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Anterior Cruciate Ligament Reconstruction
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Patellar Versus Hamstring Tendon Autografts
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Background: Female athletes are 2 to 8 times more prone to anterior cruciate ligament (ACL) rupture than males. Furthermore,
reinjury to the ipsilateral or contralateral knee can occur in >20% of athletes. Female sex and younger age are known risk factors
for graft failure. The optimal graft choice for young females remains unknown and poorly studied.

Purpose/Hypothesis: The authors aimed to compare clinical outcomes in young females who underwent ACL reconstruction
(ACLR) with bone-patellar tendon-bone (BTB) and quadrupled hamstring (HS) autografts. It was hypothesized that no significant
differences in outcomes exist between graft choices.

Study Design: Cohort study; Level of evidence, 3.

Methods: Female patients aged 15 to 25 years who underwent primary ACLR with BTB or HS autograft were included for review.
Patients were subdivided into 2 age groups: 15 to 20 years and 21 to 25 years. The occurrence of chondral, meniscal, or liga-
mentous injury to either knee was recorded for comparison.

Results: A total of 256 females were included (BTB, n = 175; HS, n = 81). The majority of patients were between the ages of 15
and 20 years (BTB, 80%; HS, 77.8%). Overall, graft rupture occurred in 23 patients (9%) and contralateral ACL tear occurred in 18
(7%). Subgroup analysis showed that 75% of BTB and 100% of HS graft retears occurred in females aged 15 to 20 years. Within
this age group, there was a significantly lower rate of graft ruptures in the BTB group (6.4%) as compared with the HS group
(17.5%, P = .02). Allograft augmentation was used in 4 of the 11 HS grafts that retore. When allograft-augmented grafts were
excluded, there was no significant difference in graft failure rate between graft choices. Fifteen patients in the BTB group
(12%) as opposed to 1 in the HS group (2%) reported extreme difficulty or the inability to kneel on the front of the knee (P = .04).

Conclusion: In females aged 15 to 20 years undergoing ACLR, BTB autograft may lead to fewer graft ruptures than HS autograft.
While this difference was not observed in females aged 21 to 25 years, a larger sample may be required to accept the null hypoth-
esis in this age group. BTB autograft significantly increased the risk of kneeling pain as compared with HS regardless of age.
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Female participation in high school sports has increased Although ACLR has successfully restored knee stability in
>11-fold over the past 5 decades with a resultant rise in many athletes after ACL rupture, 35% to 45% are not able to
the number of anterior cruciate ligament (ACL) injuries return to their preinjury levels of sport.>® Moreover, subse-
in female athletes.?® The literature suggests that adoles- quent injury to either knee has been estimated to occur in
cent females are 2 to 8 times more likely to suffer a primary >20% of younger athletes who return to sports after
ACL tear than males who participate in the same ACLR.*! The optimal choice of graft tissue for ACLR remains
sports. 41415 Furthermore, female patients have been a topic of ongoing debate. Autologous bone—patellar tendon—
found to have a higher risk of rerupture after ACL recon- bone (BTB) and hamstring (HS) tendon are the 2 most
struction (ACLR) when compared with their male counter- commonly used grafts. Several high-quality studies have
parts.?* Younger patients have also been shown to be at compared graft rupture rate in primary ACLR and found

increased risk of revision surgery after ACLR.'"1823

no significant difference between BTB and HS in the general

population.®1#17241 BTB reconstruction has been shown to

provide better static stability to the knee, while HS con-
. o structs have demonstrated a lower risk of postoperative com-
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surprising that there is a paucity of literature comparing
graft failure rates after ACLR with BTB versus HS in
young female athletes. The aim of the current study is to
compare the rate of subsequent knee injury and subjective
satisfaction in young female patients who underwent
ACLR at our institution with BTB and HS autografts.

METHODS

Institutional review board approval was obtained before the
inception of our study. Female patients aged 15 to 25 years
who underwent primary ACLR at our institution between
January 2012 and May 2015 with either BTB or HS auto-
graft were included in our study. Patients were further
divided into 2 age groups: 15 to 20 years and 21 to 25 years.
Patients with a history of injury to either knee, those with
multiligament knee injury, and patients with <2 years of
follow-up were excluded from our analysis.

Thirteen fellowship-trained sports surgeons at a single
institution were included in this study. Graft choice
between BTB or HS autograft was at the discretion of
the patient after a thorough discussion with the operating
surgeon. ACL graft, HS graft diameter, femoral tunnel
drilling technique, and fixation method were documented
from a review of operative records.

A standard rehabilitation regimen was prescribed to all
patients regardless of the ACL graft that they received.
This included a hinged knee brace locked in extension for
the first 3 weeks, which was subsequently unlocked to 0°
to 90° through weeks 4 to 6. Physical therapy was initiated
on postoperative day 10 and involved progressive range of
motion and strengthening through the use of gentle
stretching, isometrics, resistance, and stationary biking.
After 3 months, patients began inline running with the
use of a sports brace, and pivoting/agility drills were intro-
duced 4.5 months postoperatively. Patients underwent
a functional assessment at 6 months and started sport-
specific training. Return to sports occurred anywhere
from 6 to 8 months after surgery, and use of the sports
brace was encouraged for 1 year.

After a minimum period of 2 years after ACLR, patients
who were willing to participate were evaluated with a com-
prehensive physical examination and administration of the
International Knee Documentation Committee (IKDC)
evaluation form. Patients who were not available for com-
plete clinical evaluation were contacted by phone and/or
email to inquire about any subsequent injuries that were
treated outside our institution or those in which medical
evaluation was not sought.

ACL Autograft Choice for Young Female Athletes 2087

TABLE 1
Patient Characteristics®
BTB HS P Value

Women, n 175 81
Age, y 18.5 = 2.96 (15-25) 18.4 + 2.77 (15-25) .8

15-20 140 (80) 63 (77.8)

21-25 35 (20) 18 (22.2)
Follow-up, y 3.7 = 0.62 (2.6-5.3) 3.7 = 0.61 (2.7-5.4) >.99
Surgery within 155 (88.6) 72 (88.9) .98

3 mo of injury

“Values are presented as n (%) or mean = SD (range). BTB, bone—
patellar tendon-bone; HS, hamstring.

Comparisons of frequency counts for categorical data
were made with the chi-square test. In analyzing continu-
ous data, the independent ¢ test was used for comparisons.
Statistical significance was set at P < .05.

RESULTS

Patient Characteristics

A total of 256 females were included in our review, with
175 in the BTB group and 81 in the HS group. There was
no difference between the groups with regard to age or
time to follow-up. In 96.5% of patients, ACL rupture was
sustained during participation in athletic activity. The
most commonly cited sports included soccer (33.6%), bas-
ketball (16.0%), lacrosse (12.9%), field hockey (5.5%),
cheerleading (4.7%), and gymnastics (4.7%). Surgery was
performed within 3 months of injury in 88.6% and 88.9%
of patients in the BTB and HS groups, respectively. Eighty
percent of the BTB group and 77.8% of the HS group were
between the ages of 15 and 20 years (Table 1). In total, 68%
of patients were available at final follow-up (mean, 3.7
years), including 71.4% of patients in the BTB group and
60.5% in the HS group.

Surgical Technique

Interference screw fixation was used in all BTB cases and
63% of HS cases. In the remainder of HS cases, femoral sus-
pension and tibial screw (27.2%) and femoral pins and tibial
screw (9.9%) were used. Biocomposite interference screws
were used in all HS cases. In the BTB group, 70.8% of grafts
were fixed on both sides with biocomposite interference
screws; 16% were secured with metal interference screws
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on both sides; and the remainder had metal screw fixation
on the femoral side and a bioabsorbable screw on the tibial
side. Anteromedial tunnel drilling was utilized in 64% of
BTB cases and 86.4% of HS cases. Transtibial tunnel dril-
ling was employed in the remainder of cases. Fixation
method, screw type, and drilling technique did not have
a statistically significant effect on failure rates or complica-
tions in our study.

HS grafts were augmented with allograft tissue in 18
cases (22.2%), owing to inadequate size of the autograft
(mean = SD, 6.98 = 0.41 mm; range, 6.0-7.5 mm). The choice
of allograft was semitendinosus tendon in 10 cases, tibialis
anterior tendon in 5 cases, and gracilis tendon in the remain-
ing 3 patients. After augmentation, the mean diameter of
hybrid grafts was 9.54 = 0.52 mm (range, 9.0-10 mm). Of
the 63 HS cases with autograft alone, the mean diameter
was 8.22 * 0.76 mm (range, 7.0-10.5 mm). As a general
guideline, HS grafts <8 mm in diameter were deemed
inadequate in size and were augmented with allograft tissue
by most surgeons included in our study. However, 8 patients
with a graft diameter <8 mm (7.5 mm, n = 5; 7.0 mm, n = 3)
did not receive allograft augmentation. Interestingly, no com-
plications were observed in this group at final follow-up.

Return to Sports

In total, 67.2% of patients returned to their preinjury lev-
els of athletic activity. No significant differences were iden-
tified when this rate was compared between the BTB
(67.5%) and HS (66.7%) groups or the younger (67.5%)
and older (66.0%) groups. In the BTB group, 67.9% of
patients aged 15 to 20 years returned to their preinjury
levels of sport activity as compared with 65.7% of patients
aged 21 to 25 years. Within the HS group, identical rates
were observed in both age groups (66.7%).

Graft Failure

Graft rupture occurred in 12 of 175 (6.9%) BTB cases and
11 of 81 (13.6%) HS cases (P = .09). Allograft augmentation
was used in 4 of the 11 HS grafts that ruptured (P = .26).
Contralateral ACL tear occurred in 7.4% of BTB cases
and 6.2% of HS cases (P = .72) (Table 2). Subgroup analysis
showed that 75% of BTB and 100% of HS graft tears
occurred in females aged 15 to 20 years. Within this group,
there was a significant decrease in graft tears in the BTB
group (6.4%) as compared with the HS group (17.5%, P =
.02) (Table 3). After HS reconstructions that were aug-
mented with allograft were eliminated (Table 4), the differ-
ence in rerupture rate between BTB (6.4%) and HS (15.6%)
in the 15- to 20-year age group was not statistically signif-
icant (P = .06). In the 21- to 25-year age group, graft rup-
ture occurred in 8.6% of patients who underwent BTB
reconstruction, as opposed to none in the HS group. How-
ever, this difference did not reach statistical significance
(P =.21).

Among the 11 graft ruptures in the HS group, 8 were
sustained during the same sport activity as the primary
injury; 1 occurred in a different sport at the same level of
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TABLE 2
Reinjuries®

BTB (n =175) HS (n=281) P Value

Graft rupture 12 (6.9) 11 (13.6) .09
Femoral tunnel drilling technique .75
Anteromedial 7 of 112 (6.25) 10 of 70 (14.29)
Transtibial 5 of 63 (7.94) 1 of 11 (9.09)
Contralateral ACL rupture 13 (7.4) 5(6.2) 72
Meniscal tear 2 (1.1 3 (3.7 17
Collateral ligament injury 2(1.1) 1(1.2) .95
Patellofemoral chondromalacia 3 (1.7 0 24
Arthrofibrosis 6(3.4) 4(4.9) 57
Patellar tendinitis 2(1.1) 0 .34

“Values are presented as n (%). ACL, anterior cruciate ligament; BTB,
bone—patellar tendon—bone; HS, hamstring.

TABLE 3
Reinjuries by Age Group”
Age: Injury BTB HS P Value
15-20 y 140 63
Graft rupture 9(6.4) 11(17.5) .02
Contralateral ACL rupture 12 (8.6) 5(7.9) .89
21-25 y 35 18
Graft rupture 3(8.6) 0 21
Contralateral ACL rupture 1(2.9) 0 47

“Values are presented as n (%). Bold indicates P < .05 ACL,
anterior cruciate ligament; BTB, bone—patellar tendon—bone;
HS, hamstring.

competition; and 2 were the result of a fall or jump unre-
lated to sports. Similarly, 9 of the 12 graft failures in the
BTB group were sustained in the same sport; 2 occurred
in a different sport at the same level; and 1 was unrelated
to participation in sports. The rate of return to previous
level of athletic activity did not differ significantly between
groups based on age or ACL graft.

Meniscal Injuries

Seventy-four patients in the BTB group (42.3%) had a con-
comitant meniscal injury, 42 (56.8%) of which were amena-
ble to meniscal repair at the time of primary ACLR. The
remaining 32 meniscal tears were treated with partial
meniscectomy. In the HS group, 44 patients (54.3%) had
a concomitant meniscal injury. Of these, 29 (65.9%) were
repaired, while the remaining 15 underwent partial menis-
cectomy. Meniscal repair failure, defined as a surgical pro-
cedure addressing the meniscus repaired at the index
surgery, was identified in 16.7% and 27.6% of cases in
the BTB and HS groups, respectively (P = .38). After elim-
ination of patients whose failed meniscal repair was found
during revision ACL surgery after graft rupture, a signifi-
cant decrease in isolated meniscal repair failures was
observed in the BTB group (2.4%) as compared with the
HS group (20.7%) (P = .041). In the younger age group
(15-20 years), BTB was associated with a lower incidence
of total (14.3% vs 35%, P = .036) and isolated (3.2% vs



AJSM Vol. 47, No. 9, 2019

ACL Autograft Choice for Young Female Athletes 2089

TABLE 4
Hamstring Graft Diameters
Total (n = 81) Failed (n = 11) Did Not Fail (n = 70) P Value
Autograft (n = 63) 8.22 + 0.76 (7-10.5) 8.44 + 0.62 (8-9.5) 8.17 = 0.79 (7-10.5) .38
Hybrid (n = 18) 9.54 * 0.52 (9-10) 9.42 * 0.49 (9-10) 9.58 * 0.54 (9-10.5) 5

“Values are presented as mean + SD, mm, unless otherwise specified.

TABLE 5
Failed Meniscal Repair®
BTB HS P Value

Total

Meniscal repairs at initial surgery 42 29 .053

Isolated meniscal repair failures 1(2.4) 6(20.7) .041

All meniscal repair failures® 7(16.7) 81(27.6) .38
Age, 15-20 y (n = 203)

Meniscal repairs at initial surgery 31 20 .16

Isolated meniscal repair failures 1(3.2) 6(30) 011

All meniscal repair failures® 3(14.3) 7(35) .036
Age, 21-25 y (n = 53)

Meniscal repairs at initial surgery 11 9 .23

Isolated meniscal repair failures 0 0 >.99

All meniscal repair failures® 4(36.4) 1(11.1) .19

“Values are presented as n (%). Bold indicates P < .05. BTB,
bone-patellar tendon-bone; HS, hamstring.

®Including failures that occurred with concomitant anterior cru-
ciate ligament graft rupture.

30%, P = .011) meniscal repair failure as compared with the
HS group. Of note, 5 of the 7 failures in the younger HS
group were allograft-augmented reconstructions (Table 5).

Clinical Evaluation

Among patients who were available at final follow-up and
did not sustain a subsequent graft rupture, 62.3% with
a BTB graft and 78.9% with an HS graft underwent com-
prehensive clinical evaluation at least 2 years postopera-
tively. The mean time to clinical follow-up was 2.4 years
(range, 2.1-4.9) in the BTB group and 2.5 years (range,
2.0-4.2) in the HS group. One patient in the BTB group
was found to have a 1A Lachman but a negative pivot shift
2.1 years postoperatively (Table 6). In the HS group, 1
patient with a 7.5-mm nonaugmented HS graft had a 1A
Lachman and a pivot-shift glide 2.7 years after the index
procedure. Nine patients in the BTB group (12.6%) and 4
patients in the HS group (13.3%) were unable to achieve
full extension (P = .92).

Patient-Reported Outcomes

We found no significant difference between groups when
comparing patient-reported outcome measures, with
mean IKDC scores of 86.7 and 86.9 in the BTB and HS
groups, respectively (Table 7). However, we did observe

a significantly increased incidence of kneeling pain in the
BTB group as compared with the HS group. According to
IKDC item 9c, 15 patients in the BTB group versus 1 in
the HS group experienced extreme difficulty or were
unable to kneel on the front of their knee (P = .041). A sig-
nificantly larger proportion of patients in the HS group
(65.3%) experienced no difficulty at all when kneeling on
the front of the knee as compared with the BTB group
(39.2%, P = .002).

DISCUSSION

The results of our study indicate that ACLR with BTB leads
to fewer graft ruptures when compared with HS after ACLR
in female patients aged 15 to 20 years. However, this differ-
ence was not observed in women aged 21 to 25 years. This is
consistent with the results of a recent multicenter study that
found younger age to be a predictor of subsequent ACL sur-
gery after primary ACLR.!” This trend was also detected in
a study by Persson et al?® in which a 2.3-fold increased risk
of revision surgery after ACLR was noted with HS as com-
pared with BTB reconstruction and the largest difference
existed in the youngest subgroup of patients (15-19 years).
Several studies have linked lower age to a greater risk of
graft failure in ACLR with HS autograft.!”182325 These stud-
ies also implicated smaller HS graft diameter as a predictor
of graft failure after ACLR, and females are known to have
smaller HS tendon graft diameters than males.””?® While
no difference in graft failure rate has been identified in
high-quality studies comparing BTB and HS autograft in
the general population,®'317324! geparate analyses in young
female athletes are warranted owing to unique factors that
place them at increased risk of reinjury.>”'?23% To our
knowledge, the only comparison of ACLR outcomes with
BTB versus HS specific to young female patients found an
increased risk of graft failure in HS reconstructions.>® This
finding with the results of our study may indicate that
BTB autograft is the superior choice for ACLR in female
patients <21 years of age.

In the current study, we identified no significant differen-
ces in reinjury rates among patients aged >21 years. It must
be noted, however, that these findings carry a risk of type II
error, owing to the smaller proportion of patients within this
age group. Magnussen et al?® found that, similar to the
results of our study, only 0.7% of patients aged >21 years
required revision surgery after ACLR with HS autograft, as
opposed to 14.3% in patients aged <21 years (P < .0001).
Thus, HS autograft may be a suitable choice in women
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TABLE 6
Objective Outcomes®

Lachman Pivot Shift Loss of Extension Loss of Flexion
Graft Result n (%) Result n (%) Result n (%) Result n (%)
BTB (n=71) 1A 2 (2.8) — 0°-5° 9 (12.6) — —
HS (n = 30) 1A 1(3.3) 1+ 1(3.3) 0°-5° 2 (6.6) 5°-10° 1(3.3)
6°-10° 2 (6.6)

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

TABLE 7
Subjective Outcomes”
BTB (n=125) HS(n=49) P Value

IKDC score 86.7 = 10.57  86.9 = 10.06 91
Kneeling pain®

Unable to do 7 (5.6) 0 041

Extremely difficult 8 (6.4) 1(2)

Moderately difficult 20 (16) 5(10.2) .33

Minimally difficult 41 (32.8) 11 (22.4) .18

Not difficult at all 49 (39.2) 32 (65.3) .002

“Values are presented as mean + SD or n (%). Bold indicates
P < .05. BTB, bone-patellar tendon-bone; HS, hamstring;
IKDC, International Knee Documentation Committee.

®Responses from item 9c of the IKDC subjective evaluation
form.

aged 21 to 25 years, but further investigation regarding opti-
mal graft choice is warranted in this age group.

After exclusion of HS reconstructions that were aug-
mented with allograft, the difference in failure rate
between BTB and HS in the younger age group was ren-
dered not statistically significant. Although our study
was not powered to detect a difference between these
groups, this finding is consistent with the results of
recently published literature. Burrus et al® found that
allograft-autograft hybrid HS ACL grafts fail at a higher
rate than HS autograft alone. Moreover, HS grafts >8 mm
have been found to decrease failure rates, particularly in
patients aged <20 years.'® Going forward, younger patients
with HS grafts that are of small diameter should probably
not undergo augmentation, and perhaps an alternative graft
source should be sought. In our series, no graft ruptures were
identified among the nonaugmented HS grafts that were 7 or
7.5 mm in diameter.

We identified a significant increase in meniscal repair
failures in the HS group versus the BTB group. Among
the 7 meniscal repair failures in HS patients aged <21
years, 5 occurred in patients with a hybrid allograft-
autograft reconstruction. Shakked et al®* found signifi-
cantly increased side-to-side knee laxity in young female
patients who underwent ACLR with HS versus BTB. Fur-
thermore, allograft-augmented HS grafts have been shown
to result in increased knee laxity when compared with auto-
graft HS alone.*® The ACL is the primary restraint to

anteroposterior and rotational knee laxity, and the medial
and lateral menisci serve as secondary knee stabilizers in
these respective directions.®1%2126:27:35.36.39  Tntyitively,
a graft that provides less stability than the native ACL
may subject the menisci to increased strain and thus create
a suboptimal environment for a repair to heal adequately.
This notion is supported by a biomechanical investigation
that found ACL insufficiency to increase strain placed on
the medial meniscus in knees resisting an anterior tibial
load.2 A previous comparison of hybrid versus autograft
HS found an increased risk of meniscal repair failure with
hybrid ACLR.® Because younger age and female sex have
been linked to a smaller HS graft diameter,2>®® these
results should be considered when choosing an ACL graft
for young female patients with repairable meniscal tears.

In addition to preservation of the reconstructed ACL,
patient satisfaction and residual pain must be taken into
account when selecting the most appropriate graft tissue,
particularly in patients who do not wish to return to high-
risk sports. We found a significant increase in kneeling
pain after ACLR with BTB as compared with HS, which is
consistent with the results of numerous studies.!619-30:31.37
Studies that evaluated the long-term outcomes of ACLR
found HS reconstruction to be advantageous over BTB
with regard to harvest site morbidity and postoperative
radiographic osteoarthritis.?%3! Accordingly, BTB graft har-
vest should be avoided in patients who frequently work,
exercise, or pray on their knees.

The current study exhibits several strengths. We uti-
lized a consecutive series of patients to help minimize
selection bias. Fellowship-trained sports medicine ortho-
paedic surgeons operated on all patients in our study.
Our results provide data on a high-risk patient population
that is growing steeply over time and yet is underrepre-
sented in the current literature.

Our study, however, is not without limitations. We per-
formed a retrospective review, and as such, it carries inher-
ent shortcomings. The selection of patients for BTB and HS
autografts was not randomized and may have been subject
to selection bias. Because it is not a single-surgeon study,
differing surgical techniques may have contributed to our
results. In addition, several of the HS autografts were per-
formed with allograft supplementation, which may have
contributed to a higher failure rate. Finally, a low follow-
up rate and differential losses to follow-up could have intro-
duced bias to our results.
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CONCLUSION

The results of our study indicate that ACLR with BTB
autograft leads to a lower rate of graft rupture when com-
pared with HS autograft in females between 15 and 20
years of age. This trend, however, was not observed in
females aged 21 to 25 years. Further large-scale studies
investigating the optimal graft choice in this age group
are warranted.

REFERENCES

1.

10.

11.

12.

13.

14.

15.

16.

Agel J, Arendt EA, Bershadsky B. Anterior cruciate ligament injury in
National Collegiate Athletic Association basketball and soccer: a 13-
year review. Am J Sports Med. 2005;33(4):524-530.

. Allen CR, Wong EK, Livesay GA, Sakane M, Fu FH, Woo SL. Impor-

tance of the medial meniscus in the anterior cruciate ligament-
deficient knee. J Orthop Res. 2000;18(1):109-115.

. Ardern CL, Taylor NF, Feller JA, Webster KE. Fifty-five per cent return

to competitive sport following anterior cruciate ligament reconstruc-
tion surgery: an updated systematic review and meta-analysis includ-
ing aspects of physical functioning and contextual factors. Br J
Sports Med. 2014;48(21):1543-1552.

. Arendt E, Dick R. Knee injury patterns among men and women in col-

legiate basketball and soccer: NCAA data and review of literature.
Am J Sports Med. 1995;23(6):694-701.

. Baratta R, Solomonow M, Zhou BH, Letson D, Chuinard R, D’Ambro-

sia R. Muscular coactivation: the role of the antagonist musculature
in maintaining knee stability. Am J Sports Med. 1988;16(2):113-122.

. Bargar WL, Moreland JR, Markolf KL, Shoemaker SC, Amstutz HC,

Grant TT. In vivo stability testing of post-meniscectomy knees. Clin
Orthop Relat Res. 1980;150:247-252.

. Boisvert CB, Aubin ME, DeAngelis N. Relationship between anthro-

pometric measurements and hamstring autograft diameter in anterior
cruciate ligament reconstruction. Am J Orthop (Belle Mead NJ).
2011;40(6):293-295.

. Burrus MT, Werner BC, Crow AJ, et al. Increased failure rates after

anterior cruciate ligament reconstruction with soft-tissue autograft-
allograft hybrid grafts. Arthroscopy. 2015;31(12):2342-2351.

. Chee MY, Chen Y, Pearce CJ, et al. Outcome of patellar tendon ver-

sus 4-strand hamstring tendon autografts for anterior cruciate liga-
ment reconstruction: a systematic review and meta-analysis of
prospective randomized trials. Arthroscopy. 2017;33(2):450-463.
Conte EJ, Hyatt AE, Gatt CJ Jr, Dhawan A. Hamstring autograft size
can be predicted and is a potential risk factor for anterior cruciate lig-
ament reconstruction failure. Arthroscopy. 2014;30(7):882-890.
Draganich LF, Vahey JW. An in vitro study of anterior cruciate liga-
ment strain induced by quadriceps and hamstrings forces. J Orthop
Res. 1990;8(1):57-63.

Frank JM, Moatshe G, Brady AW, et al. Lateral meniscus posterior
root and meniscofemoral ligaments as stabilizing structures in the
ACL-deficient knee: a biomechanical study. Orthop J Sports Med.
2017;5(6):2325967117695756.

Gabler CM, Jacobs CA, Howard JS, Mattacola CG, Johnson DL.
Comparison of graft failure rate between autografts placed via an
anatomic anterior cruciate ligament reconstruction technique: a sys-
tematic review, meta-analysis, and meta-regression. Am J Sports
Med. 2016;44(4):1069-1079.

Griffin LY, Agel J, Albohm MJ, et al. Noncontact anterior cruciate lig-
ament injuries: risk factors and prevention strategies. J Am Acad
Orthop Surg. 2000;8(3):141-150.

Hewett TE, Myer GD, Ford KR. Anterior cruciate ligament injuries in
female athletes: part 1, mechanisms and risk factors. Am J Sports
Med. 2006;34(2):299-311.

Janssen RPA, Melick NV, van Mourik JBA, Reijman M, van Rhijn LW.
Similar clinical outcome between patellar tendon and hamstring

17.

18.

19.

20.

21.

22.

23.

24.

25.

26.

27.

28.

29.

30.

31.

32.

33.

ACL Autograft Choice for Young Female Athletes 2091

tendon autograft after anterior cruciate ligament reconstruction with
accelerated, brace-free rehabilitation: a systematic review. J ISAKOS.
2017;2(6):308-317.

Kaeding CC, Pedroza AD, Reinke EK, Huston LJ, Spindler KP. Risk
factors and predictors of subsequent acl injury in either knee after
ACL reconstruction: prospective analysis of 2488 primary ACL recon-
structions from the MOON Cohort. Am J Sports Med. 2015;43(7):
1583-1590.

Kamien PM, Hydrick JM, Replogle WH, Go LT, Barrett GR. Age, graft
size, and Tegner activity level as predictors of failure in anterior cru-
ciate ligament reconstruction with hamstring autograft. Am J Sports
Med. 2013;41(8):1808-1812.

Kartus J, Movin T, Karlsson J. Donor-site morbidity and anterior knee
problems after anterior cruciate ligament reconstruction using auto-
grafts. Arthroscopy. 2001;17(9):971-980.

Kraeutler MJ, Wolsky RM, Vidal AF, Bravman JT. Anatomy and bio-
mechanics of the native and reconstructed anterior cruciate liga-
ment: surgical implications. J Bone Joint Surg Am. 2017;99(5):438-
445,

Levy IM, Torzilli PA, Warren RF. The effect of medial meniscectomy
on anterior-posterior motion of the knee. J Bone Joint Surg Am.
1982;64(6):883-888.

Liu SH, Al-Shaikh RA, Panossian V, Finerman GA, Lane JM. Estrogen
affects the cellular metabolism of the anterior cruciate ligament:
a potential explanation for female athletic injury. Am J Sports Med.
1997;25(5):704-709.

Magnussen RA, Lawrence JT, West RL, Toth AP, Taylor DC, Garrett
WE. Graft size and patient age are predictors of early revision after
anterior cruciate ligament reconstruction with hamstring autograft.
Arthroscopy. 2012;28(4):526-531.

Maletis GB, Inacio MC, Desmond JL, Funahashi TT. Reconstruction
of the anterior cruciate ligament: association of graft choice with
increased risk of early revision. Bone Joint J. 2013;95(5):623-628.
Mariscalco MW, Flanigan DC, Mitchell J, et al. The influence of ham-
string autograft size on patient-reported outcomes and risk of revi-
sion after anterior cruciate ligament reconstruction: a Multicenter
Orthopaedic Outcomes Network (MOON) Cohort Study. Arthros-
copy. 2013;29(12):1948-1953.

Minami T, Muneta T, Sekiya I, et al. Lateral meniscus posterior root
tear contributes to anterolateral rotational instability and meniscus
extrusion in anterior cruciate ligament-injured patients. Knee Surg
Sports Traumatol Arthrosc. 2018;26(4):1174-1181.

Musahl V, Citak M, O’Loughlin PF, Choi D, Bedi A, Pearle AD. The
effect of medial versus lateral meniscectomy on the stability of the
anterior cruciate ligament-deficient knee. Am J Sports Med. 2010;
38(8):1591-1597.

National Federation of State High School Associations. 2017-2018
High School Athletics Participation Survey. http://www.nfhs.org/Par-
ticipationStatistics/PDF/2017-18%20High%20School %20Athletic-
s%20Participation%20Survey.pdf. Published 2018.

Persson A, Fjeldsgaard K, Gjertsen JE, et al. Increased risk of revi-
sion with hamstring tendon grafts compared with patellar tendon
grafts after anterior cruciate ligament reconstruction: a study of
12,643 patients from the Norwegian Cruciate Ligament Registry,
2004-2012. Am J Sports Med. 2014;42(2):285-291.

Pinczewski LA, Lyman J, Salmon LJ, Russell VJ, Roe J, Linklater J. A
10-year comparison of anterior cruciate ligament reconstructions
with hamstring tendon and patellar tendon autograft: a controlled,
prospective trial. Am J Sports Med. 2007;35(4):564-574.
Poehling-Monaghan KL, Salem H, Ross KE, et al. Long-term out-
comes in anterior cruciate ligament reconstruction: a systematic
review of patellar tendon versus hamstring autografts. Orthop J
Sports Med. 2017;5(6):2325967117709735.

Samuelsen BT, Webster KE, Johnson NR, Hewett TE, Krych AJ.
Hamstring autograft versus patellar tendon autograft for ACL recon-
struction: is there a difference in graft failure rate? A meta-analysis of
47,613 patients. Clin Orthop Relat Res. 2017;475(10):2459-2468.
Schuette HB, Kraeutler MJ, Houck DA, McCarty EC. Bone—-patellar
tendon-bone versus hamstring tendon autografts for primary anterior



2092 Salem et al

34.

35.

36.

37.

38.

cruciate ligament reconstruction: a systematic review of overlapping
meta-analyses. Orthop J Sports Med. 2017;5(11):2325967117736484.
Shakked R, Weinberg M, Capo J, Jazrawi L, Strauss E. Autograft
choice in young female patients: patella tendon versus hamstring.
J Knee Surg. 2017;30(3):258-263.

Shybut TB, Vega CE, Haddad J, et al. Effect of lateral meniscal root
tear on the stability of the anterior cruciate ligament-deficient knee.
Am J Sports Med. 2015;43(4):905-911.

Spang JT, Dang ABC, Mazzocca A, et al. The effect of medial menis-
cectomy and meniscal allograft transplantation on knee and anterior
cruciate ligament biomechanics. Arthroscopy. 2010;26(2):192-201.
Spindler KP, Kuhn JE, Freedman KB, Matthews CE, Dittus RS, Har-
rell FE Jr. Anterior cruciate ligament reconstruction autograft choice:
bone-tendon-bone versus hamstring. Does it really matter? A sys-
tematic review. Am J Sports Med. 2004;32(8):1986-1995.

Tuman JM, Diduch DR, Rubino LJ, Baumfeld JA, Nguyen HS, Hart
JM. Predictors for hamstring graft diameter in anterior cruciate liga-
ment reconstruction. Am J Sports Med. 2007;35(11):1945-1949.

39.

40.

41.

42.

43.

The American Journal of Sports Medicine

Walker PS, Arno S, Bell C, Salvadore G, Borukhov I, Oh C. Function
of the medial meniscus in force transmission and stability. J Bio-
mech. 2015;48(8):1383-1388.

Webster KE, Feller JA, Whitehead TS, Myer GD, Merory PB. Return
to sport in the younger patient with anterior cruciate ligament recon-
struction. Orthop J Sports Med. 2017;5(4):2325967117703399.
Wiggins AJ, Grandhi RK, Schneider DK, Stanfield D, Webster KE,
Myer GD. Risk of secondary injury in younger athletes after anterior
cruciate ligament reconstruction: a systematic review and meta-
analysis. Am J Sports Med. 2016;44(7):1861-1876.

Xie X, Liu X, Chen Z, Yu 'Y, Peng S, Li Q. A meta-analysis of bone-
patellar tendon-bone autograft versus four-strand hamstring tendon
autograft for anterior cruciate ligament reconstruction. Knee.
2015;22(2):100-110.

Xu H, Lin W, Jin G, et al. Graft choice for anatomic anterior cruciate
ligament reconstruction: the comparison between thin autograft and
thick hybrid graft. An observational study. Medicine (Baltimore).
2018;97(30):e11597.

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



