
Abstract The outcomes of 18 pa-
tients (11 females, 7 males; age,
40.4±11 years) at 2 years after ACL
reconstruction with cryopreserved
tibialis anterior allografts using a
double bundle technique are pre-
sented. Most subjects (72%) de-
scribed themselves as being moder-
ately active before surgery. After
providing written informed consent,
subjects completed the 2000 IKDC
Knee Form, underwent arthrometric
knee measurements, and performed
one-leg hop and isokinetic quadri-
ceps and hamstring torque tests
(60°/s). Ninety-four percent (17/18)
of the subjects had normal or near-
normal grades for manual knee liga-
ment tests. Knee arthrometry mea-
surements revealed a mean 1.1-mm
involved side increase at 134 N
(8.9±2 mm vs 7.8±3 mm) and a 
2-mm involved side increase during
manual maximum testing (11.3±2
mm vs 9.3±3 mm). Group means re-
vealed active knee flexion (136±8°
vs 139±6°) and knee hyper-extension
(3±2° vs 5±2°), which were slightly
reduced at the involved knee. One-
leg hop testing revealed a 15% mean
deficit at the involved side (0.81±
0.3 m vs 0.95±0.3 m). Isokinetic test-
ing revealed an 11% mean deficit at
the involved side (143.4±60 Nm vs
161.8±54 Nm) for the quadriceps and

7% greater strength at the involved
side (105.9±35 Nm vs 98.8±35 Nm)
for the hamstrings. Side-to-side com-
parisons revealed that many patients
displayed less than normal quadri-
ceps femoris torque (72%, 13/18),
hamstring torque (28%, 5/18) and
hop test (28%, 5/18) performance.
Moderate positive correlations ex-
isted between involved side quadri-
ceps (r=0.80) and hamstring (r=0.83)
torque/bodyweight and hop test per-
formance. Scores were 77.6±21
(range 28.7–100) and 78.1±16 (range
41.7–100) for the 2000 IKDC Sub-
jective Knee Evaluation and Health
Assessment forms. Most subjects
(83%, 15/18) rated their current
function at ≥91% of pre-injury levels
and all subjects continued to partici-
pate at their pre-injury perceived ac-
tivity level. At 2 years after ACL re-
construction with tibialis anterior al-
lografts, this subject group displayed
satisfactory functional outcomes.
Tibialis anterior allograft use pro-
vides an effective ACL reconstruc-
tion alternative, particularly for older
individuals who want to continue
recreational sports.
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Introduction

Previous reports have documented the tissue morbidity
associated with autogenous bone-patellar tendon-bone
(BPTB) graft harvest (including quadriceps femoris inhi-
bition, patella tendon shortening, infrapatellar fat pad fi-
brosis, patellar fracture) [4, 8, 18, 19, 22, 28] and func-
tional deficits including decreased quadriceps strength, re-
duced knee range of motion, increased patellofemoral
pain and altered patellar alignment [12, 16, 17, 19, 21,
22]. In addition to these early complications, long-term
concerns associated with autogenous BPTB graft use in-
clude the development of patellofemoral joint arthrosis
particularly among individuals who have a predisposition
to mal-tracking, and knee joint osteoarthritis [27].

By avoiding tissue harvest in a construct that provides
secure bone plug-to-bone tunnel fixation allograft BPTB
tissue remains popular for ACL reconstruction. Despite
their popularity, BTPB allografts have been shown to
have inferior biomechanical properties and less optimal
bone tunnel-graft congruity than soft tissue tendon allo-
grafts [7, 29]. Additionally, the biomechanical properties
of BPTB grafts are more negatively influenced by donor
age than are hamstring tendon grafts, and their smaller di-
ameter is more affected by tissue weakening during the
remodeling or ligamentization process, particularly at the
tendon-bone junctions [29, 30]. Allograft BPTB may also
be more likely to display increased immunogenicity com-
pared to other allograft forms, particularly via the osseous
component [1, 26].

Problems associated with autogenous and allogeneic
BPTB grafts has led to an increased interest in ACL re-
construction using a tripled or quadrupled hamstring auto-
graft consisting of sections of harvested semitendinosus
and gracilis muscles. Problems however, such as in-
creased knee joint laxity [3, 16], hamstring muscle group
strength deficits [2, 20] and knee flexion range of motion
deficits [20] have been reported following ACL recon-
struction using hamstring grafts. Given the coxa varus-
genu valgus postural alignment common to many athletic
females the influence of either autogenous BPTB graft
harvest on patellofemoral loading mechanics or semi-
tendinosus-gracilis graft harvest on medial knee joint sta-
bility may be detrimental to knee joint function.

Autogenous semitendinosus or gracilis tissue or allo-
graft alternatives such as tibialis anterior tendons present
ACL reconstruction substitutes to the knee surgeon that
provide considerable graft strength; however, the absence
of bone at the tendinous ends remains problematic when
graft-bone tunnel fixation is less than optimal [10]. With
long-term biomechanical strength characteristics that are
comparable to quadruple strand hamstring autografts and
superior to BPTB allografts, double strand tibialis anterior
tendon allografts provide an effective construct for ACL
reconstruction, while avoiding the tissue morbidity com-
monly associated with autograft harvesting [11, 13, 26,

27]. Haut Donahue et al [11] reported that double strand
tibialis anterior grafts provided superior ultimate load
(4122±893 N vs 2913±645 N) and comparable linear stiff-
ness (460±101 N/mm vs 418±36 N/mm) to quadrupled
semitendinosus-gracilis grafts. Hollis et al. [13] reported
mean ultimate load and mean ultimate stress values for fresh
frozen single strand tibialis anterior tendons of 3000 N
and 84 MPa, respectively.

In addition to superior biomechanical characteristics,
tibialis anterior allograft use enables decreased operative
morbidity, since graft harvest is eliminated and the biar-
ticular semitendinosus and gracilis muscles are spared.
The fact that tibialis anterior allografts when used for
ACL reconstruction provide comparable biomechanical
characteristics to quadrupled semitendinosus-gracilis grafts
in a readily available, easily prepared, doubled graft sup-
ports consideration of this approach. However, although
allograft soft tissue tendon grafts eliminate the donor site
morbidity from graft harvest and associated functional
deficits, they display slightly greater delays in tendon-
bone tunnel osteointegration than their autogenous coun-
terparts [14]. With allograft tissue use there is also an in-
creased possibility of a patient sustaining an immuno-
genic reaction or disease transfer [1, 14, 26]. The purpose
of this retrospective study is to present two-year outcome
data of a cohort of patients who underwent unilateral ACL
reconstruction with a cryopreserved tibialis anterior allo-
graft using a double bundle technique, and who performed
the same accelerated closed kinetic chain emphasis reha-
bilitation program (6 month duration).

Methods

All subjects received doubled (220 mm), 100 mm×9 mm tibialis
anterior allografts (CryoLife, Inc., Marietta, GA) which were ten-
sioned to 10 lb (44.48 N) during preparation. The double bundles
were secured with interlocking stitch sutures (no. 5 braided poly-
ester) for 30 mm on the femoral side and for 40 mm on the tibial
side, leaving approximately 30 mm of non-stitched intra-articular
graft tissue [6]. The graft ends were fixed with bioabsorbable in-
terference screws in bone tunnels that were sized to the nearest 
0.5 mm [5]. All patients participated in the same progressive reha-
bilitation program which focused on the achievement of key func-
tional milestones (Table 1). The rehabilitation program exercise
volume parameters reported in Table 1 represent general guide-
lines. At no time during the rehabilitation program were exercise
volume or resistance parameters increased in the absence of appro-
priate technique (movement quality took precedent over resistance
or volume quantity). Whenever possible, individual sports specific
activities were included in the treatment plan. Since the knee joint
is subjected to 3–5 times greater loading forces during running,
jumping and cutting activities than those experienced during walk-
ing, appropriate three-dimensional standing postural alignment
was deemed essential to facilitate appropriate hip, knee and ankle
joint muscle integration during weight bearing activities. The exer-
cise plan was designed to provide safe, progressive impact loading
to stimulate functionally relevant lower extremity tissue adapta-
tions and neurodynamic recovery.

At a minimum of 105 weeks after surgery (range 105–140 weeks)
18 patients (7 males, 11 females, ratio 0.64:1), age 40.4±11 years
(range 21–58 years), height 1.71±0.08 m, weight 79.1±15 kg, par-
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ticipated in this study. After providing written informed consent,
subjects completed the 2000 IKDC Knee Forms. All subjects un-
derwent unilateral ACL reconstruction and had not undergone pre-
vious knee surgery. Eriksson et al [9] in an outcome investigation
of patients (2.2:1 males to females for BPTB autograft, 0.95:1 for
hamstring autograft) who underwent ACL reconstruction reported
patient ages of 25.7±6.9 years [9]. Jomha et al. [15] in evaluating
the outcomes of 59 patients (2.69:1 males to females) at 7 years
post-ACL reconstruction reported ages of 26±7 years during the
post-surgery follow-up examination. For this older patient popula-
tion, scores of 75% or higher were considered to be normal or
nearly normal on the 2000 IKDC Health Assessment and Subjec-
tive Knee Evaluation, and a grade of normal (A) or nearly normal
(B) on the Clinical Examination section of the 2000 IKDC Knee
forms was considered indicative of a satisfactory outcome result.
Prior to injury, 7 of 18 of patients (39%) perceived themselves to
be occasional sporting activity participants, 6 (33%) perceived
themselves to be well trained and frequent athletic activity partici-
pants, 4 (22%) considered themselves to be non-sporting and 1
(6%) was a highly competitive sports participant. Our standard
practice when discussing ACL reconstruction procedures is for pa-
tients to be given the option of a tibialis anterior allograft or a
semitendinosus-gracilis autograft, following discussion regarding
the advantages and disadvantages of each. Because of the afore-
mentioned tissue morbidity concerns following autograft harvest
most of our patients select the allograft option. Passive knee range
of motion (PROM), peak isokinetic (Biodex Medical Systems Inc.,
Shirley, NY) quadriceps and hamstring torque (60°/s) and instru-
mented knee arthrometry tests (Medmetric Corp., San Diego, CA)
were also performed. Isokinetic torque grades were based on op-
posite, nonimpaired side function (normal ≥ 90%, nearly normal =
89–76%, abnormal = 75–50% and severely abnormal <50%). De-

scriptive statistics and Pearson product moment correlations for
delineation of hop test and isokinetic test variable relationships
were performed using SPSS version 11.0 software (SPSS Science,
Chicago, IL).

Results

During the index surgical procedure, partial medial menis-
cectomy was performed on 4 of 18 patients, medial menis-
cal repair was performed on 2 patients, lateral meniscal
repair was performed on 1 patient, and partial lateral menis-
cectomy was performed on 4 patients. At the time of the
index surgical procedure 3 patients displayed grade III
chondral lesions at the medial femoral condyle, 2 dis-
played grade II chondral lesions at the medial femoral
condyle, and 1 patient displayed a grade III chondral le-
sion at the lateral femoral condyle. At the time of data col-
lection 4 of 18 patients claimed to be experiencing back
pain that limited their activities; however they were not
receiving treatment. One subject was receiving treatment
for heart disease that limited their activities. Two subjects
were receiving treatment for hypertension that limited their
activities.

The composite grade from the Clinical Examination
section of the 2000 IKDC Knee Examination form re-
vealed that 72% of patients (13/18) graded normal (A),

214

Table 1   Progressive rehabilitation program

Goal Post-operative
week

Primary functional activities

Long sitting hamstring stretch (4 reps/30 s)
Quadriceps setting – short arc quads (10 reps/10 s)

Normal terminal knee extension 0–1

Four-way straight leg raise (10 reps each, resistance as tolerated)

Retro and lateral step-ups on 2–4-in. step (2 sets of 15 reps each, dumbbell
resistance as tolerated)

Normal quadriceps control
during walking

1–2

Multidirectional lunges (2 sets of 5 reps each, dumbbell resistance as tolerated)

Elastic cord resistance seated heel glides (30 reps, resistance as tolerated)
Prone quadriceps stretch (4 reps/30 s)

Normal knee flexion 2–3

Standing knee flexion (
„

butt kicks“ ; 2 sets of 15 reps, resistance as tolerated)

3D dynamic neuromuscular
stability

3–6 Single leg balance challenges (eyes open, closed) with progressive knee flexion
angle (5 reps, 30 s each)

Normal functional strength 6–12 Multiplanar, stepping with elastic resistance with progressive resistance
 and cadence as tolerated (5 reps, 6 m)

Anterior and medial–lateral single leg hopping (10 reps each)
Double-single leg jump roping progression (30 s on, 30 s off, 5 reps)
Anterior and medial–lateral hop down and stabilize (progressive mat height,
10 reps each)

Normal functional power 12–20

Jog-to-run progression (20 min)

Interval run-to-sprint progression (20 min)
Carioca (6 m, 5 reps)
Side step cutting (6 m, 5 reps)

Sport specific training 20–26

Reaction time drills (6 m, 30 s on–30 s off, 5 reps)



22% (4/18) of patients graded nearly normal (B), and 6%
(1/18) of patients graded abnormal (C). Knee joint laxity,
PROM, and isokinetic torque grades are presented in
Table 2. Ninety-four percent of subjects (17/18) displayed
normal or near normal grades for manual knee ligament
tests. Instrumented knee arthrometry revealed similar re-
sults at both 134 N (8.9±2 mm vs 7.8±3 mm, 1.1 mm in-
crease) and with manual maximum testing (11.3±2 mm vs
9.3±3 mm, 2 mm increase) for the involved and non-in-
volved knee, respectively. Mean active knee range of mo-
tion (136±8° vs 139±6° flexion and 3±2° vs 5±2° hyperex-
tension), peak quadriceps (143.4±60 Nm vs 161.8±53.6 Nm,
11% deficit) and hamstring (105.9±35 Nm vs 98.8±
34.8 Nm, 7% increase) torque/bodyweight and single leg
hop results (0.81±0.3 m vs 0.95±0.3 m, 15% deficit) were
comparable for the involved and non-involved lower ex-
tremity. Although involved and non-involved group mean
values were comparable, side-to-side comparisons re-
vealed that many patients displayed less than normal iso-
kinetic quadriceps torque (72%, 13/18), hamstring torque
(28%, 5/18) and hop test (28%, 5/18) performance capa-
bility. Moderate positive correlations existed between sur-
gical side quadriceps torque/bodyweight (r = 0.80), ham-
string torque/bodyweight (r = 0.83) and single leg hop test
performance capability.

Overall, the 2000 IKDC Health Assessment revealed a
score of 78.1±16, range 41.7–100, and the Subjective Knee
Evaluation revealed a score of 77.6±21, range 28.7–100
(Fig. 1). All subjects continued to participate at their pre-
injury perceived activity level. Subjective function com-
parisons revealed that 83% (15/18) of patients perceived
their current knee joint function to be at ≥91% of pre-in-
jury levels. Three patients perceived their current knee
joint function to be <91% of pre-injury levels. One of
these patients reported a 28.7 Subjective Knee Evaluation
score and a 41.7 2000 IKDC Health Assessment score.
This patient displayed abnormal isokinetic quadriceps and
hamstring torque values and abnormal single leg hop test
performance. This patient also underwent partial medial
meniscectomy at the time of ACL reconstruction, and dis-
played a plethora of activity-limiting health problems in-
cluding heart disease, high blood pressure and back pain
for which treatment was being received. The patient had
recently quit smoking within the last 6 months and re-
ported depression as a problem; however, treatment was
not being received. A second patient who perceived their
current knee joint function to be <91% of pre-injury lev-
els reported a 44.8 Subjective Knee Evaluation score and
a 2000 IKDC Health Assessment score of 83.3. This pa-
tient displayed nearly normal knee joint laxity during clin-
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Table 2 Joint laxity, range of
motion, isokinetic torque and
single leg hop test results

Normal Nearly normal Abnormal Severely 
abnormal

Manual knee laxity exam 72% (13/18) 22% (4/18) 6% (1/18) 0%
KT-1000 (134 N) 72% (13/18) 22% (4/18) 6% (1/18) 0%
PROM (extension) 94% (17/18) 6% (1/18) 0% 0%
PROM (flexion) 100% (18/18) 0% 0% 0%
Peak quadriceps torque 28% (5/18) 55% (10/18) 17% (3/18) 0%
Peak hamstring torque 72% (13/18) 28% (5/18) 0% 0%
Single leg hop test 72% (13/18) 22% (4/18) 6% (1/18) 0%

Fig. 1 IKDC Health Assess-
ment (SF-36) and Subjective
Knee Evaluation score distrib-
utions



ical examination and arthrometric testing, and displayed
abnormal isokinetic quadriceps torque and nearly normal
single leg hop test results. This patient listed back pain
and migraines as additional medical problems and had
been less than fully compliant with rehabilitation due to
taking a new job in a different town. All other patients had
been compliant with the outpatient rehabilitation protocol.
The third patient who perceived their current knee func-
tion to be <91% of pre-injury levels reported a 45 Subjec-
tive Knee Evaluation score and a 58.3 2000 IKDC Health
Assessment score. This patient displayed abnormal knee
joint laxity on clinical examination and arthrometric test-
ing, abnormal isokinetic quadriceps torque and nearly
normal single leg hop test results.

Discussion

During ACL reconstruction, the surgeon attempts to re-es-
tablish the biomechanical strength and stiffness, physiom-
etry, and knee joint kinematics provided by the native
ACL. When the surgeon feels confident that these factors
have been adequately re-established progressive rehabili-
tation is initiated early, with consideration for restoring
both local joint and integrated lower extremity joint func-
tion to maintain knee joint homeostasis, while creating an
environment that facilitates functionally relevant graft lig-
amentization and neurosensory recovery.

At two-years following ACL reconstruction with tib-
ialis anterior tendon allografts this subject group displayed
satisfactory outcome results. Using the original IKDC
Knee Ligament Standard Evaluation to evaluate the 5-year
outcomes of two groups of 90 patients (BPTB graft vs
hamstring tendon graft), Pinczewski et al. [24] reported
that more than 95% of patients in each group had an over-
all subjective functional assessment of normal (grade A)
or nearly normal (grade B) at a minimum of 5 years post-

surgery. The original IKDC standard evaluation form re-
lied on a 4 category ordinal scale. The Subjective Knee
Evaluation section of the 2000 IKDC Knee Form provides
a more detailed and potentially more critical consolidated
score for the patients perceived knee symptoms, ability to
participate in sports activities, and perceived knee func-
tion during daily activities. When the survey scores for
the two patients who were either non-compliant with re-
habilitation or had back pain were removed from the
group average, the 2000 IKDC Health Assessment score
and the Subjective Knee Evaluation scores would be
80.4±15, and 82.7±18, respectively. We consider these re-
sults to be satisfactory given the number of patients with
chondral (33%, 6/18) or meniscal (50%, 9/18) lesions at
the time of the index surgical procedure. At two-year
post-surgery, this patient group reported an 8.5% per-
ceived function deficit compared to pre-operative levels
(8.6±1.7 vs 9.4±1.4) and all subjects continued to partici-
pate at their pre-injury activity level. There was a fair re-
lationship between subject scores on the 2000 IKDC Sub-
jective Knee Evaluation and Health Assessment (SF-36)
(Fig. 2) suggesting how improved knee function displayed
a direct, moderate relationship to general health.

The high percentage of patients who displayed below
normal peak isokinetic quadriceps torque (72%, 13/18)
and below normal hop test results (28%, 5/18) raises con-
cerns over dynamic knee stabilization capability. As dis-
cussed earlier, concomitant general health problems, poor
patient compliance, and abnormal levels of knee joint lax-
ity at least partially explain the poor results for 3 patients.
In a two-center study of 164 patients with unilateral ACL
reconstruction at a mean 31 months (24–59 month range)
post-surgery, Eriksson et al [9] reported that an associated
meniscal and ACL injury at the time of ACL reconstruc-
tion was a strong predictive factor for a less than optimal
functional outcome. Jomha et al. [15], in evaluating 59 pa-
tients 7 years post-ACL reconstruction, reported that lower
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Fig. 2 IKDC Subjective Knee
Evaluation and Health Assess-
ment (SF-36) score relation-
ship
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IKDC grades were associated with meniscectomy, liga-
mentous laxity and radiologically demonstrable changes.
Perhaps the high percentage of our patients who displayed
associated meniscal (50%, 9/18) or chondral (33.3%, 6/18)
injury negatively influenced our outcome measurement
scores. The retrospective nature of the study makes it dif-
ficult to relate changes in general health status to changes
in knee joint function over time.

Another possible reason for decreased dynamic knee
stabilization may have been the rehabilitation emphasis
on weight bearing, functional activities and therapist con-
cerns over protecting graft fixation over the initial 8–12
weeks following surgery, given the delayed osteo-integra-
tion that has been identified when using soft tissue allo-
grafts [23, 25]. Integrated closed kinetic chain exercise
regimens are essential for developing dynamic three-di-
mensional control of the long axis of the femur and tibia
via combined hip and knee joint muscle function. How-
ever, supplementary isolated quadriceps and hamstring
neuromuscular re-education through progressive resis-
tance multi-planar exercises in weight bearing and non
weight bearing may effectively minimize patient disabil-
ity related to quadriceps and hamstring impairments with-
out compromising soft tissue graft fixation during the ini-
tial 8–12 weeks following surgery.

Based on these findings we continue to recommend ACL
reconstruction with cryopreserved tibialis anterior tendon.
However, as with other graft types concern must be given
to the effect of associated meniscal and/or chondral in-
juries and general patient health on functional outcome
expectations. Given its inherent biomechanical strength in
double bundle configurations the tibialis anterior allograft
may also be a promising surgical option for younger, ath-
letic patients who place greater relative loads at higher
frequencies and velocities across the knee joint. As with
all soft tissue graft constructs, adequate femoral and tibial
tunnel fixation in bone of sufficient mineral density and
proper graft orientation and tension are vital to ultimate
surgical effectiveness [14]. These considerations are espe-
cially important given the delayed graft remodeling and
revascularization process associated with soft tissue allo-
graft use [14, 21, 26]. These data are presented as an ini-
tial step in acquiring a normative patient outcome data-
base. The retrospective nature of this investigation limits
a more detailed discussion of changes from time zero
prior to surgery. Further prospective studies of age- and
sex-specific differences following ACL reconstruction
with tibialis anterior allograft tissue and progressive reha-
bilitation are in progress.
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