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Background: Controversy remains over the most appropriate graft for anterior cruciate ligament reconstruction.

Hypothesis: There is no significant difference in outcomes after 4-strand hamstring and patellar tendon autograft anterior cruciate
ligament reconstructions using similar fixation techniques.

Study Design: Randomized controlled trial; Level of evidence, 1.

Methods: Between August 2000 and May 2003, 64 Keller Army Hospital patients with complete anterior cruciate ligament tears
were randomized to hamstring (n = 32) or patellar tendon (n = 32) autograft anterior cruciate ligament reconstruction. Operative
graft fixation and rehabilitative techniques were the same for both groups. Follow-up assessments included the Single
Assessment Numeric Evaluation score, Lysholm score, International Knee Documentation Committee score, and Knee Injury and
Osteoarthritis Outcome Score. Postoperative radiographs were analyzed for tunnel location and orientation.

Results: Eleven women and 53 men were randomized. Eighty-three percent of the patients (53 of 64) had follow-up of greater
than 2 years, or to the point of graft rupture or removal (average follow-up, 36 months). Four hamstring grafts (12.5%) and three
patellar tendon grafts (9.4%) (P = .71) ruptured. One deep infection in a hamstring graft patient necessitated graft removal. Forty-
five of the 56 patients with intact grafts had greater than 2-year follow-up. Patients with patellar tendon grafts had greater Tegner
activity scores (P = .04). Single Assessment Numeric Evaluation scores were 88.5 (95% confidence interval: 83.1, 93.8) and 90.1
(95% confidence interval: 85.2, 96.1) for the hamstring and patellar tendon groups, respectively (P = .53). Lysholm scores were
90.3 (95% confidence interval: 84.4, 96.1) and 90.4 (95% confidence interval: 84.5, 96.3) for the hamstring and patellar tendon
groups, respectively (P = .97). There were no significant differences in knee laxity, kneeling pain, isokinetic peak torque,
International Knee Documentation Committee score, or Knee Injury and Osteoarthritis Outcome Scores. Postoperative graft
rupture correlated with more horizontal tibial tunnel orientation.

Conclusion: Hamstring and patellar tendon autografts provide similar objective, subjective, and functional outcomes when
assessed at least 2 years after anterior cruciate ligament reconstruction.
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autograft
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1,2,9,11,14,23,27,43 .
performed. There are several different types

of grafts used for ACL reconstruction, although the bone—
patellar tendon—bone (BTB) autograft, which uses the
central third of the patellar tendon, is considered by
some to be the standard to which other grafts should be
compared.'®'® The BTB autograft has the reported advan-
tage of having bone plugs on each end of the graft that
provide excellent fixation points for the graft-screw inter-
face and rapid healing within bone tunnels.” %327 Thig
method of reconstruction can, however, be associated
with donor-site morbidity,”*° anterior knee pain, distur-
bances in knee sensitivity, and kneeling discomfort.>”
Therefore, alternative graft choices have been explored
with the hamstring (HS) autograft being the most popular
alternative.>™* Reported advantages to HS autografts
include decreased donor-site morbidity12 and, potentially,
decreased anterior knee pain.>*'**"*® Reported disadvan-
tages associated with HS autografts include limitations in
graft fixation due to the absence of bone blocks on each end
of the graft leading to potentially less rigidity compared to
a BTB autograft.“’40

Previous studies comparing the results of BTB to HS
reconstructions often have been performed using different
femoral and tibial fixation techniques for each graft type.
The use of different fixation methods may introduce con-
founding factors when comparing the 2 techniques. Several
methods for securing the HS autograft have been used,
including ligament buttons, screw-washer fixation, suture-
screw posts, and metal pins. Another means of fixation is
the interference screw, which can be used for both bony
and soft tissue fixation’ at the aperture of tunnels. Both
the patellar tendon and HS tendon grafts can be secured
on the femur and tibia using interference screws.

The purpose of this study was to conduct a randomized
controlled trial (RCT) comparing the outcomes of ACL
reconstructions performed with BTB and HS tendon
autografts. Our study emphasized a common method of
fixation, dual tibial and dual femoral, for both groups. The
study population was a young, active military population
that was required to return to a vigorous lifestyle. With
these surgical techniques in this study population, we
sought to determine if there was a significant difference in
outcomes between BTB and 4-strand semitendinosus/
gracilis HS autograft ACL reconstructions.

MATERIALS AND METHODS
Patients

Between August 2000 and May 2003, we conducted an RCT
comparing BTB and HS autograft ACL reconstructions.
This study was reviewed and approved by the Keller Army
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Hospital Institutional Review Board and the US Army
Clinical Investigation Research Office. Informed consent
was obtained from each participant enrolled.

Patients were eligible for inclusion in this study if they
were between the ages of 17 and 45 years and had (1) a
history of a knee injury, (2) symptoms and a physical
examination consistent with the diagnosis of ACL defi-
ciency, and (3) MRI indicating ACL deficiency. The knee
was evaluated arthroscopically to verify the ACL defi-
ciency and to assess whether the patient had multiple
knee ligament injuries, associated injuries, or both.
Exclusion criteria included a prior ACL reconstruction on
either knee, multiple knee ligament injuries that required
concomitant surgery, or the presence of full-thickness
chondral lesions. Patients with other associated injuries
(eg, meniscal tear, partial-thickness articular cartilage
injury) were included. Patients meeting all inclusion crite-
ria were randomized to either BTB or HS reconstruction
after diagnostic arthroscopy. Randomization was stratified
by surgeon, and accomplished using randomly ordered
sealed envelopes.

Surgical Technique

General. Four surgeons experienced in both techniques
performed all reconstructions. Patients were positioned
supine and the operative surgeon determined tourniquet
use. Anesthetic technique (spinal or general anesthesia)
was determined by the patient’s preference. The surgeon
performed an examination under anesthesia and a diag-
nostic arthroscopy of the knee in all patients to determine
eligibility. Eligible patients were randomized after the
diagnostic arthroscopy. Independent of the autograft used,
both types were secured with dual fixation techniques on
both the femoral and tibial sides.

After fixing the graft, the surgeon examined the knee to
ensure that there was a full range of motion, a negative
Lachman test, and no pivot shift. At the conclusion of each
procedure, a sterile dressing was applied and the operative
knee was placed in a knee immobilizer fixed in a hyperex-
tension position appropriate for the maximum hyperexten-
sion achieved in the knee. The patient wore the knee
immobilizer for 2 to 3 weeks, while asleep and during
ambulation. Patients were encouraged to maintain the
knee in maximum hyperextension while at rest for the
first 3 to 4 weeks. The knee immobilizer was discontinued
once the patient had regained good quadriceps control and
was able to ambulate without a limp. No additional brac-
ing was used after patients stopped wearing the knee
immobilizer.

BTB Autograft Reconstruction. Bone—patellar tendon—
bone grafts were harvested through a midline incision over
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the patellar tendon. In general, a 10-mm-wide tendon
graft was harvested with 10-mm-wide bone plugs from the
patella and tibial tubercle. No. 5 nonabsorbable tape was
passed through the femoral-side bone plug and through an
EndoButton (Smith & Nephew Endoscopy, Andover,
Massachusetts). Three No. 5 braided nonabsorbable sutures
were passed through the tibial-side bone plug.

A 10-mm tibial tunnel was drilled over a guidewire
starting at the anterior edge of the medial collateral liga-
ment in the medial metaphysis of the proximal tibia.
This tunnel exited in the posterior half of the tibial ACL
insertion. A 10-mm—diameter femoral tunnel was drilled
endoscopically using a cannulated acorn reamer over a
guidewire passed through the tibial tunnel and positioned
7 mm forward from the over-the-top position at the
10-o’clock location in the intercondylar notch for a right
knee and the 2-o’clock position for a left knee. Over the
guidewire, a 4.5-mm hole was drilled through the lateral
femoral cortex for passage of the EndoButton.

The EndoButton-BTB construct was passed into the
tunnels, and the EndoButton was deployed on the lateral
cortex of the distal femur. An interference-fit Bioscrew
(Arthrex, Naples, Florida) was used for additional femoral
fixation, positioning the screw forward of the graft, with
the tendinous portion of the graft in the rear position of the
femoral tunnel. Subsequently, the knee was cycled through
flexion and extension approximately 20 times with the
graft pulled taut through the tibial tunnel. On the tibial
side, the graft was fixed with an interference-fit Bioscrew
inserted with the knee in approximately 15° of flexion. For
secondary fixation, the sutures from the tibial-side bone
plug were tied over a 6.5-mm cancellous screw and washer
positioned just distal to the opening of the tibial tunnel.

The tibial periosteum was closed with absorbable No. 0
braided sutures over the tibial tunnel and hardware.
Excessive bone from the bone plugs was placed in the
patellar and tibial tubercle defects. The patellar tendon
sheath was closed with absorbable No. 0 braided
sutures.

Hamstring Autograft Reconstruction. The HS group
operations were performed in the same manner as the
BTB operations with the 5 exceptions noted hereafter.
(1) A vertical skin incision located over the pes anserine
tendon insertions at the proximal, medial tibia was used.
(2) The semitendinosus and gracilis tendons were har-
vested through this incision with an appropriately sized
tendon stripper, and a 4-strand HS graft with the semiten-
dinosus and gracilis tendons was prepared. The 2 tendons
were folded over the No. 5 nonabsorbable tape, which was
connected to the EndoButton. In each tendon end, No. 2
nonabsorbable braided sutures were placed for traction so
that each tendon strand had approximately equal tension
during tibial fixation. (3) Femoral and tibial tunnel sizes
were determined by the diameter of the graft constructs.
The femoral tunnel was drilled so that there was approxi-
mately 1 mm of bone between the tunnel and the over-the-
top position. The tibial tunnel was positioned as described
for the BTB grafts. (4) Interference-fit screw sizes were
determined by the operative surgeon. In general, femoral
interference-fit screws were 1 mm smaller in diameter
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than the femoral tunnel and tibial interference-fit screws
were the same size as the tibial tunnel. These screw sizes
were determined by the recommendations of the manufac-
turer (Arthrex) at the time the study was initiated. (5) A
6.5-mm cancellous screw and spiked ligament washer
(Innovasive Devices Inc, Marlborough, Massachusetts) was
used for secondary fixation of the semitendinosus and gra-
cilis tendons to the proximal tibial cortex. The screw and
washer were placed just distal to the tibial tunnel opening.

Rehabilitation

All patients began rehabilitation on postoperative day 1.
Patients initiated quadriceps-strengthening exercises and
were allowed to bear weight as tolerated. Patients were
instructed to maintain the operative knee in full hyperex-
tension while at rest. Active and passive range of motion
was advanced as tolerated. As range of motion progressed,
closed kinetic chain strengthening exercises and functional
activities, such as stationary bike riding, were added to the
rehabilitation program. Patients were allowed to resume
running between 3 and 4 months postoperatively if they
had regained full motion, had good knee flexion and exten-
sion strength, and had no knee effusion. During the 3- to
6-month postoperative period, functional rehabilitation
progressed with emphasis on sport-specific activities.
Patients were allowed to return to full activity once they
had no significant side-to-side functional deficits, and no
knee effusion, but not before 6 months postoperatively.

Follow-up Assessments

Study participants were assessed preoperatively and at
2, 3, and 4 years postoperatively using both subjective and
objective evaluation tools. For this study, we used only the
longest follow-up point for each patient. Study participants
who had revision ACL reconstructions subsequent to their
index operation were not included in this analysis.

Radiographic Assessment of Tunnel Placement

Available (n = 51) postoperative AP and lateral radiographs
were assessed for tunnel placement by one author (T.M.D.).
An average of 3 values were obtained using the digital
measuring tools and graphical interface software provided
with our picture archiving and communication radio-
graphic system.

Femoral tunnel position was assessed using the techniques
described by Amis et al® and validated by Klos et al®®
(Figure 1). Briefly, on the lateral radiograph a circle was
made using the distal curvature of the lateral femoral
condyle. A line bisecting the circle was made along
Blumensaat’s line (length A). Along this line, the distance
was measured from the circle distally to the distal opening
of the femoral tunnel (length B). The femoral tunnel posi-
tion was recorded as a percentage (length B/length A x
100%).

Tibial tunnel placement was assessed using the tech-
niques described by Howell et al.’® The presence or absence
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Figure 1. Lateral radiograph demonstrating the assessment
of femoral tunnel position as described by Amis et al® and
validated by Klos et al.?® In this example, the femoral tunnel
position is 2.88/4.75 x 100% = 60.6%. Also, there is no inter-
condylar roof impingement in this case as demonstrated by
the position of the anterior edge of the tibial tunnel posterior
to Blumensaat’s line.

of graft roof impingement was determined from the lateral
radiograph with the knee positioned in hyperextension.
Radiographic roof impingement was present if, on the lat-
eral radiograph, the anterior edge of the tibial tunnel was
anterior to Blumensaat’s line. Containment of the tibial
tunnel within the confines of the tibial eminences was also
checked on the AP radiograph. The coronal tibial tunnel
angle was obtained by measuring on the AP radiograph
the acute angle between a line drawn along the axis of the
tibial tunnel and a line drawn parallel to the tibial plateau
(Figure 2).

Tunnel position measurements were compared between
the BTB and HS groups, as well as between patients with
ruptured and intact grafts.

Clinical and Functional Evaluations

The Lysholm score,® Tegner activity score,"’ Single
Assessment Numeric Evaluation (SANE) score,***
International Knee Documentation Committee (IKDC)
evaluation system,18 and Knee Injury and Osteoarthritis
Outcome Score (KOOS)* were used to evaluate the
patient’s functional outcome. The Lysholm, Tegner, SANE,
KOOS, and the subjective and symptoms portion of the
IKDC evaluation system were self-administered.

The objective portion of the 2000 IKDC evaluation
system21 was completed by orthopaedic surgeons throughout
the military who were blinded to treatment (during follow-up
evaluations, the patients’ knees were covered with stocki-
nettes, preventing the evaluator from determining the

Figure 2. Anteroposterior radiograph demonstrating the
assessment of coronal tibial tunnel angle and containment of
the tibial tunnel within the tibial eminences as described by
Howell et al."® In this example, the coronal tibial tunnel angle
is 64.2° and the tibial tunnel is contained between the tibial
eminences.

graft type based on the incision location). At Keller Army
Hospital, an orthopaedic surgeon who was not involved in
any of the operations (B.J.N.) completed all evaluations.

Physical therapists who were not involved in the patient’s
rehabilitation conducted objective evaluations to assess
differences between the involved and uninvolved limb.
These evaluations included differences in heel height,
range of motion, knee and thigh girth, functional perfor-
mance on hop tests, and isokinetic strength. Anterior tibial
displacement was measured using the KT-2000 arthrome-
ter (MEDmetric, San Diego, California). These physical
therapy assessments were not blinded.

Differences in heel height, used to detect subtle knee
flexion contractures, were measured with the patient lying
prone on a firm examination table with the legs off the end
of the table. The difference in heel height was measured to
the nearest half-centimeter.*

Range of motion was assessed using a universal goniometer.
The hinge of the goniometer was centered over the lateral
joint line of the knee at the midsagittal position, and range
of motion was assessed to the nearest 5°. The deficits (in
degrees) of the involved limb compared with the uninvolved
limb were measured for both active and passive hyperex-
tension (A, uninvolved, A, involved), extension deficit from
full extension (B, uninvolved, B, involved), and flexion (C,
uninvolved, C, involved). Using these values, flexion deficit
(C,—C,), extension deficit ([A,-B;] — [A,—B,]), and arc deficit
([A,+C,-B,] — [A,+C,—B,]) were calculated.

Differences in knee and thigh girth were measured by
assessing the difference in circumference between the
limbs (uninvolved — involved girths) at the midpatella level,
10 cm superior to the patella, and at 15 cm superior to the
patella.
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Functional tests were performed using the single-legged
hop for distance and 6-m single-legged hop for time.*® Two
trials were performed for each hop test on both the involved
and uninvolved limbs, and the mean scores were reported
as a percentage of the uninvolved limb for both tests. For
the 6-m hop for time, a percentage greater than 100%
indicates a slower time and thus a deficit in performance.

A Biodex Medical System 3 dynamometer (Biodex, Shirley,
New York) was used to assess peak isokinetic concentric
knee extension and flexion torque at a slow (60 deg/s, 10
repetitions) and fast (300 deg/s, 20 repetitions) speed.
Strength deficits were recorded as a percentage deficit in
the involved limb relative to the uninvolved limb.

Side-to-side differences in anterior tibial displacement
(involved-uninvolved displacement) were measured using
a KT-2000 (at Keller Army Hospital) or KT-1000 (at other
evaluation sites) arthrometer (MEDmetric). Anterior
translations at 134 N of pull are reported and categorized
by the IKDC criteria.'®**

Statistical Methods

Median values and ranges are presented for continuous
variables and frequency statistics are presented for cate-
gorical variables. Group differences were assessed using
least-square means estimates for continuous variables,
controlling for the stratifying variable of surgeon, and the
mean score statistic (Cochran-Mantel-Haenszel) for ordi-
nal variables. We used the Mann-Whitney statistics to
assess for differences in the ordinal Tegner score. The dif-
ference in the proportion of failures based on graft type
was assessed using the Fisher exact test and survival
analysis. Survival analysis incorporates the follow-up time
for those who did not fail in comparing the estimated haz-
ard functions (probability of graft failure over time) by
group, accounting for surgeon.

Before the study, we identified the SANE score as our pri-
mary outcome measurement. The SANE score was selected
as the primary outcome because of good correlation with
other outcome measures,45 and because we had SANE data
from our population to provide variability for sample size
determination. We used a standard deviation of 13.5 based
on previous unpublished SANE data from our institution.
We considered a difference of 10 points in the SANE between
the 2 treatment groups as a clinically significant difference
based on our experience with the SANE score in other
research. With a 5% probability of a type I error and a power
of 80%, we determined that a sample size of 60 patients was
necessary for this study. To accommodate for patient drop-
out, we enrolled 64 patients. Statistical analysis was per-
formed using SAS software (SAS Institute, Cary, North
Carolina) by the Center for Data Analysis and Statistics at
the US Military Academy, West Point, New York.

RESULTS

Figure 3 provides a flow diagram for patients evaluated for
this study. The surgeons in this study performed a total of
159 ACL operations during the 34-month period in which
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159 eligible patients during enroliment period

26 declined to participate

| 133 patients |

64 failed to meet inclusion criteria or
withdrew voluntarily

| 69 eligible patients enrolled

5 excluded at time of surgery,
never randomized

| 64 patients randomized |

32 hamstring
reconstruction

32 bone-patellar
tendon-bone
reconstruction

Figure 3. Study participant flow chart.

patients were enrolled into the study. Twenty-six patients
declined to participate in the randomized controlled trial,
selected their graft, and were subsequently followed in a
prospective manner (results not included in this report).
Sixty-four patients were excluded before enrollment or
declined to participate. Most of these patients were
excluded due to previous ACL reconstructions on either
knee or because of multiligament knee injuries. Five
patients who consented to participate were excluded at the
time of surgery due to exclusion criteria such as full-
thickness articular cartilage defects. Sixty-four patients
(40%) consented to participate and were randomized to
BTB or HS reconstruction. One surgeon performed 17 BTB
and 17 HS reconstructions, 1 surgeon performed 4 of each
type, the third performed 7 BTB and 5 HS reconstructions,
and the fourth surgeon performed 4 BTB and 6 HS recon-
structions. Both groups were similar in terms of age, gender
distribution, and time from injury to surgery (Table 1).

Most ACL tears were due to noncontact injuries (65.6%),
although most injuries occurred while playing contact or
collision sports (59.4%). The greatest number of injuries
occurred playing football (27.0%), followed by basketball
(9.5%), soccer (7.9%), and track and field (7.9%).

Other injuries present at the time of surgery in the HS
group included 17 patients with meniscal injuries (53%)
and 7 patients with partial-thickness articular cartilage
lesions. Cartilage lesions were located on the lateral femoral
condyle (3 patients), the central femoral trochlea (1 patient),
lateral facet of the patella (1 patient), medial femoral
condyle (1 patient), and the central ridge of the patella
(1 patient). Three of the patients with cartilage lesions also
had meniscal injuries. Therefore, there were 21 patients in
the HS group (65.6%) with other injuries noted.
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TABLE 1
Summary of Patient Characteristics
by Surgical Graft Group”

BTB (N = 32) HS(N=32) P Value
Age (range) 21.7 (18-37) 22.1 (17-44) .79
Gender .32
Male 25 (78.1%) 28 (87.5%)
Female 7 (21.9%) 4 (12.5%)
Time between injury .78
and surgery
Acute’ 23 (71.9%) 24 (75.0%)
Chronic 9 (28.1%) 8 (25.0%)
Time point of follow-up N/A®
2y 13 (44.8%) 10 (37.0%)
3y 3 (10.3%) 4 (14.8%)
4y 4 (13.8%) 8 (29.6%)
>5y 1 (3.4%) 2 (7.4%)
Unable to contact for 8 (27.6%) 3 (11.1%)
follow-up

“BTB, bone—patellar tendon—bone; HS, hamstring.

b<3 months.

“N/A, not applicable due to the inability to determine differences
across so many categories with such small numbers in each cell.

In the BTB group, there were 16 patients (50%) with
meniscal injuries and 4 patients with partial-thickness
articular cartilage lesions. Isolated cartilage lesions were
located on the patella (1 patient), the lateral tibial plateau
(1 patient), and the medial femoral condyle (1 patient). One
patient with a partial-thickness cartilage lesion of the lat-
eral tibial plateau also had a cartilage lesion of the medial
femoral condyle and softening of the articular cartilage of
the lateral femoral condyle and medial tibial plateau. Only
1 patient with a cartilage lesion in the BTB group also had
a meniscal injury. Therefore, there were 20 patients
(62.5%) with other injuries noted in the BTB group. There
was no statistically significant difference in the number of
associated injuries between the 2 groups (P =.79).

Table 2 summarizes the complications and graft ruptures.
There were 3 BTB (9.4%) and 4 HS (12.5%) graft ruptures
(P =.71). Seventy-five percent of the HS ruptures occurred
before or at 1 year, while 100% of the BTB ruptures
occurred after 1 year. Six of the graft ruptures occurred
due to a noncontact injury mechanism and 1 in a contact
injury. These 7 patients had revision ACL reconstruc-
tions and their follow-up data were not included in the
final analysis. Seven patients in the BTB group and 5
patients in the HS group had subsequent operations on
the reconstructed knee (Table 3).

Two patients (both in the BTB group) sustained contra-
lateral ACL tears during the follow-up period. In 1 patient,
the contralateral ACL tear occurred 8 months after the
index operation. Because the objective evaluations were
dependent on a normal contralateral knee, only the subjec-
tive outcomes for this patient are included in the follow-up
data. In the other patient, the contralateral ACL tear
occurred 30 months after the index operation. This indi-
vidual’s 2-year subjective and objective data are included
in the follow-up data.
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One patient had a serious adverse event. At 1 month
postoperatively, this patient developed a deep infection of
the knee and was treated with irrigation and debridement
to include removal of the ACL graft and all hardware. This
patient was in the HS group. A later revision was per-
formed without subsequent complication; however, due to
the removal of the original graft, the follow-up data on this
patient were not included in the final analysis.

Survival analysis showed no significant difference in
estimated time to graft failure in the 2 groups with a haz-
ard ratio of 0.75 (P = .69). Graft failure for this survivor
analysis included the 7 patients with graft ruptures and
the 1 patient with graft removal due to infection.

Including study participants with graft ruptures, graft
removal for infection, and those with greater than 2-year
follow-up, overall study follow-up was 83% (53 of 64
enrolled). Two-year or greater outcome assessments
were aggregated using the most recent evaluation for the
56 patients who had not undergone revision ACL recon-
struction. Subjective outcome assessments were avail-
able for 80.4% (45 of 56) of these patients at an average
follow-up of 36 months (range, 24-60.3 months). One
patient died after reaching the 4-year follow-up evaluation.
We have included this patient in the analysis.

There was no significant difference in average follow-up
time between the 2 groups (P =.16). The average follow-up
time was 2.7 years (95% confidence interval [CI]: 2.2, 3.1)
for the BTB group and 3.2 years (95% CI: 2.6, 3.7) in the
HS group. This study included a large number of active
duty personnel. At the time of enrollment, 51 of the par-
ticipants were cadets and 13 were active duty or depen-
dents. At the time follow-up was completed for this study,
there were 48 participants who were on active duty or
who were dependents of active duty personnel (including 1
who died), 5 who had left the military, and 11 who were lost
to follow-up. Objective evaluations of overseas study par-
ticipants were sometimes not obtainable. Therefore, the
number of objective evaluations obtained in this cohort of
patients is less than the number of subjective evaluations
obtained. This is noted throughout the results.

Radiographic Evaluation of Tunnel Placement

Radiographic assessment of tunnel placements were
analyzed to see if there was a difference in graft position
between the BTB and HS groups as well as to see whether
tunnel position was related to graft rupture. When viewed
on the lateral radiograph, the grafts in all groups appeared
to be adequately positioned to avoid roof impingement.

There was no significant difference (P = .99) for femoral
tunnel placement (as assessed by the method of Klos et al*®
and Amis et al’) between the BTB and HS grafts (Table 4).
The average femoral tunnel position was 5% more distal
for the 7 patients whose grafts ruptured compared with
the 44 patients whose grafts were intact at follow-up. This
difference was not statistically significant (P = .13).

There was no significant difference (P = .51) in coronal
tibial tunnel angle between the BTB and HS grafts (Table 4).
There was, however, a significant difference (P = .03) for
the coronal tibial tunnel angle between the 7 participants
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TABLE 2
Summary of Characteristics of Participants Who Experienced Graft Rupture or Postoperative Surgical Complication”

Additional Procedures

Time to

With Initial Operation Rupture (mo) Sport of Reinjury Reinjury Type

BTB graft

Graft rupture Partial lateral meniscectomy 46 Basketball Noncontact

Graft rupture Medial meniscus repair 14 Soccer Noncontact

Graft rupture Abrasion of lateral meniscus 21 Handball Noncontact
HS graft

Graft rupture None 3 Kick to knee Contact

Graft rupture Medial meniscus repair 11 Javelin Noncontact

Graft rupture Partial lateral meniscectomy 26 Running Noncontact

Graft rupture Partial lateral meniscectomy 12 Wrestling Noncontact

Infection Partial lateral meniscectomy N/A N/A N/A

“BTB, bone—patellar tendon—bone; HS, hamstring; N/A, not applicable.

TABLE 3
Summary of Subsequent Operations
by Graft Type and Side”

BTB Graft HS Graft

Involved Contralateral Involved Contralateral

Revision or 2 2 4 0
contralateral
ACL
reconstruction

Medial meniscus 1° 0 0 0
repair and
ACL
debridement

Unspecified 1 0 1 0
surgery

Medial meniscus 1 0 0 0
transplant

Partial 1 0 0 0
meniscectomy

Debridement of 1 0 0 0
adhesions

“BTB, bone-patellar tendon—bone; HS, hamstring; ACL, anterior
cruciate ligament.

®Patient subsequently ruptured the primary ACL reconstruction and
underwent revision surgery.

whose graft ruptured and the 44 whose grafts were intact.
All tibial tunnels were contained within the tibial emi-
nences except for 1 patient whose HS graft did not fail
despite its placement.

Subjective Assessments

There were no statistically significant differences between
the 2 groups on the patient-reported Lysholm, SANE, or
KOOS subscales (Table 5). The SANE scores were 88.5
(95% CI: 83.1, 93.8) and 90.1 (95% CI: 85.2, 96.1) for the HS
and BTB groups, respectively (P = .53). Eighty-one percent
of the BTB patients reported that they were able to return
to their preinjury activity levels, compared with 52% of the
HS patients (P = .15). The overall average Tegner score was

6.8 for the BTB group and 5.3 for the HS group (P = .04)
(Table 6). A total of 75% of the patients in the BTB group
and 50% in the HS group had a Tegner score of 6 or better.

Functional Testing

There were no statistically significant differences with
respect to performance on the single-legged hop for dis-
tance or the 6-m single-leg hop for time (see Appendix,
available in the online version of this article at http:/ajs
.sagepub.com/supplemental/). These scores were avail-
able for 21 of the subjects in this analysis.

Range of Motion

There were no statistically significant differences with
respect to heel height difference or range of motion (see
Appendix, available in the online version of this article at
http://ajs.sagepub.com/supplemental/). Heel height differ-
ence was 1.2 cm in the BTB group and 0.9 cm in the HS
group. There were no statistically significant differences in
total range of motion arc, extension deficits, or flexion
deficits (see online Appendix for this article at http:/ajs
.sagepub.com/supplemental/).

Thigh Atrophy and Isokinetic Strength

Although the girth at 10 and 15 c¢cm superior to the
patella was greater on the uninvolved limb for each of
the 2 groups, the girth difference (uninvolved—involved)
between the 2 groups was not statistically significant (see
online Appendix for this article at http:/ajs.sagepub.com/
supplemental/). There were no significant differences
noted between the HS and BTB groups in peak torque
knee extension or flexion when measured at 60 deg/s or
300 deg/s (see Appendix, available in the online version of
this article at http://ajs.sagepub.com/supplemental/).

Difficulty Kneeling

There was no significant difference between the 2
groups for patient-reported pain associated with kneeling
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TABLE 4
Femoral and Tibial Tunnel Measurements (With 95% Confidence Interval) by Graft Assignment and Graft Success”

Graft Choice

Graft Success

BTB

HS Intact Ruptures

Femoral tunnel position3‘25 (%)
Tibial tunnel®® (deg)

58.6 (54.0, 62.7)
66.44 (62.2, 70.6)

58.3 (54.2, 62.4)
65.0 (61.0, 69.1)

60.8 (57.6, 63.9)
69.3° (66.2, 72.4)

55.9 (49.9, 63.9)
62.2° (56.3, 68.1)

“BTB, bone—patellar tendon—bone; HS, hamstring.
°P < .05.

TABLE 5
Means (With 95% CI) of Subjective Outcomes by Surgical Graft Group®
BTB Least HS Least P
BTB N Square Mean (95% CI) HSN Square Mean (95% CI) Value

SANE 21 90.7 (85.2, 96.1) 23 88.5 (83.1, 93.8) .53

Lysholm 21 90.4 (84.5, 96.3) 23 90.3 (84.4, 96.1) 97
KOOS

Pain 20 94.0 (87.7,100.3) 24 91.0 (85.1, 96.9) 44

Symptoms 21 90.5 (83.4, 97.6) 24 88.4 (81.5,95.3) .64

Activities of daily living 20 97.8 (92.9, 102.7) 23 95.7 (90.7, 100.7) .52

Sport and recreation 21 87.3 (77.8,90.2) 22 85.3 (75.6, 95.0) 74

Quality of life 21 79.8 (69.4, 90.2) 24 75.5 (65.3, 85.6) .52

“CI, confidence interval; BTB, bone—patellar tendon—bone; HS, hamstring.

TABLE 6
Tegner Activity Scores”

Tegner BTB HS

Score Number (of 20) BTB %  Number (of 24) HS %
0 0 0 0 0
1 0 0 2 8.3
3 1 5.0 3 12.5
4 1 5.0 3 12.5
5 3 15.0 4 16.7
6 5 25.0 6 25.0
7 3 15.0 3 12.5
8 1 5.0 1 4.2
9 6 30.0 1 4.2

10 0 0 1 4.2

“BTB, bone—patellar tendon—bone; HS, hamstring.
P = .04, using Wilcoxon (Mann-Whitney) test of location.

(Table 7). Neither of the groups reported extreme pain
when kneeling; the majority of patients in both groups
reported no pain when kneeling.

International Knee Documentation
Committee Scores and Knee Laxity

There were no differences between groups in the overall
IKDC score, nor in the IKDC subjective and objective evalu-
ations (Tables 7 and 8). There was no significant difference

between groups in anterior tibial displacement measured at
134 N using the KT-2000 arthrometer (Table 8).

DISCUSSION

This study was designed to compare outcomes of ACL
reconstruction using either BTB or 4-strand HS autografts
while controlling for other potential confounding vari-
ables. These are the most widely used grafts and their
biomechanical properties meet or exceed that of the native
ACL.*' Our results were similar to those of other trials
that have compared BTB and 3- to 5-strand HS autografts
in that we found no statistically significant differences
between the 2 groups on objective, subjective, or patient-
reported measures.

Three RCTs*%** have compared BTB and 2-strand HS
autografts. Two of the 3 studies did find increased laxity on
instrumented testing in the HS group. None of these stud-
ies found significant differences in patient-reported subjec-
tive outcome measures. Similarly, there were no significant
differences in patient-reported subjective outcome mea-
sures in 3 commonly referenced nonrandomized studies
(patients were assigned on an alternating basis)"**! that
compared BTB and 4-strand HS autografts.

There have been 12 published RCTs* comparing BTB
autografts with 3- to 5-strand hamstring autografts. Not

*References 5, 9-11, 20, 23, 27, 30, 32, 37, 38, 47.
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TABLE 7
Frequency of Categorical Responses to Subjective
Outcomes in the BTB and HS Autograft Groups®

The American Journal of Sports Medicine

TABLE 8
Frequency of Categorical Responses to Objective
Outcomes in the BTB and HS Autograft Groups®

BTB HS
Number BTB Number HS P
(of 21) % (of 24) % Value”
Pain when N
kneeling
None 13 61.9 13 54.2
Mild 6 28.6 6 25.0
Moderate 1 4.8 2 8.3
Severe 1 4.8 3 12.5
Extreme 0 0 0 0
IKDC .33
subjective
assessment
Normal 14 66.7 10 41.7
Nearly 6 28.6 12 50.0
normal
Abnormal 0 0 1 4.2
Severely 1 4.8 1 4.2
abnormal
IKDC .29
symptoms
assessment
Normal 12 57.1 12 50.0
Nearly 8 38.1 9 37.5
normal
Abnormal 0 0 3 12.5
Severely 1 4.8 0 0
abnormal

“BTB, bone—patellar tendon-bone; HS, hamstring; IKDC,
International Knee Documentation Committee.

Cochran-Manzel-Haenszel statistic based on row mean table
score.

included in these 12 RCTs are 2 commonly cited studies
with longer follow-up of an original report (Harilainen
et al” is the 5-year follow-up of Jansson and colleagues®
and Liden et al*® appears to be a longer-term follow-up of
the patients initially reported in Ejerhed®). Four of these
RCTs”?"% yged strict randomization processes. These
12 RCTs represent the best scientific clinical studies com-
paring BTB and HS autografts with techniques that are
commonly used today. The most consistent finding in these
studies has been the similarity in the results between the
2 groups. As in our study, none of the other 12 RCTs found
differences in the patient-reported subjective outcome
measures between the BTB and HS groups. Our normal or
nearly normal overall IKDC scores of 86% in the BTB
group and 78% in the HS group are consistent with the
results of the 11 other RCTs that reported IKDC data. In
the other RCTs, the normal or nearly normal IKDC scores
averaged 73.5% (range, 50-97) for BTB groups and 80.8%
(range, 55-97) for HS groups.

The most commonly identified differences between groups
are related to donor-site morbidity when selecting the BTB
graft. In the 12 published RCTs, the BTB grafts were associ-
ated with more pain or difficulty with kneeling,>'*'**"%
more loss of knee motion,""*****" and more anterior knee

BTB HS
BTB Number HS Number P
N (%) N (%) Value®
KT-2000 8 11 .85
arthrometer
(134 N)
-1 to <3 mm 4 (50.0) 7(63.6)
3 to 5 mm 3(37.5) 3(27.3)
or <—1to -3
6 to 10 mm 1(12.5) 1(9.1)
or <—3 >10 mm 0 0
IKDC range of 14 18 51
motion
Normal 12 (85.7) 17 (94.4)
Nearly 1(7.1) 1(5.6)
normal
Abnormal 1(7.1) 0
Severely 0 0
abnormal
IKDC 14 18 .69
ligament
examination
Normal 8 (57.1) 9 (50.0)
Nearly 6 (42.9) 9 (50.0)
normal
Abnormal 0 0
Severely 0 0
abnormal
IKDC overall 14 18 .22
evaluation
Normal 6 (42.9) 2(11.1)
Nearly 6 (42.9) 12 (66.7)
normal
Abnormal 1(7.1) 3(16.7)
Severely 1(7.1) 1(5.6)
abnormal

“BTB, bone—patellar tendon—bone; HS, hamstring; IKDC,
International Knee Documentation Committee.
®Cochran-Manzel-Haenszel statistic based on row mean table score.

pain.'??**7247 The most commonly reported limitation
associated with HS grafts was decreased isokinetic knee
flexion strength.”****** None of these differences were
identified in our study.

Our study differed from the other 12 RCTs in patient age
and the activity level to which they were required to
return. We also saw more ACL reinjuries than in any other
study, with graft rupture rates of 9.4% and 12.5% in the
BTB and HS groups, respectively. The average age of the
patients in all but 1" of the other 12 RCTs was 24 years or
greater (range, 22-31). Our average age was 22 years, and
the vast majority of the patients were cadets at the US
Military Academy and US Army soldiers. The cadets and
active duty soldiers are required to return to vigorous
activity level, including graded obstacle course tests and
2-mile runs. The age of our patients and the level of activ-
ity may explain our higher reinjury rates compared with
that in other RCTs. We have also seen higher than expected
rates of recurrent shoulder instability in this population®
after open shoulder reconstructions, lending support to
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the argument that the physical demands of the military
environment leads to significant reinjury rates.

We are unable to explain why our BTB patients showed
a higher rate of return to preinjury activity level and a
higher average Tegner rating at follow-up. Although not
statistically significant, the 81% return to preinjury activ-
ity level in the BTB group appears to be clinically signifi-
cant compared with the 52% return in the HS group.
Although the mean Tegner rating for the BTB group was
6.8 and for the HS group was 5.3, 50% of the BTB patients
had a Tegner rating of 7 or greater, yet only 1 in 4 HS
patients scored 7 or above. These findings are similar to
the results of Maletis et al.** No other RCT demonstrated
this difference, but a meta-analysis by Yunes et al*® of non-
randomized studies found a greater return to preinjury
activity levels in BTB patients. Further study in this area
is warranted. Perhaps a biomechanical study designed to
assess for more subtle differences in knee control during
demanding activities such as landing and cutting could
offer additional insights.

One strength of this study is a design that minimized
potential biases. First, we randomized treatment alloca-
tion to help eliminate potentially confounding factors.
Specifically, the randomization process at the time of the
operation led to similar patient populations and similar
associated injuries in the 2 groups. Second, we tried to
limit transfer bias through extensive efforts at obtaining
follow-up of our patients throughout the world. We had a
follow-up rate of 80.4% on patient-reported outcome mea-
sures at an average of nearly 3 years postoperatively and
an overall follow-up of 83% for greater than 2 years. We
minimized detection bias through follow-up by indepen-
dent examiners (both physical therapists and orthopaedic
surgeons) who were not involved in the operations and by
the use of stockinettes to cover both knees, which hid signs
of the graft choice from the evaluating surgeons. We also
minimized bias by ensuring all operations were performed
in the same manner, in the same operating room by 4 sur-
geons (often working together) who had extensive experi-
ence in both methods of reconstruction. In addition, the
postoperative rehabilitation and bracing were the same for
both groups. Finally, apart from a different washer type
used to back up the tibial interference screw, fixation was
the same for both groups.

We elected to perform dual fixation on both sides of the
graft for 2 reasons. First, when this study was initiated in
1999, we were concerned about reports of increased
strain in the grafts with fixation outside the tunnels and
an emphasis on “aperture” fixation.?? Second, bioabsorbable
screws were relatively new when this study was initiated
and we preferred to back up the screws with more perma-
nent fixation in the event that the graft-bioabsorbable
screw—tunnel fixation became compromised over time. The
fixation techniques did not appear to influence the results
as all reruptures occurred within the substance of the
grafts. Six of the other RCTs”?"*%32373 4150 used similar
fixation techniques for both groups. When comparing these
studies with the other 6 RCTs that had different fixation
techniques between groups, there do not appear to be any
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differences in the results, also suggesting that fixation
techniques do not significantly influence the results.

Using multiple outcome measures strengthens our
results. The SANE score quantifies the patient’s subjective
impression of the outcome of their operation into a single
number that correlates well with other outcome measures
for both the shoulder** and the knee.”” By examining the
SANE score with the other validated outcome measures
used in this study (IKDC, KOOS, and Lysholm scores), we
were able to assess overall outcomes and specific outcome
measures. In this study, we did not see any difference in
the overall outcomes or the specific outcomes as evaluated
with the instruments used. If the overall outcome was dif-
ferent between the 2 groups using the SANE score, the
other measures could provide answers as to why that
difference existed.

Interestingly, we did find that the 7 patients whose grafts
ruptured had a smaller (more horizontal) mean coronal
tibial tunnel angle (62.2°) than the 44 (69.3°) whose grafts
were intact at follow-up (Table 4). Howell et al'® asserted
that tibial tunnel orientation is important when the femo-
ral tunnel is drilled through the tibial tunnel, and that
vertical tibial tunnels should be avoided. They recom-
mended a coronal tibial tunnel angle between 65° and 70°.
We applied their guidance of avoiding vertical tibial tun-
nels; however, our data suggest that some of our failures
may have been related to tibial tunnels that were oriented
too horizontally in the coronal plane.

Although Howell et al' found that angles greater than
75° were associated with increased anterior tibial transla-
tion and loss of knee flexion, leading to their recommenda-
tion of 65° to 70° tibial tunnel orientation, they did not
have adequate numbers to assess the results of tibial tun-
nels at less than 65°. Our study suggests that angles less
than 65° may be associated with increased likelihood of
graft rupture. When the femoral tunnel is drilled through
the tibial tunnel, the position of the femoral tunnel will be
determined by the angle of the tibial tunnel.'® If the orien-
tation of the tibial tunnel in the coronal plane is too verti-
cal, the femoral tunnel cannot be put in an anatomic
position." Similarly, the femoral tunnel may be malposi-
tioned if the angle of the tibial tunnel is too horizontal in
the coronal plane, which appears to be the case in our
patients whose grafts failed. Our study also showed that
graft ruptures were associated with a more distal place-
ment of the femoral tunnel, although this difference was
not statistically significant. This finding is likely related to
femoral tunnel positioning being influenced by the tibial
tunnel as previously discussed. Our findings support the
suggestion by Howell et al' that femoral tunnels drilled
through the tibial tunnel should be between 65° and 70°
when measured in the coronal plane. Alternatively, tech-
niques involving femoral tunnel drilling independent of
the tibial tunnel position may allow for more anatomic
femoral tunnel placement.

Another interesting finding in this study was that 75%
of HS grafts that ruptured did so in the first year, while
no BTB graft ruptured in the first year. These findings
suggest that the relationship between knee extension
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strength and knee flexion strength may influence
patients’ risk of graft rupture during early return
after ACL reconstruction. If the flexion strength is
decreased due to harvesting of a HS graft, then there may
be a significant increase in the quadriceps/HS strength
ratio. This increased ratio may place the graft at risk due
to the anterior tibial translation forces applied to the
tibia by an intact extensor mechanism in the face of lower
antagonistic HS strength. The implications of these find-
ings warrant further study.

We recognize that the main weakness of this study is the
incomplete follow-up of objective measures. Subsequent
changes in the assignments of United States military
personnel since the conception of this study in 1999, its
initiation in 2000, and especially after September 11, 2001,
led to greater than anticipated overseas deployments by
our patients, frequently to remote, hostile environments.
These changes in location for our study population offered
unique challenges to capture the planned objective follow-up.
We have reported the follow-up data obtained and, although
incomplete, we suspect that these data are an accurate
reflection of the overall population. Transfer bias due to
incomplete follow-up is less likely than in most studies for
2 reasons. First, we were able to achieve subjective follow-up
on over 80% of the patients, and the objective measures
reported are in line with the subjective data. Second,
the reason for incomplete follow-up is unlikely related to
poor results. In the closed military health system, patients
with poor results limiting their performance would be
more likely to be identified and included in follow-up than
those with good results. Nevertheless, even if transfer bias
risk is minimal, we acknowledge that the limited follow-up
does reduce the power in our objective data and weakens
the study, especially with results showing no significant
differences between the 2 groups.

Our ability to draw significant conclusions is also lim-
ited because of the lack of follow-up radiographic data,
and because the study with an average follow-up of 3 years
can at best be considered a midterm duration study of
ACL reconstruction. Studying these patients with a
variety of measures, including radiographically, will, in
the long-term, provide important information about ACL
reconstructions in general and about any differences
that may exist between the BTB and HS autograft
reconstructions.

CONCLUSION

At midterm follow-up averaging 3 years, we found that the
BTB group had higher Tegner activity scores than the HS
group. Further study is warranted on this finding. More
horizontal tibial tunnel angles were associated with graft
ruptures, independent of graft choice. Aside from these
results, we found no other significant differences in
patient-reported outcome measures, objective evaluations,
and functional testing after ACL reconstruction when
using either a BTB or HS autograft. Both grafts provided
acceptable results in this very active military population,
allowing our patients to return to strenuous activities in
demanding environments.

The American Journal of Sports Medicine

ACKNOWLEDGMENT

The authors would like to thank Jane Reddington for
organizational assistance during data collection in this
study. We greatly appreciate the contributions of Erin
Slivka, MAJ Michael Johnson, LCDR Shane Vath, CPT
Michael Fink, MAJ Page Karsteter, LT Martin Johnson,
and other physical therapists and the physical therapy
staff at the US Military Academy who contributed to data
collection for this study. Craig Yunker and the Department
of Physical Education athletic trainers, and Tim Kelly
and the Army Athletic Association athletic trainers, pro-
vided significant assistance with patient recruitment.
Christine Polao was of tremendous assistance in patient
counseling, recruitment, follow-up, and enforcement of
appropriate randomization. Mary Gonzalez provided out-
standing organization for patient follow-up and database
management. Dr Ken Cameron supported and helped orga-
nize the meetings for data analysis, and provided insightful
guidance during final manuscript preparation. We also
thank Dr Donald Kirkendall for his editorial assistance in
the preparation of this manuscript.

REFERENCES

—_

. Aglietti P, Buzzi R., Zaccherotti G, De Biase P. Patellar tendon versus
doubled semitendinosus and gracilis tendons for anterior cruciate
ligament reconstruction. Am J Sports Med. 1994;22:211-218.

2. Aglietti P, Giron F, Buzzi R, Biddau F, Sasso R. Anterior cruciate liga-
ment reconstruction: bone-patellar tendon-bone compared with dou-
ble semitendinosus and gracilis tendon grafts. J Bone Joint Surg Am.
2004;86:2143-2155.

3. Amis AA, Beynnon B, Blankevoort L, et al. Proceedings of the ESSKA
Scientific Workshop on Reconstruction of the Anterior and Posterior
Cruciate Ligaments. Knee Surg Sports Traumatol Arthrosc. 1994;2:
124-132.

4. Anderson AF, Snyder RB, Lipscomb AB Jr. Anterior cruciate ligament
reconstruction: a prospective randomized study of three surgical meth-
ods. Am J Sports Med. 2001;29:272-279.

5. Aune AK, Holm |, Risberg MA, Jensen HK, Steen H. Four-strand ham-
string tendon autograft compared with patellar tendon-bone autograft
for anterior cruciate ligament reconstruction: a randomized study with
two-year follow-up. Am J Sports Med. 2001;29:722-728.

6. Beynnon BD, Johnson RJ, Fleming BC, et al. Anterior cruciate liga-
ment replacement: comparison for bone-patellar tendon-bone grafts
with two strand hamstring grafts, a prospective randomized study.
J Bone Joint Surg Am. 2002;84:1503-1513.

7. Brand J Jr, Weiler A, Caborn DN, Brown CH, Johnson DL. Graft fixation
in cruciate ligament reconstruction. Am J Sports Med. 2000;28:761-774.

8. Cooper DE, Deng XH, Burstein AL, Warren RF. The strength of the
central third patellar tendon graft: a biomechanical study. Am J Sports
Med. 1993;21:818-824.

9. Ejerhed L, Kartus J, Sernert N, Kohler K, Karlsson J. Patellar tendon or
semitendinosus tendon autografts for anterior cruciate ligament recon-
struction? A prospective randomized study with two-year follow-up.
Am J Sports Med. 2003;31:19-25.

10. Eriksson K, Anderberg P, Hamberg P, et al. A comparison of quadru-
ple semitendinosus and patellar tendon grafts in reconstruction of the
anterior cruciate ligament. J Bone Joint Surg Br. 2001;83:348-354.

11. Feller JA, Webster KE. A randomized comparison of patellar tendon
and hamstring tendon anterior cruciate ligament reconstruction.
Am J Sports Med. 2003;31:564-573.

12. Freedman KB, D’Amato MJ, Nedeff DD, Kaz A, Bach BR Jr. Arthroscopic

anterior cruciate ligament reconstruction: a meta-analysis comparing

patellar tendon and hamstring tendon autografts. Am J Sports Med.
2003;31:2-11.



Vol. 37, No. 10, 2009

13. Fu FH, Schulte KR. Anterior cruciate ligament surgery 1996: state of
the art? Clin Orthop Relat Res. 1996;325:19-24.

14. Gobbi A, Mahajan S, Zanazzo M, Tuy B. Patellar tendon versus qua-
drupled bone-semitendinosus anterior cruciate ligament reconstruc-
tion: a prospective clinical investigation in athletes. Arthroscopy.
2003;19:592-601.

15.Gobbi A, Tuy B, Mahajan S, Panuncialman |. Quadrupled bone-
semitendinosus anterior cruciate ligament reconstruction: a clinical
evaluation in a group of athletes. Arthroscopy. 2003;19:691-699.

16. Hamner DL, Brown CH Jr, Steiner ME, Hecker AT, Hayes WC.
Hamstring tendon grafts for reconstruction of the anterior cruciate
ligament: biomechanical evaluation of the use of multiple strands and
tensioning techniques. J Bone Joint Surg Am. 1999;81:549-557.

17. Harilainen A, Linko E, Sandelin J. Randomized prospective study of
ACL reconstruction with interference screw fixation in patellar ten-
don autografts versus femoral metal plate suspension and tibial post
fixation in hamstring tendon autografts: 5-year clinical and radio-
logical follow-up results. Knee Surg Sports Traumatol Arthrosc.
2006;14:517-528.

18. Hefti F, Muller W, Jakob RP, Staubli HU. Evaluation of knee ligament
injuries with the IKDC form. Knee Surg Sports Traumatol Arthrosc.
1993;1:226-234.

19. Howell SM, Gittins ME, Gottlieb JE, Traina SM, Zoellner TM. The
relationship between the angle of the tibial tunnel in the coronal plane
and loss of flexion and anterior laxity after anterior cruciate ligament
reconstruction. Am J Sports Med. 2001;29:567-574.

20. Ibrahim SA-R, Al-Kussary IM, Al-Misfer ARK, Al-Mutairi HQ, Ghafar
SA, El Noor TA. Clinical evaluation of arthroscopically assisted ante-
rior cruciate ligament reconstruction: patellar tendon versus gracilis
and semitendinosus autograft. Arthroscopy. 2005;21: 412-417.

21. Irrgang JJ, Anderson AF, Boland AL, et al. Development and validation
of the International Knee Documentation Committee subjective knee
form. Am J Sports Med. 2001;29:600-613.

22.Ishibashi Y, Rudy TW, Livesay GA, Stone JD, Fu FH, Woo SL. The
effect of anterior cruciate ligament graft fixation site at the tibia on
knee stability: evaluation using a robotic testing system. Arthroscopy.
1997;13:177-182.

28. Jansson KA, Linko E, Sandelin J, Harilainen A. A prospective random-
ized study of patellar versus hamstring tendon autografts for anterior
ligament reconstruction. Am J Sports Med. 2003;31:12-18.

24. Johnson RJ, Beynnon BD, Nichols CE, Renstrom PA. The treatment
of injuries of the anterior cruciate ligament. J Bone Joint Surg Am.
1992;74:140-151.

25.Kartus J, Magnusson L, Stener S, Brandsson S, Eriksson BI,
Karlsson J. Complications following arthroscopic anterior cruciate
ligament reconstruction: a 2-5-year follow-up of 604 patients with
special emphasis on anterior knee pain. Knee Surg Sports Traumatol
Arthrosc. 1999;7:2-8.

26. Klos TV, Harman MK, Habets RJ, Devilee RJ, Banks SA. Locating
femoral graft placement from lateral radiographs in anterior cruciate
ligament reconstruction: a comparison of 3 methods of measuring
radiographic images. Arthroscopy. 2000;16:499-504.

27.Laxdal G, Kartus J, Hansson L, Heidvall M, Ejerhed L, Karlsson J. A
prospective randomized comparison of bone-patellar tendon-bone
and hamstring grafts for anterior cruciate ligament reconstruction.
Arthroscopy. 2005;21:34-42.

28. Liden M, Ejerhed L, Sernert N, Laxdal G, Kartus J. Patellar tendon or
semitendinosus tendon autografts for anterior cruciate ligament recon-
struction: a prospective randomized study with a 7-year follow-up. Am
J Sports Med. 2007;35:740-748.

29. Lysholm J, Gillquist J. Evaluation of knee ligament surgery results
with special emphasis on use of a scoring scale. Am J Sports Med.
1982;10:150-154.

30.

31.

32.

33.

34.

35.

36.

37.

38.

39.

40.

41.

42.

43.

44.

45.

46.

47.

Autografts for ACL Reconstruction 1957

Maletis GB, Cameron SL, Tengan JJ, Burchette RJ. A prospective
randomized study of anterior cruciate ligament reconstruction: a
comparison of patellar tendon and quadruple-strand semitendinosus/
gracilis tendons fixed with bioabsorbable interference screws. Am J
Sports Med. 2007;35:384-394.

Marder RA, Raskind JR, Carroll M. Prospective evaluation of
arthroscopically assisted anterior cruciate ligament reconstruction:
patellar tendon versus semitendinosus and gracilis tendons. Am J
Sports Med. 1991;19:478-484.

Matsumoto A, Yoshiya S., Muratsu H, et al. A comparison of bone-
patellar tendon-bone and bone-hamstring tendon-bone autografts for
anterior cruciate ligament reconstruction. Am J Sports Med.
2006;34:212-219.

Noyes FR, Barber SD, Mangine RE. Abnormal lower limb symmetry
determined by functional hop tests after anterior cruciate ligament
rupture. Am J Sports Med. 1991;19:513-518.

O’Neill DB. Arthroscopically assisted reconstruction of the anterior cru-
ciate ligament: a prospective randomized analysis of three techniques.
J Bone Joint Surg Am. 1996;78:803-813.

Roos EM, Roos HP, Lohmander LS, Ekdahl C, Beynnon BD. Knee
injury and Osteoarthritis Outcome Score (KOOS): development of a
self-administered outcome measure. J Orthop Sports Phys Ther.
1998;28:88-96.

Sachs RA, Daniel DM, Stone ML, Garfein RF. Patellofemoral problems
after anterior cruciate ligament reconstruction. Am J Sports Med.
1989;17:760-765.

Sajovic M, Vengust V, Komadina R, Tavcar R, Skaza K. A prospec-
tive, randomized comparison of semitendinosus and gracilis tendon
versus patellar tendon autografts for anterior cruciate ligament
reconstruction: five-year follow-up. Am J Sports Med. 2006;34:
1933-1940.

Shaieb MD, Kan DM, Chang SK, Marumoto JM, Richardson AB.
A prospective randomized comparison of patellar tendon versus
semitendinosus and gracilis tendon autografts for anterior cruciate
ligament reconstruction. Am J Sports Med. 2002;30:214-220.
Shelbourne KD, Trumper RV. Preventing anterior knee pain after anterior
cruciate ligament reconstruction. Am J Sports Med. 1997;25:41-47.
Steiner ME, Hecker AT, Brown CH Jr, Hayes WH. Anterior cruciate
ligament graft fixation: comparison of hamstring and patellar tendon
grafts. Am J Sports Med. 1994;22:240-247.

Tegner Y, Lysholm J. Rating systems in the evaluation of knee ligament
injuries. Clin Orthop Relat Res. 1985;198:43-49.

Uhorchak JM, Arciero RA, Huggard D. Taylor DC. Recurrent shoulder
instability after open reconstruction in athletes involved in collision
and contact sports. Am J Sports Med. 2000;28:794-799.

Weiler A, Hoffman RF, Stahelim AC, Bail HJ, Siepe CJ, Sudkamp NP.
Hamstring tendon fixation using interference screws: a biomechanical
study in calf tibial bone. Arthroscopy. 1998;14:29-37.

Williams GN, Gangel TJ, Arciero RA, Uhorchak JM, Taylor DC.
Comparison of Single Assessment Numeric Evaluation method and
rating scales: outcomes measures after shoulder surgery. Am J Sports
Med. 1999;27:214-221.

Williams GN, Taylor DC, Gangel TJ, Uhorchak JM, Arciero RA.
Comparison of the Single Assessment Numeric Evaluation method
and the Lysholm score. Clin Orthop Relat Res. 2000;373:184-192.
Yunes M, Richmond JC, Engels EA, Pinczewski LA. Patellar versus
hamstring tendons in anterior cruciate ligament reconstruction: a
meta-analysis. Arthroscopy. 2001;17:248-257.

Zaffagnini S, Marcacci M, Lo Presti M, Giordano G, lacono F, Neri MP.
Prospective and randomized evaluation of ACL reconstruction
with three techniques: a clinical and radiographic evaluation at 5
years follow-up. Knee Surg Sports Traumatol Arthrosc. 2006;14:
1060-1069.

For reprints and permission queries, please visit SAGE's Web site at http:/www.sagepub.com/journalsPermissions.nav



