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ABSTRACT

Background: Hamstring tendons are often used as autografts for anterior cruciate 
ligament (ACL) reconstruction. However, no systematic review has been performed 
describing consequences, such as hamstring tendon regeneration rate and determinants 
of hamstring tendon regeneration.
Purpose: To summarize the current literature regarding hamstring tendon regeneration 
rate, the time course of regeneration, and determinants of hamstring regeneration.
Study design: Systematic review.
Methods: A search was performed in the Embase, Medline (OvidSP), Web-of-Science, 
Cochrane, PubMed and Google Scholar databases up to June 2014 to identify relevant 
articles. A study was eligible if it met the following inclusion criteria: tendons were 
harvested, regeneration at harvest site was assessed, population size was at least 10 human 
subjects, full-text article was available and the study design was either a randomized 
controlled trial, prospective cohort study, retrospective cohort study or case control 
study. A risk of bias assessment of the eligible articles was determined. Data describing 
hamstring tendon regeneration rates were pooled per time period.
Results: A total of 18 publications met the inclusion criteria. The mean regeneration rate 
for the semitendinosus and gracilis was, in all cases, 70%, or higher. More than 1 year 
after harvesting, 79% (median [IQR], 80 [75.5-90]) of the semitendinosus tendons and 
72% (median [IQR], 80 [61-88.5]) of the gracilis tendons were regenerated. No significant 
differences in regeneration rate could be found considering patient sex, age, height, 
weight or duration of immobilization. Results did not clearly show whether absence of 
regeneration disadvantages the subsequent hamstring function. Five studies measured 
the regeneration rate at different moments in time.
Conclusion: Hamstring tendons regenerated in the majority of patients after ACL 
reconstruction. The majority of the hamstring tendon regeneration was found to occur 
between 1 month and 1 year after harvest. No significant determinants for hamstring 
tendon regeneration could be identified because of a lack of research. The function and 
strength of the regenerated hamstring remained unclear.
Clinical relevance: Insight into hamstring tendon regeneration is of clinical relevance as 
it may influence the choice of ACL graft and it may alter the current rehabilitation after 
harvesting the tendon.
Key terms: hamstring tendon regeneration; determinants; time course; clinical outcome.
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INTRODUCTION

The hamstring has become one of the most often harvested tendons used to reconstruct 
the anterior cruciate ligament (ACL) after rupture18. Hamstring tendon autografts are used 
more often for primary ACL reconstruction compared with bone-patellar tendon-bone 
(BPTB) autografts1,12,17. This may be the result of several advantages to using hamstring 
tendons, such as less donor-site morbidity, fewer kneeling problems, and fewer patellar 
tendon ruptures8,9,32,33.
In 1992, Cross et al5 were the first to describe the potential of hamstring tendons to 
regenerate after harvesting for ACL reconstruction. However, in the following years, 
after observing neotendons by histology or visual means, investigators found that some 
hamstring tendons seemed to lack the ability to regenerate16,27.
Several predictive factors have been identified for tendon regeneration in general. Some 
examples of determinants that may negatively influence tendon regeneration are the use 
of nonsteroidal anti-inflammatory drugs25, the use of nicotine22, and diabetes mellitus10,11. 
However, no systematic review has described determinants for hamstring tendon 
regeneration before.
Knowledge of regeneration of hamstring tendons is of clinical importance, as it may 
influence the choice of ACL graft and may even change rehabilitation programs after 
surgery13. In addition, some patients voice concerns about the consequences of removing 
native tendons and the functional deficits that may result as a consequence. This systematic 
review aimed to answer these questions.
No systematic review has been performed concerning the regeneration of harvested 
hamstring tendons previously, nor has a review been performed to describe determinants 
for hamstring tendon regeneration. The aim of this systematic review was to summarize 
(1) hamstring regeneration rate after harvesting, (2) the time course of regeneration, 
(3) the morbidity and function loss of nonregenerated harvested hamstrings, and (4) 
determinants that may influence the process of regeneration.

METHODS

Search strategy
The search strategy (Supplementary Table 1) was carried out on published literature 
from the following electronic databases: Embase, Medline (OvidSP), Web-of-Science, 
Cochrane, PubMed and Google Scholar. These databases were searched from their 
inception to June 1, 2014. Additionally, the reference list of each included study was 
reviewed.
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Eligibility criteria
A publication was eligible if (1) a surgical procedure that entailed hamstring tendon 
harvesting was used, (2) an evaluation of hamstring regeneration at harvest site was 
performed, (3) the study population consisted of a minimum of 10 patients, (4) the study 
was performed on humans, (5) full-text article was available, and (6) the study design 
was a randomized controlled trial, prospective cohort study, retrospective cohort study, 
or case control study.
Studies were excluded when (1) the outcome was other than specified in the inclusion 
criteria (e.g. evaluation of the hamstring tendon autograft), (2) there was no information 
about the regeneration, or (3) previous hamstring injuries were reported.
Animal studies were also excluded. The search was limited for language (English, Dutch, 
French, German, or Spanish).

Identification of eligible studies
Identified studies were screened, based on title and/or abstract, independently by 2 
reviewers (M.S., D.M.). Full-text versions of the selected studies were reviewed, and if 
they met the eligibility criteria, the study was included in the current systematic review. 
Disagreements were solved by consensus.

Data extraction
Three independent reviewers (M.S., S.L., and J.P.) performed data extraction from each 
included publication. Extracted characteristics of the included studies were as follows: 
number of included subjects, sex, average age, time between surgery and evaluation, 
imaging technique and experience of examiner. The outcome measures were percentages 
of tendon regeneration, the time course of regeneration, the morbidity of harvested 
hamstrings not regenerated, and determinants predicting the regeneration potential of 
the hamstring tendon. Hamstring tendon regeneration rates are displayed in percentages 
based on their follow-up periods (less than or more than 1 year).

Risk-of-bias assessment
We assessed the risk of bias of studies using a quality assessment list (Table 1), based 
on modified questions of existing quality assessment tools6, 7, 29. The purposes of 
this systematic review were of a different nature. Studies reporting the rate of tendon 
regeneration were considered to have a low risk of bias if consecutive patients were 
included and if the imaging technique used was valid and reliable. Next to these criteria, 
in order to be considered to have a low risk of bias, articles investigating a relationship 
between tendon regeneration and determinants of regeneration or clinical outcome had 
to use valid determinants as well as an unbiased assessment of the study outcome and 
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determinants. Two independent researchers performed the risk-of-bias assessment. 
Disagreement was solved by consensus.

Table 1. Criteria for the risk-of-bias assessment.

Question Response

1. Is there a clearly stated aim? The study must have a study question, main aim or objective. 
The question addressed must be precise and relevant in light 
of the available literature. To be judged as adequate, the aim of 
the study must be consistent with the description given in the 
introduction of the paper.

2. Were consecutive patients included?a, b The investigators must state ‘consecutive patients’ or ‘all patients 
during period from X to X.’

3. Are inclusion and exclusion criteria described? Inclusion and exclusion criteria must be reported.

4. Is the inclusion of patients described? The number of eligible patients who agreed to participate (ie. 
gave consent) must be reported.

5. Was data collection prospective? That is, were 
data collected according to a protocol established 
before the beginning of the study?

The investigators should state ‘prospective’ or ‘follow-up’. A 
study is not prospective when the study design is a chart review 
or database review.

6. Was the imaging technique used to confirm 
regeneration valid and reliable?a, b

To be judged as adequate, at least 1 of the following imaging 
techniques must be used: histological biopsy, magnetic 
resonance imaging, echo / ultrasound, computed tomography. 
All other imaging techniques are judged as inadequate.

7. Was assessment of the study outcome and 
determinants unbiased?b

To be judged as adequate, outcome(s) and determinants have to 
be measured independently of each other.

8. Were the determinants measures used 
accurate (valid and reliable)?b

To be judged as adequate, the determinant measures must be 
shown to be valid and reliable, or the investigators must refer to 
other work that demonstrates the determinant measures to be 
accurate.

9. Was the follow-up period appropriate for the 
aim of the study?

To be judged as adequate, the study must report the follow-up 
period, and a study must entail 3 months’ minimal follow-up.

10. Was loss of follow-up reported and 
acceptable?

To be judged as adequate, the study must report the loss of 
follow-up, and the loss of follow-up must be ≥20%.

11. Was the sample size calculated before the 
study was initiated?

To be judged as adequate, calculation of the sample size must 
have been made before the study was initiated.

12. Were the statistical analyses adequate? To be judged as adequate, the following aspects must be met:
-  The relationship between the determinant and the primary 

outcome was described.
-  There was an adjustment for age and/or sex. A study was 

inadequate if the effect of the main confounders was not 
investigated or confounding was demonstrated but no 
adjustment was made in the final analyses.

-  The variance of the outcome was reported (e.g. standard 
deviation, confidence interval)

aJudged as adequate for studies investigating the rate of hamstring tendon regeneration.
bJudged as adequate for studies investigating a relationship between hamstring tendon regeneration and 
determinants or clinical outcome.
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When the article met the criterion, 1 point was granted, if the criterion was not met, 0 
points were given. If the information concerning the specific criterion was not available 
in the study and information was not available after contacting the authors, 0 points were 
given.

Statistical analysis
In this systematic review, data for hamstring tendon regeneration were pooled. 
Regeneration rates less than 1 year after harvesting were pooled, and regeneration rates 
more than 1 year after harvesting were pooled. Distribution of the pooled data are 
displayed as median and interquartile range (IQR).

RESULTS

Literature search
From initial 2957 relevant articles identified, 2939 publications were excluded based on 
title and abstract, because they did not meet the inclusion criteria. Consequently, a total 
of 18 studies were included. A flow chart of the literature search is presented in Figure 1.
Hamstring tendon regeneration rates were reported in 17 of the included studies, and 
6 of the included studies reported possible determinants for hamstring regeneration or 
clinical outcome. Chapter 2 figuur 2 
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Removal of duplicates (n=8.809) 
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 (n=2.957)  
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(n=2.939)  

Studies included in systematic 
review (n=18)  

Figure 1. Flow chart.

Risk-of-bias assessment
According to the predefined criteria, 6 articles that considered the rate of hamstring 
tendon regeneration had a low risk of bias4, 11, 15, 26, 27, 30. Three studies investigating 
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possible determinants for hamstring regeneration or clinical outcome had a low risk 
of bias4, 11, 26 (Supplementary Table 2). Other studies did not meet the criteria and were 
therefore considered to have a high risk of bias.

Study characteristics
The study sizes ranged from 10 to 50 patients. The average age of the included patients 
varied from 20 to 37 years. Male participation ranged from 27% to 100%. Follow-up 
time ranged from 1 week to 10 years. Table 2 shows the data extraction of the studies 
evaluating hamstring tendon regeneration after harvesting.

Measuring methods
The included studies used different imaging techniques to determine regeneration of the 
hamstring tendons. Magnetic Resonance Imaging (MRI) was the most common used 
technique (12/18)2, 4, 9, 11, 15, 19, 23, 24, 28, 30, 34, 35. Other techniques used were 3-dimensional 
computed tomography (2/18)20, 21, histological biopsy (3/18)9, 26, 31 and ultrasound 
(3/18)3, 27, 31.
To be assessed as regeneration, all the included studies demanded at least regrowth 
of tendon tissue. Next to this, different studies used their own scoring system with 
additional points of interest (e.g. cross-sectional area of muscles and tendons, muscle 
volume, muscle length, proximal shift of the musculotendinous junction, pixel value, and 
insertion site) to assess the presence or absence of regeneration.

Tendon regeneration
All included studies reported their exact regeneration rates except from Rispoli et al28. 
The regeneration rates varied overall from 50% to 100% for the semitendinosus tendon 
and from 46% to 100% for the gracilis tendon (Table 3). Regeneration of the gracilis 
tendon was only measured by use of MRI. After the data were pooled, the overall mean 
regeneration rate in the first year after harvesting was 91% (median [IQR], 97[74-100]) 
for the semitendinosus and 100% for the gracilis tendon. The overall mean regeneration 
rate more than 1 year after harvesting was 79% (median [IQR], 80 [75.5-90]) for the 
semitendinosus and 72% (median [IQR], 80 [61-88.5]) for the gracilis.

Time path of tendon regeneration
Five studies determined the regeneration rate at different points in the first year after 
ACL reconstruction. Eriksson et al.11 described that no tendon regeneration could be 
observed 2 weeks after surgery, but 6 months after surgery, the majority of the patients 
(73%) showed regeneration.
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Nakamae et al.21 reported that no regeneration could be observed 1 month after surgery. 
However, 90% of the patients showed regeneration at 9 months after ACL reconstruction, 
and all the patients showed regeneration after 1 year21.
In accordance with Eriksson et al.11, Papandrea et al.27 did not report any regeneration 
after 2 weeks. Papandrea et al.27 reported that after 12 months, all fibers of the regenerated 
tendon were attached to the medial popliteal fascia.
Rispoli et al.28 made no differentiation between regeneration of the semitendinosus 
and gracilis tendon, but the authors reported fluid or edema in the semitendinosus and 
gracilis tract 2 weeks after harvesting. Although a neotendon seemed to be present after 
12 months, the most distal 3 to 4 cm of this neotendon remained ill defined28.
Murakami et al.19 used an inducer technique meaning that the gastrocnemius branch of 
the harvested semitendinosus was used as a graft to improve the regeneration process. 
This study reported tendon regeneration in all patients 1 month after ACL reconstruction.

Table 3. Regeneration rates before and after 1 year of follow-up.

Regeneration rate, % (n/N)

≤1-y follow-up >1-y follow-up

Author (Year) Imaging technique Semitendinosus Gracilis Semitendinosus Gracilis

Eriksson et al.11 (1999) MRI 73 (8/11)

Papandrea et al.27 (2000) US 100 (40/40)

Eriksson et al.9 (2001) MRI/ Histology 75 (12/16)

Rispoli et al.28 (2001) MRI 100 (20/20)

Tadokoro et al.34 (2004) MRI 79 (22/28) 46 (13/28)

Nakamae et al.21 (2005) 3D-CT 100 (20/20)

Nishino et al.23 (2006) MRI 91 (21/23)

Okahashi et al.26 (2006) Histology 82 (9/11)

Takeda et al.35 (2006) MRI 100 (11/11) 82 (9/11)

Åhldén et al.1 (2012) MRI 89 (17/19) 95 (18/19)

Bedi et al.3 (2012) US 50 (9/18)

Choi et al.4 (2012) MRI 80 (36/45) 76 (34/45)

Janssen et al.15 (2012) MRI 64 (14/22) 100 (22/22)

Murakami et al.19 (2012) MRI 100 (16/16)

Nakamae et al.20 (2012) 3D-CT 97 (38/39)

Snow et al.30 (2012) MRI 80% (8/10)

Stevanović et al.31 (2013) US/ Histology 72 (18/25)

Nomura et al.24 (2014) MRI 88 (21/24)

Total
Median (Interquartile range)

91 (177/195)
97 (74-100)

100 (22/22) 79 (142/179)
80 (75.5-90)

72 (74/103)
80 (61-88.5)

aData are reported as percentage (absolute values) unless otherwhise indicated. 3D-CT, three-dimensional com-
puted tomography; MRI, magnetic resonance imaging; US, ultrasound.
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These five studies show that the process of regeneration took place the first year after 
harvesting and that the regeneration rate could be 100% after one year. However, none of 
these studies reported a clearly defined time period of regeneration. Other studies, with 
only one evaluation moment, reported regeneration rates for the semitendinosus ranging 
from 64% to 97%15, 20.

Determinants for tendon regeneration
Six publications reported possible determinants, such as sex, demographic data, and 
duration of immobilization4, 9, 11, 20, 26, 35.
Patient sex Only 5 publications made a distinction in regeneration rated based on 
sex4, 9, 11, 26, 35. In these publications collectively, regeneration in men could be observed in 
85.5% of the cases and in women in 83.3% of the cases. No study reported a significant 
difference in regeneration rate between men and women.
Demographic data Choi et al.4 and Nakamae et al.20 investigated the effect of several 
demographic factors on hamstring tendon regeneration. No significant difference in 
hamstring tendon regeneration could be found based on age, weight, or height.
Duration of immobilization Nakamae et al. described the effect of duration of 
immobilization after ACL reconstruction on tendon regeneration. They divided the study 
population into 2 groups: a control group with a standard rehabilitation protocol with 
3 days of immobilization (short immobilization) and the intervention group with of 10 
to 14 days of immobilization (long immobilization). In the short immobilization group, 
all patients but one showed tendon regeneration. In the long immobilization group, a 
tendon-like structure was confirmed in all cases. The difference in regeneration rate was 
not statistically significant (p=0.42)20.

Tendon regeneration in relationship with clinical outcome
Seven studies determined whether tendon regeneration influenced the clinical 
outcome4, 9, 15, 19, 20, 23, 34. Clinical outcome was defined as hamstring function and hamstring 
strength.
Choi et al.4 noted that patients without regenerated tendons had more than 4 times as 
much flexor strength deficit compared with patients with 2 regenerated tendons (p<0.05). 
Furthermore, a correlation (ρ=-0.443) was noted between the number of regenerated 
tendons and the amount of functional deficit. This contradicts the results of Janssen et 
al.15 who did not report a significant difference in flexion and extension strength between 
the patients with both hamstring tendons regenerated and the patients with 1 regenerated 
tendon.
Eriksson et al.9 performed several functional performance tests. The Lysholm scores 
showed no statistical difference between the regeneration and no-regeneration group. 
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Furthermore, regarding hamstring strength, no statistical difference between the 
regenerated group and non-regenerated group could be found.
Nakamae et al.20 considered hamstring strength and reported no significant correlation 
between hamstring peak torque and the types of regenerated tendon.
Nishino et al.23 showed that hamstring strength was greatest when the semitendinosus 
tendon regenerated and had a normal length. Hamstring strength was lowest when no 
semintendinosus tendon-like structure could be identified. Unfortunately, no p-values 
were reported.
Using ultrasound, Tadokoro et al.34 were able to differentiate between different 
morphologic regeneration (hypertrophic, atrophic, and unidentifiable regeneration) of 
semitendinosus and gracilis tendons. The hamstring strength of the operated leg was 
compared with the hamstring strength in the nonoperated side. The nonoperated side 
had significantly greater hamstring strength in all cases, except for the hypertrophic 
gracilis tendon group (p=0.077).

DISCUSSION

This systematic review aimed to provide an overview of the current evidence regarding 
hamstring tendon regeneration after harvesting.
The mean regeneration rate less than 1 year and at least 1 year after harvesting for the 
semitendinosus tendon was 91% (median [IQR], 97 [74-100]) and 79% (median [IQR], 
80 [75.5-90]), respectively; for the gracilis tendon, it was 100% and 72% (median 
[IQR], 80 [61-88.5]), respectively. The majority of the hamstring tendon regeneration 
was found to occur between 1 month and 1 year after harvest. No determinants for 
tendon regeneration are described. Six studies determined whether tendon regeneration 
influenced the clinical outcome. However, results of these studies are contradictory.
The included studies reported a wide range of regeneration rates. Several explanations 
can be found for this variation. First, all the included studies used other points of interest 
to assess the rate of regeneration. Second, the assessments are mostly dichotomous, which 
is not in accordance with a gradual, continuous process expected in tendon regeneration. 
Third, studies used different imaging techniques to visualize tendon regeneration. It 
is unlikely that these techniques are equal in all aspects to determine the hamstring 
regeneration. Fourth, patient characteristics such as sample size, age, and sex differed. In 
short, the wide range in reported regeneration rates might be due to the heterogeneity in 
study designs and how tendon regeneration was assessed.
We found counterintuitive results when comparing the high regeneration rates less 
than 1 year after harvesting and the relatively low regeneration rates more than 1 year 
after harvesting. Our aim is to identify the time course of regeneration. This could be 

Hamstring tendon regeneration: a systematic review 11



established best if only prospective studies were included, measuring regeneration rates 
at different points in time. Studies measuring regeneration only once are less accurate, 
as it is unknown whether regeneration was present before. Considering the included 
studies in this systematic review, it becomes clear that a majority of the studies reporting 
regeneration rates in the first year only had 1 measurement moment9, 19, 21, 27, 28. This may 
have contributed to an overestimation in studies measuring regeneration rates less than 
1 year after harvesting.
The current systematic review aims to clarify the time course of regeneration. Janssen 
and Scheffler14 described in a systematic review 3 different stages of a regenerating 
hamstring; however, the time course of these stages remained unclear. Five studies 
assessed the regeneration rates in patients at different chronological moments the first 
year after harvesting for ACL reconstruction11, 19, 21, 27, 28. Four of these studies reported a 
regeneration rate of 100% after one year19, 21, 27, 28. This result was contradictory to studies 
that used one measure point in time, as several studies reported regeneration rates less 
than 100% in the first year after surgery. Therefore, it remains unclear when regeneration 
is completed and whether reported regeneration rates in the first year after harvesting 
are an overestimation or an underestimation, respectively, due to studies with several 
measurement moments and with a single measurement moment. Studies that used more 
than 1 evaluation point measured a different number of patients at each evaluation point. 
It was not reported whether these patients were the same individuals as the ones who 
were evaluated before11, 21, 28. So the exact time course of regeneration could not be exactly 
clarified, but the majority of hamstring tendon regeneration was found to occur between 
1 month and 1 year after harvest.
Another aim of this systematic review was to identify predictive factors for regeneration. 
Some studies mentioned regeneration rates in men and women separately, but sex as a 
determinant for hamstring tendon regeneration has never been researched. Vourazeris 
et al. considered the possibility of fatty infiltration as an inhibiting factor for tendon 
regeneration in rabbits. However, no fatty infiltration could be found over time after 
hamstring tendon harvesting36. Fatty infiltration cannot be considered as a determinant. 
Altogether, we conclude that neither positive nor negative predictors for hamstring 
tendon regeneration have been described in current literature.
Only 7 studies investigated the relationship between regeneration and clinical 
outcome4, 9, 15, 19, 20, 23, 34. However, these results were contradictory. Choi et al.4 reported 
that the number of regenerated tendons influenced hamstring function. Thus, the clinical 
consequences of the absence of regeneration remain unclear.
In future, more research is required to identify determinants of hamstring tendon 
regeneration. This is important, because if any determinants can be specified, a risk profile 
for regeneration failure could be developed. Based on this risk profile, it will be possible 
to assess whether reharvesting may be possible in the future. Further, more knowledge 
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about the clinical outcome in terms of hamstring strength and hamstring function after 
regeneration may influence the type of surgery chosen. However, because the clinical 
consequences of absence of regeneration remain unclear, better studies are needed to 
clarify this. Rehabilitation programs should be redesigned if it is found that mechanical 
load is a positive or negative predictive factor for regeneration. Further, knowledge about 
the time course of regeneration can change rehabilitation programs, because without 
hamstring regeneration these muscles cannot be rehabilitated or exercised.
The risk-of-bias assessment that we performed showed that the probability of bias is 
high. Six studies that examined hamstring tendon regeneration were considered to have 
a low risk of bias4, 11, 15, 26, 27, 30. Only Choi et al.4, Eriksson et al.11, and Okahashi et al.26, 
investigating the relationship between hamstring tendon regeneration and determinants 
of regeneration and clinical outcome, met the criteria described in the methods 
section4, 11, 26. The strength of evidence is therefore limited because of the quality of the 
available studies. Another weakness of this systematic review is the population size in the 
included studies. Only 2 studies performed a calculation of sample size, and other studies 
were underpowered to allow firm conclusions. However, this systematic review pooled 
data concerning hamstring regeneration and therefore approximated real regeneration 
rates. For this reason, we conclude that hamstring tendons regenerate after harvesting in 
at least 70% of the cases.
In conclusion, the results of this systematic review indicate that the semitendinosus 
and gracilis tendon regenerate in the majority of the patients after harvesting for ACL 
reconstruction. The pooled regeneration rate for the semitendinosus tendon and for the 
gracilis tendon is at least 70% in all cases. While the exact time couse of regeneration 
could not be determined exactly due to heterogeneity of the study designs, the majority 
of hamstring tendon regeneration was found to occur between 1 month and 1 year 
after harvest. No positive or negative determinants for tendon regeneration have been 
described yet. Because of conflicting evidence, no correlation could be described 
between tendon regeneration and clinical outcome. Considering the possible potential 
clinical effect, it is of vital importance to perform more prospective research concerning 
hamstring tendon regeneration after harvesting, its functional deficit, and determinants 
that influence regeneration.

ACKNOWLEDGEMENTS

The authors are grateful to the following persons: W. Bramer, medical librarian of the 
Erasmus MC, for his assistance in performing the literature search, and Marc F.N.J. van 
den Beemt for his aid in performing the risk-of-bias assessment.

Hamstring tendon regeneration: a systematic review 13



REFERENCES

 1. Ahlden M, Samuelsson K, Sernert N, Forssblad M, Karlsson J, Kartus J. The Swedish National Anterior 
Cruciate Ligament Register: a report on baseline variables and outcomes of surgery for almost 18,000 
patients. Am J Sports Med. 2012;40(10):2230-2235.

 2. Ahlden M, Liden M, Bovaller A, Sernert N, Kartus J. Bilateral magnetic resonance imaging and 
functional assessment of the semitendinosus and gracilis tendons a minimum of 6 years after ipsilateral 
harvest for anterior cruciate ligament reconstruction. Am J Sports Med. 2012;40(8):1735-1741.

 3. Bedi A, Srinivasan RC, Salata MJ, Downie B, Jacobson JA, Wojtys EM. Structural and functional 
analysis of the semitendinosus tendon after harvest for soft tissue reconstructive procedures: a dynamic 
ultrasonographic study. Knee Surg Sports Traumatol Arthrosc. 2013;21(3):606-614.

 4. Choi JY, Ha JK, Kim YW, Shim JC, Yang SJ, Kim JG. Relationships among tendon regeneration on 
MRI, flexor strength, and functional performance after anterior cruciate ligament reconstruction with 
hamstring autograft. Am J Sports Med. 2012;40(1):152-162.

 5. Cross MJ, Roger G, Kujawa P, Anderson IF. Regeneration of the semitendinosus and gracilis tendons 
following their transection for repair of the anterior cruciate ligament. Am J Sports Med. 1992;20(2):221-
223.

 6. Deeks JJ, Dinnes J, D’Amico R, et al. Evaluating non-randomised intervention studies. Health Technol 
Assess. 2003;7(27):iii-x, 1-173.

 7. Downs SH, Black N. The feasibility of creating a checklist for the assessment of the methodological 
quality both of randomised and non-randomised studies of health care interventions. J Epidemiol 
Community Health. 1998;52(6):377-384.

 8. Ejerhed L, Kartus J, Sernert N, Kohler K, Karlsson J. Patellar tendon or semitendinosus tendon 
autografts for anterior cruciate ligament reconstruction? A prospective randomized study with a two-
year follow-up. Am J Sports Med. 2003;31(1):19-25.

 9. Eriksson K, Hamberg P, Jansson E, Larsson H, Shalabi A, Wredmark T. Semitendinosus muscle in 
anterior cruciate ligament surgery: Morphology and function. Arthroscopy. 2001;17(8):808-817.

 10. Eriksson K, Kindblom LG, Hamberg P, Larsson H, Wredmark T. The semitendinosus tendon 
regenerates after resection: a morphologic and MRI analysis in 6 patients after resection for anterior 
cruciate ligament reconstruction. Acta Orthop Scand. 2001;72(4):379-384.

 11. Eriksson K, Larsson H, Wredmark T, Hamberg P. Semitendinosus tendon regeneration after harvesting 
for ACL reconstruction. A prospective MRI study. Knee Surg Sports Traumatol Arthrosc. 1999;7(4):220-
225.

 12. Granan LP, Forssblad M, Lind M, Engebretsen L. The Scandinavian ACL registries 2004-2007: baseline 
epidemiology. Acta Orthop. 2009;80(5):563-567.

 13. Heiderscheit BC, Sherry MA, Silder A, Chumanov ES, Thelen DG. Hamstring strain injuries: 
recommendations for diagnosis, rehabilitation, and injury prevention. J Orthop Sports Phys Ther. 
2010;40(2):67-81.

 14. Janssen RP, Scheffler SU. Intra-articular remodelling of hamstring tendon grafts after anterior cruciate 
ligament reconstruction. Knee Surg Sports Traumatol Arthrosc. 2013.

 15. Janssen RP, van der Velden MJ, Pasmans HL, Sala HA. Regeneration of hamstring tendons after anterior 
cruciate ligament reconstruction. Knee Surg Sports Traumatol Arthrosc. 2013;21(4):898-905.

14 Erasmus Medical Center Rotterdam



 16. Jarvinen TL, Jarvinen TA, Penttila T, Harilainen A, Sandelin J, Paakkala T. Failed regrowth of the 
harvested semitendinosus tendon: a rare complication of tendon harvest after anterior cruciate ligament 
reconstruction. Arthroscopy. 2003;19(4):E31.

 17. Magnussen RA, Granan LP, Dunn WR, et al. Cross-cultural comparison of patients undergoing ACL 
reconstruction in the United States and Norway. Knee Surg Sports Traumatol Arthrosc. 2010;18(1):98-
105.

 18. Meuffels DE, Poldervaart MT, Diercks RL, et al. Guideline on anterior cruciate ligament injury. Acta 
Orthop. 2012;83(4):379-386.

 19. Murakami H, Soejima T, Inoue T, et al. Inducement of semitendinosus tendon regeneration to the 
pes anserinus after its harvest for anterior cruciate ligament reconstruction-A new inducer grafting 
technique. Sports Med Arthrosc Rehabil Ther Technol. 2012;4(1):17.

 20. Nakamae A, Deie M, Adachi N, Nakasa T, Nishimori M, Ochi M. Effects of knee immobilization on 
morphological changes in the semitendinosus muscle-tendon complex after hamstring harvesting for 
anterior cruciate ligament reconstruction: evaluation using three-dimensional computed tomography. 
J Orthop Sci. 2012;17(1):39-45.

 21. Nakamae A, Deie M, Yasumoto M, et al. Three-dimensional computed tomography imaging evidence 
of regeneration of the semitendinosus tendon harvested for anterior cruciate ligament reconstruction: 
a comparison with hamstring muscle strength. J Comput Assist Tomogr. 2005;29(2):241-245.

 22. Nho SJ, Yadav H, Shindle MK, Macgillivray JD. Rotator cuff degeneration: etiology and pathogenesis. 
Am J Sports Med. 2008;36(5):987-993.

 23. Nishino A, Sanada A, Kanehisa H, Fukubayashi T. Knee-flexion torque and morphology of the 
semitendinosus after ACL reconstruction. Med Sci Sports Exerc. 2006;38(11):1895-1900.

 24. Nomura Y, Kuramochi R, Fukubayashi T. Evaluation of hamstring muscle strength and morphology 
after anterior cruciate ligament reconstruction. Scand J Med Sci Sports. 2014.

 25. O’Connor JP, Lysz T. Celecoxib, NSAIDs and the skeleton. Drugs Today (Barc). 2008;44(9):693-709.

 26. Okahashi K, Sugimoto K, Iwai M, et al. Regeneration of the hamstring tendons after harvesting for 
arthroscopic anterior cruciate ligament reconstruction: a histological study in 11 patients. Knee Surg 
Sports Traumatol Arthrosc. 2006;14(6):542-545.

 27. Papandrea P, Vulpiani MC, Ferretti A, Conteduca F. Regeneration of the semitendinosus tendon 
harvested for anterior cruciate ligament reconstruction. Evaluation using ultrasonography. Am J Sports 
Med. 2000;28(4):556-561.

 28. Rispoli DM, Sanders TG, Miller MD, Morrison WB. Magnetic resonance imaging at different time 
periods following hamstring harvest for anterior cruciate ligament reconstruction. Arthroscopy. 
2001;17(1):2-8.

 29. Slim K, Nini E, Forestier D, Kwiatkowski F, Panis Y, Chipponi J. Methodological index for non-
randomized studies (minors): development and validation of a new instrument. ANZ J Surg. 
2003;73(9):712-716.

 30. Snow BJ, Wilcox JJ, Burks RT, Greis PE. Evaluation of muscle size and fatty infiltration with MRI 
nine to eleven years following hamstring harvest for ACL reconstruction. J Bone Joint Surg Am. 
2012;94(14):1274-1282.

 31. Stevanovic V, Blagojevic Z, Petkovic A, et al. Semitendinosus tendon regeneration after anterior cruciate 
ligament reconstruction: can we use it twice? Int Orthop. 2013;37(12):2475-2481.

Hamstring tendon regeneration: a systematic review 15



 32. Svensson M, Kartus J, Christensen LR, Movin T, Papadogiannakis N, Karlsson J. A long-term serial 
histological evaluation of the patellar tendon in humans after harvesting its central third. Knee Surg 
Sports Traumatol Arthrosc. 2005;13(5):398-404.

 33. Svensson M, Sernert N, Ejerhed L, Karlsson J, Kartus JT. A prospective comparison of bone-patellar 
tendon-bone and hamstring grafts for anterior cruciate ligament reconstruction in female patients. 
Knee Surg Sports Traumatol Arthrosc. 2006;14(3):278-286.

 34. Tadokoro K, Matsui N, Yagi M, Kuroda R, Kurosaka M, Yoshiya S. Evaluation of hamstring strength 
and tendon regrowth after harvesting for anterior cruciate ligament reconstruction. Am J Sports Med. 
2004;32(7):1644-1650.

 35. Takeda Y, Kashiwaguchi S, Matsuura T, Higashida T, Minato A. Hamstring muscle function after 
tendon harvest for anterior cruciate ligament reconstruction: evaluation with T2 relaxation time of 
magnetic resonance imaging. Am J Sports Med. 2006;34(2):281-288.

 36. Vourazeris JD, Lawless MW, Markert RJ, Stills HF, Boivin GP. Semitendinosus muscle fatty infiltration 
following tendon harvest in rabbits. J Orthop Res. 2013;31(8):1234-1239.

16 Erasmus Medical Center Rotterdam



SUPPLEMENTARY DATA

Supplementary Table 1. Search terms.
(Hamstring/de OR ‘semitendinous muscle’/de OR ‘gracilis muscle’/de OR (hamstring*
OR semitendin* OR gracilis* OR ((single OR double) NEAR/3 bundle*)):ab,ti) AND
(harvesting/de OR autograft/de OR ‘tendon graft’/de OR ‘anterior cruciate ligament
reconstruction’/de OR ‘anterior cruciate ligament’/de/dm_su OR ‘anterior cruciate
ligament injury’/de/dm_su OR ‘anterior cruciate ligament rupture’/de/dm_su OR
((‘anterior cruciate ligament’/de) AND (‘ligament surgery’/de)) OR (harvest* OR
autograft* OR autotransplant* OR gathering* OR transect* OR ((acl OR ‘anterior
cruciate’) NEAR/3 (surg* OR repair* OR reconstruct*))):ab,ti) AND (regeneration/exp
OR evaluation/de OR ‘muscle function’/de OR strength/de OR ‘muscle strength’/de OR ‘tensile strength’/de OR 
torque/de OR ‘knee function’/de OR ‘neuromuscular
function’/de OR ‘range of motion’/de OR ‘muscle contraction’/de OR ‘physical
examination’/de OR ‘medical examination’/exp OR ‘function test’/de OR ‘joint
laxity’/de OR ‘knee instability’/de OR ‘joint instability’/de OR biomechanics/de OR
(recover* OR regenerat* OR evaluat* OR function* OR strength* OR torque* OR torsion* OR force* OR flexion* 
OR (range NEAR/3 motion*) OR (physical* NEAR/3 examin*) OR stabilit* OR instab* OR laxit* OR rotat* OR 
biomechanic*):ab,ti) NOT ([animals]/lim NOT [humans]/lim) AND ([english]/lim OR [dutch]/lim) NOT ([meta 
analysis]/lim OR [systematic review]/lim OR [editorial]/lim OR [letter]/lim OR [note]/lim OR [review]/lim)
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SUPPLEMENTARY DATA

Supplementary Table 2. Risk-of-bias assessment.

Author (Year) 1 2a, b 3 4 5 6a, b 7b 8b 9 10 11 12 Risk of bias

Eriksson et al.(1999) 1 1 0 0 1 1 1 1 0 0 0 0 Low

Papandrea et al. (2000) 1 1 0 0 1 1 0 0 1 0 0 0 Low

Eriksson et al. (2001) 1 0 1 0 1 1 1 1 1 1 0 0 High

Rispoli et al. (2001) 1 0 0 1 1 1 0 0 1 0 0 0 High

Tadokoro et al. (2004) 1 0 1 0 0 1 0 0 1 0 0 0 High

Nakamae et al.(2005) 1 0 1 0 1 1 0 0 1 0 0 0 High

Nishino et al. (2006) 1 0 0 0 1 1 0 0 1 0 0 0 High

Okahashi et al. (2006) 0 1 0 1 1 1 1 1 1 0 0 0 Low

Takeda et al. (2006) 1 0 0 0 1 1 0 1 1 0 0 0 High

Ahlen et al. (2012) 1 0 0 0 0 1 0 0 1 0 1 0 High

Bedi et al. (2012) 1 0 1 0 1 1 0 0 0 0 0 0 High

Choi et al. (2012) 1 1 1 0 1 1 1 1 1 0 0 1 Low

Janssen et al. (2012) 1 1 1 0 1 1 0 0 1 0 1 0 Low

Murakami et al. (2012) 1 0 0 0 1 1 0 0 1 0 0 0 High

Nakamae et al. (2012) 1 0 1 0 0 1 0 0 1 0 1 0 High

Snow et al. (2012) 1 1 1 0 1 1 0 0 1 0 0 0 Low

Stevanovic et al.(2013) 1 0 1 1 1 1 0 0 1 0 0 0 High

Nomura et al. (2014) 1 0 1 0 1 1 0 0 1 0 1 0 High

The numbers 1 to 12 represent questions from the risk of bias assessment.
astudies reporting about hamstring tendon regeneration rate should obtain 1 point to decrease the risk of bias.
bstudies investigating relationship between tendon regeneration and determinants should obtain 1 point to decrease 
the risk of bias.
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