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Abstract
Purpose  The present study was to analyze graft failure rates of hamstring tendon (HT) autografts with a cut-off graft diam-
eter of 8 mm or 7 mm, and compare clinical outcomes between augmented small HT with an allograft and non-augmented 
relatively large HT in single-bundle anterior cruciate ligament reconstruction (ACLR).
Methods  A literature search of PubMed, EMBASE, and the Cochrane Library was performed based on the PRISMA (Pre-
ferred Reporting Items for Systematic Reviews and Meta-analysis) guidelines. Studies to assess graft failure of autologous 
HT ACLR were reviewed, and graft failure rates with a cut-off graft diameter of 8 mm or 7 mm were further extracted. 
Clinical comparative studies of ACLR between augmented small HT with an allograft and non-augmented relatively large 
HT autografts were also included. Results are presented as risk ratio (RR) for binary data and weighted mean difference for 
continuous data with 95% confidence intervals (CI).
Results  Nine studies with 2243 knees were included. Four studies examined the effect of HT autograft diameter on graft 
failure and five studies assessed clinical outcomes of allograft augmentation to small HT autografts. No significant differ-
ence was noted in graft failure with a cut-off diameter of 8 mm. No significant difference was found between diameters > 7 
and ≤ 7 mm, but a significant difference was observed between diameters ≥ 7 and < 7 mm (RR = 0.49; 95% CI 0.26–0.92, 
I2 = 0%, P = 0.03). A trend towards increased risk of graft failure was noted for allograft-augmented HT compared with 
non-augmented HT autografts (RR = 0.43; 95% CI 0.18–1.02, I2 = 0%), but no significant differences were noted in IKDC, 
Lysholm, and Tegner scores between these groups.
Conclusion  The present study did support the use of 7 mm as a reference for cut-off diameter for small HT autografts, but 
not allograft augmentation to small HT autografts. These findings would guide clinical application of small HT autografts 
in single-bundle ACLR.
Level of evidence  IV.
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Introduction

Hamstring tendon (HT) autograft remains one of the most 
popular graft choices in anterior cruciate ligament recon-
struction (ACLR). When performing autologous HT ACLR, 
small HT autografts are frequently encountered due to the 
variability in patients’ hamstring sizes or iatrogenic damage 
during graft harvest. Graft diameter has a considerable effect 
on graft failure. The exact graft diameter needed to avoid 
failures is not absolutely clear and could depend on other 
factors [8], but every 0.5-mm increase in diameter could 
result in a 0.82–0.86 times lower likelihood of revision sur-
gery among HT grafts from 7 to 10 mm [18, 19]. A recent 
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survey showed that there is no consensus on the minimum 
acceptable HT autograft size between 6 and 9 mm [12]. The 
cut-off diameter that defines a diminutive graft, most com-
monly cited as 7 mm or 8 mm, has been a matter of debate 
in the literature [4].

Clinically, augmentation of an allograft to small HT 
autografts to create a hybrid graft is a popular solution to 
this problem. This solution is theoretically advantageous 
to increase graft size and maintain autograft tissue, and it 
avoids the morbidity of additional autograft harvest. How-
ever, clinical outcomes have been controversial. With the 
variance in the reference diameter of small HT autografts to 
augment, some authors have reported that ACL reconstruc-
tion with a hybrid graft has a similar rupture rate and clinical 
outcomes to those achieved using a hamstring autograft [10, 
11], whereas others reported that hybrid grafts may have an 
increased risk of the revision ACLR [3, 5, 20].

The purpose of the present systematic review and meta-
analysis was to (1) analyze graft failure of HT autografts 
with a cut-off diameter of 8 or 7 mm; (2) compare graft fail-
ure and functional outcomes between the augmented small 
HT with an allograft and non-augmented relatively large HT 
autografts in single-bundle ACLR. It was hypothesized that 
there would be significant differences in graft failure with 
different cut-off diameters for HT autografts, but no sig-
nificant difference in graft failure and functional outcomes 
between augmented and non-augmented HT autografts. 
Significant findings in the present study could clarify the 
appropriate cut-off diameter for small hamstring autografts 
and the debate about subsequent allograft augmentation in 
single-bundle ACLR.

Materials and methods

Literature search

Two independent reviewers performed the literature search 
based on the PRISMA (Preferred Reporting Items for Sys-
tematic Reviews and Meta-analyses) guidelines through 
the databases of PubMed, EMBASE, and Cochrane 
Library on 1 August 2018, using the following free text 

words: anterior cruciate ligament, ACL, hamstring, hybrid, 
augmentation, size, diameter, revision, and failure (the 
detailed search strategy can be seen in the Appendix, avail-
able in the online version of this article).

Eligibility and study selection

Two reviewers screened the titles and abstracts of the 
retrieved papers, and selected relevant studies for full 
review on the basis of the following inclusion criteria. 
To address the first purpose, studies were clinical case 
series of ACLR with HT autografts, and graft failure could 
be further assessed with a cut-off graft diameter of 8 mm 
or 7 mm. To address the second purpose, studies were 
comparative studies with clinical outcomes of small HT 
augmented with an allograft and non-augmented relatively 
large HT autografts. For both purposes, graft failure was 
mainly defined as need for a revision procedure. Patients 
who were International Knee Documentation Committee 
(IKDC) grade C or D, or had magnetic resonance imaging 
(MRI) evidence of graft tear, were considered to be fail-
ures. Studies that included patients with a minimum mean 
or median age of 18 years, and a minimum mean follow-up 
of 24 months were included. Animal studies, anatomic 
studies, biomechanical studies, abstracts, case reports, 
technical notes, reviews, and letters were excluded.

Data extraction

To extract data from the papers, a predefined form was 
used to collect the information about study characteris-
tics (authors, publication year, study design, and level 
of evidence) and patient demographic data (number of 
subjects, sex, age, and follow-up time) (Tables 1, 3). The 
graft failure criteria and rate, and graft failure per graft 
diameter for HT graft are presented in Table 2. Clinical 
outcomes such as graft failure rate, IKDC score, Lysholm 
score, and Tegner activity score were included between 
the augmented HT with an allograft and non-augmented 
HT autografts (Table 4).

Table 1   Characteristics of 
studies about effect of HT 
diameter on graft failure

HT hamstring tendon, RCS retrospective cohort study, NR not reported

Study Study design LoE Sample size Age, years Sex
M:F

Follow-up time

Mariscalco et al. [13] RCS 3 263 25.6 ± 10.3 144:119 ≥ 24 mo
Park et al. [15] Case series 4 310 29.8 ± 10.7 246:63 53.9 ± 8.8 mo
Webster et al. [21] Case–control study 3 555 28.5 ± 9.9 NR 4.8 ± 1.1 y
Wernecke et al. [23] Case series 4 783 > 18 555:228 3.82 ± 1.41 y
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Methodological quality assessment

Methodological quality for non-randomized studies concern-
ing the risk of bias was assessed with the Newcastle–Ottawa 
Quality Assessment Scale [22]. This is a nine-point scale 
where studies with 7–9, 5–6, 4, and 0–3 points were graded 
as very good, good, satisfactory, and unsatisfactory, respec-
tively. Any disagreements between the authors were resolved 
through discussion or review by the third author. Potential 
publication bias was evaluated with a funnel plot.

Statistical analysis

Review Manager Version 5.3 (The Cochrane Collabora-
tion) was used to estimate the overall pooled effect size for 
each outcome. Statistical heterogeneity among the stud-
ies was assessed using I2, with the values 25%, 50%, and 
75% considered low, moderate, and high, respectively, and 
Cochrane’s Q statistic was used to assess heterogeneity. The 
meta-analysis was performed with a random-effects model. 
Results are presented as risk ratio (RR) for binary outcomes 
and weighted mean difference (WMD) for continuous out-
comes with 95% confidence intervals (CI). A P value < 0.05 
was considered statistically significant.

Results

The literature search identified 1479 relevant items. Of 
these, 611 items were duplicated in the databases. After 
screening the title and abstract, 850 items were excluded, 
because they were not relevant to the purpose of the pre-
sent study. After a thorough full-text review of 18 articles, 
9 articles were excluded. For the first purpose, two stud-
ies did not describe clinical follow-up of ACLR with HT 
autografts, two studies did not further assess graft failure 
rate with a cut-off graft diameter of 8 mm or 7 mm, and 
one study had a follow-up period of less than 24 months. 
For the second purpose, two studies described the applica-
tion of planned hybrid graft but not to augment small HT 
autografts, and two studies included patients younger than 
18 years. Ultimately, nine studies were included for data 
extraction. Four studies were about the effect of HT graft 
diameter on graft failure [13, 15, 21, 23], while five studies 
described clinical outcomes of allograft augmentation to 
small HT autografts (Fig. 1) [3, 5, 10, 20, 25].

Table 2   Outcomes of studies about effect of HT diameter on graft failure

Study Sample size Graft failure Graft failure per graft diameter

Type Rate > 8 mm ≤ 8 mm ≥ 8 mm < 8 mm > 7 mm ≤ 7 mm ≥ 7 mm < 7 mm

Mariscalco et al. [13] 263 Revision 14/263 0/64 14/199 – – – – – –
Park et al. [15] 310 Revision OR 

IKDC C 
and D

12/310 0/23 12/287 0/72 12/238 3/158 9/152 8/229 4/81

Webster et al. [21] 555 Revision 26/555 19/296 7/259 24/434 2/121 24/525 2/30 24/545 2/10
Wernecke et al. [23] 783 Revision 44/783 10/210 34/573 23/449 21/334 33/617 11/166 39/739 5/44

Table 3   Characteristics of studies about allograft augmentation to small HT autografts

HT hamstring tendon, RCS retrospective cohort study, Non-Aug-HT not augmented hamstring tendon, Aug-HT augmented hamstring tendon

Study Study design LoE Group
Graft type

Sample size Age, years Sex
M:F

Follow-up time, mo

Burrus et al. [3] RCS 3 Non-Aug-HT 29 27.2 ± 9.6 10:19 48.0 ± 15.2
Aug-HT 29 26.6 ± 10.3 10:19 44.4 ± 16.9

Darnley et al. [5] RCS 3 Non-Aug-HT 27 20.9 ± 7.0 17:10 (> 24)
Aug-HT 27 20.9 ± 7.0 17:10

Leo et al. [10] RCS 3 Non-Aug-HT 71 26.9 ± 3.3 46:25 26.9 (> 24)
Aug-HT 24 28.1 ± 5.3 16:8

Wang et al. [20] RCS 3 Non-Aug-HT 29 32.6 ± 10.3 10:19 40.6 ± 3.5
Aug-HT 28 32.8 ± 9.9 9:19 40.6 ± 3.4

Xu et al. [25] RCS 3 Non-Aug-HT 31 32.8 ± 8.9 16:15 28.4 ± 2.1
Aug-HT 37 33.9 ± 8.4 10:27 28.3 ± 2.8
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Quality of the included studies

A total of nine studies were included. Seven studies were 
level 3 retrospective cohort studies and two studies were 
level 4 case series. Total Newcastle–Ottawa Quality Assess-
ment Scale scores were ≥ 7 points (range 7–9). These results 
indicated a low risk of bias. The symmetric distribution of 
studies within the funnel indicates that there was no small 
study publication bias (Fig. 2).

The effect of HT autograft diameter on graft failure

Cut‑off graft diameter of 8 mm

The graft failure rate could be further compared between 
graft diameter > 8 and ≤ 8 mm in all four studies. A total 
of 1911 knees were included (593 knees with a diame-
ter > 8 mm and 1318 knees of diameter ≤ 8 mm). No signifi-
cant difference was noted in graft failure between these two 
groups (RR = 0.93, 95% CI 0.33–2.56, I2 = 58%) (Fig. 3a). 
Three studies with 1648 knees (955 knees with a diame-
ter ≥ 8 mm and 693 knees of diameter < 8 mm) compared 
graft diameters ≥ 8 and < 8 mm, with no significant differ-
ences observed (RR = 0.99, 95% CI 0.27–3.62, I2 = 61%) 
(Fig. 3b).

Cut‑off graft diameter of 7 mm

The graft failure rate could be compared between graft diam-
eters > 7 and ≤ 7 mm in three studies. A total of 1648 knees 
were included (1300 knees with a diameter > 7 mm and 348 
knees with a diameter ≤ 7 mm), and no significant differ-
ence was noted in graft failure rate between the two groups 
(RR = 0.64, 95% CI 0.38–1.10, I2 = 0%) (Fig. 4a). Three 
studies with 1648 knees (1513 knees with a diameter ≥ 7 mm 
and 135 knees with a diameter < 7 mm) compared a graft 
diameter ≥ 7 and < 7 mm, and a significant difference in graft 
failure was noted (RR = 0.49, 95% CI 0.26–0.92, I2 = 0%, 
P = 0.03) (Fig. 4b). This finding indicates that HT autografts 
with a diameter < 7 mm had double the risk of graft failure 
compared with a diameter ≥ 7 mm.

Clinical outcomes of small HT autograft 
with allograft augmentation

There were no signif icant  dif ferences in age 
(WMD = − 0.71, 95% CI − 2.29 to 0.87, I2 = 0%) and sex 
(RR = 1.12, 95% CI 0.89–1.40, I2 = 0%) between allograft-
augmented and non-augmented HT autografts. A graft 
diameter of less than 8 mm was the most popular crite-
rion for allograft augmentation to small HT autografts [5, 
10, 20], with a graft diameter less than 7.5 mm referred 
to in one study [3], and a restored insertion site less than Ta
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60% of the cross-sectional area was used in another study 
[25]. Four-strand HT was used in all studies except one 
with an allograft augmentation to HT, or semitendinosus 
or gracilis tendon only [5]. After allograft augmenta-
tion, graft diameter was significantly larger in allograft-
augmented HT autografts than non-augmented HT auto-
grafts (WMD = − 0.80, 95% CI − 1.29 to 0.32, I2 = 88%, 
P = 0.001) (Table 4).

Graft failure

All five studies reported the graft failure rate in the aug-
mented small HT autografts and non-augmented large HT 
autografts. A total of 332 knees were included (145 knees 
in the augmented HT group and 187 knees in the non-
augmented HT group). Although no significant difference 

Fig. 1   PRISMA (Preferred 
Reporting Items for Systematic 
Reviews and Meta-Analyses) 
flow diagram

Fig. 2   Funnel plot of graft failure with the cut-off diameter of 8 mm (a) and allograft augmentation to small HT autografts (b). HT hamstring 
tendon
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was noted between these two groups, the present analysis 
demonstrated a trend towards increased risk of graft fail-
ure among the allograft-augmented small HT autografts 
(RR = 0.43, 95% CI 0.18–1.02, I2 = 0%) (Fig. 5).

IKDC score

All five studies reported the IKDC score in the augmented 
HT graft and non-augmented HT graft groups. A total of 332 
knees were included (145 knees in the augmented group and 

Fig. 3   Forest plot of graft failure of HT autografts with the diameter > 8 mm and ≤ 8 mm (a) and ≥ 8 mm and < 8 mm (b). HT hamstring tendon

Fig. 4   Forest plot of graft failure of HT autografts with the diameter > 7 mm and ≤ 7 mm (a) and ≥ 7 mm and < 7 mm (b). HT hamstring tendon
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187 knees in the non-augmented group). No significant dif-
ference was noted in IKDC score between these two groups 
(WMD = 2.03, 95% CI − 1.87 to 5.93, I2 = 81%) (Fig. 6a).

Lysholm score

Among the five studies, three studies reported the Lysholm 
score in the augmented HT graft and non-augmented HT 
groups. A total of 183 knees were included (94 knees in 
the augmented group and 89 knees in the non-augmented 
group). No significant difference was noted in Lysholm 
scores between the two groups (WMD = 5.77, 95% CI − 0.72 
to 12.27, I2 = 80%) (Fig. 6b).

Tegner activity score

Among the five studies, two studies reported the Teg-
ner activity score in the augmented HT graft and non-
augmented HT graft groups. A total of 125 knees were 
included (65 knees in the augmented group and 60 knees 
in the non-augmented group). No significant difference 
was noted in Tegner activity score between the two groups 
(WMD = 0.04, 95% CI − 0.27 to 0.35, I2 = 0%) (Fig. 6c).

Fig. 5   Forest plot of graft failure between the augmented HT and non-augmented HT autografts. HT hamstring tendon

Fig. 6   Forest plot of IKDC score (a), Lysholm score (b), and Tegner score (c) between the augmented HT and non-augmented HT autografts. 
HT hamstring tendon
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Discussion

The most important finding of the present study was 
that HT autografts with a diameter < 7 mm have signifi-
cantly higher graft failure rates than those with a diame-
ter ≥ 7 mm. The present study did support the use of grafts 
with a 7-mm cut-off diameter for small HT autografts. 
No significant difference was found in graft failure of HT 
autografts with a cut-off diameter of 8 mm. Augmenta-
tion of small HT autografts with an allograft tended to 
have an increased risk of graft failure compared with non-
augmented relatively large HT autografts. Therefore, aug-
mentation to small HT autografts with an allograft was not 
supported in single-bundle ACLR in the present study.

The present analysis showed that a graft diameter of 
8 mm was not the cut-off graft diameter for small HT 
autografts or the criterion for subsequent allograft aug-
mentation. This is contrary to the results of a previous 
review that showed a 6.8 times higher risk of graft failure 
if the graft diameter was ≤ 8 mm [4]. However, the pre-
sent results were consistent with large-volume population-
based cohort studies. From a Swedish national knee liga-
ment register on 11,339 patients in single-bundle ACLR 
with HT autografts, no significant difference was found in 
the incidence of revision between an HT graft diameter < 8 
and > 8 mm [1]. In a retrospective cohort analysis of 786 
single-bundle ACLR with HT autografts, no significant 
difference was found in the incidence of revision between 
a graft diameter ≤ 8 and ≥ 8 mm [23].

The current result showing that HT autografts with 
a diameter < 7 mm have double the risk of graft failure 
compared with a graft diameter ≥ 7 mm in single-bundle 
ACLR may support the use of a graft diameter of 7 mm 
as the cut-off diameter for small HT autografts. In the 
previous studies, controversial results were found in the 
HT autograft failure rate between a diameter < 7 mm and 
≥ 7 mm, because the rate of graft size less than 7 mm was 
reported to be relatively low (2.3–11.2%) [21, 23]. In the 
present analysis, a total of 135 ACLRs with a graft diam-
eter < 7 mm were analyzed (a rate of 8.2%), and a signifi-
cantly higher risk of graft failure was found with a graft 
diameter < 7 mm compared with a graft diameter ≥ 7 mm.

The present results support the biomechanical cut-off 
diameter of small HT autografts being 7 mm. Several 
biomechanical studies have tested the maximum fail-
ure load of HT grafts with a series of diameters. For HT 
grafts with a diameter of 6, 7, and 8 mm, Boniello et al. 
reported a mean load to failure of 2359 (1567–3126) N, 
3263 (2288–4292) N, and 3908 (2874–4910) N, respec-
tively [2]. Schimoler et al. reported that the mean load to 
failure was 2891 (2681–3264) N, 3653 (3366–3936) N, 
and 4129 (3367–4894) N, respectively [17]. Farmer et al. 

reported their results of 1990 ± 302 N, 2179 ± 685 N, and 
3074 ± 781 N, respectively, for those same graft diameters 
[7]. With increasing graft diameter, there was a corre-
sponding increase in maximum tensile strength and cross-
sectional area [2, 17]. With 1-mm increments in diameter, 
the greatest percentage gain in strength was seen with the 
6–7-mm increment, whereas the lowest strength gain was 
seen with the 8–9-mm increment [2]. Compared with the 
quoted values of the native ACL of 1,725N to 2,160N [14], 
HT grafts with a 8 mm diameter could provide sufficient 
strength for ACLR, and some concerns still remain with 
grafts that are 6 mm in diameter. HT grafts with a 7-mm 
diameter have a slightly stronger strength for ACLR and 
further studies are needed.

Although a graft diameter of 7 mm could be used as a 
reference for small HT autografts, patient characteristics 
should be also considered in ACLR. Conte et al. found that 
graft diameter was significantly correlated with at least one 
parameter of patient characteristic, such as age, sex, height, 
and body mass index [4]. Height was the most common cor-
relation. Park et al. reported that gracilis diameters had the 
strongest association with gender, while semitendinosus and 
four-strand graft diameters had the strongest associations 
with height [15]. Native ACL insertion size and HT graft 
diameter both have a correlation to patient characteristics, 
perhaps, suggesting that some patients with a small HT graft 
may have a small native ACL insertion size and do not need 
a large graft [4, 9].

The present result that small HT autografts augmented 
with an allograft to create a hybrid graft tended to have an 
increased risk of graft failure may not support the clinical 
allograft augmentation to small HT autografts. In the present 
study, the graft failure rate was 11% (16/145) for the aug-
mented HT autografts compared with 4.8% (9/187) for the 
non-augmented HT autografts. With the graft diameter less 
than 8 mm to augment, Wang et al. reported that failure rate 
tended to be greater in the hybrid graft group (14.3%) than in 
the autograft group (3.4%) [20]. Darnley et al. reported that 
revision surgery was 18.5% for the hybrid graft compared 
with 7.4% for the autograft [5]. Referring to the graft diam-
eter less than 7.5 mm to augment, Burrus et al. reported that 
the failure or compromise rate was 37.9% in the hybrid graft 
compared with 6.9% for the autograft [3]. With an autograft 
diameter of less than 7 mm, Pennock et al. reported a 30% 
graft failure for the augmented group and 5% for the non-
augmented group [16].

The present study showed no significant differences in 
IKDC, Lysholm, and Tegner scores between the augmented 
HT and non-augmented HT autografts. Burrus et al. reported 
a significantly higher failure or compromise rate in the 
hybrid graft compared with the autograft [3], and signifi-
cantly lower associated Lysholm and IKDC scores in the 
hybrid graft. Darnley et al. [5] and Leo et al. [10] reported 
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no statistically significant differences in ACL graft failure 
and a similar patient-reported outcome score. The results of 
functional outcomes were consistent with the outcomes of 
graft failure and subsequent knee laxity. Wang et al. reported 
that the postoperative KT-1000 side-to-side difference 
was 3.5 ± 2.0 mm for the augmented graft compared with 
2.5 ± 1.0 mm for the non-augmented graft, and significantly 
lower mean Lysholm and subjective IKDC scores were 
observed in the augmented graft group [20]. Xu et al. found 
that the KT-1000 side-to-side difference was 1.8 ± 0.6 mm 
for the hybrid graft and 1.6 ± 0.5 mm for the HT autografts, 
and no significant differences were noted in IKDC, Lysholm, 
and Tegner scores between these two groups [25].

The reason for the increased failure rate of hybrid grafts 
is not completely understood, but some factors may reduce 
this phenomenon. First, as described above, some patients 
with a small HT graft may have a small native ACL insertion 
size and do not need a large graft [4, 9]. Therefore, the graft 
diameter of the hybrid graft, usually more than 9 mm, may 
not always be suitable, and we could control the graft diam-
eter for the hybrid graft to some extent. Second, biologic 
incorporation of allografts was slower than that of autografts 
[24], so the allograft sandwiched in between the autograft 
portions may accelerate the hybrid graft incorporation and 
promote tendon-bone healing. Third, gamma irradiation 
has a dose-dependent negative effect on allograft strength, 
with particularly large effects noted at irradiation doses of 
≥ 2.5 M rad [6]. Grafts processed with low-dose irradiation 
or fresh-frozen grafts may yield good results.

Several limitations have been acknowledged in the pre-
sent study. First, only graft cut-off diameters of 7 mm or 
8 mm were analyzed in the present study, because diameters 
of 7 mm or 8 mm were the most commonly cited references 
for debate in the literature, and the date of other diameters 
could not be extracted in most studies. Second, graft failure 
was mainly defined as ACL revision in all included studies, 
but IKDC grade C or D, and MRI evidence of graft tear were 
also included, which makes a little difference in graft failure 
for all included studies. Third, although there was no con-
sensus on cut-off diameter for small HT autografts, the most 
commonly cited criterion to augment was a graft diameter 
around 8 mm in the literature, so the variation in the refer-
ence diameter was accepted. Fourth, the level of evidence 
of retrieved studies was poor, with no level I or II studies 
included. Larger prospective, and ideally randomized, stud-
ies looking at this topic are needed.

Conclusion

A significant difference was found in the graft failure rate 
between HT autografts with a graft diameter ≥ 7 mm and 
< 7 mm. The present study did support the use of a graft 

diameter of 7 mm as a reference for the cut-off diameter for 
small HT autografts. Augmentation of small HT autografts 
with an allograft tended to have an increased risk of graft 
failure compared with non-augmented HT autografts. Allo-
graft augmentation to small HT autografts was not supported 
in single-bundle ACLR.
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