage and the subchondral plate.24 High shear in the overlying cartilage results in degeneration and splitting at the cartilage base leading to gradually diminishing cartilage thickness.24 

Similarly, cadaveric studies have resulted in data that challenge what once was considered an acceptable clinical fracture reduction. These studies have demonstrated abnormal contact areas and peak pressures in the ankle after simulated tibial deformity. Tarr and associates investigated the effects of tibial angular deformities on tibiotalar joint contact area.25 Using pressure-sensitive film, these authors examined simulated malunions of the tibia at the level of the proximal, mid-, and distal diaphysis, using varus, valgus, posterior, and anterior angular deformities. Angular deformities ranged from 5 degrees to 15 degrees . Significant alterations were seen in total contact area and contact pattern after distal tibial malunions, especially with increasing deformity. No significant alteration in pressure distribution in the ankle joint was seen for proximal and middle tibial deformities. Contact area was most affected by distal anterior angulation of 15 degrees with a 42% reduction in one specimen. After transfixing the subtalar joint, Ting et al repeated the above study and found even greater decreases in tibiotalar joint contact areas.26 Restriction of subtalar joint motion, and thus potential compensatory motion, was seen to have a greater effect on ankle contact area with varus deformities than with valgus deformities. These authors went on to demonstrate mathematically that the more distal the fracture in the tibia, the greater the arc through which the ankle must travel to keep the foot plantigrade. The results of this study suggest a true significance of tibial torsional alignment, particularly if subtalar motion is compromised.

Subtalar studies
Indeed, the subtalar joint's effect on tibiotalar joint mechanics has been well studied. In one study, the effects of inversion and eversion on pressure distribution in the ankle joint was examined by Calhoun and associates.27 Pressure measurements from the superior, medial, and lateral articulations of the talus were made after inversion and eversion of the ankle with the foot placed in various positions including neutral, plantar flexion, and dorsiflexion. With the ankle in dorsiflexion and neutral, a decrease in total contact area and an increase in average high pressure was noted with inversion and eversion. There was little change in these parameters with eversion and inversion in the plantar-flexed foot. Contact area was noted to increase up to 22% on the medial facet with inversion and up to 10.5% on the lateral facet with eversion. Total contact area increased as the ankle was moved from plantar flexion to dorsiflexion, with a corresponding reduction in pressure.

In another study, Ramsey and Hamilton found a 42% reduction in tibiotalar contact area with one millimeter of lateral talar displacement.28 Moody et al also found a 50% reduction in contact area and increases in average peak pressures with one millimeter of talar displacement.29 Thordarson et al examined the combined effects of fibular shortening, lateral displacement, and external rotation on tibiotalar contact areas and pressures.30 The highest peak contact pressures were found in association with maximum (6 mm) shortening of the fibula, followed by a combination of maximum shortening and lateral shift; maximum shortening, and external rotation; and a combination of maximum shortening, lateral shift, and external rotation. Significant changes in tibiotalar contact pressures were seen with as little as 2 mm of shortening or lateral shift of the fibula, or 5 degrees of external rotation. The authors recommended pronation/lateral rotation injuries thus be reduced to within these values.

The clinical observation of pain and dysfunction associated with rotational malalignment in the active duty military population led Svoboda et al to examine the biomechanical effects of simulated rotational malunions of the tibia in a cadaveric model.31 Twenty-three fresh, unembalmed lower limbs were mounted on a specially designed load frame in a hydraulic materials testing device to simulate single-leg stance with the ankle in neutral position. The cadaveric foot was secured to a rotating plate with fixed stops at 10 degrees and 20 degrees in both internal and external rotation (see figure, page 63). Pressure measurements were taken by the TEKScan I-Scan adjustable gain pressure measuring system using thin, flexible pressure sensors centered over the talus through an anterior arthrotomy of the ankle. The sensor covered the central portion of the middle facet of the talus including the major portion containing the centroid of loading (the anatomic center of the joint load) as defined by Calhoun et al.27 Four rotational conditions were tested: internal and external rotations at 10 degrees and 20 degrees . 

In this study, various parameters, including total load, contact area, and peak pressure, were investigated in the simulated malrotational conditions.31 Both total load (551 plus/minus 99 N) and contact area were found to be highest (502 plus/minus 90 mm2) at the 0 degrees of rotation condition prior to the sequence of rotational testing. Decreased total load across the sensor was seen under internal and external rotation conditions, with the greatest magnitude of change seen at 20 degrees of external rotation. Contact area decreased with extremes of rotation, with the smallest contact area (308 plus/minus 81 mm2) seen at 20 degrees of external rotation. Similarly, peak pressures were found to be highest at the extremes of rotation, with the highest pressures (541 plus/minus 107 PSI) recorded at 20 degrees of external rotation. 

The data from this study suggest that malrotation can significantly alter biomechanics of the ankle joint. All rotational conditions in this study resulted in statistically significant decreases in joint contact area. External and internal rotational conditions of 20 degrees also resulted in statistically significant increases in peak pressure. Total load was found to be significantly less for both external rotational conditions (10 degrees and 20 degrees ). These data suggest that loss of joint congruity due to malrotation leads to decreased contact areas. Though total load decreased, peak pressure often increased, which may result in accelerated joint degeneration under otherwise normal loading conditions. As a sensor was placed between the tibial plafond (the horizontal distal tibial articular surface, also called the tibial pilon) and the talar dome, the decrease in total load seen may be a result of a limitation of the model. It is possible that the decrease in load seen in the centroid of loading may be offset by increases in the medial or lateral facets. Clinically, it may be possible that the initial effects of rotational malalignment are absorbed by the subtalar joint, if it is intact. Based on the results of this study, the authors recommended limiting tibiotalar malrotation to less than 10 degrees at the time of initial treatment to minimize the derangement of normal ankle biomechanics.

Conclusion
Evidence exists to support the contention that malalignment will contribute to degenerative arthropathy. The threshold magnitude and direction of malalignment that result in this sequelae have not been clearly established. Clinical studies indicate that small degrees of angular deformity are of little clinical importance. Cadaveric and animal studies demonstrate markedly abnormal biomechanics and cellular response in joints adjacent to malalignment deformity. 

The etiology of degenerative arthropathy is clearly multifactorial.18 Transmission of forces across a joint reflects mechanical alignment and joint orientation combined with additional elements. Soft tissues including muscles, ligaments, and cartilage also play a large role in joint function and may be instrumental in contributing to the response of articular cartilage to additional or misaligned stress.18
Studies of rotational and translational deformity have not been examined in the clinical setting. Further studies, particularly in the area of malrotational deformities, need to be performed to further elucidate its contribution to degenerative arthropathy. Guidelines regarding management of tibial

fractures and acceptable alignments currently exist. Further studies will determine the prognostic value of these existing guidelines and will provide evidence on optimal treatment of this common injury.
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