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██ Abstract

Background – Semitendinosus and gracilis tendons may regenerate after harvest-
ing for ligament reconstruction procedures. However, predictive factors of tendon 
regeneration and the extent of functional recovery remain unclear.

Purpose – To identify predictive factors for hamstring tendon regeneration and 
examine the morbidity of non-regenerated hamstring tendons.

Study design – Cohort study
Methods – 79 of the 154 patients who were included in a prospective follow-up 

study, underwent reconstruction of the anterior cruciate ligament entailing the 
hamstring tendons and met the following inclusion criteria: (1) ACL rupture diag-
nosed by physical examination and MRI; (2) MRI within 6 months after trauma; 
(3) age between 18 and 45 years; and (4) two-years follow-up MRI data available. 
Hamstring tendon regeneration was assessed as complete if a tendon-like structure 
could be visualized at level of joint line or more cranially. Patient characteristics 
such as age, gender, body mass index, alcohol or nicotine use, activity-level (Teg-
ner scores) and functional instability (one-leg hoptest) at baseline and two years 
follow-up were evaluated to determine predictive factors for tendon regeneration 
or to examine functional recovery of hamstring tendon regeneration.

Results – At two years follow-up 67.1% of the patients showed regeneration of 
semitendinosus tendons, 81.0% of gracilis tendons and 59.5% of both tendons. Ag-
ing (Odds Ratio (OR) 0.92 change per year of age, 95% confidence interval (CI) 0.84 
to 0.99, p=0.03) and smoking (OR 0.20, 95% CI 0.05 to 0.77, p=0.02) significantly de-
creased the likelihood of semitendinosus tendon regeneration. No predictive factor 
was found for gracilis tendon regeneration. Regeneration of both the semitendino-
sus and gracilis tendon was negatively related with smoking (OR 0.22, 95% CI 0.06 
to 0.79, p=0.02). Compared to pre-operative results, patients without regeneration 
showed post-operatively similar VAS scores during physical activity, similar Tegner 
scores and a significant decrease of the upper leg circumference. Regardless the 
regeneration status, one-leg hop-test results significantly increased at two years 
follow-up.

Conclusions – Hamstring tendon regeneration occurs less frequently in older 
patients and in smokers. However, absence of regenerated tendons does not seem 
to cause a loss-of-function.

Clinical relevance – Pre-operative assessment of regeneration chances and an 
indication of patient’s importance of hamstring tendon regeneration.

Key Terms – hamstring tendon regeneration, predictive factors, functional out-
come, recovery

What is known about the subject – Hamstring tendon regeneration has been 
known for a long time and it has been investigated extensively. However, currently 
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it is unknown what factors affect regeneration chances and, because of conflicting 
evidence, the importance for patients such as morbidity remains unclear.

What this study adds to existing knowledge – This is the first study that inves-
tigated predictive factors for hamstring tendon regeneration and that was able 
to identify significantly correlated factors. Furthermore, this study assessed func-
tional recovery in patients with and without hamstring tendon regeneration based 
on both patient reported outcome measurements, and one-leg hoptest and thigh 
circumferences measurements.

██ Introduction

Anterior cruciate ligament (ACL) rupture is a common sports-related injury of the 
knee. Estimations of annual incidences reach up to approximately 5 to 8 per 10,000 
persons.26, 31 Numerous graft choices exist for ACL reconstruction, such as ham-
string tendons autografts and bone-patellar tendon-bone (BPTB) autografts. Due to 
donor-site morbidity and patellar tendon ruptures with the use of BPTB autografts, 
hamstring tendon autografts are a commonly employed option.1, 15, 22, 43

Cross et al. were the first describing the potential of hamstring tendons to re-
generate after harvesting procedures for ACL reconstructions.12 In a previous study, 
it is described that after having harvested the hamstring tendons, semitendinosus 
and gracilis tendons regenerate in at least 70% of the patients.37 Currently, it is 
unknown why some tendons lack the capacity to regenerate.37 Mechanical load 
and controlled mobilization are related with a beneficial effect on tendon recovery 
after injury.4, 42, 45 On the contrary, smoking23, aging29, 33 and the use of alcohol16 
are related with tendon healing failure. The role of non-steroid anti-inflammatory 
drugs (NSAIDs) in healing processes remains unclear. 14, 32 However, the available 
literature does not describe predictive factors for hamstring tendon regeneration 
specifically, which could be considered as a different process compared with ten-
don healing.

A systematic review previously reported about the morbidity and function loss 
of non-regenerated hamstrings.37 Currently, the exact mechanism of the absence 
of hamstring tendon regeneration is unclear. Several cases have been described 
in which patients experienced a persistent sharp pain in the dorsal aspect of the 
thigh in the early stage after surgery. This may be caused by the rupturing of 
the regenerated structure.28 Another explanation might be that the human body 
suspends its own regenerating efforts in case of non-functional tissue, resulting 
in a removal of the newly formed, but dysfunctional tissue. Although different 
studies investigated the clinical response to hamstring tendon regeneration, its 
consequences remain unclear because of conflicting evidence. A systematic review 
previously summarized studies that examined the effect of tendon regeneration 
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on hamstring strength and function.38 This study reported conflicting evidence re-
garding the relationship between regeneration status and deep knee flexion. Some 
studies reported a deep knee flexion deficit in patients without regeneration11, 30, 
whereas other studies contradict this finding.13, 19, 27 In addition, there is no consen-
sus about the clinical relevance of the number of regenerated hamstring tendons. 
Some studies suggest that the extent of deep knee flexion deficits is limited if both 
tendons regenerate.11 Other studies did not find a relationship between the num-
ber of regenerated tendons and strength deficits.19

Nevertheless, insight in determinants of hamstring tendon regeneration and 
its clinical consequences is relevant for several reasons. First of all, patients voice 
concerns about harvesting tendons of functional muscles and possible accompa-
nying functional deficits. If predicting factors are identified, the chances of ham-
string tendon regeneration could be estimated more accurately. This may affect 
the choice of hamstring tendons as an autograft, as well as insight in the clinical 
consequences of regenerated hamstring tendons. After all, knowledge of determi-
nants for hamstring tendon regeneration may lead to life style modification prior 
to surgery and changes in rehabilitation programs after surgery.

The aim of the current study was to (1) identify predictive factors for hamstring 
tendon regeneration and (2) examine the effect of tendon regeneration on ham-
string strength and function.

██ Methods

Study Population

Between January 2009 and November 2010 patients were included in the X study: 
a prospective multicenter cohort study with 2 years of follow-up. Patients were 
recruited from 3 hospitals in [country]: [hospital A], [hospital B]; and [hospital C] 
Delft. Inclusion criteria for [study X] were (1) ACL rupture diagnosed by physical 
examination and MRI; (2) MRI made within 6 months after trauma; and (3) age 
between 18 and 45 years old. Patients who did not speak Dutch, those with pre-
vious ACL injury or intra-articular knee trauma or surgery, those with disabling 
co-morbidity and those with already osteoarthritic changes on X-ray (Kellgren and 
Lawrence grade > 0) at baseline were excluded. Patients were treated operatively or 
non-operatively independent of the study, according to the decision of the treating 
physician according to the Dutch ACL guideline.24 In the current study, operatively 
treated patients were included when two-years follow-up MR images, completed 
questionnaires and data of physical examination of all patients at baseline and 
two-years follow-up were available. Patients were excluded if the initial treatment 
was other than an ACL reconstruction entailing the hamstring tendons. Written 
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informed consent was obtained from all included patients and the institutions’ 
Medical Ethics Committee approved the study.

Measurements

Two-years follow-up MRI scans were acquired on a 1.5 Tesla MRI scanner. The pa-
tient’s legs were positioned in a neutral position using a dedicated knee coil. Details 
of MR imaging parameters are shown in Table 1.

Table 1. Parameters of MR imaging

MRI Pulse Sequence Slice thickness TR/TE

Sagittal and coronal proton density TSE sequence 3mm 2700/27 ms

Coronal T2-weighted TSE sequence with fat saturation 3 mm 5030/71 ms

Axial proton density and T2-weighted TSE sequence 3mm 3500/25/74 ms

Sagittal 3D water excitation double-echo steady state 1.5mm 21.35/7.97 ms

TSE (Turbo Spin Echo)

Hamstring tendon regeneration was evaluated by an intensively trained re-
searcher (..), who was blinded for clinical information. Hamstring tendon regen-
eration was assessed at two years follow-up in patients that underwent surgical 
ACL reconstruction using the hamstring tendons. Equivocal cases were discussed 
with a musculoskeletal radiologist (..) and a sports medicine trained orthopaedic 
surgeon (..), both with more than ten years of experienc, and solved with consensus. 
Hamstring tendon regeneration was assessed at two years follow-up in patients 
that underwent surgical ACL reconstruction using the hamstring tendons. If re-
generated tendons could be visualized at the level of joint line or more cranially, 
regeneration was assessed as complete. If no neotendons could be visualized on 
any MR image on any level, this was considered as no regeneration. Therefore, 4 dif-
ferent subgroups of regeneration can be distinguished: 1. regeneration of both the 
semitendinosus and gracilis tendon, 2. regeneration of only the semitendinosus, or 
3. gracilis tendon, 4. no regeneration of both tendons.

Harvesting procedure

After an oblique skin incision just medial to the tibial tuberosity, the subcutaneous 
tissue was dissected to expose the sartorius fascia. A reversed L-shaped incision on 
this fascia was made to free the whole pes anserinus. The gracilis and semitendino-
sus tendons were divided from the conjoined tendon of the pes anserinus and whip 
stitched. Both tendons were harvested using a closed tendon stripper. The sartorius 
fascia was then sutured in its anatomical position. No drains were used.
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Rehabilitation

Rehabilitation consisted of full weight bearing and protective crutches use for 6 
weeks. No immobilisation or brace was applied. Return to play was considered ap-
propriate in concurrence with the advice of the physiotherapist on average at 8-9 
months post-surgery. No specific functional or quantitive protocol as f.i. isokinetic 
testing was obligatory.

Data collection

All included patients were requested to complete several questionnaires. One 
trained medical doctor (BM) who was blinded for the regeneration status, per-
formed standardized physical examination and history taking at baseline and two 
years follow-up. To evaluate determinants for hamstring tendon regeneration and 
the clinical consequence of non-regenerated tendons, the following factors and 
outcome measurements were documented:
•	 Patient characteristics: gender, age and BMI at baseline. The role of the patient’s 

gender in the process of tendon re-growth remains unclear.37 Aging seems to 
affect tendon regeneration negatively.29, 33 No data about the correlation of 
BMI and tendon regeneration was available. Therefore, patient’s BMI was de-
termined and subdivided into three different groups: BMI <25 kgm-2, 25 kgm-2 
<BMI< 30 kgm-2 and BMI> 30 kgm-2

•	 Mechanical load: mechanical load is associated with a beneficial effect on 
hamstring tendon regeneration. 4, 42, 45 Therefore, pre-injury Tegner scores and 
Tegner scores at two-years follow-up were analyzed as a derivative of mechani-
cal load.

•	 Hospital: some studies suggest an effect of surgical proceedings and therefore 
the surgeon may be a potential factor that affects regeneration capacity. 37

•	 Intoxications: smoking23 and the use of alcohol16 seem to negatively affect re-
generation changes. The effect of NSAIDs on regeneration remains unclear.14, 32

•	 Vascular status: diabetes mellitus (DM) complicates wound healing and has 
negative effects on tendon healing processes in animal studies.3, 10 Moreover, 
adequate blood supply has shown to be an important factor for ligament heal-
ing. 5

•	 Clinical consequences
	 o	� All patients completed the following questionnaires regarding pain, sports 

activity and knee function: Visual Analogue Score for knee pain (VAS) 
both at rest and at physical activity20, Tegner score (pre-trauma level)20, 
Lysholm6, 7, 21 and International Knee Documentation Committee (IKDC) 
scores18, 41, 34

	 o	� One-leg hoptest (OLHT) was performed and the upper leg circumference of 
the affected knee was determined
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Statistical analysis

All statistical analyses were performed with IBM SPSS Statistics for Windows (ver-
sion 21.0, IBM Corp., Armonk, NY). Descriptive statistics were used to describe base-
line characteristics. Selection of variables was based on the available literature. To 
analyze predictive factors for hamstring tendon regeneration, the study population 
was subdivided into three groups based on the regeneration status. Multivariable 
binomial logistic regressions were used to calculate odds ratios (OR) and 95% con-
fidence intervals (95% CI) for determinants of regeneration of hamstring tendon. 
Qualitative variables were coded in the following way: gender (man 0, woman 1), 
smoking (no 0, yes 1), alcohol use (no 0, yes 1), NSAID use (no 0, yes 1). Positive predic-
tive values were calculated for the determinants that had a significant relationship 
in the multivariable model for hamstring tendon regeneration. Factors were tested 
for multicollinearity. To determine clinical recovery in case of hamstring tendon 
regeneration outcomes of three questionnaires and physical examination in four 
different regeneration subgroups (1. regeneration of both the semitendinosus and 
gracilis tendon, 2. regeneration of only the semitendinosus, or 3. gracilis tendon, 
4. no regeneration of both tendons) and the conservative treated group (control) 
were compared. Patients that were treated non-operatively were used as controls 
to examine clinical performance of native tendons after a ruptured ACL. Differ-
ences between baseline and two-years follow-up scores were statistically tested 
using paired t-tests. Significance was tested for p-value < 0.05. To determine the 
interobserver variability 20 randomly chosen scans were re-assessed by a blinded 
second observer (..), and an intraclass correlation coefficient (ICC; two-way random 
effects model, absolute agreement) was calculated

██ Results

Study population

Of the 143 of whom MR imaging at two-years follow-up was available, the baseline 
characteristics are presented in Table 2.

During the two years follow-up period, 93 patients underwent an ACL recon-
struction procedure. A surgical procedure entailing hamstring-tendon grafts was 
performed in 87 patients (93.5%), BPTB in 4 patients (4.3%) and a combination of 
hamstring-tendon and allograft in 2 patients (2.2%). Of 79 patients that underwent 
an ACL reconstruction using the hamstring tendons post-operative MR imaging 
was available after a two years follow-up period. At two years follow-up semi-
tendinosus tendon and gracilis tendon regenerated in 53 (67.1%) and 64 (81.0%) 
patients, respectively. No tendon regeneration was reported in 9 (11.4%) patients. 
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An overview of the regeneration subgroups is displayed in Figure 1. A schematic 
overview of the flow chart of inclusion of eligible patients is given in Figure 2

A B

C D

ST; Semitendinosus, G; Gracilis

Figure 1. Representative MR images at joint line level after hamstrings harvesting

A Left knee with regeneration of the semitendinosus and gracilis tendon
B Left knee without regeneration of the semitendinosus and gracilis tendon
C Left knee with only regeneration of the gracilis tendon
D Right knee with only regeneration of the semitendinosus tendon

Table 2. Patient characteristics at baseline

Characteristic n= 143

Age (years) 25.2 (21.4 – 32.6)

Gender (male) – n (%) 94 (65.7)

BMI (kg/m2) 23.9 (22.0 – 26.2)

Injured side (right) – n (%) 76 (53.1)

Pre-trauma Tegner score 9 (7 – 9)

Upper leg circumference of index knee (cm) 46.7 (43.0 - 48.0)

One leg hop test of index leg (cm) 55.0 (25.0 – 85.0)

Data are presented as median (interquartile range), unless otherwise indicated
BMI (body mass index), cm (centimeters)
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Predictive factors

Predictive factors in case of regeneration of the semitendinosus tendon (n= 53), 
gracilis tendon (n= 64) and both the semitendinosus and gracilis were examined 
(n= 47). Regeneration of the semitendinosus tendon was significantly related with 
age (OR 0.92 per change per year, 95% CI 0.84 to 0.99, p= 0.03) and smoking status 
(OR 0.20, 95% CI 0.05 to 0.77, p= 0.02). Gracilis tendon regeneration was not related 
with any of the analyzed predictive factors. Regeneration of both tendons was neg-
atively related with patient’s smoking status (OR 0.22, 95% CI 0.06 to 0.79, p= 0.02). 
An overview of the correlations is presented in Table 3. Because only two patients 
were suffering from diabetes mellitus and no patients were known with an abnor-
mal cardiovascular status, we did not analyze those determinants for hamstring 
tendon regeneration outcome. Coefficients of determination varied from 26% for 
semitendinosus tendons to 31% for semitendinosus and gracilis tendons. No mul-
ticollinearity was detected.

ST+, G-
(n = 6)

ST+, G+
(n = 47)

ST-, G+
(n = 17)

ST-, G-
(n = 9)

ST + G+ 

Patients diagnosed with ACL injury between 
January 2009 and November 2010 (n = 154)

MRI data unavailable at T2 (n = 11)
- pregnancy (n = 1)
- foreign stay (n = 3)
- not available (n = 5)
- not willing to participate (n = 2)

Inclusion in current study (n = 143)

BPTB graft 
(n = 4)

Combination 
graft (n = 2)

Hamstring tendon 
graft (n = 87)

Conservative 
treatment (n = 50)

Excluded (n = 8)
- no transversal MRI planes (n = 5)
- T2 < 1 year after surgery (n = 3)

Regeneration assessment  (n = 79)

Figure 2. Flowchart

ST (semitendinosus), G (gracilis), + indicates regeneration, - indicates no regeneration
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Table 3. Multivariable analysis of possible predictive factors for hamstring tendon regen-

eration (n= 79)

ST+ (n= 53) G+ (n= 64) ST+/G+ (n= 47)

OR (95% CI) p-value OR (95% CI) p-value OR (95% CI) p-value

Gender 1.7 (.54 – 5.6) .35 1.4 (.38 – 5.4) .60 .69 (.23 – 2.0) .50

Age .92 (.84 - .99) .03* 1.0 (.92 – 1.1) .92 .95 (.88 – 1.0) .16

NSAID use .57 (.15 – 2.2) .42 1.1 (.23 – 5.1) .93 .52 (.15 – 1.9) .31

BMI

- < 25 kgm-2         

- 25-30 kgm-2 1.6 (.43 – 6.3) .47  2.1 (.46 – 9.3) .35  1.8 (.52 – 6.1) .36 

- >30 kgm-2 .27 (.02 – 3.8) .33  1.0 (.06 – 17) .99  .27 (.02 – 3.6) .32 

Smoking .20 (.05 – .77) .02* .40 (.10 – 1.6) .19 .22 (.06 – .79) .02*

Alcohol 1.3 (.36 – 4.9) .67 .86 (.21 – 3.5) .83 1.7 (.50 – 5.7) .41

Surgeon

- Surgeon 1         

- Surgeon 2 1.1 (.17 – 7.1) .91  3.0 (.31 – 30) .34  2.4 (.41 – 14) .33 

- Surgeon 3 .67 (.08 – 5.4) .71  2.6 (.21 – 33) .45  1.6 (.22 – 11) .65 

- Surgeon 4 .21 (.01 – 6.2) .37  N/A   .60 (.02 – 15) .75 

- Surgeon 5 .54 (.11 – 2.6) .44  1.3 (.24 – 6.7) .79  1.3 (.31 – 5.5) .71 

- Surgeon 6 1.7 (.20 – 15) .62  N/A   3.5 (.45 – 27) .23 

ST, semitendinosus; G, gracilis; +, indicates regeneration; -, indicates no regeneration; N/A, not avail-
able
* p-value < .05

For the significant determinants after multivariable analyses, the positive predic-
tive values for tendon regeneration are shown in Table 4.

Table 4 Positive predictive values of tendon regeneration

ST+ ST+/G+

Prior chance: 67.1 % (53/79) Prior chance: 59.5% (47/79)

Yes No PPV Yes No PPV

Smoking Yes 9 11 .45 7 13 .35

 No 44 15   40 19 

Based on the multivariate binomial logisitic regression analysis, a prediction 
rule for regeneration of the semitendinosus and both tendons was designed. The 
change of semitendinosus tendon regeneration can be predicted using the follow-
ing formula:

P(regeneration semitendinosus)=
e2.245 − (0.094×age)+1.4(smoking)

1+e2.245 − (0.094×age)+1.4(smoking)
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The chance of regeneration of both tendons can be estimated using

P(regeneration semitendinosus ∧ gracilis)=
e−.619+1.363(smoking)

1+e−.619+1.363(smoking)

In case a patients smokes, the number 1 should be filled in the formula. Whereas if 
the patients does smoke, the number 0 should be filled in.

Clinical consequences

To analyze clinical consequences of tendon regeneration, the study population was 
subdivided into patients with complete regeneration of the semitendinosus tendon 
(n= 53), complete regeneration of the gracilis tendon (n= 64), complete regeneration 
of both tendons (n= 47), no regeneration of both tendons (n= 9) and patients that 
were treated non-operatively (n= 50). VAS scores at physical activity significantly 
decreased in all groups at two years follow-up (all p-values <.001), except for the 
patients that showed no regeneration of both tendons (p= .14). Before trauma, Teg-
ner scores were significantly higher in all groups compared to Tegner scores at two 
years follow up, except from the patients with no regeneration of both tendons. 
Furthermore, the circumference of the upper leg decreased significantly from 47.1 
cm to 45.5 cm (difference 1.6, 95% CI of difference 0.46 – 2.8, p= .01) in patients 
with no regeneration of the semitendinosus and gracilis, whereas patients with 
regeneration of at least one tendon did not show a similar decrease. One-legged 
hop-test, Lysholm and IKDC scores significantly increased over time in all groups. 
An overview of the functional consequences and hamstring tendon regeneration 
is presented in Table 5.

Table 5. Functional consequences and hamstring tendon regeneration

Mean (SD) Difference
(95% CI of difference)

p-value

T0 T2

VAS (at rest) ST+ (n= 53) 1.1 (1.6) .47 (0.9) .65 (.20 – 1.1) .005*

G+ (n= 64) 1.2 (1.8) .52 (1.0) .69 (.22 - 1.2) .005*

ST+/G+ (n=47) 1.1 (1.7) .52 (.95) .61 (.11 – 1.1) .017*

ST-/G- (n= 9) .83 (.85) .34 (0.45) .49 (-.26 – 1.2) .17

control (n=50) .71 (1.2) .41 (0.75) .29 (-.07 - 0.66) .11

VAS (during 
movement)

ST+ (n= 53) 2.8 (2.5) .73 (.99) 2.1 (1.4 - 2.8) <.001*

G+ (n= 64) 2.8 (2.6) .86 (1.2) 1.9 (1.2 – 2.6) <.001*

ST+/G+ (n=47) 2.7 (2.5) .80 (1.0) 1.9 (1.1– 2.6) <.001*

ST-/G- (n= 9) 2.5 (2.0) 1.1 (1.3) 1.3 (-.52 - 3.2) .14

control (n=50) 2.3 (2.2) 1.0 (1.5) 1.3 (.55 - 2.0) <.001*

Tegner ST+ (n= 53) 8.3 (1.4)# 7.1 (1.9) 1.2 (.68 - 1.6) <.001*

G+ (n= 64) 8.3 (1.4)# 6.8 (1.9) 1.5 (1.0 – 1.9) <.001*

ST+/G+ (n=47) 8.3 (1.4)# 7.1 (1.9) 1.1 (.66 – 1.6) <.001*
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Table 5. Functional consequences and hamstring tendon regeneration (continued)

Mean (SD) Difference
(95% CI of difference)

p-value

T0 T2

ST-/G- (n= 9) 7.8 (1.4)# 6.4 (1.5) 1.3 (-.10 – 32.8) .65

control (n=50) 7.5 (1.6)# 5.5 (2.0) 2.0 (1.4 - 2.6) <.001*

Lysholm ST+ (n= 53) 77.2 (13.1) 93.0 (7.2) 15.8 (12.5 – 19.2) <.001*

G+ (n= 64) 75.4 (16.0) 92.8 (7.3) 17.4 (13.5 – 21.2) <.001*

ST+/G+ (n=47) 76.9 (13.7) 92.8 (7.4) 15.9 (12.1 – 19.6) <.001*

ST-/G- (n= 9) 64.6 (11.7) 87.8 (15.8) 23.2 (9.1 – 37.3) .005*

control (n=50) 74.6 (16.8) 91.6 (12.3) 17.0 (11.6 -22.4) <.001*

IKDC ST+ (n= 53) 54.4 (14.9) 87.6 (10.4) 33.2 (28.9 – 37.5) <.001*

G+ (n= 64) 52.9 (16.3) 87.8 (11.2) 34.9 (30.4 – 39.3) <.001*

ST+/G+ (n=47) 54.2 (14.9) 87.9 (10.3) 33.7 (29.0 – 38.4) <.001*

ST-/G- (n= 9) 50.8 (11.3) 85.2 (16.0) 35.4 (18.7 – 50.0) .001*

control (n=50) 59.2 (19.0) 84.3 (14.7) 25.1 (10.2 – 30.9) <.001*

One-leg hop-test 
(cm)

ST+ (n= 53) 53.2 (38.7) 110.8 (29.4) 57.6 (46.8 – 68.3) <.001*

G+ (n= 64) 52.5 (38.9) 113.1 (30.9) 60.5 (50.7 - 70.4) <.001*

ST+/G+ (n=47) 54.1 (38.6) 111.2 (30.1) 57.1 (46.2 – 68.1) <.001*

ST-/G- (n= 9) 37.4 (40.2) 94.6 (26.6) 57.1 (31.1 – 83.1) .001*

control (n=50) 57.9 (37.9) 101.3 (36.5) 43.3 (33.4 - 53.3) <.001*

Circumference 
upper leg (cm)

ST+ (n= 53) 45.6 (4.8) 45.4 (3.7) .19 (-.83 – 1.2) .71

G+ (n= 64) 47.3 (12.8) 45.7 (3.6) 1.6 (-1.5 – 4.8) .31

ST+/G+ (n=47) 45.8 (5.0) 45.6 (3.8) .23 (-.90 – 1.4) .68

ST-/G- (n= 9) 47.1 (4.7) 45.5 (4.5) 1.6 (.46 – 2.8) .01*

control (n=50) 46.6 (5.5) 46.3 (4.4) .31 (-.62 - 1.3) .50

VAS (visual analogue score), ST (semitendinosus), G (gracilis), + indicates regeneration, - indicates no 
regeneration, # pre-trauma Tegner, * p-value < .05

Inter correlation coefficient

The two observers agreed on presence of complete regeneration and absence of re-
generation in every case. Assessment of incomplete regeneration was concordant 
in 95% of the cases.

The ICC of CSA in the regenerated semitendinosus tendons ranged from 0.97 to 
0.99 and for regenerated gracilis tendons from 0.92 to 0.96.

The ICC of CSA in regenerated semitendinosus tendons ranged from 0.97 to 
0.99 and for regenerated gracilis tendons from 0.93 to 0.97.

Discussion

Hamstring tendon regeneration occurs in at least 70% of the patients.37 The results 
of this prospective observational follow-up study show that hamstring tendon re-
generation occurs significantly less frequent in patients who smoke. Furthermore, 
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semitendionsus tendons are less likely to regenerate in older patients. Patients 
without tendon regeneration did not report improved physical activity and dem-
onstrate a significant decrease of their upper leg circumference.

The current study describes that semitendinosus tendons regenerate more 
often compared to gracilis tendons. This finding is in line with previous studies 
38-40 To explain the difference in regenerative capacity, we developed the following 
hypothesis. It is thought that hamstring tendon regeneration behind the deep layer 
of the thigh fascia. Regarding this fascia, the gracilis tissue plane is covered and 
protected to a lesser extent compared to the semitendinosus tendon. This anatomi-
cal difference may explain inferior gracilis tendon regeneration rates compared 
with those of the semitendinosus tendons.

Although previous literature has described several determinants for tendon 
healing, potential predictive factors for hamstring tendon regeneration have not 
been investigated before. Therefore, this is the first study that evaluated potential 
predictive factors for hamstring tendon regeneration, based on known factors for 
tendon healing. For regeneration of the semitendinosus tendon, we identified 
age and smoking as predictive factors. Age-related changes in tendons include 
loss of cellularity, loss of vascularity and fatty infiltration.17 Mainly the latter two 
are thought to be responsible for less regenerative capacity in tendons. The exact 
mechanism of smoking on hamstring tendon regeneration remains unclear. It 
could be that nicotin, as a known major vasoconstrictor, affects tendons’ regen-
eration chances by decreasing blood supply to former harvest sites.25 On the other 
hand, nicotine use could also be a marker for unhealthy life styles. However, based 
on these results it remains hard to predict an individuals’ capacity of hamstring 
tendon regeneration after harvest procedures. As in common orthopaedic patholo-
gies, we therefore suggest a model of intrinsic and extrinsic factors that produce 
an indication of susceptibility for regenerating processes. However, identifying the 
cause and genetic linkage of orthopaedic phenotypes has proven to be complex and 
requires further investigation. So, the current study points out that regeneration of 
the semitendinosus is related with individuals’ age and smoking habits, but it may 
be that genetic factors also contribute to an individual’s regeneration capacity.

This is the first study that examined functional consequences of hamstring 
tendon regeneration in five different subgroups: regeneration of one tendon only, 
regeneration of both tendons, no regeneration of both tendons and a non-oper-
atively treated group (control). Although the primary function of the hamstring 
muscles is to flex the knee or to decelerate extension of the knee, the hamstring 
muscles also control anterior translation of the tibia, sharing the stress with the 
ACL. However, we found that all patients experience more knee stability at two 
years follow-up, regardless regeneration status of the hamstring tendons. Secondly, 
several studies before used the one-leg hop-test for distance to examine strength 
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hand confidence in the tested leg. 34, 35 The current study describes that all groups 
showed a significant increase in the one-leg hop-test results, suggesting that the 
number of regenerated tendons does not affect clinical performance. An increase 
of one-leg hop-test results has been previously reported.2 However, this study did 
not differentiate between patients with and without regenerated tendons. In addi-
tion, Choi et al. reported no statistically significant difference between the number 
of regenerated tendons and one-leg hop-test results.11 This is in line with the find-
ings of the current study.

Furthermore, we found that the circumference of the operated upper leg is sig-
nificantly decreased in patients without regeneration, compared to patients that 
showed regeneration of one or more hamstring tendons. Although this could not 
be confirmed with measurements in the current study, a previous study reported 
that the majority of the upper leg atrophy involves the semitendinosus and gracilis 
muscles.36

A previous study investigated the relationship between tendon regeneration, 
flexor strength and functional tests described in a study of forty-five patients at 
a minimum follow-up of two years that individual tendon regeneration was as-
sociated with less knee flexion deficits at positions of 70 degrees and improved 
performances on the carioca test.11 Taken this together, the results may suggest 
that no regeneration results in knee flexion deficits because of muscle atrophy of 
the harvested tendons.

The current study confirms previous studies’ findings of a significant atrophy 
of the harvested tendons.8, 44 These studies showed a compensatory hypertrophy 
of the biceps femoris. However, this could not adequately compensate the loss of 
muscle volume measured in the harvested medial hamstrings.9, 36 Unfortunately, 
most of these studies compared clinical outcomes postoperatively regardless of an 
individual’s regeneration status. In addition, only relatively short-term follow-up 
studies are available. So, although there are some strong indications to the clinical 
relevance of hamstring tendon regeneration, it remains to be seen if different de-
grees of muscle atrophy and tendon regeneration will have any clinically relevant 
impact on patient at longer-term follow-ups.

The strengths of the current study are its prospective design, availability of 
baseline and follow-up MR images, extensive physical examination and question-
naires at baseline and follow-ups. Due to these strengths, we were able to identify 
predictive factors and clinical consequences of hamstring tendon regeneration in 
different subgroups.

This study has also some limitations. The used parameters to evaluate clinical 
consequences of hamstring tendon regeneration may be debatable, as they may 
be not specific for hamstring tendon regeneration. However, currently there is no 
specific test to evaluate the function of the semitendinosus and gracilis muscles. 
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Although there are no functional consequences, determining muscle function us-
ing Biodex measurements may be useful. Another limitation of our study is that 
patients showing regeneration of both the semitendinosus and gracilis tendons 
were also included in analysis for semitendinosus and gracilis regeneration sepa-
rately. Therefore, those three groups have a certain overlap.

In conclusion, the current study reported that semitendinosus and gracilis ten-
dons regenerated in 67.1% and 81.0% respectively. Furthermore this study points 
out that regeneration of the semitendinosus is related with individuals’ age and 
smoking habits. Besides, regeneration of both hamstring tendons is negatively re-
lated smoking habits. However, absence of regenerated tendons does not seem to 
cause a loss of function.
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