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Background: Proximal hamstring avulsions are severe tendon injuries and are commonly sports-related. Open and endoscopic
techniques as well as different anchor configurations have already been described for proximal hamstring repair. Novel all-suture
anchors have been developed to provide decreased bone loss during placement and reduced occupied bone volume when
compared with titanium suture anchors.

Hypothesis: Complete proximal hamstring avulsions repaired with all-suture anchors will demonstrate equal load to failure and
comparable displacement under cyclic loading when compared with titanium suture anchors.

Study Design: Controlled laboratory study.

Methods: Complete proximal hamstring avulsions were created in 18 paired cadaveric specimens (mean ± SD age, 63.0 ± 10.4
years). Either all-suture anchors or titanium suture anchors were used for repair. Cyclic loading from 10 to 125 N at 1 Hz was
performed for 1500 cycles with a material testing machine. Displacement was assessed along anterior and posterior aspects of the
tendon repair with optical tracking. Specimens were loaded to failure at a rate of 120 mm/min. Displacement, load to failure, and
repair construct stiffness were compared between matched pairs with the Wilcoxon signed-rank test. Correlations were deter-
mined by Spearman rho analysis.

Results: The all-suture anchors showed significantly higher load-to-failure values when compared with the titanium anchor repairs
(799.64 ± 257.1 vs 573.27 ± 89.9 N; P ¼ .008). There was no significant difference in displacement between all-suture anchors and
titanium suture anchors at the anterior aspect (6.60 ± 2.2 vs 5.49 ± 1.1 mm; P ¼ .26) or posterior aspect (5.87 ± 2.08 vs 5.23 ±
1.37 mm; P ¼ .678) of the repaired hamstring tendons.

Conclusion: All-suture anchors demonstrated similar displacement and superior load to failure when compared with titanium
suture anchors.

Clinical Relevance: The results of this study suggest that all-suture anchors are an equivalent alternative to titanium suture
anchors for proximal hamstring avulsion repair.
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Hamstring injuries are one of the most common injuries in
sports and can reach a prevalence up to 25%, depending on
the sport.8,9,20,26,28 Both athletes and middle-aged indivi-
duals are affected by proximal hamstring avulsions, which
account for up to 11% of all hamstring injuries and result in
significant functional impairment.3,6,9,16,20,37 Surgical
treatment of proximal hamstring avulsions is preferred
over nonoperative treatment due to superior subjective

clinical outcomes, strength, and endurance as well as faster
return to sports.18,30,36 Early surgical intervention within 4
to 6 weeks after trauma is associated with a quicker return
to preinjury level of play, decreased muscle retraction, and
less risk of operative complications.2,18,36

Multiple techniques for proximal hamstring repair have
been described; these include transosseous sutures or suture
anchors in variable numbers, sizes, and configura-
tions.5,11,17,27 Recently developed all-suture anchors show
decreased bone loss with reduced bone volume occupied as
compared with traditional anchors.10,12,23 A lower drill diam-
eter allows easier surgical revision and makes all-suture
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anchors a reasonable alternative to metal implants in revi-
sion cases.12 Furthermore, the lack of metal components in
all-suture anchors enables detailed postoperative follow-up
with magnetic resonance imaging (MRI). Schröder et al34

reported that the use of titanium suture anchors produced
metal artifacts on MRI that prevented the accurate diagnosis
of rotator cuff retears in one-third of their patients.

There are currently no data available showing that all-
suture anchors are a comparable biomechanical alternative
for proximal hamstring repair. The aim of this study was to
compare the biomechanical properties of metal suture
anchors with all-suture anchors for proximal hamstring
repairs. We hypothesized that the 2 types of suture anchors
would demonstrate equal load to failure and comparable
displacement under cyclic loading.

METHODS

We obtained 18 hemipelvis pairs from 9 donors (mean ± SD
age, 63.0 ± 10.4 years; 5 females, 4 males) through Science
Care. This study was presented to the institutional review
board of the University of Connecticut via a Human
Research Determination Form, and it was determined that
approval was not required, as deidentified specimens are
not regarded as human subject research.

Specimens were placed prone, and an open posterior
approach was used to reflect the gluteus maximus medially
and superiorly to expose the proximal insertion of the semi-
membranosus, semitendinosus, and the long head of the
biceps femoris at the ischial tuberosity. The hamstring
muscles were separated from the femur before the femur
was disarticulated from the acetabulum. All other soft tis-
sue was carefully removed from the pelvis to preserve the
isolated hamstring insertion. Dissected specimens were
stored in a freezer at –20� C. Specimens were thawed
24 hours in advance of biomechanical testing.

Bone mineral density at the ischial tuberosity was eval-
uated by using DexaScan (XL Image Densitometer; GE/
Lunar Expert) before biomechanical testing. Matched
hemipelvises from each donor were randomized to be fixed
with either titanium suture anchors or all-suture anchors.
The repair technique was based on prior publications from
Harvey et al19 and Sandmann et al31 and represented the
standard surgical application of anchors for open proximal
hamstring repair.

Prior to repair, the hamstring tendons were completely
removed from the ischial tuberosity to re-create a complete
avulsion.

Titanium Suture Anchor Technique

Three unicortical bone sockets19 separated by 12 mm were
prepared in line, proximal to distal, with a 3.2-mm drill at
the anatomic proximal hamstring insertion along the
ischial tuberosity (Figure 1A). Three 5.5 � 16.3–mm tita-
nium Corkscrew (Arthrex) anchors preloaded with No. 2
FiberWire (Arthrex) suture were placed into the aforemen-
tioned sockets (Figure 1B). One suture limb from each
anchor was used to augment the tendon with a locking
Krakow suture pattern along a 2-cm length from the inser-
tion. The tendon was then repositioned into its anatomic
footprint by pulling on the free suture limb before being
tied securely to the stitching limb with 8 surgical knots
(Figure 1C). The use of 8 surgical knots to preclude knot
failure has been implemented by our laboratory in previous
biomechanical pilot studies.

All-Suture Anchor Technique

Three unicortical bone sockets19 separated by 12 mm were
prepared in line with a 2.6-mm drill (Arthrex) at the ana-
tomic proximal hamstring insertion along the ischial tuber-
osity. Each FiberTak (Arthrex) anchor was passed into the
drill guide and securely deployed into its socket
(Figure 2A). The locking Krakow pattern, tendon reposi-
tioning, and knotting were accomplished according to the
previous description with the 1.3-mm SutureTape
(Arthrex) loaded into each all-suture anchor (Figure 2, B
and C).

Biomechanical Testing

The current biomechanical setup was based on a prior pub-
lication by Harvey et al.19 The hemipelvis specimens were
secured at 0� of hip flexion (Figure 3A).19 Three rigid metal
rods were drilled through the pelvis and securely fixed to
the customized fixture box. The flexion angle was achieved
by vertically aligning the anterior iliac spine with the pubic
tubercle.19 The proximal hamstring was secured at the
myotendinous junction 3 cm from the end of the suture with
a cryoclamp attached to a vertical loading actuator such
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that the force vector was constantly applied at 0� of hip
flexion (Figure 3B). A material testing system machine
(MTS 858 Mini-Bionix) was used to assess the biomechan-
ical properties of both repairs under cyclic loading and load
to failure. Specimens were preloaded at 5 N, held for 5 sec-
onds, and then cyclically loaded from 10 to 125 N at 1 Hz for
1500 cycles. These force loads were based on the findings of
Schache et al33 as well as the biomechanical setup of Har-
vey et al19 to simulate cyclic stretching and shortening of
the hamstring muscles during sprinting. Load to failure
was performed after the last cycle at a constant rate of
120 mm/min. Mode of failure was recorded for each
specimen.

Motion Analysis

Displacement of the repair was measured by optical tracking
with 4 markers.19 One pair was placed on the reattached
tendon 20 mm from the tendon footprint at the end level of
the sutures, and another pair was placed on the medial and
lateral margin of the ischial tuberosity to serve as control
(Figure 3B). Digital motion analysis was performed with
Kinovea (v 0.8.27) to track displacement from the cyclic load-
ing recordings. Puig-Divı́ et al29 have confirmed the validity
and reliability for Kinovea as an accurate measurement tool.
A standard error of measurement between 0.00 and 0.07 and
a minimum detectable change between 0.00 and 0.19 were

Figure 1. (A) Position marking for the 3 unicortical bone sockets, each separated 12 mm from the other. (B) Embedded titanium
suture anchors with locking Krakow suture. (C) Proximal hamstring tendons reattached to the anatomic footprint.

Figure 2. (A) Three unicortical bone sockets with engaged all-suture anchors. (B) Proximal hamstring tendon with interlocking
Krakow suture. (C) Repositioning of the proximal hamstring tendon by pulling the free suture limb.

Figure 3. (A) Specimen secured by metal rods in the custom fixture box. (B) Optical tracking was performed with 4 markers
at 0� of hip flexion. MTS, material testing system.
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reported while Kinovea was used for optical tracking.29 Nor-
malized displacements were determined for the anterior and
posterior marker pairs by subtracting the displacement of
the control markers from their corresponding tendon mar-
kers. To completely capture the tendon displacement and
given the broad insertion of the hamstring tendons, tendon
markers as well as control markers were positioned at the
anterior and posterior aspects.

Statistical Analysis

Power analysis was performed with outcome parameters
published by Harvey et al.19 For load to failure, a standard
deviation of 100 N was assumed. A sample size of 9 speci-
mens per group was determined to provide 80% power to
detect a 135-N difference in load to failure at an a of .05.
Biomechanical outcomes data were statistically assessed
for normal distribution. Given continuous variables and
skewed distributions, the nonparametric Wilcoxon signed-
rank test was used to determine if there was a statistically
significant difference in outcomes between matched pairs.
Correlation between continuous variables was assessed
with Spearman rho. All statistical analyses were performed
with SPSS v 25 (IBM).

RESULTS

There was no significant difference for bone mineral den-
sity at the ischial tuberosity between specimens in the all-
suture anchor group (0.59 ± 0.22 g/cm2) and the titanium
suture anchor group (0.67 ± 0.26 g/cm2; P ¼ .173).

After 1500 cycles, the mean displacement at the anterior
aspect of the repaired tendon did not significantly differ
between all-suture anchors and titanium suture anchors
(6.60 ± 2.2 vs 5.49 ± 1.1 mm; P ¼ .260) (Figure 4). The
displacement of the posterior aspect of the repaired ham-
string tendons was not significantly different between all-
suture anchors and titanium anchors (5.87 ± 2.08 vs 5.23 ±
1.37 mm; P ¼ .678) (Figure 5).

Significantly higher mean peak load to failure was
observed for all-suture anchor repairs in comparison with
titanium suture anchor repairs (799.64 ± 257.1 vs 573.27 ±
89.9 N; P¼ .008) (Figure 6). Mean repair construct stiffness
was 33.67 ± 8.99 N/mm in the all-suture group and 37.09 ±
8.11 N/mm in the titanium suture anchor group (P ¼ .374).
Suture rupture was the most common mode of failure for
both repairs. In all cases of suture failure in the titanium
suture anchor group, the suture ruptured at the suture-
anchor interface. For all-suture anchors, suture rupture
occurred at the midsuture section. Additionally, there were
3 failures by soft tissue tearing in the all-suture anchor
group and 2 failures by anchor pullout in the titanium
suture anchor group.

Spearman rank correlation showed that bone mineral
density and stiffness were not significantly correlated with
displacement or load-to-failure values. Anterior and poste-
rior displacement values were significantly correlated with
each other for the titanium suture anchor repair (r¼ 0.867;
P¼ .002) and all-suture anchor repair (r¼ 0.883; P¼ .002).

Load to failure was significantly correlated with posterior
displacement for the titanium suture anchor repair only
(r ¼ –0.667; P ¼ .05).

Figure 4. Comparison of displacement (in millimeters) at the
anterior aspect of the repaired hamstring tendon between all-
suture anchors and titanium suture anchors after 1500 cycles.
Data reported as means with SD (error bars).

Figure 5. Comparison of displacement (in millimeters) at the
posterior aspect of the repaired hamstring tendons between
all-suture anchors and titanium suture anchors after 1500
cycles. Data reported as means with SD (error bars).

Figure 6. Comparison of peak load (in newtons) to failure
between all-suture anchor repairs and titanium suture anchor
repairs. Data reported as means with SD (error bars). *Statis-
tically significant difference.
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DISCUSSION

The most important finding of this study was that proximal
hamstring avulsions repaired with all-suture anchors dem-
onstrated a significantly higher load to failure with equal
displacement under cyclic loading as compared with avul-
sions repaired with titanium anchors. Our findings showed
that all-suture anchors are a comparable biomechanical
alternative to titanium suture anchors for proximal ham-
string repair. Surgeons can expect higher primary stability
if all-suture anchors are used for proximal hamstring
repair. Furthermore, the surgeon can take advantage of a
lower drill diameter, which facilitates revision surgery and
the possibility of a detailed postoperative follow-up with
MRI.

Displacement after cyclic loading was not significantly
different between the 2 repair groups in the current study.
Previously published studies demonstrated a mean dis-
placement between 2.39 and 7.36 mm for hamstring repairs
with solid anchors.17,19 The observed displacement values
in our study are within this range and thus are represen-
tative of the current literature. At present, there is no
known displacement value that indicates clinical failure
of the hamstring tendons. Previous studies extrapolated
thresholds from rotator cuff repairs, using displacement
values between 5 and 10 mm as the parametric range for
mechanical failure of the repaired hamstring tendons.4,19,40

In comparison, the current threshold for clinical failure of a
distal biceps repair is 10 mm of displacement in the bone-
tendon unit.25,35 Proximal hamstring repairs in our study
showed mean displacement values below the threshold for
failure of rotator cuff and distal biceps repairs.

The hamstring muscle complex varies from the biceps
brachii muscle anatomically and biomechanically.13,24,38

The insertion footprint of the distal biceps brachii is much
smaller than that of the hamstring complex,24 measuring
only 2.8 cm2. In comparison, the common footprint13 of the
semitendinosus and long head of the biceps femoris mea-
sures 5.5 cm2, while the semimembranosus footprint mea-
sures 5.4 cm2. Additionally, the fibers of the proximal
hamstring tendon are aligned vertically to their attach-
ment site at the ischial tuberosity, whereas the biceps bra-
chii tendon rotates 90� as it crosses the elbow joint and
inserts obliquely onto the radial tuberosity.32,39 It is thus
very likely that the threshold for clinical failure due to dis-
placement in hamstring repairs is higher than in biceps
repair.

Recent biomechanical studies have reported loads to fail-
ure for proximal hamstring repairs using various con-
structs.14,17,19 Harvey et al19 found that specimens fixed
with three 2.9-mm single-loaded biocomposite anchors
withstood a mean maximum load of 326 N. In a study by
Hamming et al,17 specimens were tested after hamstring
repair with two 2.9-mm anchors (2-S), two 5.5-mm anchors
(2-L), or five 2.9-mm anchors (5-S). Mean maximum load to
failure was 474 N for the 2-S repair, 543 N for the 2-L
repair, and 1164 N for the 5-S repair.17 Gerhardt et al14

evaluated a knotless anchor configuration with suture
tapes and observed a mean peak load to failure of 767 N.
Our data for mean peak load to failure of all-suture anchors

as well as titanium anchors are within the range reported
in current literature.

For the native proximal hamstring tendons, a mean peak
load to failure between 750 and 1405 N has been
reported.14,17 The mean peak load to failure of all-suture
anchors is within the observed range of native hamstring
tendons. The load to failure of 1405 N for native proximal
hamstring tendons17 shows the magnitude of hamstring
forces on their insertion and may warrant the use of early
postoperative treatment with a hip and knee orthosis to
prevent reruptures.3,7 Additionally, no failure occurred
during cyclic loading in the current study. Here, loads com-
parable with the forces experienced during sprinting were
applied to simulate the cyclic stretching and shortening of
the hamstring muscles.19,33 Consequently, both repair
techniques should be able to prevent failure during walking
and exercising in the early phase of rehabilitation.

There are limitations to this biomechanical study.
Because cadaveric hemipelvis specimens were used, the bio-
logical influence of healing and the physiological effects of
loading on the repair site are unknown. The present study
used a validated biomechanical setup, introduced by Harvey
et al19 except for the motion analysis software. However, the
motion analysis software was evaluated by Grigg et al15 in a
marker-less motion capture study that showed high intra-
tester reliability and low absolute error in kinematic mea-
surements. Another recent study demonstrated the validity
and reliability of Kinovea as an accurate tool for optical
tracking.29 To minimize the possible influence of specimen
slippage on the collected data, a cryoclamp, standardized
tendon markers, a validated video analysis tool, and cor-
rected displacement values were used. To evaluate each
specimen with a comparable repair, a standardized linear
anchor configuration, which was validated in a prior biome-
chanical study, was applied.19 As shown by Hamming et al17

and Gerhardt et al,14 the amount and configuration of
anchors influence the load to failure. Under consideration
of these findings, our results are limited to a linear anchor
configuration. The anchors evaluated in this study might
show higher failure loads in other configurations.

Bisson and Manohar1 demonstrated no difference
between No. 2 FiberWire suture (Arthrex) and 2-mm Fiber-
Wire tape (Arthrex) in elongation or stiffness but showed a
significantly higher ultimate tensile load for FiberWire tape.
Liu et al22 reported significantly higher failure loads for
double-row repairs with 2-mm FiberWire tape in comparison
with No. 2 FiberWire in an ovine rotator cuff repair model.
Leishman and Chudik21 compared SutureTape and No. 2
FiberWire in a biomechanical study and observed significant
higher knot security, tensile stiffness, and failure loads for
SutureTape. These recent findings show that the suture
material in the all-suture anchors and titanium suture
anchors in this study possessed different biomechanical
properties, and this must be considered by the surgeon
choosing between both anchor types for proximal hamstring
repair. The observed differences in the current study might
not only be the result of different anchor types but might also
be due to different suture material. Although the titanium
suture anchors and all-suture anchors in this study were
distinguished by suture material, the titanium suture
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anchors represent a standard implant and are an appropri-
ate reference when evaluating a new anchor type. Further-
more, our data for mean peak load to failure and
displacement for both anchors were within a representative
range reported in the current literature.14,17,19

To our knowledge, a biomechanical evaluation of all-
suture anchors for proximal hamstring repairs had not
been previously performed. Overall, there was a compara-
ble displacement between the 2 types of suture anchors and
a significantly higher load to failure in the all-suture
anchor repairs. Future clinical use of these anchors is
needed to further validate these promising results and
show the relevance and advantages of all-suture anchors
in terms of return to preinjury level and outcomes. Further
analysis of different anchors currently used for proximal
hamstring repair would be interesting for a future study
assessing the economic efficiency between the current
implant types.

CONCLUSION

All-suture anchors with suture tape showed similar dis-
placement and superior load to failure compared with tita-
nium anchors with high-strength suture, demonstrating
that they can be used as an equivalent alternative to tita-
nium anchors in proximal hamstring avulsion repair.
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