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after proximal hamstring tendon avulsion; there
was greater fatty infiltration, muscle atrophy
and strength deficit in the hamstring muscles
of the injured leg than in the uninjured leg
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Abstract

Background Proximal hamstring tendon avulsions (PHAs) may be treated nonoperatively or operatively. Little is
known about the result of the injury, and its treatment, on the quality and function of the hamstring muscle after
healing and rehabilitation. We hypothesized that the injured leg would have greater fatty infiltration and atrophy than
the uninjured leg at follow-up and that these findings would correlate to muscle weakness.

Methods In a cross-sectional cohort study, 48 patients treated for PHA, either operatively or nonoperatively, were
re-examined 2-11 years post-treatment. We measured muscle strength with isokinetic strength tests, and muscle
volume and fatty infiltration with MRI.

Primary outcomes were hamstring muscle quality, guantified by outlining the cross-sectional area slice-by-slice, and
the degree of fatty infiltration estimated using the Goutallier grading method. Secondary outcome was concentric
isokinetic hamstring muscle strength measured using BioDex at 60°/sec and tendon attachment assessed on MRI.
Comparisons with the outcomes of the uninjured leg were made.

Results The total hamstring muscle volume was on average reduced by 9% (SD+ 11%, p <0.001) compared to that
of the uninjured leg. Fatty infiltration was significantly more severe in the injured hamstrings than in the uninjured
hamstrings (p <0.001). This was also true when only analyzing operatively treated patients. The reduction in muscle
volume and increase in fatty infiltration correlated significantly (r=0.357, p=0.013), and there was also a statistically
significant correlation with muscle atrophy and reduction in isokinetic strength (r=494, p <0.001).

Conclusion PHA injuries result in fatty infiltration and muscle atrophy and the muscle quality impairment correlates
with residual muscle weakness.

Key points

+ Proximal hamstring avulsion results in muscle atrophy and fatty infiltration.
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« The muscle degeneration after proximal hamstring avulsion is correlated to reduction in muscle strength.
+ The muscle degeneration and its correlation to reduction in muscle strength hold true also for operatively

treated patients.

Keywords Magnetic resonance imaging, Proximal Hamstring avulsion, Muscle quality, Fatty infiltration, Strength

Introduction

Background

Hamstring muscles injuries have been reported to repre-
sent a large amount of al all soft tissue sporting injuries
[1]. Hamstring injuries may be divided by which part of
the muscle is affected. Proximal and distal tendon injuries
are less common than the frequent muscle belly injury
[2, 3]. A rare variant of hamstring injury is the Proximal
Hamstring Avulsion (PHA) with an incidence of 3—-10%
in the elite athlete population [4]. PHA seems predomi-
nantly to affect middle-aged, non-elite athlete patients
and degenerative change in the tendon likely plays a role
in the pathogenesis [5, 6]. The injury occurs by acciden-
tally slipping or rapidly lengthening the muscle during an
eccentric contraction, e.g., during waterskiing. In PHA
injuries, the two hamstring muscle tendons (Semimem-
branosus and the conjoint tendon of the Semitendino-
sus and Biceps femoris) are commonly avulsed from the
ischial tuberosity together but on rare occasions, only the
conjoint tendon is affected [3, 7, 8].

The treatment options for proximal hamstring tendon
avulsions (PHAs) are either surgical reattachment of the
tendons followed by rehabilitation or nonoperative treat-
ment with rehabilitation only. The theoretical reasoning
for surgical reattachment of the tendons to their foot-
print is that restoration of muscle biomechanics should
protect muscles from fatty infiltration, atrophy and loss
of strength [9, 10]. Studies have found muscle strength to
be reduced by 10-45% compared to the uninjured side
[9-16].

Magnetic resonance imaging (MRI) or computerized
tomography (CT) can be used to measure muscle atrophy
and to estimate fatty infiltration of muscles [17-20]. No
previous study of PHA have measured muscle volume or
the correlation of imaging outcomes to strength.

Recently, van der Made et al. quantified fatty infiltra-
tion of the injured hamstrings muscle in 59 PHA patients
using the Goutallier grading system [21]. MRI images
acquired one year after injury did not demonstrate a
difference in fatty infiltration between patients treated
operatively and those treated nonoperatively [21]. Fatty
infiltration using the Goutallier grading system has also
been described by others evaluating PHA patients and
their muscle quality at follow-up [10].

In this study, our primary goal was to quantify muscle
atrophy and fatty infiltration of the hamstring muscles in
patients treated for PHA regardless of treatment modal-
ity, and our secondary goal was to determine whether the
loss of muscle volume and increase in fatty infiltration
correlate with the isokinetic strength of the hamstring
muscles. Additionally, we aimed at carefully examining
the morphology and attachment of the proximal ham-
string tendons.

We hypothesized that the injured leg would have more
fatty infiltration and atrophy than the uninjured leg at
follow-up and that these findings would correlate to mus-
cle weakness.

Methods

Study design and setting

A single-center cross-sectional cohort study was per-
formed at an academic university care center between
September 2018 and May 2019.

Participants

A consecutive series of all patients diagnosed and
treated, either operatively or nonoperatively, for PHA
at Danderyd Hospital from 2007 to 2016 were identified
from the radiology administrative system and the surgical
planning system. We have previously presented parts of
the same cohort of patients, their treatment and rehabili-
tation regime, as well as patient reported outcomes, and
physical performance-based tests at long-term follow-up
have been analyzed and presented [15, 22].

Inclusion and exclusion criteria

The inclusion criterion was patients treated for PHA with
at least the conjoint tendon of biceps femoris long head
and semitendinosus or the semimembranosus tendon
avulsed from the ischial tuberosity.

The exclusion criteria were bilateral PHA and other
major lower extremity injury or disease with sequelae
unrelated to the PHA. Additionally, patients with severe
obesity [body mass index, > 35] at the time of follow-up,
claustrophobia or documented re-rupture were excluded.

Data collection
Baseline data were collected from medical records and
included patient characteristics, injury mechanism, MRI
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report at diagnosis, time to treatment, treatment modal-
ity and adverse events. At follow-up, we measured imag-
ing variables and muscle strength variables. It was time
consuming for patients to participate in the study, for
their convenience, the MRI was performed the same day
after the strength tests. In some cases, the MRI was per-
formed some days before the strength tests or some days
or weeks later. Recruitment strategy for this cohort is
previously published [15]. Study data were collected and
managed using Research Electronic Data Capture (RED-
Cap) electronic data capture tools hosted at Karolinska
Institute [23].

Magnetic resonance imaging

MRI scans were performed on a Philips Ingenia 3 T sys-
tem. Patients were examined in the supine position. Imag-
ing sequences included axial and coronal PD-weighted,
as well as axial and coronal PD-weighted, SPAIR (spec-
tral adiabatic inversion recovery) of both proximal thighs.
Additional images were axial T1-weighted images of both
entire thighs, as well as sagittal T2-weighted and sagittal
STIR of the injured thigh.

Variables

Primary outcomes were total hamstring muscle volume
and quality as quantified degree of fatty infiltration.
Secondary outcomes were isokinetic hamstring muscle
strength and tendon attachment.

Imaging-fatty infiltration

The fatty infiltration of the muscles was assessed accord-
ing to the Goutallier grading system [17]. This classifi-
cation was developed for the rotator cuff muscles using
CT, but was later transferred to T1-weighted MRI images
[18]. In this system, cross-sectional images are graded
on an ordinal scale as follows: 0, normal muscle; 1, some
fatty streaks; 2, less fat than muscle; 3, fatty infiltration
of 50%; 4, fatty infiltration of more than 50% (see Fig. 1
for examples) This classification has previously been used
examining patients after PHA [10, 21].

The classification was performed using axial T1
weighted images in the open-source software Horos©
version 3.3.6. by visually inspecting each hamstring
muscle separately. To get as much information from the
images as possible, a modification of the original classi-
fication was performed: All the segments of the muscle
were inspected, and a Goutallier score representing the
entire muscle was set. The classification was performed
by an orthopedic surgeon (EP). To obtain reliability meas-
ures, the classification was performed twice on every
image, June 2020 and September 2021. In cases where
there was a discrepancy between the first and second
scores, an expert opinion by a consultant in radiology
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(MS) was obtained to reach a final classification decision.
The total Goutallier score for the injured and uninjured
thighs was calculated by adding the Goutallier scores of
the three separate muscles.

Imaging-muscle volume

Muscle volume was measured in cm?® by slice-by-slice
segmentation [20]. The anonymized Digital Imaging and
Communications in Medicine (DICOM) series obtained
from the MRI camera were fused together and converted
into VisualizationToolKit (VTK) using MATLAB version
R2018a. The open-source software ITK-snap, version
3.8.0 (itksnap.org), was used for segmentation of the VTK
files [24]. Muscle segmentations were performed by one
orthopedic surgeon (EP) and reviewed by a consultant in
radiology (MS). Muscle areas were outlined slice wise on
an axial T1 image. The volume of the binary segmenta-
tion was calculated by ITK-snap taking the total number
of voxels segmented times the volume of each voxel. To
calculate reliability measures, the semitendinosus muscle
was outlined twice for every second patient. Agreement
was defined as repeated measures within 1 cm?,

Imaging-tendon attachment

A consultant in radiology (MS) assessed whether the ten-
dons were attached to the ischial tuberosity. A surgically
reattached tendon in continuity to the ischial tuberosity
and without any high signal on PD-weighted SPAIR at
the ischial tuberosity was classified as totally attached. If
there was some high signal on PD-weighted SPAIR at the
attachment, it was classified as partially attached. If the
tendon was not in continuity with the ischial tuberosity
or retracted, it was classified as nonattached. Tendons
not operated on were classified as totally attached if all
tendon fibers were in continuity to the ischial tuberosity
and partially attached if some of the tendon fibers were
in continuity. If no tendon fibers were in continuity with
the ischial tuberosity or retracted, they were classified as
nonattached.

Muscle strength
Concentric isokinetic muscle strength was assessed with
peak torque at 60°/sec measured with the Biodex Pro
System 4 dynamometer (Biodex Medical Systems Inc.,
Shirley, New York, USA). A description of the measure-
ment procedure and accuracy was already published [15]
in summary: Patients were positioned following a prede-
termined protocol, allowing for individual adjustment.
Structured verbal encouragement was used, and the non-
injured leg was tested before the injured leg.

The resting period between each test was approxi-
mately two minutes. The patient was seated in upright
position, with the lateral femoral condyle in the rotation
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Patient A
Goutallier 0 in all muscles of the
segment.

Patient B

Right leg:

Goutallier 1 in BF and SemiT
Goutallier 3 in SemiM

Left leg:

Goutallier 2 in BF and SemiT
Goutallier 3 in SemiM

Patient C

Right leg:

Goutallier 0 in BF short head
Goutallier 4 in all other muscles
Left leq:

Goutallier 1 in all muscles of the
segment.

Patient D

Muscles filled for volume quantification

BF Dx BF Sin

- SemiTDx | SemiT Sin

SemiM Dx SemiM Sin

Fig. 1 Depiction of the Goutallier scores of three different patients (A, B, and C). Nota bene: In patient C, the right leg of the Biceps femoris short
head has Goutallier 0 and long head 4. Panel D demonstrates the outline of the cross-sectional area for muscle volume quantification

axis and the range of motion was set to 0-90 degrees.
The peak torque in knee flexion was tested at 60°/sec dur-
ing five maximum concentric repetitions. The highest
observed torque in Newtons (Nm) was recorded.

Statistics

Demographic variables were described by the mean and
standard deviation (SD) and continuous and categori-
cal variables were described by count and percentage.
Confidence intervals (CI) at 95% confidence level were
used. Test—retest reliability for imaging outcome meas-
ures was calculated using the intraclass correlation coef-
ficient (ICC). For comparison of means of the injured vs.
uninjured leg, the paired t test was used for normally dis-
tributed variables and the Wilcoxon signed rank test for
nonnormally distributed variables.

Correlations were analyzed with the Spearman correla-
tion coefficient. Cutoff values for the strength of correla-
tions were r= > £0.7 (strong), r= £+ 0.5-0.7 (moderate),
r+ <0.5-0.3 (weak) and r<0.3 (negligible) [25], and the
level of significance was set at p<0.05. Subgroup analy-
ses were made on patients treated operatively and on
patients with tendon avulsion>2 cm.

No separate power calculation was performed prior
to this descriptive study, and no imputations were per-
formed for missing data. Complete case analysis was
used in all analyses. Statistical analysis was performed
using IBM SPSS statistics version 28 for Mac.

Results

Participants and baseline demographics

We identified 96 eligible patients and included 49
patients, 48 of whom provided data for the final analysis
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(Fig. 2), with a follow-up time of 2—11 years (mean 5.6
(SD+2.7)). Seventy-five percent of the included patients
were treated operatively. Seventy-three percent had all
tendons avulsed >2 cm at injury and mean time to treat-
ment was 17.6 (SD & 14.1) days. (Table 1).

Fatty infiltration

We found a significantly greater total fatty infiltration
(p<0.001) in the injured hamstring muscle group than
in the uninjured hamstring muscle group (Table 2 and
Fig. 3). The median total Goutallier score of the injured
hamstrings was 4 (interquartile range (IQR) 3-5) com-
pared to 1 for the uninjured side (IQR 1-3) (Fig. 3). The
distribution of Goutallier scores was significantly dif-
ferent between the extremities for each of the three
hamstring muscles (p<0.001) (Table 2). The Goutallier
classification exhibited high intra-rater reproducibility
with an ICC of 0.82-0.91 for every hamstring muscle
separately.

Muscle volume
The mean total volume of the injured hamstring muscle
group was 1354 cm3 (£ SD 405) compared to 1506 cm3
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(£SD 480) of the uninjured hamstrings, representing a
mean muscle volume deficit of 9% (£ SD 11%). The semi-
membranosus muscle exhibited the greatest mean deficit
in muscle volume (16%=+SD 17%) (Fig. 4). The muscle
volume measurements exhibited high reproducibility
with an ICC of 0.99.

Tendon attachment

When examining the hamstring insertion site at follow-
up, we found that 29/48 of patients had proximal ham-
string tendons that were completely attached to the
ischial tuberosity, 13/48 had tendons that were partly
attached, and 6/48 had tendons that were completely
detached. Among operatively treated patients, most ten-
dons were completely attached (Fig. 5), whereas none
of the nonoperatively treated patients had tendons that
were completely attached.

We carefully examined the morphology of the proxi-
mal hamstring tendons of the nonoperatively treated
patients. In three patients, there were no hamstring
tendons in continuity with the tuber ischii. In these
cases, the semimembranosus and conjoined tendons
healed together with minor fibrosis, and in two cases,

Screened for eligibility

(n=103)

Patients identified with
proximal hamstring avulsions

EXCLUDED
* Patients with bilateral PHA (n = 2)
e Severe arthritic disease (n = 2)

\ 4

* Severe cancer disease (n =1)
* Claustrophobia (n=1)
* Re-rupture after 2016 (n = 1)

Confirmed eligible

Assessed eligible

UNABLE TO REACH (n = 18, 61% male)
e 12 operative treatment
* 6 non-operative treatment

» ¢ 5not living in the catchment area

DECLINED PARTICIPATION (n = 29)
* 12 answered questionnaires

>|| * Technical error MRT (n = 1)

(n=96)
Inclusion | Included (n = 49) |
v
Follow-up | Followed (n = 49) |
|
v
Analysed | Analysed (n = 48) |

Fig. 2 Study flowchart
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Table 1 Baseline data

n (%) Mean (£+SD)
Sex, female 22 (45.8)
Age at injury, years 50.8 (9.7)
Activity at injury
Sporting injury 30 (62.5)
Vehicle accident 2(4.2)
Slip or fall 10 (20.8)
Other 6(12.5)
MRI Finding at diagnosis**
Incomplete, two tendons avulsed 8(16.7)
Complete, three tendons avulsed <2 cm 5(104)
Complete, three tendons avulsed >2 cm 35(72,9
Time to treatment, days 176 (14.1)
Operative 183 (15.1)
Nonoperative 15.5(10.8)
Treatment
Operative 36 (75)
Nonoperative 12 (25)
Follow-up time, years 5627)

**MRI finding according to the radiology report signed by two consultants
diology

the fibrosis also involved the fascia of the external
obturator muscle. The fibrosis mostly continued to the
ischial tuberosity and could be difficult to distinguish
from few remaining tendon fibers.

In eight non-operated patients, the entire or part of
the semimembranosus tendon was in continuity with
the ischial tuberosity, while the conjoined tendon was
not. The conjoined and the semimembranosus tendon
had healed together with fibrosis, either proximally or
elongated. The amount of fibrosis differed, and in one
case, it involved the fasciae of the external obturator
and the adductor magnus muscles, and in another case,
it had healed structurally to resemble a neotendon.

Table 2 Goutallier score of separate hamstring muscles at follow-up
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The last case had a partially healed, thickened semi-
membranosus tendon with the conjoined tendon in con-
tinuity with the tuber ischii.

Strength tests

Forty-two patients were able to perform the peak torque
test. The mean peak torque of the injured hamstrings was
60 Nm (£ SD 24) compared to 66 Nm (+SD 23) of the
uninjured hamstrings. The mean deficit was 9% (£SD
22%, p <0.008).

Correlations

When analyzing the correlations of muscle volume deficit
and difference in total Goutallier score between injured
and uninjured hamstrings with peak torque, we found
statistically significant weak correlations (r=0.357-
0.494, p <0.001-0.05) (Fig. 6).

Subgroup analysis

In a subgroup analysis of only operatively treated
patients, the overall results were similar (Figs. 4 and 6);
the muscle volume deficit of the injured leg was 9% (£ SD
11%, p<0.001), with the greatest loss of the semimem-
branosus 15% (+SD 17%), and the total Goutallier score
was significantly different between the legs (p<0.001).
The peak torque deficit between the legs was 7% (+17%,
p=0.07).

When limiting the analysis to the 35 patients (30
operative and 5 nonoperative treated) with a total avul-
sion>2 cm, the differences in fatty infiltration and muscle
volume remained.

Discussion

The most important finding of this study was that
patients, several years after acute PHA, have more
extensive fatty infiltration, muscle atrophy and loss of
isokinetic strength in the injured hamstrings than in
the uninjured hamstrings. Even though the study was

Biceps femoris

Semitendinosus

Semimembranosus

Injured leg Uninjured leg Injured leg Uninjured leg Injured leg Uninjured leg
Goutallier score n (%) n (%) n (%) n (%) n (%) n (%)
0 9(19) 26 (54) 12 (25) 33 (69) 9(19) 13(27)
1 24 (50) 19 (40) 25 (54) 13 (27) 13 (27) 24 (50)
2 13(27) 24 6(13) 24 18 (38) 8(17)
3 0(0) 1) 2(4) 0(0) 4(8) 3(6)
4 2(4) 0(0) 2(4) 0(0) 4(8) 0(0)
Total 48 (100) 48 (100) 48 (100) 48 (100) 48 (100) 48 (100)
p value <0.001 <0.001 <0.001
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Total Goutallier score by injured and uninjured leg

M Injured
Uninjured

6 7 8 11 12

Total Goutallier score
Fig. 3 Patient count of each total Goutallier score for injured and uninjured legs. The distribution between the thighs differs, with more patients

having higher scores in the injured leg than in the uninjured leg.
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Fig. 4 Distribution of patient (operative and nonoperative treated)
muscle volume as a percentage of the uninjured side of the three
different muscles and the total muscle volume. Purple dots represent
the mean muscle volume loss and Cl 95%. The semimembranosus
muscle shows the greatest muscle volume loss

not designed to compare operated and non-operated
patients, similar results were obtained when the analy-
sis was limited to patients treated operatively, suggesting
that surgery cannot protect against muscle degeneration.

This is consistent with previous studies of tendon avul-
sions [19, 26-28]. However, a prospective randomized
trial is needed to quantify the potential benefits of opera-
tive treatment in a scientifically sound manner.

In our data, there were differences in volume loss
between the muscles. The semimembranosus muscle
had the greatest volume loss both in the main and sub-
group analyses, suggesting differences in recovery of
the different hamstring muscles, even when all tendons
are avulsed>2 cm or if surgically reattached. Interest-
ingly, differences in recovery between muscles have been
observed after rotator cuff repairs [29], and compensa-
tory muscle hypertrophy may contribute to strength vari-
ability after Achilles tendon repair [19]. Also, recovery
differences of the hamstring muscles have previous been
shown. In one study on subjects affected by hamstring
muscle strains in the long head of biceps femoris, atrophy
of that muscle was often accompanied by hypertrophy of
the biceps femoris short head [30]. We found that the dis-
tribution of muscle volume in relation to the uninjured
side is especially large in the semitendinosus muscle, sug-
gesting that some patients may compensate for the loss
of function of the semimembranosus with hypertrophy
of this muscle. The difference in recovery between the
muscles can support the reasoning of Lempainen et al.
that each hamstring muscle has its own function and
anatomy, and therefore should be considered individually
already at the injury stage [3]. However, when interpret-
ing this observation, it needs to be understood that the



Pihl et al. Journal of Orthopaedic Surgery and Research (2023) 18:114

Tendon attachment by Treatment

30

N
o

Patient count, n

—
o

0
Not attached

slice-by-slice technique measures the entire muscle vol-
ume, regardless of whether it is infiltrated by fat or not.

Our study expands on previous studies that examined
muscle status by MRI after PHA by demonstrating loss of
muscle volume in addition to fatty infiltration even when
the follow-up time is several years [10, 21]. Moreover, our
results support, with low correlations (0.4-0.5 (p <0.001—
0.05)), that muscle volume deficit and greater fatty infil-
tration in the injured leg result in a strength deficit. This
is consistent with previous studies of the hamstrings
where eccentric strength has been shown to be correlated
to biceps femoris muscle volume [31] and with similar
findings in other tendon injuries. For example, one study
of Achilles tendon ruptures found loss of muscle volume
(11-13%), greater fatty infiltration and correlation to
strength deficit (12—18%) in the affected leg at follow-up
[19].

We previously published a study on the same cohort
of patients showing that two patient reported outcome
measures, the Lower Extremity Functional Scale (LEES)
and Perth Hamstring Assessment Tool (PHAT), cor-
related significant to isokinetic strength (r=0.307 and
0.340), indicating that the strength deficit measured
have subjective relevance to the patients. Together with
the current study, we have now investigated the com-
plete chain of causality between the injury and patient
reported outcomes. We have established the effect of the
injury on muscle morphology, muscle strength, physical
function and patient reported outcomes.

This study also contributes information on the heal-
ing of proximal hamstring tendons when they are not
treated with surgical reattachment. None of the patients
treated nonoperatively had a complete attachment of the

Partly attached
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Treatment

M Non-operative
Il Operative

Completely attached

Fig. 5 Distribution of different tendon attachments separated by treatment. Only operationally treated patients had the tendons completely
attached

tendons to their footprint, but nine patients had some
continuity to the footprint and only three none. The
only previous study indicated a lower ratio of continu-
ity but reported the formation of a neotendon in many
cases [21]. In the current cohort, this was seen only in
one patient. Additionally, looking at operatively treated
patients, our results, combined with previous publica-
tions on both PHA and other tendon injuries, suggest
that surgical reattachment of an avulsed tendon cannot
guarantee tendon continuity at long-term follow-up [21,
27, 28]. Reruptures or incomplete healing of surgically
attached tendons are likely to contribute to the variability
in muscle quality and strength after rehabilitation.

Strength

This is the first study with mid- to long-term follow-up,
examining muscle volume and correlation of imaging
outcomes to strength in both operatively and nonopera-
tively treated PHA. We examined a relatively large cohort
of PHA patients and used the best available measures to
evaluate muscle quality (MRI) and concentric strength
(isokinetic test) [16]. Our different imaging measures
have high intra-rater reliability (ICC 0.81-0.99), which is
consistent with previously published reliability measures,
for the Goutallier score [32] and for slice-by-slice volume
measures [20, 33]. The isokinetic test used is the gold
standard of strength measurements, and peak torque at
60°/s has been shown to be the most discriminatory test
in detecting strength differences between the injured and
uninjured extremity after PHA [16].
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A Muscle volume % vs Peak torque % by Treatment
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Fig. 6 (A) Scatterplot of muscle volume (% of uninjured side) vs. peak torque (% of injured side). Lines displayed at 100% represent no difference
between the legs. (B) Difference in total Goutallier between the legs by peak torque (% of uninjured side). Lines indicate where there was no

difference between the legs

Limitations

One limitation of our study is that the Goutallier score
is an individual assessment of the visual impression of an
image. The score has been used in other PHA studies [10,
21], but is not validated for the hamstring muscles. When
performing the study, we did not have access to an MRI

protocol for quantitative analysis of fatty infiltration, such
as Dixon [34]. Moreover, with the cross-sectional study
design, we cannot draw conclusions on the reasons for
the loss of strength and muscle quality. For example, we
do not have data on muscle quality and strength at the
time of injury, which means that we do not know if the
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fatty infiltration, muscle volume and strength deficit were
already present prior to the injury. The treatment choice
in our cohort is not random and is likely affected by bias
by indication. For this reason, the study design does not
allow for direct analysis of the effect of treatment on
these outcome parameters. Instead, we tested the valid-
ity of our main results in subgroup analyses of patients
treated operatively and of patients having all tendons
avulsed >2 cm at injury. In these analyses, the difference
between the injured and uninjured hamstrings remained.

Our study was also limited by the fact that we cannot
sufficiently control for or further analyze three important
confounders: a more detailed classification of the injury,
the quality of the surgical procedure and the intensity
of the patient’s rehabilitation and muscle strengthening
exercises.

Conclusion

At an average of 6 years after acute proximal hamstring
avulsions, patients had greater fatty infiltration and mus-
cle atrophy in the affected hamstrings than in the unin-
jured leg. The muscle quality impairment significantly
correlated with the degree of the strength deficit of the
injured leg. The same results were obtained when the
analysis was limited to patients who had been treated
operatively.
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