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Abstract

Functional knee-braces are widely used to protect injured or reconstructed anterior cruciate 

ligaments, despite the fact that few scientific data support their efficacy. We studied seven 

functional braces, representative of both the typical custom-fit and off-the-shelf designs. The 

braces were tested on subjects who had a normal anterior cruciate ligament and were scheduled for 

arthroscopic meniscectomy or exploration of the knee under local anesthesia. After the operative 

procedure, a Hall-effect strain-transducer was applied to the anterior cruciate ligament. Under low 

anterior shear loads, two braces provided some protective strain-shielding effect compared with no 

brace, but this strain-shielding effect did not occur at the higher anterior shear loads expected 

during the high-stress activities common to athletic events. The DonJoy, Townsend, C.Ti., and 

Lenox Hill braces demonstrated a strain-shielding effect on the anterior cruciate ligament with an 

internal torque of five newton-meters applied to the tibia.

None of the braces had any effect on strain on the anterior cruciate ligament during active range of 

motion of the knee from 10 to 120 degrees or during isometric contraction of the quadriceps. 

Wearing of a brace did not produce an increase in the value for strain on the anterior cruciate 

ligament. For the activities that Were evaluated in this study, none of the braces produced adverse 

effects on the anterior cruciate ligament, and there were no significant differences in the strain on 

the anterior cruciate ligament between the use of a custom-fit or an off-the-shelf brace design. 

There were no apparent advantages of the more expensive custom-made braces compared with the 

off-the-shelf designs.

The sports-medicine community has developed an acceptance of functional knee-braces as a 

means to treat instability of the knee due to injury of the anterior cruciate 

ligament1,13,15,19–21,35,36,42,43,45,46,48–50,53,58. Functional braces are designed to facilitate 

normal kinematics of the tibiofemoral joint while limiting abnormal displacements and 

loading that might detrimentally strain an injured ligament or a reconstructed replacement or 

might cause abnormal tibiofemoral subluxations in a knee that has a tom anterior cruciate 

ligament. The extent to which a functional brace can produce these results is unclear at best. 
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This may be attributed to the difficulty of a direct evaluation of a knee-brace by 

measurement of tibiofemoral kinematics or ligamentous biomechanics in the in vivo 
environment under controlled experimental conditions. Cawley et al. recently published a 

comprehensive review of the literature regarding functional bracing of the knee and called 

for investigations to validate designs of knee-braces12.

After reconstruction of the anterior cruciate ligament, with its goal of restoration of the 

normal kinematics of the joint, functional bracing has frequently been used as an 

augmentation to treatment. Functional knee-braces have been commonly worn by athletes 

shortly after an operative procedure, as well as during the later stages of recovery after a 

return to vigorous activities. Braces also are prescribed for athletes who have a sprain of a 

ligament or for patients in the younger and older age-groups who may not be prime 

candidates for procedures designed to reconstruct ligaments. Evidence suggests that a brace 

has a beneficial effect; it protects healing or damaged tissues and may possibly prevent 

reinjury7,41,46,58. However, recent biomechanical investigations have demonstrated that the 

application of a functional knee-brace to a knee that has a torn anterior cruciate ligament is 

effective in the control of abnormal anterior translation of the tibia only at low anterior 

shear-load conditions and not during the high loads seen during vigorous activity8,11,13,14,61. 

Furthermore, clinical studies have demonstrated that giving-way of the knee can occur while 

a brace is worn13,14. Tegner and Lorentzon retrospectively studied the rate and type of 

injuries to the knee among elite Swedish ice-hockey players and related these data to the use 

of functional knee-braces56. They demonstrated that even when a functional brace was worn, 

serious injuries occurred to the ligaments of the knee in athletes who had had no prior injury 

to the knee, as well as in athletes who had had an injury to the knee but were completely 

rehabilitated.

Previous studies of functional bracing have reported improvement as subjectively rated by 

the patient or by indirect measurement of function of the anterior cruciate ligament with an 

arthrometer. These indirect biomechanical measurements of function have added to the 

controversy concerning the efficacy of functional braces. No previous studies have measured 

directly, in vivo, the strain-shielding effects provided by functional braces.

Baker et al.5 used a direct approach to investigate the ligaments of the knee during 

functional bracing by the application of force-transducers to the anterior cruciate and medial 

collateral ligaments. The tests were performed on the knees of human cadavera, under a 

controlled valgus force, with and without a functional brace. They found no apparent 

difference between forces on the anterior cruciate ligament with or without a brace at both 

15 and 30 degrees of flexion of the knee5. In addition, they observed an increase in load on 

the anterior cruciate ligament when a brace was applied to the knee, and described this as 

pre-loading of the anterior cruciate ligament.

We also have made direct measurements by the application of the Hall-effect strain-

transducer (Micro Strain, Burlington, Vermont) to the anterior cruciate ligament in braced 

and unbraced knees in cadavera3. That study suggested that bracing does not protect the 

anterior cruciate ligament when anterior shear loads are applied across the tibiofemoral joint. 

Instead, strain on the anterior cruciate ligament was increased when the knee was braced in 
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all positions from 0 to 90 degrees of flexion. These findings suggested that a brace may 

cause anterior displacement of the tibia that increases the strain on the anterior cruciate 

ligament. Cadaver models, however, are limited by the lack of active musculature and the 

changes in the compliance of soft tissues surrounding the thigh and calf that have been 

shown to affect the strain on the anterior cruciate ligament9,23,25. The amount and sequence 

of contraction of the muscles also alter the stiffness of the interface between the brace and 

the soft tissue of the leg18. Muscular contraction is not present in studies on cadavera, so it is 

not possible to reproduce this interface.

A review of the literature revealed no direct objective in vivo evidence suggesting that a 

functional knee-brace, externally attached to the soft tissues surrounding the knee, can 

control tibiofemoral motion to the extent that the cruciate ligaments are protected and 

abnormal tibiofemoral translations and rotations are prevented. The purpose of this study 

was to quantify the strain on the anterior cruciate ligament, in the presence of normal 

muscular function, when known loads were applied to a knee fitted with a functional knee-

brace and then to determine if bracing altered that strain detrimentally or beneficially. This 

was accomplished by the temporary arthroscopic implantation of a transducer into the 

normal anterior cruciate ligament of volunteers9. The values for the strain on the anterior 

cruciate ligament that were calculated with and without a brace were then compared in each 

subject. Strain was measured during activities that are commonly encountered in 

rehabilitation programs after reconstruction of the anterior cruciate ligament.

The specific aims of this study were to determine (1) if functional bracing produces a 

deleterious increase in strain on the anterior cruciate ligament, (2) if bracing can protect the 

anterior cruciate ligament from strain when different loads are applied to the knee, and (3) if 

different braces perform differently on the basis of their effects on the strain patterns in the 

anterior cruciate ligament. We believe that our investigation is the first attempt to accomplish 

this task.

Materials and Methods

Braces

Seven functional braces were tested: three custom-fit designs and four off-the-shelf designs. 

The three custom braces included the C.Ti. Standard with the anterior cruciate ligament 

cable system (Innovation Sports, Irvine, California), the Lenox Hill derotation brace (Lenox 

Hill Brace Shop, New York, N.Y.), and the Townsend knee-brace (Townsend Industries, 

Bakersfield, California). The C.Ti. Standard and Townsend braces incorporate a hinge, post, 

and shell designed to accommodate the anatomical motion of the knee; the Lenox Hill 

derotation brace has a pinned hinge, post, and strap design. The four off-the-shelf braces 

were the DonJoy 4-point Sport ACL brace with anterior cruciate-ligament accessory strap 

(DonJoy, Carlsbad, California), the 3D dynamic functional knee-brace (3D Orthopaedic, 

Dallas, Texas), the Bledsoe Sports Rehab brace (Medical Technology, Grand Prairie, Texas), 

and the Lerman Multi-Lig II brace (United States Manufacturing, Pasadena, California). The 

DonJoy brace and the Lerman Multi-Lig II brace both have polycentric knee hinges, double 

upright supports, and a strap-attachment design. The 3D brace has a single medial upright 

post, hinge, and strap attachment. The Bledsoe brace was designed as a rehabilitative brace 
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as well as an economical alternative to functional braces during non-contact sports. This 

brace has a hinge, bilateral post, and strap-attachment design.

All custom braces were templated, fitted, and applied by a licensed orthotist according to the 

manufacturer’s specifications. The off-the-shelf braces were sized, fitted, and applied by one 

of us (C. M. W.), as instructed by a representative of the company for each brace.

Transducer

We used the Hall-effect strain-transducer adapted for this in vivo application (Fig. 1). The 

Hall-effect transducer is capable of the measurement of displacement in the in vivo 
environment of the ligament and has the sensitivity for the measurement of displacement 

within small segments of the ligament, thus enabling characterization of strain behavior of 

the mid-substance of the anterior cruciate ligament. The transducer is arthroscopically 

implantable. We previously described the current configuration of the transducer, the 

technique of implantation, and the procedure to measure strain in vivo9,23. The 

specifications of the Hall-effect transducer were reported by Arms2.

Human Subjects

The subjects who were used for analysis of the data were thirteen healthy men, ranging in 

age from twenty-six to thirty-nine years. All were candidates for diagnostic arthroscopy or 

arthroscopic partial meniscectomy (Table I). The anterior cruciate ligament and other 

structures in the knee were carefully inspected for abnormalities. We excluded potential 

subjects who had clinically detectable instability of any of the four major ligaments of the 

knee (anterior cruciate, posterior cruciate, medial collateral, or lateral collateral), 

cardiovascular problems, or any debilitating disease, or who had had previous operations on 

the knee. Potential subjects were also excluded if they had any form of arthritis or other 

condition that would affect the normal kinematics or stability of the knee. All subjects had a 

normal anterior cruciate ligament on clinical and arthroscopic examination. For each subject, 

the range of motion of the knee and gait pattern were normal at the preoperative visit (Table 

I). Great care was taken to ensure complete protection for the subjects. Approval from the 

Institutional Review Board was obtained for the study, full informed consent was given by 

each participant, and there was no monetary compensation. The operations and experimental 

procedures were performed under local anesthesia (a mixture of bupivacaine [Marcaine] and 

chloroprocaine [Nesacaine]), allowing all subjects control of the muscles of the lower 

extremities during the procedure. An extra forty-five to sixty minutes was needed to perform 

the experiment, and this did not constitute a notable risk to the subject. No additional cost 

was incurred by the subject. A minor intraoperative complication occurred in one subject 

when the Hall-effect transducer broke at the time of removal; additional operative time and 

exposure to radiation were needed to remove all components of the transducer. No 

postoperative complications occurred in any subject.

Experimental Procedure

After the scheduled operation was completed, the Hall-effect transducer was implanted by 

the technique previously described by our group9,23. The subject was then positioned in a 

seated posture on the end of a modified operating-table. The femur was oriented in the 
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horizontal plane and was secured with a Velcro strap to prevent elevation of the thigh, and 

the tibia was allowed to hang off the end of the table. The distal aspect of the tibia was 

strapped to an adjustable T-bar which could be positioned at any angle of flexion (Fig. 2).

The electrogoniometer portion of the Knee Signature System (Acufex Microsurgical, 

Norwood, Massachusetts) was placed on the subject’s limb, providing continuous 

measurement of flexion-extension and internal-external rotation of the knee. A custom 

device was developed with a load-transducer to allow the application of measured anterior-

posterior shear loads to the proximal part of the tibia in a cyclic manner (Fig. 2). This device 

was known as the anterior-posterior load-transducer. A boot that had an instrumented torque-

transducer also was developed to allow the application of measured internal and external 

torque about the long axis of the tibia (Fig. 3). This device was designed to grip the foot and 

ankle, along with the distal aspect of the tibia, and was known as the torque boot transducer. 

A load transducer was developed to measure the extension force produced by the subject’s 

isometric quadriceps-extension effort. This device was mounted on the T-bar and was 

designed with adjustments to allow attachment to the anterior aspect of the distal part of the 

tibia (Fig. 4). This device was called the extension force transducer. The output from the 

Hall-effect transducer, electrogoniometer, and anterior-posterior load, torque boot, and 

extension force transducers was transferred to a data-acquisition board (Techmar, Cleveland, 

Ohio) for analog-to-digital conversion at a frequency of ten hertz.

As data were sampled, they were simultaneously stored on a computer. In addition, data on 

displacement of the anterior cruciate ligament that were obtained from the Hall-effect 

transducer also were recorded on an X-Y plotter for independent feedback during the 

experimental procedure.

The experimental protocol consisted of four different loading activities: (1) anterior-

posterior shear loading at 30 degrees of flexion of the knee (Lachman test57), (2) internal 

and external torque applied to the tibia with the knee flexed 30 degrees, (3) isometric 

contraction of the quadriceps with the knee flexed 30 degrees, and (4) active flexion-

extension movement of the lower limb from 5 to 110 degrees. These activities were chosen 

because they are commonly encountered in rehabilitation programs for reconstruction of the 

anterior cruciate ligament and produce joint loads that strain the anterior cruciate ligament9 

or its replacement.

Anterior-Posterior Shear Loading

The anterior-posterior load-transducer was used to apply measured loads to the tibia (Fig. 2). 

The load-cell was positioned in a transverse plane directed through the middle of the tibial 

tuberosity, and the subject was instructed to relax all muscles of the lower extremity. Shear 

loading was then applied in four alternate cycles to the limit of ± 200 newtons. Data from 

the Hall-effect transducer and the anterior-posterior load-transducer were recorded 

simultaneously while the shear load was applied to the tibia. Shear loading was applied by 

the same one of us (C. M. W.) throughout all experimental procedures.

The Hall-effect transducer measures displacement, enabling the calculation of strain on the 

anteromedial bundle of the anterior cruciate ligament. Depending on the magnitude and the 
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direction of the applied tibiofemoral shear load, the anteromedial bundle may be in a 

strained or an unstrained state. Calculation of strain can differentiate between the two states 

through the use of a reference based on the strained-unstrained transition state of the 

anteromedial bundle9. The anterior-posterior shear-loading activity with the knee in 30 

degrees of flexion was done to determine an appropriate reference to differentiate between 

strained and unstrained states of the ligament. This was performed to allow comparisons of 

the values for strain on the anteromedial bundle when the ligament was in a strained state 

rather than an unstrained state, in which this portion of the ligament is slack and is not a 

kinematic restraint to tibiofemoral motion.

Internal and External Torques of the Tibia

The torque boot was strapped on the subject’s foot (Fig. 3), and the thigh remained secured 

to the seat while the distal strap was released to allow free rotation of the tibia. The subject 

was instructed to relax all muscles of the lower extremity while four cycles of internal and 

external torques of at least five newton-meters were applied alternately. Internal and external 

torques were applied by the same one of us (C. M. W.) throughout all experimental 

procedures. Data from the Hall-effect transducer and the torque boot transducer, and 

corresponding tibiofemoral rotations, were simultaneously recorded while torque was 

applied to the tibia.

Isometric Contraction of the Quadriceps

With the femur secured in the horizontal plane, the distal part of the tibia was positioned and 

secured at 30 degrees of flexion of the knee. The extension force transducer was positioned 

in front of the distal part of the tibia, immediately superior to the malleoli (Fig. 4). The 

distance from the joint line of the knee to the center of the extension force transducer was 

measured with a hand-held tape and was recorded. This distance was used as the moment-

arm in the calculation of extension torque. The subject was then instructed to contract the 

quadriceps and extend the leg against the sensor four times, with approximately 80 per cent 

of maximum effort. Data from the Hall-effect and extension force transducers were 

simultaneously recorded while the subject performed the extension efforts.

Active Range of Flexion-Extension of the Knee

The subject remained upright and seated, with the thigh strapped to the operating-table. The 

T-bar was secured so as not to interfere with the tibia during flexion-extension of the knee. 

For active range of motion, the subject was instructed to extend and flex the lower limb in a 

cyclic pattern between the limits of 5 and 110 degrees of flexion. Full extension was avoided 

to prevent impingement of the gauge against the roof of the femoral intercondylar notch. 

Four continuous cycles of data from the Hall-effect transducer and electrogoniometer were 

simultaneously recorded while the subject actively extended the knee.

Each subject went through the following test protocol. First, all four loading activities were 

performed without a brace on the knee, and the four activities then were repeated after a 

brace had been applied. Next, anterior-posterior shear loading and active range of motion of 

the knee (again each with four cycles) were repeated, without a brace, as a means to assess 

the reproducibility of the measurements with the Hall-effect transducer. A different brace 
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was applied, the four loading activities were done again, and then the tests were repeated 

without a brace. When time permitted, we were able to evaluate three braces on a subject. 

For each loading activity, this experimental design facilitated three comparisons of values for 

strain on the anterior cruciate ligament: comparisons of repeated tests on a knee without a 

brace, comparisons between testing of each brace and testing without a brace, and an over-

all comparison among braces. A random number table was used to assign the type of brace 

to be used and the order of evaluation of the brace for all of the subjects in the study.

Statistical Analysis

Because the time in the operating room was limited, only two or three of the seven braces 

were tested on each subject. Therefore, our study was structured originally as a balanced 

incomplete block design, with the braces considered as treatments and the subjects as 

blocks. The actual experimental design (Fig. 5) is not balanced because of the various 

number of braces per subject and the loss of some subjects.

For each loading activity, the average results for strain in the four cycles were used for 

statistical analysis. For each subject and for each loading activity on a knee with a brace, the 

results of the repeated testing without a brace were compared with the results of the original 

testing without a brace through a difference of the values for strain. Unusually large 

differences between results for original and repeated tests without a brace were considered 

as evidence of non-reproducibility of the results that were obtained with the Hall-effect 

transducer, and the associated results of tests with a brace were not used. Non-reproducible 

behavior was found to be caused by mechanical impingement of the Hall-effect transducer 

against the roof of the femoral intracondylar notch as the knee was brought into full 

extension. This occurred in the first seven subjects and was eliminated when the subjects 

were instructed to extend the knee to nearly full extension (approximately 5 degrees). In 

another seven subjects, moisture in the electrical connection of the Hall-effect transducer 

caused technical failure. The results in subjects who had data that were non-reproducible or 

in whom there was a technical failure were not included in the analysis.

A two-way analysis of variance by braces and subjects was performed on the differences in 

strain between testing with and without a brace — in particular, at forty, 100, and 180 

newtons for anterior shear loading, at five newton-meters for internal and external torques, at 

thirty newton-meters of extension torque for isometric contraction of the quadriceps, and at 

20 degrees of flexion during active range of motion (chosen because this was the angle of 

the knee that yielded the maximum strain for this activity) — as well as on the valid data on 

differences between repeated tests without a brace, to confirm that there were no systematic 

differences. Within each brace, the differenced results were plotted to check consistency and 

then were checked by paired t tests to confirm centering at zero. All statistical analyses were 

performed with the SAS system54.

For each loading activity, differences in values for strain between testing with and without a 

brace were calculated for further statistical analysis, because a zero difference indicates no 

effect from the brace, a negative difference shows a protective strain-shielding by the brace, 

and a positive difference shows a deleterious increase in strain on the anterior cruciate 

ligament. Differences were used to provide controlled comparisons within each subject. In 
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the case of anterior shear loading, a three-factor analysis of variance was performed for the 

series of loads (zero, ten, twenty(twenty) ... 200 newtons) for all subjects and braces. Also, 

the Tukey multiple-comparisons method was used to contrast average differences among 

each of the braces. At the loads of forty, 100, and 180 newtons, the over-all mean difference 

was tested for centering at zero with use of the t test as described by Searle55, and a two-way 

analysis of variance was used to compare braces.

Similar analyses were done for selected levels of internal torque (+5 newton-meters) and 

external torque (−5 newton-meters), at thirty newton-meters of extension torque for 

isometric contraction of the quadriceps, and at 20 degrees of extension of the knee during 

active range of motion, in order to test for significant differences in strain (from zero) (with 

the t test described by Searle55) for all braces.

For all loading activities, the differences in values for strain were plotted on a graph by brace 

across the tested range of zero to 200 newtons of anterior shear load, +10 to −10 newton-

meters for internal and external torque respectively, zero to eighty newton-meters of 

extension torque for isometric contraction of the quadriceps, and 5 to 100 degrees of 

extension of the knee in active range of motion (although particular subjects may not have 

been tested to the full ranges indicated). This allowed a check for consistency among 

subjects for each brace and for a comparison among braces after averaging across the 

subjects who wore particular braces. Paired t tests were used at a series of loads, torques, 

and positions of the knee to check for significant effects of each individual brace on strain on 

the anteromedial bundle.

Results

Anterior Shear Loading

For each subject who was included in the analysis of the data, the anterior shear-loading 

activity produced similar values for strain on the anterior cruciate ligament for initial and 

repeated testing without a brace, and some of the functional knee-braces decreased the 

values for strain at low anterior shear loads (Fig. 6). The most effective means of describing 

the effect of each brace on the pattern of strain on the anteromedial bundle was to plot the 

mean difference in strain, calculated as the difference between testing with and without a 

brace, along with the corresponding 95 per cent confidence levels for all of the subjects at 

selected levels of load or position of the knee (Fig. 7). If the mean difference in strain was 

along the zero line, then a knee-brace did not produce an effect on the strain on the anterior 

cruciate ligament. Negative differences indicated protective strain-shielding by the brace and 

positive differences, a deleterious increase in strain on the anterior cruciate ligament. A two-

way analysis of variance by subjects and braces was done with use of the differences 

between initial and repeated tests without a brace at selected loads (forty, 100, and 180 

newtons) to ensure that there were no systematic differences by brace or for certain subjects 

for the repeated tests; no statistically significant differences were noted. The other checks on 

the repeated testing without a brace (detailed in the Materials and Methods section) also 

revealed no significant differences in the repetition.
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In order to compare all braces across the entire range of loads, a three-way analysis of 

variance by brace, subject, and load level (zero, ten, twenty(twenty) ... 180 newtons) was 

performed on the differences in the strain between testing with and without a brace. No 

significant interaction of braces with load level was found (p > 0.05), although no brace had 

an effect on strain on the anterior cruciate ligament until after a twenty-newton load, and 

then some braces appeared to have greater strain-shielding effects than others (Fig. 8).

The Tukey studentized range test was used for pairwise comparisons among the seven 

braces, to evaluate further the significant differences among braces. The DonJoy brace had 

significantly greater average strain-shielding (p < 0.05) than either the 3D or the Lerman 

brace across zero, ten, twenty(twenty), and 180 newtons of anterior shear load. Also, the 

Townsend and C.Ti. braces were associated with a greater average reduction in strain (p < 

0.05) than the 3D brace.

In order to compare the three custom braces with the four off-the-shelf braces, a separate 

three-way analysis was run for all subjects across the range of loads. On average, no 

significant difference in reduction of strain was seen between these two categories of braces.

A comparison of the reduction in strain between the group of braces as a whole and no use 

of a brace, at selected loads of forty, 100, and 180 newtons, indicated that at 100 newtons 

there was an average reduction of strain of 0.6 per cent (p < 0.05, Searle55 t test). The 

average reduction at forty or 180 newtons was not statistically significant. Further paired t 

analysis was done at the same selected load levels to consider the braces individually. This 

revealed that, at the 100-newton load, the DonJoy and Townsend braces were associated 

with a significant reduction in strain (p < 0.05) as compared with no brace (Table II and Fig. 

8). No individual brace was associated with a significant reduction at forty or 180 newtons.

Internal and External Torque of the Tibia

For internal and external torques of five newton-meters, there were no significant differences 

over-all among the braces (two-way analysis of variance). Comparisons of the braces as a 

group with no brace revealed no significant differences for external torque. However, for five 

newton-meters of applied internal torque, the value for strain on the anteromedial bundle 

was an average of 1.3 per cent less than the value under normal conditions (p ≤ 0.01).

A comparison between testing with each individual brace and testing with no brace revealed 

that the DonJoy, Townsend, C.Ti., and Lenox Hill braces significantly reduced strain on the 

anteromedial bundle at an applied internal torque of five newton-meters (Table II). The 

ability of each brace to provide strain-shielding in the anteromedial bundle was dependent 

on the magnitude of applied torque (Fig. 9).

Isometric Contraction of the Quadriceps

There were no significant differences in the values for strain among braces at extension 

torque of thirty newton-meters. Similarly, there were no significant differences in strain on 

the anteromedial bundle when the results for the braces as a group were compared with 

those for no brace. Analysis of each brace individually revealed no significant difference in 
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strain between testing with and without a brace at thirty newton-meters of extension torque 

(Fig. 10).

Active Range of Flexion-Extension of the Knee

There were no significant differences in strain among the braces when the knee was in 20 

degrees of flexion. This was also true for the comparison between repeated testing without a 

brace and initial testing without a brace. For the comparison between the braces as a group 

and no brace, there were no significant differences. Analysis of each brace individually 

revealed no significant difference in values for strain between testing with a brace and 

without a brace (Fig. 11).

Discussion

We believe that this is the first study to demonstrate a safe and reliable means of direct 

measurement of the effect of a functional knee-brace on the strain biomechanics of the 

anterior cruciate ligament in vivo. An important aspect of the design of the study was the 

incorporation of repeated testing without a brace. This was performed as a check to ensure 

reproducibility of measurement with the Hall-effect transducer and the integrity of the 

interface between the transducer and the ligament. With reproducible repeated measures 

through a series of tests without a brace, we were confident that any changes in strain on the 

anterior cruciate ligament due to application of a brace were caused only by the brace.

In previous studies on functional knee-braces, in which ligamentous strain has been 

analyzed in vitro, measurements have been based on an arbitrarily defined reference for 

strain3,4. The techniques used in this study represent an important improvement because the 

calculation of strain was referenced to the palpable, slack-taut transition point of the 

ligament, allowing differentiation between values for strain representing conditions when the 

ligament was strained (load bearing) and values representing conditions when the ligament 

was unstrained (non-load bearing). Through the use of local anesthesia, this study included 

the effects of active muscle tone and contraction while strain on the anterior cruciate 

ligament was measured and performance of the brace was assessed directly. Unlike previous 

investigations of the performance of functional knee-braces, this study directly measured 

strain on the anterior cruciate ligament to determine the effect of bracing on the ligaments of 

the knee. All of the subjects were considered to have normal anterior cruciate ligaments, as 

assessed by clinical examination and arthroscopic visualization. Subjects who had had a 

partial meniscectomy, on either the medial or the lateral side, also were considered to have 

normal biomechanics of the knee. This is supported by the work of Levy et al., who 

investigated the effect of isolated medial29 and lateral30 meniscectomy on the biomechanics 

of the knee. The studies showed that anterior-posterior tibiofemoral displacement and 

coupled tibial rotation are not affected by either medial or lateral meniscectomy. Bargar et 

al. performed an in vivo study in human subjects and demonstrated that medial 

meniscectomy alone does not create a measurable change in varus-valgus laxity of the knee 

joint6. Because the subjects involved in the current study had had only a partial rather than a 

complete meniscectomy, it was assumed that the operative procedure did not produce 

abnormal behavior of the knee. The clinical relevance of this study was based on the 
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following premise: if a functional brace is designed to reduce strain on an injured or 

reconstructed ligament or to minimize subluxations in a knee that has a torn anterior cruciate 

ligament, then the strain-shielding effects of the brace should be demonstrated in a knee that 

has a normal anterior cruciate ligament and surrounding ligaments.

In previous studies on specimens from human cadavera, there has been an increase in the 

load5 or the strain on the anterior cruciate ligament after a brace was applied to the knee3. 

These studies were the first to suggest that a knee-brace that has a fixed axis of rotation, 

which is dissimilar to the complex three-dimensional tibiofemoral rotational axes and 

translatory pathway, may constrain the knee joint and produce a deleterious increase in the 

values for strain on the anterior cruciate ligament. Our study found no evidence of an 

increase in strain as a result of the use of a functional knee-brace; this suggests that a patient 

is not at risk for increased strain on a repaired or reconstructed anterior cruciate ligament 

when wearing any of the functional knee-braces that were tested in this study.

The compressive joint load produced by body weight and muscle forces is difficult to define 

and control in vivo. During certain activities, the compressive joint load may provide some 

restraint to tibiofemoral translations and rotations; however, the extent to which these 

restraints occur in vivo is currently unknown. Therefore, this portion of the investigation was 

designed to apply known anterior shear loads and then internal-external torque to the knee 

joint without an applied compressive joint load, in an effort to challenge the interface 

between the brace and the knee in a controlled study. This investigation demonstrated that 

performance of the brace depends on the magnitude of both the anterior shear load and the 

internal torque applied across the tibiofemoral joint. No significant strain-shielding was 

demonstrated by any of the functional braces tested when anterior shear loads of 180 

newtons were applied with the knee in 30 degrees of flexion. These findings are consistent 

with previous studies on instrumented laxity and clinical examination7,8,11,13,20,40. 

Therefore, functional knee-braces apparently can protect the anterior cruciate ligament or its 

replacement at only relatively low (less than 100-newton) anterior shear loads. This 

magnitude of load is small compared with the magnitude of anterior shear loads produced 

during activities of daily living37–39,47. Noyes et al.47 hypothesized that the anterior cruciate 

ligament is subjected to loads ranging from zero to 454 newtons during most common 

activities of daily living. Our findings are supported by the in vivo study performed by 

Jonsson and Kärrholm on subjects who had a torn anterior cruciate ligament24. In this 

investigation, tantalum balls were implanted in different regions of the knee, and 

tibiofemoral displacements were measured with a roentgen-stereophotogrammetric 

technique. On average, the braces reduced the anterior-posterior translation of the injured 

knee by one-third of the initial value24. None of the braces tested was able to restore the 

anterior-posterior translation of the injured knee to within the limits of the translation of the 

normal contralateral knee. Our findings are supported also by the work of Wojtys et al.60, 

who studied the effect of functional braces on knees with a tom anterior cruciate ligament in 

cadavera that were tested by anterior shear loading. These authors demonstrated that each of 

the functional braces evaluated was unable to restore the anterior excursion of the tibia 

relative to the femur to within normal limits.
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The DonJoy and Townsend were the only two braces that provided a strain-shielding effect 

to the anterior cruciate ligament with an applied anterior shear load of 100 newtons. These 

braces, as well as the other five, did not significantly reduce the values for strain on the 

anterior cruciate ligament during isometric contraction of the quadriceps, which also is an 

anterior shear-loading activity4,9,17,44. This finding is in agreement with the work of Branch 

et al.11, who performed an in vivo study with the KT-1000 arthrometer (MedMetric, San 

Diego, California) and found similar results with the active quadriceps anterior-drawer test. 

This finding may help to explain why some athletes injure the anterior cruciate ligament 

while wearing a functional brace during non-contact sports. Isometric contraction of the 

quadriceps produces anterior shear loads that challenge the anterior cruciate ligament and 

also creates a change in the attachment interface between the brace and soft tissues of the 

lower limb. As the muscle activity increases and decreases, the compliance at the brace-limb 

interface also will vary in direct proportion. This variability will affect the ability of the 

brace to control tibiofemoral motion and to protect the articular cartilage in a knee that has a 

torn anterior cruciate ligament or an anterior cruciate replacement. The contrast in results 

between the tests for anterior shear loading and isometric contraction of the quadriceps 

suggests that evaluation of bracing of the knee should be performed in the in vivo 
environment, instead of an attempt being made to recreate the complex attachment interface 

in vitro.

The DonJoy, Lenox Hill, Townsend, and C.Ti. braces demonstrated a significant strain-

shielding effect on the anterior cruciate ligament with a five-newton-meter internal torque 

applied to the knee joint. Because our experimental protocol did not consistently produce 

magnitudes of torque greater than five newton-meters (torque in excess of this value 

produced pain in several subjects), we were unable to determine statistically if the braces 

maintained their strain-shielding effect at values for torque in excess of this magnitude. For 

all of the braces, the mean strain-difference plot for internal-external torque approached zero 

at magnitudes of torque of more than five newton-meters (Fig. 9). This suggests that for an 

applied internal torque to the tibia — a primary mechanism of injury to the anterior cruciate 

ligament — the protective strain-shielding effect provided by the functional braces decreases 

as the magnitude of internal torque increases. This finding is supported by the in vivo study 

of Jonsson and Kärrholm, which revealed that, in subjects who had a torn anterior cruciate 

ligament, a functional knee-brace did not alter the internal rotatory laxity of the knee 

resulting from an applied internal torque of eight newton-meters24.

The results of the measurements of the strain on the anterior cruciate ligament demonstrated 

that different braces perform differently. This is consistent with the results of previous in 
vitro and in vivo studies of static and dynamic testing done with functional knee-

braces5,8,14,15,22,28,34–36,52,59,60,62. Previous investigators have suggested a variety of 

reasons why some designs of braces work better than others. Knutzen et al.26–28 suggested 

that functional knee-braces can change the kinematics and the kinetics of the knee. Others 

have found positioning of the brace and placement of the hinge to be critical factors in the 

determination of performance of a brace16,31–33,51. The wearing of a brace has been 

demonstrated to make subjects feel more secure and may even increase athletic performance. 

Cook et al.14 suggested that the use of a functional knee-brace may provide a beneficial 

proprioceptive effect. However, their investigation revealed that subjects can have 
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tibiofemoral subluxation while wearing a brace. Branch et al.10 refuted the principle that a 

knee-brace provides a proprioceptive effect by demonstrating that use of the brace did not 

alter electromyographic activity or change patterns of muscle firing.

The performance of a functional knee-brace is determined by the technique of attachment, 

design of the brace, and variables in the attachment interface. This study involved careful 

attention to the technique of attachment; the same certified orthotist fitted and applied all of 

the custom braces and the same one of us (C. M. W.) fitted all the off-the-shelf braces, 

according to the recommendations of the manufacturer. The variables in the design of the 

brace, which included the hinge, geometry of the attachment interface, mechanism of 

attachment, and materials of fabrication, were not individually studied, since a wide variety 

of designs of braces are commercially available. The attachment interface refers to how the 

brace attaches to the compliant muscles of the lower limb in an effort to control osseous 

tibiofemoral displacements and resultant strain on the ligaments of the knee. This not only 

involves the concept of fit and rigidity of the brace or how well the contour of the brace 

matches the contour of the soft tissues surrounding the knee, but it also relates to how much 

displacement occurs between a rigid brace and compliant soft tissue surrounding the distal 

part of the femur and the proximal portion of the tibia while loads are applied across the 

knee. It is possible to alter the rigidity of the brace through different designs; however, the 

variability of soft-tissue compliance cannot be changed. This may be the limiting factor to 

the performance of functional knee-braces. An interesting experiment demonstrates this 

point. Contraction of the muscles of the thigh or the calf (muscles as tense as possible) and 

pushing of the thumb perpendicular to and directed toward the long bones of the lower limb 

is a simulation of loading of the interface between the brace and the soft tissues. With a 

small magnitude of applied force, a relatively large amount of displacement occurs. This 

simple example demonstrates the weak link in the interface between the brace and the soft 

tissues and may help to explain why some athletes have episodes of pivot shift while 

wearing a functional brace14. This in vivo study of strain on the anterior cruciate ligament 

did not control for the design of the brace and variables of the attachment interface 

separately but, instead, analyzed them as a group. Additional studies are needed to 

investigate how these variables individually affect performance of the brace, in order to 

identify which, if any, variables of design can improve the performance of a functional knee-

brace.

Finally, we found that there is no apparent advantage of a custom-made brace over an off-

the-shelf brace. Jonsson and Kärrholm made in vivo measurements, using the roentgen-

stereophotogrammetric technique, in subjects who had a torn anterior cruciate ligament and 

also found similar results for the custom and off-the-shelf designs of braces24. Romash et al. 

supported these findings in tests performed with the KT-1000 arthrometer on custom and 

off-the-shelf designs53.
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Fig. 1. 
Orientation of the implantation of the Hall-effect strain-transducer (HEST) (Micro Strain) on 

the anteromedial aspect of the anterior cruciate ligament.
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Fig. 2. 
Anterior-posterior shear load applied with the knee in 30 degrees of flexion and use of the 

Lerman Multi-Lig II brace (United States Manufacturing).
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Fig. 3. 
Internal-external torque applied to the tibia with the knee in 30 degrees of flexion.
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Fig. 4. 
Isometric contraction of the quadriceps performed with the knee in 30 degrees of flexion and 

the use of the C.Ti. brace (Innovation Sports).
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Fig. 5. 
Incomplete block experimental design for the study. The results for thirteen of twenty-seven 

potential subjects were included in the analysis of the data. Seven were excluded because of 

technical failure, and another seven were not included because of inconsistent measurements 

during repeated testing without a brace (caused by impingement of the Hall-effect strain-

transducer as the knee was brought into full extension (0 degree). 3D = 3D dynamic 

functional knee-brace (3D Orthopaedic), US = Lerman Multi-Lig II brace (United States 

Manufacturing), TN = Townsend brace (Townsend Industries), DJ = DonJoy 4-point Sport 

ACL brace (DonJoy), CT = C.Ti. brace with ACL cable system (Innovation Sports), BL = 

Bledsoe Sports Rehab brace (Medical Technology), and LH = Lenox Hill derotation brace 

(Lenox Hill Brace Shop). N = normal test (without a brace), R1 = first repeated test, R2 = 

second repeated test, and R3 = third repeated test.
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Fig. 6. 
Results from anterior shear loading applied with the knee in 30 degrees of flexion. The 

percentage of strain is plotted against anterior shear load (in newtons). Tue mean values for 

strain, averaged across four loading cycles, for testing without a brace and with the DonJoy 

brace, and for repeated testing without a brace. REP = repeated.
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Fig. 7. 
The mean difference in values for strain (with the convention of strain for testing with a 

brace. minus strain for testing without a brace) at selected shear loads for the DonJoy brace. 

Tue 95 per cent confidence limits are included.
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Fig. 8. 
The mean difference in values for strain across subjects (with the convention of strain for 

testing with a brace minus strain for testing without a brace) for anterior shear loading with 

the knee in 30 degrees of flexion for all seven braces. The differences were used to provide 

controlled comparisons of values for strain in each subject. A zero difference indicates no 

effect by the brace, a negative difference shows a protective strain-shielding by the brace, 

and a positive difference shows a deleterious increase in strain on the anterior cruciate 

ligament. An identical method was used for presentation of the data in Figures 9, 10, and 11. 

The 95 per cent confidence limits for mean differences between testing with and without a 

brace are displayed centered at the zero strain value for forty, 100, and 180-newton load 

levels. The observations for each individual knee-brace are described in Table II. 3D = 3D 

dynamic functional knee-brace (3D Orthopaedic), US = Lerman Multi-Lig II brace (United 

States Manufacturing), TN = Townsend brace (Townsend Industries), DJ = DonJoy 4-point 

Sport ACL brace (DonJoy), CT = C.Ti. brace with ACL cable system (Innovation Sports), 

BL = Bledsoe Sports Rehab brace (Medical Technology), and LH = Lenox Hill derotation 

brace (Lenox Hill Brace Shop).
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Fig. 9. 
The mean difference in values for strain across subjects (with the convention of strain for 

testing with a brace minus strain for testing without a brace) for internal and external applied 

torque at 30 degrees of flexion of the knee. All seven braces are included with the 95 per 

cent confidence limits for the mean differences between testing with and without a brace, 

displayed centered at the zero strain value, for internal (positive values) and external 

(negative values) tibial torque of five newton-meters. The observations for each individual 

brace are presented in Table II. 3D = 3D dynamic functional knee-brace (3D Orthopaedic), 

US = Lerman Multi-Lig II brace (United States Manufacturing), TN = Townsend brace 

(Townsend Industries), DJ = DonJoy 4-point Sport ACL brace (DonJoy), CT = C.Ti. brace 

with ACL cable system (Innovation Sports), BL = Bledsoe Sports Rehab brace (Medical 

Technology), and LH = Lenox Hill derotation brace (Lenox Hill Brace Shop).
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Fig. 10. 
Plot of the mean difference in values for strain calculated across subjects (with the 

convention of strain for testing with a brace minus strain for testing without a brace) for 

isometric contraction of the quadriceps with the knee flexed 30 degrees. All seven braces are 

included with the 95 per cent confidence limits for the mean differences between testing 

with and without a brace, displayed centered at the zero strain value, for isometric 

quadriceps-extension torque to the level of thirty newton-meters. 3D = 3D dynamic 

functional knee-brace (3D Orthopaedic), US = Lerman Multi-Lig II brace (United States 

Manufacturing), TN = Townsend brace (Townsend Industries), DJ = DonJoy 4-point Sport 

ACL brace (DonJoy), CT = C.Ti. brace with ACL cable system (Innovation Sports), BL = 

Bledsoe Sports Rehab brace (Medical Technology), and LH = Lenox Hill derotation brace 

(Lenox Hill Brace Shop).
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Fig. 11. 
The mean difference in values for strain calculated across subjects (with the convention of 

strain for testing with a brace minus strain for testing without a brace) for active range of 

motion of the knee. All seven braces are included with the 95 per cent confidence limits for 

the mean differences between testing with and without a brace, displayed centered at the 

zero strain value, for active range of motion of the knee in 20 degrees of flexion (the angle 

of maximum strain for this activity). 3D = 3D dynamic functional knee-brace (3D 

Orthopaedic), US = Lerman Multi-Lig II brace (United States Manufacturing), TN = 

Townsend brace (Townsend Industries), DJ = DonJoy 4-point Sport ACL brace (DonJoy), 

CT = C.Ti. brace with ACL cable system (Innovation Sports), BL = Bledsoe Sports Rehab 

brace (Medical Technology), and LH = Lenox Hill derotation brace (Lenox Hill Brace 

Shop).
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