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Abstract
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Proximal hamstring avulsion (PHA) is an injury mostly occurring with slip-and fall accidents.
MRI is important for the diagnosis, and MRI-findings together with patient characteristics
are used for the allocation of treatment, but little is known about their prognostic value. The
treatment can be either operative or nonoperative, but the evidence for the treatment options
is limited. There is also no data on incidence and on trends in treatment of hamstring injuries,
including PHA.

In paper I we analyzed data from the Swedish National Patient Register between 2001 and
2020 for patients aged 18-90 diagnosed with hamstring injuries (ICD-10 code S76.3), with
operative treatment identified using the NOMESCO classification NFL49. The incidence of
hamstring injuries increased from 2.2 to 7.3 per 100,000 person-years between 2001 and 2020,
with the rate of surgical treatment rising from 3.0% to 14.2%.

In paper Il we conducted a survey of 125 orthopedic surgeons from Sweden, Norway, Finland,
and Denmark to explore current practices and rationales for PHA treatment decisions. Surgical
decision-making was largely influenced by patient-specific factors, including age, BMI and
lifestyle, and MRI-findings such as, degree of tendon retraction and number of avulsed tendons.

In paper III we conducted a randomized noninferiority trial at 10 centers that compared
operative tendon reinsertion versus non-operative management in patients aged 30—70 with
PHA. The primary outcome was the Perth Hamstring Assessment Tool (PHAT) at 24 months.
The RCT demonstrated that nonoperative treatment was noninferior to surgery in terms of
PHAT, but also in secondary outcomes, such as Lower Extremity Functional Scores (LEFS)
and functional test, and with more adverse events in the operative group.

In paper IV we investigated if MRI findings at time of diagnosis had an association with
muscle degeneration at 24 months of follow up with tendon retraction emerging as a key factor
in predicting muscle degeneration in nonoperatively treated patients.
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“I trust I may be enabled in the treatment of patients always to act with a
single eye to their good.”
- Lord Joseph Lister
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Introduction

Achieving a comprehensive understanding of a disease involves various as-
pects, including recognition, diagnosis, epidemiology and treatment. While
the instinct among surgeons to restore anatomy to their original state, such as
reattaching a tendon, is deeply ingrained and well-intentioned, it's essential to
recognize that this approach may not always yield favorable outcomes. His-
tory has demonstrated numerous instances where interventions based solely
on intuition or tradition have fallen short. Therefore, it's imperative to gather
a deep knowledge about a disease and establish rigorous scientific evidence,
such as through randomized controlled trials (RCTs), to inform treatment de-
cisions and optimize patient outcomes. The aim of this study is to provide a
deeper understanding of proximal hamstring avulsions (PHA) and guide treat-
ment decisions accordingly.

Anatomy and physiology of the hamstring muscles

The semitendinosus, semimembranosus, and biceps femoris together form the
hamstring muscle complex at the back of the thigh. The hamstrings muscles
facilitate hip extension and knee flexion, aiding in the gait cycle, but are also
important for stabilization of the knee.

Except for the short head of the biceps femoris, they originate at the ischial
tuberosity. The semimembranosus muscle originates from the upper lateral
portion of the ischial tuberosity, whereas the semitendinosus and long head of
the biceps femoris muscles originate from the upper medial portion. An apo-
neurosis binds the proximal, long head of the biceps femoris and proximal
semitendinosus at the ischial tuberosity, which is commonly referred to as the
conjoined tendon. This aponeurosis extends approximately 7-10 cm from the
ischial tuberosity. The semimembranosus tendon is attached to the ischial tu-
berosity proximally, laterally, and anteriorly relative to the shared origin of
the other two hamstring muscles. Distally, the semimembranosus and semiten-
dinosus attach at the proximal medial tibia, whereas the long and short head
of the biceps attach to the lateral side of the head of fibula (1).

Originating at the L5 and S1 roots, the sciatic and tibial nerves are responsi-
ble for the nerve supply to the hamstring complex. The tibial nerve supplies the
semitendinosus, semimembranosus and the long head of the biceps femoris. The
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sciatic nerve bifurcates into the tibial and common peroneal (fibular) nerves, the
later supplying the short head of the biceps femoris muscle (2).

Sciatic nerve

Semimembranosus tendon

Conjoint tendon

<« Semitendinosus

-\‘— Biceps femoris

Semimembranosus

Figure 1. Dorsal view of the anatomy of the hamstring muscles and tendons.

Proximal hamstring tendon avulsion

Tendons attach to the bone and have the main function of transferring force to
and from the skeleton and provide anchorage that promotes musculoskeletal
movement. A typical tendon avulsion occurs when the force of muscle con-
traction surpasses the strength of either the tendon-muscle junction, the tendon
itself, or the tendon-bone junction. The continuous loading of tendons make
them vulnerable to repetitive strain and may result in tendinopathy (3). For
tendon avulsions, including PHA, tendinopathy together with environmental
factors play a key role for an injury to occur (4).

Epidemiology

A PHA typically occurs during sports participation or slip and fall accidents,
when the tendon and muscles lengthen, while at the same time the hamstring
muscles contract (5-7). The tendons are not able to overcome the outer force,
causing them to avulse.
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The incidence of PHA in the total population is largely unknown. There is
also limited data on the incidence of operative treatment and on trends in the
choice of treatment over time. Recent cohort studies have shown that these
injuries are common among middle-aged individuals, with injuries often ac-
quired during sports or by fall accidents during every-day activities (8).

Diagnosis and MRI-evaluation

Patient history and clinical findings

Typical symptoms of PHA may be pain at or just below the area of the buttock,
inability to bear weight, weakness, and cramping. Some patients might expe-
rience a “pop” as the tendon loses it anchorage. Sometimes, a palpable defect
can be found distal to the ischial tuberosity. After several days, there can be
bruising along the back of the thigh (9-11).

Magnetic resonance imaging

The most accurate imaging modality for the diagnosis of PHA is magnetic
resonance imaging (MRI) (12). MRI is used to confirm the avulsion, to assess
the number of avulsed tendons and the degree of tendon retraction, as well as
for the preoperative planning (13). Complete avulsions may involve both the
conjoined and semimembranosus tendon, or in some rare case just one of
them.

Wood et al. have established a classification system for the avulsed proxi-
mal hamstring on MRI, categorizing the injury into 5 subgroups as follows
(14):

Type I: bony avulsions.

Type II: injuries at the muscle tendon junction.

Type III: incomplete injuries at the tendon bone junction.
Type IV: complete avulsion without retraction.

Type V: complete avulsion with retraction.

O O O O O

There are variations in how tendon retraction is measured, mainly depending
on differences in how the proximal landmark and the tendon stump is located
and studies have found low interrater agreement (15, 16). There are still no
standardized procedures to assess the degree of retraction. However, in a re-
cent study by Van der Made et al, a reliable MRI assessment for PHA is pre-
sented (13). To assess proximal full-thickness free tendon discontinuity, the
dropped ice cream method was introduced. For the measurement of tendon
retraction, the center of the upper region of the ischial tuberosity and the most
cranial extent of clearly identifiable hypodense tendon stump is recommended
to use as landmarks.
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Figure 2. Left-sided total proximal hamstring avulsion seen on MRI. The image is a
coronal fat saturated proton-density sequence. As indicated by the white double arrow,
the shortest distance from the center of the upper region of the ischial tuberosity to the
most proximal part of the hypodense tendon stump was measured. From NEJM Evid.,
Pihl, Elsa et al. “Operative versus Nonoperative Treatment of Proximal Hamstring
Avulsions.” 2024;3(8), Copyright © (2024) Massachusetts Medical Society. Reprin-
ted with permission.

~

Figure 3. MRI of a proximal hamstring avulsion on the right side. The dropped ice
cream sign (arrow) can be used to asses if and which tendons are avulsed. The ischial
tuberosity can be viewed as an ice cream cone (1) with the conjoined tendon medially
(2) and the semimembranosus laterally (3) illustrated on the uninjured side.

Treatment

The main goal of treatment should be a pain-free, satisfied patient with re-
stored muscle function. For the treatment of PHA, there is either the option of
surgery and rehabilitation or the option of rehabilitation without surgery.
Although there has been a growing interest in PHA, evidenced by the in-
creasing number of publications on the topic, comparative studies between
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operative and nonoperative treatments for PHA are scarce (8, 17). According
to a review by Bodendorfer et al., only 3.6% of the patients with PHA in the
published literature were nonoperatively treated, indicating a potential publi-
cation bias (18). Only one prospective cohort study has directly compared op-
erative and nonoperative interventions, finding no discernible difference in
patient-reported outcomes (17). Additionally, most studies comparing treat-
ment options rely on retrospective data, which carries the risk of perpetuating
potentially ineffective or harmful interventions (19, 20). The lack of robust
evidence to inform treatment decisions makes the approach to treatment con-
troversial.

The degree of tendon retraction and the number of tendons injured has been
proposed to be an important prognostic factor and said to be associated with a
poor outcome if treated nonoperatively (5, 14, 19), although this has not been
consistently observed (21).

Another consideration in the discourse surrounding the treatment PHA per-
tains to outcome measures. Qualitative studies exploring the challenges faced
by patients with PHA in their daily activities are lacking, leaving a significant
gap in our understanding. Currently, there is no gold standard for evaluating
outcomes in patients with PHA. Despite the lack of evidence regarding the
treatment and the insecurity on how to measure outcome, surgeons operate
according to their medical judgement and partly rely on MRI-findings to guide
treatment decisions (22, 23).

Operative treatment

Operative treatment means that avulsed proximal hamstring tendons are reat-
tached to the ischial tuberosity. There are two ways the ischial tuberosity can
be approached; either with a transverse incision in the gluteal crease or with a
longitudinal incision in the proximal thigh. This is followed by careful dissec-
tion to avoid injury to the posterior femoral cutaneous nerve. Preferably, the
sciatic nerve is identified, or at least the location considered as to avoid iatro-
genic damage. Once the gluteus maximus is retracted, a longitudinal incision
is made in the muscle fascia, and if the paratenon is intact, it is incised to
mobilize the hamstring tendons. Tendons are reattached using suture anchors,
which may be hammered or screwed into the bone depending on the manufac-
turer's instructions. Finally, the wound is closed layer by layer (24, 25).

Nonoperative treatment

There are no recommended rehabilitation programs for PHA, but a number of
rehabilitation programs have been published and are routinely being used (17,
20). In Sweden the rehabilitation is most often managed by a physiotherapist
in outpatient care. The general recommendation is to start rehabilitation as
soon as possible after the injury (17, 19, 26). A widely used protocol in
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Sweden is the Askling protocol (27), that originally was designed as a postop-
erative rehabilitation protocol.

Outcomes

Patient reported outcome measures

Patient reported outcome measures (PROMs) are useful when evaluating a
given treatment and when comparing the outcome of different treatment mo-
dalities. Interpretation of PROMs can however be challenging. Because of
their subjective nature they are prone to information biases, e.g. recall bias and
responder bias. Comparisons between patients can be problematic, owing to
different perceptions of quality of life and widespread individual standards
and values. The individual might also change their view and weighting of
these factors over time, referred to as response-shift (28).

There are a number of PROMSs that can be used for the evaluation of PHA,
e.g. the Perth Hamstring Assessment Tool (PHAT), the Lower Extremity
Functional Scale (LEFS), Proximal Hamstring Injury Questionnaire (PHIQ),
Short Form Survey (SF-12) and the recently developed Sydney Hamstring
Origin Rupture Evaluation (SHORE) (25, 29, 30). In 13 of the most commonly
used PROMs, 70% of the questions overlap (31). The PHAT, SHORE, and
PHIQ were designed specifically to assess patients who sustained proximal
hamstring injuries (25, 30, 32). Of these, the PHAT and SHORE are the only
validated proximal hamstring—specific PROMs (25, 30). However, the
SHORE was validated by correlating its functional outcome scoring to that of
the PHAT (30).

PHAT is the most frequently used proximal hamstring—specific PROM in
the literature and has been gaining recognition as the preferred PROM for
proximal hamstring injury studies (17, 24, 33-35). It has a maximum score of
100, with higher score corresponding to higher function, and was specifically
developed for patients with PHA. LEFS, on the other hand, seems to be the
most common nonspecific validated PROM used for proximal hamstring in-
juries (31). It is a reliable, valid and responsive tool for assessing functional
status in populations with lower-extremity musculoskeletal conditions (29).
Both LEFS and PHAT evaluate limitations in activity, but capture somewhat
different aspects of recovery (34). LEFS seems to capture more of limitations
in activities whereas PHAT seems to cover the pain dimension as well as over-
all satisfaction (34).

The International Physical Activity Questionnaire short form (IPAQ-short)
is a tool commonly used to assess treatment outcomes/patient status. It con-
sists of seven items that assess physical activity across multiple domains, in-
cluding work, transportation, household chores, and leisure-time activities. It
provides a brief yet comprehensive assessment of an individual's physical
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activity levels over the past seven days (8). There are no studies using IPAQ-
short for the assessment of patients with PHA.

Figure 4. The Perth Hamstring Assessment Tool. Printed with permission from
Springer nature, license number 5807800712483.
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We are interested in knowing whether you are having any difficulty at all with the activities listed below because of your lower limb problem for
which you are currently seeking attention. Please provide an answer for each activity.

Today, do you or would you have any difficulty at all with:

(Circle one number on each line)

Extreme

Difficulty or

Unable to  Quite a Bit A Little

Perform of Moderate Bit of No
Activities Activity Difficulty  Difficulty Difficulty Difficulty
a.  Any of your usual work, housework, or school activities. 0 1 2 3 4
b.  Your usual hobbsies, recreational or sporting activities. 0 1 2 3 4
c.  Getting into or out of the bath. 0 1 2 3 4
d.  Walking between rooms. 0 1 2 3 4
e.  Putting on your shoes or socks. 0 1 2 3 4
f. Squatting. 0 1 2 3 4
g. Llifting an object, like a bag of groceries from the floor. 0 1 2 3 4
h.  Performing light activities around your home. 0 1 2 3 4
i.  Performing heavy activities around your home. 0 1 2 3 4
j.  Getting into or out of a car. 0 1 2 3 4
k. Walking 2 blocks. 0 1 2 3 4
I, Walking a mile. 0 1 2 3 4
m.  Going up or down 10 stairs (about 1 flight of stairs). 0 1 2 3 4
n.  Standing for 1 hour. (] 1 2 3 4
o. Sitting for 1 hour. 0 1 2 3 4
p.  Running on even ground. 0 1 2 3 4
g. Running on uneven ground. 0 1 2 3 4
r. Making sharp turns while running fast. 0 1 2 3 4
s.  Hopping. 0 1 2 3 4
t.  Rolling over in bed. 0 1 2 3 4
Column Totals:

SCORE: /80
Error (single measure): +5 scale points
MDC: 9 scale points
MCID: 9 scale points

Figure 5. The Lower Extremity Functional Scale. Printed with permission from Ox-
ford University Press — Journals, license number 1494820-1.

Performance-based outcome measures

For the follow up and evaluation of post-injury status of PHA, the objective
performance-based outcome measures most often used are isokinetic and iso-
metric strength measurements and single leg-hop and triple-hop test (9, 11,
12). The single leg-hop and triple-hop tests have been used for the evaluation
in PHA patients in a number of studies, but their validity appears to be incon-
sistent (19, 26, 36). Other examples of performance-based outcomes measures
is the less demanding single-step down test (37). For the assessment of isoki-
netic strength, computer-based dynamometers are used and are considered the
gold standard for muscle strength measurements in general (38, 39). Testing
for isokinetic strength can discriminate between the injured and uninjured leg
in patients with PHA at follow up (40). Isometric strength can also be evalu-
ated with handheld dynamometers with reliable results (36, 41).

The correlation between functional tests and PROMs have been shown to
be weak in patients with PHA 5 years after the injury (34). Nonetheless, it
might still be of interest to use both methods for the evaluation of the treatment
of PHA, since it could capture different aspects of the injury.
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Imaging outcomes

There are, until now, only 2 studies that have investigated tendon attachment
and fatty infiltration on MRI at follow-up in both operatively and nonopera-
tively treated patients with PHA (17, 40, 42). A study by Pihl et al. demon-
strated that there was more extensive fat infiltration, muscle atrophy and loss
of isokinetic strength in the injured hamstrings than in the uninjured ham-
strings. The study was not designed to compare operatively and nonopera-
tively treated patients, but similar results were obtained when the analysis was
limited to patients treated operatively, suggesting that surgery cannot protect
against muscle degeneration (40). Van der Made et al investigated tendon con-
tinuity, fat infiltration and the sciatic nerve at 1-year follow-up on MRI and
showed varying degrees of fat infiltration in both operatively and nonopera-
tively treated patients, and tendon continuity in only half of the nonoperatively
treated patients (17). No difference between the operatively and nonopera-
tively treated in patient reported outcomes was seen in either of the studies.
Both studies have used the modified Goutallier method to assess fat infiltra-
tion on MRI.

A common method for the evaluation of muscle mass is manual segmenta-
tion by drawing of regions of interest (ROI) (43).This is, however, time-con-
suming, depend on a trained observer and are affected by user variability. New
automatic and semi-automatic muscle quantification algorithms enable cost-
effective and time-sparing data analysis (44, 45). For the studies in this thesis,
the follow-up MRIs were analyzed by an external company, AMRA (AMRA
Medical, Link6ping, Sweden). They use a new automated technique, fat-ref-
erenced MRI that has been used to quantify whole-body muscle volume and
fat in healthy individuals (46-48). The technique uses the subcutaneous fat as
an internal reference and translates images acquired with the Dixon method to
quantitative fat concentration maps. The images are then transferred into an
atlas-based 3D-volume, resulting in a probability map. The label of each voxel
is subsequently classified based on the resulting probability map from the mul-
tiple atlas registration. In the final step, the muscle volume is quantified (50-
52).
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Posterior View

Figure 6. Right-sided total proximal hamstring avulsion seen on MRI, 24 months
postinjury. On the left, a coronal view (seen from posterior) with axial T1-weighted
in-phase Dixon images at three levels, with a proximal hamstring avulsion of the right
leg showing retraction and fat infiltration of the hamstring muscles (biceps femoris in
red, semitendinosus in yellow and semimembranosus in blue). On the right, axial im-
ages at mid-thigh level (upper right) with overlay of a fat fraction map in yellow
(lower right). From NEJM Evid., Pihl, Elsa et al. “Operative versus Nonoperative
Treatment of Proximal Hamstring Avulsions.” 2024;3(8), Copyright © (2024) Mas-
sachusetts Medical Society. Reprinted with permission.
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Aims

This doctoral project aims to improve the understanding of current treatment
choices, prognostic factors and treatment outcomes for PHA in adults. Our
aim is to facilitate the adoption of treatment guidelines and provide guidance
to fellow surgeons, enabling them to collaborate with patients in making well-
founded treatment decisions for PHA.

More specifically the aims were:
L To investigate the incidence, trends in operative treatment, and
age and sex distribution of hamstring injuries in Sweden between

2001 and 2020.

II.  To identify current practices and the rationale behind PHA treat-
ment decisions in the Nordic countries.

III.  To investigate whether nonoperative treatment is noninferior to
operative treatment for PHA.

IV. To assess whether MRI findings at the time of injury are associ-

ated with muscle degeneration after 24 months in patients with
PHA managed nonoperatively.
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Methods

Ethical considerations

The research described in this thesis was conducted in accordance with the
Helsinki declaration. Approval was requested and granted by the local ethics
committee for study II, Il and IV.

Study I: Etikprovningsndmnden Stockholm (Dnr 2020-05499).

Study III and IV: Etikprévningsndamnden Uppsala (DNR: 2017—-170) and
by the Norwegian ethical board (REC: 2017/1911).

For study II the ethical committee was consulted for guidance and the study
did not qualify for ethical review as there was no collection of sensitive per-
sonal data. Participation was voluntary and anonymous.

Epidemiology of hamstring injuries (Paper I)

The National patient register (NPR) is a government agency under the Swe-
dish National Board of Health and Welfare. The register includes information
on all inpatient care in Sweden since 1987 and also covers outpatient doctor’s
visits, including day surgery from both private and public caregivers since
2001. Information on personal identification number, age, sex, patient’s dom-
icile, primary and secondary diagnoses, length of hospital stay, and operative
procedures performed is included in the register. Diagnoses in the NPR have
been coded with the International Classification of Diseases, Tenth Revision
(ICD-10) since 1997. The ICD-10 coding system does not include a specific
code for PHA. In the ICD-10 classification, the code represents the entire mus-
cle or muscle group of the extremity or part of the extremity, i.e., no subclas-
sification is used to identify a specific anatomic location within the same mus-
cle group.

All patients between 18 and 90 years with a diagnosis coded to the ICD
code S76.3 (injury of muscle and tendon of the posterior muscle group at
thigh), S76.1 (injury of quadriceps muscle and tendon) and S86.0 (injury of
Achilles tendon) between year 2001 and 2020, were included in the analysis.
The main outcome was the incidence of patients treated operatively for a ham-
string injury. Data on Achilles- and Quadriceps tendon injuries was investi-
gated (ICD-10 S86.0 and S76.1) for comparative reasons.
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This was a purely descriptive study and no statistical comparative calcula-
tions were performed. The surgical procedures in connection with the patient
visit were coded with the Nordic Medico-Statistical Committee classification
(NOMESCO). Patients with the ICD-10 code S76.3 in combination with the
NOMESCO classification NFL49 (suture or reinsertion of tendon of hip or
thigh) were considered to represent operatively treated hamstring injuries
(Figure 7). Patients with multiple visits with the same ICD-10 code were only
counted once. It was not possible to determine whether the initial decision was
operative treatment or if this was reevaluated at a later point. Adult population
data for every year was obtained from the Statistics Sweden website and was
used to calculate incidences. For the analysis of the data, R (version 4.0.2; R
Foundation for Statistical Computing, Vienna, Austria) software was used.

S$76.3 + NFL49 ———  Operatively treated hamstring injuries
S76.1+ NFL49 ————  Operatively treated quadriceps injuries

S$86.0 + NHL49 ———  Operatively treated Achilles injuries

Figure 7. Combination of ICD-10 code and NOMESCO-classification. Patients with
ICD-10 code S76.3, S76.1, and S86.0 in combination with NOMESCO classification
NFLA49 (suture or reinsertion of tendon of hip or thigh) were considered to represent
operatively treated hamstring injury, operatively treated quadriceps injuries, and op-
eratively treated Achilles tendon injuries, respectively.

Current treatment strategies and decision-modifiers for
the treatment of PHA (Paper II)

Study II was a survey study. The survey questionnaire was designed to assess
responder characteristics, the preferred current treatment practice of the sur-
geon, their units’ treatment protocols and traditions, the surgeons’ opinions of
patient- and injury-related factors influencing the treatment decision and the
surgeons’ experience of complications and sequelae.

Participants were orthopedic surgeons and trauma surgeons in the Nordic
countries; Norway, Denmark, Sweden and Finland. All consultant orthopedic
surgeons and trauma surgeons in Sweden were approached as potential study
participants. E-mail addresses were obtained through the head of the orthope-
dic surgery department at each hospital and from the Swedish Orthopedic So-
ciety. In Norway, Denmark and Finland, the contact information of surgeons
treating PHA was obtained through local knowledge of the authors and the
country-specific orthopedic society. The participation was anonymous and
voluntary. Respondents that answered that they were involved in the treatment
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of PHA and participated in at least one PHA surgery per year were included
in the study population.

Surgeons were approached using e-mail and asked to participate through
an online survey. The REDCap (Research Electronic Data Capture) database
solution was used for the survey design, distribution and data collection. It is
a secure, web-based software platform designed to support data capture for
research studies (49). The questionnaires were collected from April 2020 to
June 2020.

All variables were categorical and are presented as numbers and frequen-
cies. Percentages were calculated based on the total number of answers given
for each question. To rank the surgeons’ opinion on late symptoms after PHA,
a mean score for each symptom was calculated by arbitrarily giving the per-
ceived most frequent symptom three points, the second most frequent two
points and the third most frequent one point. For the analysis of the data, R
(version 4.0.2; R Foundation for Statistical Computing, Vienna, Austria) soft-
ware was used.

Nonoperative treatment of PHA is noninferior to
operative treatment (Paper III)

Study III was an international, multicenter, preference tolerant, noninferiority,
randomized controlled trial, conducted at ten study sites; eight in Sweden
(Danderyd Hospital, Uppsala Akademiska University Hospital, Linképing
University Hospital, Umea University Hospital, Skane University Hospital,
Sédersjukhuset, Ostersund Hospital, Orebro University Hospital) and two in
Norway (Oslo University Hospital and Haulekand University Hospital). The
study was conducted between 2017 and 2022.

Patients with a suspected PHA were assessed at the trial sites. Inclusion
criteria encompassed a moderately active lifestyle, age between 30 and 70
years and MRI imaging supporting an acute (within 4 weeks) proximal ham-
string avulsion with at least two tendons avulsed from the ischial tuberosity.
Exclusion criteria were factors identified as having potential to increase post-
operative complications; moderate or severe diabetes, liver, pulmonary, kid-
ney, or heart disease, severe obesity (Body mass index (BMI) >35), psychiat-
ric disorders, and alcohol or substance abuse. Additionally, high energy inju-
ries or combinations of injuries affecting the lower extremity with sequelae,
e.g., car accidents, were excluded. After receiving information about the trial
and providing written informed consent, the study patients were randomized
to either undergo surgery followed by rehabilitation or treatment with rehabil-
itation only. For randomization the RedCap software was used. Eligible pa-
tients, where the patient or treating physicians’ equipoise to treatment could
not be reached, were invited to participate in a parallel observational cohort
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with identical treatment options and follow-up. Patients, surgeons and re-
search coordinators were aware of the assigned treatment group. To aid in the
blinding of the physiotherapists, participants were asked to wear clothing that
covered surgical scars.

Local policy guided the operative treatment, as well as the perioperative
and postoperative administration of antibiotics and anticoagulants. The sur-
geon decided on skin incision, dissection, wound closure and dressing. The
tendons were reattached using at least two suture anchors. All patients fol-
lowed the same standardized rehabilitation protocol.

The primary outcome was the PHAT score at 24-month follow up. PHAT was
obtained at 3,6,12 and 24 months. Baseline data was obtained at time of injury
using preinjury recall.

Secondary outcomes were LEFS, IPAQ and general satisfaction, estima-
tion of recovery and return to sports, physical performance and adverse events.
Physical performance was evaluated with functional test (single-step, single
leg-hop, triple-hop) and with measurement of isometric strength with a dyna-
mometer.

The sample size calculation was updated in a statistical analysis plan
amendment in December 2018. Initially, the goal was to recruit 60 patients in
the randomized trial to achieve 80% power for showing noninferiority using
a margin corresponding to the minimal detectable within-patient change in the
PHAT score (16 points). Due to high inclusion rate, the sample size was in-
creased to enable more precise answers to our research question. The nonin-
feriority margin was decreased from 16 to 10, which represents about one half
of the expected standard deviation (SD) of the PHAT score and is smaller than
the reported minimal detectable within-patient change (16 points) (25, 50). It
was estimated that 60 patients in each randomized group were needed to
achieve 74 to 90% power (depending on the assumed SD of the PHAT score)
for showing noninferiority when assuming a dropout rate of 10%, and SD of
the PHAT score in the range of 16 to 20, and a 2.5% one-sided alpha.

The per-protocol population (participants who were randomized to receive
a specific treatment and who did receive it according to protocol) was used for
the primary analysis. PHAT scores were compared between the two treatment
groups using a linear regression model, including an indicator of randomized
treatment group assignment adjusted for age, sex, and degree of tendon retrac-
tion, and using inverse probability weighting to adjust for adherence to the
assigned treatment. The probability weights were calculated based on age, sex,
degree of tendon retraction, and treatment group. If the lower boundary for the
two-sided 95% confidence interval in the absolute difference of the PHAT
score in the nonoperative group and the operative group was greater than -10
points, the nonoperative treatment would be deemed to be inferior. Missing
data on individual PHAT questions were imputed using predictive mean
matching with a donor pool of five.
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For the primary endpoint the following prespecified sensitivity analyses
were performed: Analysis after model-based multiple imputation by chained
equations of the PHAT scores for participants who missed follow-up appoint-
ments and analyses on the intention-to-treat (ITT) population (participants an-
alyzed in groups defined by the treatment they were randomized to) and the
as-treated (AS) population (patients analyzed in groups defined by the treat-
ment the patients actually received).

Additionally, since the PHAT score is constrained between 0 and 100, a
prespecified sensitivity analysis of the primary endpoint using beta regression
was performed.

Secondary outcomes were compared between the two treatment groups using
regression models adjusting for the same variables as in the primary endpoint
analysis. Logistic regression was used for binary endpoints (adverse events
and return to sports) and linear regression for all other secondary endpoints.
Because odds ratios are estimated from logistic regression models and because
odds ratios may overestimate relative risks, we performed a post hoc analysis
estimating marginal relative risks for the adverse events and the return-to-
sports secondary end points.

Prespecified subgroup analyses were performed according to age (<50
years of age vs. >50 years old), sex and degree of tendon retraction (<2 cm vs.
>2 cm). Heterogeneity of treatment effects were assessed using an interaction
term between treatment allocation and age, sex and degree of tendon retrac-
tion, respectively, in the regression models (51). We analyzed the observa-
tional cohort using propensity scores adjustment by inverse probability
weighting. The propensity score was based on age, sex, baseline IPAQ-short
and the degree of tendon retraction. P values are reported only for the primary
outcome. For secondary outcomes, two-sided 95% confidence intervals are
reported. These confidence intervals were not adjusted for multiplicity and
should not be used to judge clinical effects.

The analyses were performed using the software RStudio, R version 4.2.3
(202303-15 ucrt).

Tendon retraction is associated with muscle
degeneration in nonoperatively treated patients with
PHA (Paper 1V)

The study was a prospective cohort study, and a post hoc analysis of a subset
of PHACT (52, 53). The population comprised the nonoperatively treated pa-
tients within both the randomized trial and the observational cohort of
PHACT. The primary outcome was muscle degeneration defined by the loss
of lean muscle volume (LMV) and increase in muscle fat fraction (MFF) of
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the injured thigh in relation to the uninjured thigh, measured on MRI at 24-
month post injury. At time of injury, all patients underwent MRI scans accord-
ing to the local clinical protocols at participating hospitals to diagnose sus-
pected hamstring avulsion injuries. These MRIs are referred to as diagnostic
MRIs.

The imaging protocols differed across the sites and included various se-
quences such as proton-density (PD), PD fatsat, PD SPAIR (spectral attenu-
ated inversion recovery), PD Dixon, T2 fatsat, T2 Dixon, STIR (short tau in-
version recovery), TIRM (turbo inversion recovery magnitude), T2-weighted,
and T1-weighted. The scans covered the origin of the hamstring muscle com-
plex and extended to one or both thighs. Initial MRI image interpretations
were conducted in accordance with local protocols.

For paper 1V, diagnostic MRIs were independently re-evaluated by a mus-
culoskeletal radiologist (M.S.) and an orthopedic resident (S.L.). Differences
in assessments were resolved through consensus. The avulsions were classi-
fied according to the Wood classification (14), it was determined which ten-
don/s of the hamstring complex (semimembranosus, semitendinosus and/or
biceps femoris) were avulsed and tendon retraction was measured using the
method by van der Made (13). Size of hematoma was quantified by the largest
diameter on an axial plane.

At 24-month follow up patients underwent follow up MRI. A comprehen-
sive description of the MRI scan protocol, the analysis procedures at AMRA
(AMRA Medical, Linkdping, Sweden), image processing, segmentation
methods, and quality control measures have previously been published (10,
15-18). To calculate TMV, LMV and MFF of each individual muscle, all ham-
string muscles (semimembranosus, semitendinosus, and the short and long
head of the biceps femoris) were bilaterally segmented in their entirety in an
automated process. For this study, the images were additionally controlled and
if needed adjusted manually by a radiologist at AMRA. The total muscle vol-
ume was defined as the sum of all voxels included in a muscle segmentation
and MFF as the total volume of fat divided by this volume. LMV is defined
as TMV * (1-MFF).

Maximum isometric force (Newton, N) was measured in both the injured
and uninjured leg at 24 months with a handheld isometric dynamometer (mi-
croFET 2, Hoggan health industries). The patient was asked to perform a max-
imum contraction for 5 sec with the knee angle fixed at 15° (Figure 8). The
maximum force, in Newtons (N), after three attempts was recorded.
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Figure 8. Illustration of measurement of maximum isometric force. The heel of the
tested leg is placed on the dynamometer and the knee angle adjusted with a goniome-
ter to approximately 15°. A maximum contraction for 5 sec is then performed. The
maximum force, in Newtons (N), after three attempts was recorded.

Independent variables were patient characteristics’; age, sex, BMI and domi-
nant leg and findings on diagnostic MRI; retraction and size of hematoma. For
dependent variables the value for the injured leg was divided by the value of
the uninjured leg, and for the further analysis this was multiplied by 100 re-
sulting in the limb symmetry index (LSI). Dependent variables in the analysis
were the corresponding LSIs of LMV and MFF.

Multivariable linear regression was calculated with the independent varia-
bles age, sex, BMI, dominant side, tendon retraction and hematoma size for
LSIs for MFF and LMYV, respectively.

Pearson correlation was calculated for maximum isometric force at 24
months and LMV. Correlation strength was determined as follows: <0.3, none
to very weak; 0.3 to 0.5, weak; >0.5 to 0.7, moderate; and >0.7, strong (54).
Data were analyzed using RStudio version 2023.12.0+369.
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Results

Epidemiology of hamstring injuries (Paper I)

7,278 patients with hamstring injuries, aged between 18 and 90 years, were
identified in Sweden between 2001 and 2020 (Table 1). There were more men
(4,137) than women (3,131), and the mean age at time of diagnosis was 47.4
years for men and 52.8 years for women.

ICD-10 Patients (n) i;gi:ttfvfl‘;a(ts’ (BS“S;";:fr"S % Male
S$76.3 (Hamstring) 7,278 804 49.7 (10.6) 57
$76.1 (Quadriceps) 10,974 2,980 55.1 (12.4) 82

$86.0 (Achilles) 47,736 12,798 505 (13.1) 79

Table 1. Number of patients with the ICD-10 diagnosis S76.3, S76.1, and S86.0, the
mean age and sex and the number of operatively treated patients (NOMESCO NFL49
and NHL49) in Sweden between 2001 and 2020.

The incidence of patients with hamstring injuries increased from 2.2 per 10°
person-years (p-y) in 2001-2005 to 7.3 per 10° p-y in 2016-2020. A similar
trend was seen for all age groups, but the greatest increase was in women aged
40-59 years (Figure 9).
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Figure 9. Incidence of hamstring injuries (ICD-10 S76.3) in Swedish adults per
100,000 person-years between 2001 and 2020 for men and women by age group. From
Acta Orthop. Laszlo S, Jonsson KB. Increasing incidence of surgically treated ham-
string injuries: a nationwide registry study in Sweden between 2001 and 2020.
2023;94:336-341 Copyright © (2023). Reprinted with permission.

During the study period, 804 sutures or reinsertions of the hamstring tendon
(ICD S76.3 and NFL49) were performed. The total number of operatively
treated hamstring injuries per year increased from 5 in 2001-2005 to 82 in
2016-2020. The frequency of surgical treatment per diagnosed case increased
from 3.0% in 2001-2005 to 14.2 % in 2016-2020. Patients aged 40-59 had
the greatest increase in proportion of surgeries per case (Figure 10). At the
time of diagnosis, hamstring injuries (ICD-10 S76.3) were registered at 150
different health care providers. Of these 150, approximately a third (49) oper-
ated at least 1 patient. We compared the 10 units with the highest volume in
operations with the remaining 140 units. 2,533 patients had their primary con-
tact in the high-volume centers and 4,745 in the low-volume centers. In the
high-volume group there were 562 (22.2%) operated patients compared with
242 (5.1%) in the low-volume group. The fraction of operated patients was
increasing in both groups during the studied period (Figure 10).

There was an increase in the incidence for all the studied tendon injuries
(S76.1, S76.3 and S86.0). There was also an increase in the operative treat-
ment for both hamstring tendon injuries, as well as Quadriceps tendon injuries,
however there was a decrease in the frequency of the operative treatment of
Achilles tendon injuries (Figure 11).
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Figure 10. Proportion of patients with hamstring injuries (ICD-10 S76.3) operated on
in Sweden between 2001 and 2020 by age group (left panel), and hamstring injuries
(ICD-10 S76.3) operated on with the primary contact in high- or low-volume
centers between 2001 and 2020 (right panel). From Acta Orthop. Laszlo S, Jonsson
KB. Increasing incidence of surgically treated hamstring injuries: a nationwide regis-
try study in Sweden between 2001 and 2020. 2023;94:336-341 Copyright © (2023).
Reprinted with permission.
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Figure 11. Incidence per 100,000 person-years for Achilles, quadriceps and hamstring
injuries (ICD-10 S86.0, S76.1 and S76.3) (left panel) and incidence of operative treat-
ment of the respective injuries for all Swedish adults aged between 18 and 90 years
between 2001 and 2020 (right panel). From Acta Orthop. Laszlo S, Jonsson KB. In-
creasing incidence of surgically treated hamstring injuries: a nationwide registry study
in Sweden between 2001 and 2020. 2023;94:336-341 Copyright © (2023). Reprinted
with permission.
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Current treatment strategies and decision-modifiers for
the treatment of PHA (Paper II)

In total, 729 surgeons were invited to participate in Sweden. Out of these, 340
responded (47%). In Norway, Denmark and Finland, 37, 50 and 14 surgeons,
respectively, were invited to participate. We received 24, 30 and nine re-
sponses (63%). Among all the respondents in Sweden, Norway, Denmark and
Finland, we identified 86, 19, 12 and eight participants with exposure to PHA
patients that met our inclusion criteria (Figure 12). Baseline data for partici-
pating surgeons can be seen in Table 2.

Figure 12. Flow-chart showing invited surgeons (n = 830), total number of responders
(n=393) and selected study population (n = 125). The distribution according to coun-
try is depicted with different patterns. From Sports medicine — open, Laszlo, S., Prox-
imal Hamstring Tendon Avulsions: A Survey of Orthopaedic Surgeons' Current Prac-
tices in the Nordic Countries., vol 8 (1), 49. Copyright © (2022) Reprinted with per-
mission.
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Den Nor Fin Swe  Total

Number of participants 12 19 8 86 125
Number of hospitals 8 16 6 31 61
Type of hospital
Private hospital 1 0 0 5 6 (5%)
Public, non-Uni, hospital 4 14 4 43 65 (52%)
University hospital 7 5 4 38 54 (43%)
Years as orthopaedic specialist
0-5 2 3 1 26 32 (26%)
5-10years 3 2 5 17 27 (22%)
10-15 years 0 7 1 13 21 (17%)
> 15 years 7 6 1 29 43 (34%)
NA 0 1 0 1 2 (2%)
Subspeciality
General orthopaedics 0 8 1 21 30 (24%)
Trauma 2 6 6 27 41 (33%)
Sports medicine 8 2 0 25 35 (28%)
Other 2 3 1 13 19 (15%)

Table 2. Baseline data for participating surgeons. From Sports medicine — open,
Laszlo, S., Proximal Hamstring Tendon Avulsions: A Survey of Orthopaedic Sur-
geons' Current Practices in the Nordic Countries., vol 8 (1), 49. Copyright © (2022)
Reprinted with permission.

Existence of local guidelines for the treatment of PHA was reported by 49%.
Respondents reported that most of the units (76%) took a case-by-case ap-
proach in the choice of treatment. For most surgeons the preferred treatment
modality was case dependent (84%).

A number of patient-related factors influenced the treatment choice. Most
orthopedic surgeons considered age above 70 years (81%), BMI over 35
(87%), and sedentary lifestyle (71%) to be relative contradictions to surgery.
Also, smoking (75%) and especially drug and alcohol abuse (94%) were con-
sidered contraindications to surgery.

Findings during clinical examination were considered to be of less im-
portance. Inability to actively flex the knee or extend the hip was considered
by most surgeons to have no influence (25%) or to be only a weak indication
for surgery (42%).

For the participating surgeons, both the number of tendons avulsed, and the
dislocation of tendons as seen by MRI influenced treatment decisions. Avul-
sion of three out of three tendons on MRI was considered a strong indication
for operative treatment by 72% of respondents but even the existence of two
tendon avulsions was considered a strong indication for surgery by 24%. A
retraction of 2 cm was considered a strong operative indication by 39% of
respondents, and if the retraction was 3 cm, an additional 35% of the
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respondents saw this as a strong indication for surgery. More than half of the
surgeons felt that there was a time limit for primary operative treatment. The
most commonly mentioned limits were more than four or six weeks.

Almost all respondents refer PHA patients to physiotherapy. Sixty-two per-
cent, were not of the opinion that surgically treated patients do better than
nonoperatively treated patients and generally had the impression that patients
were satisfied with the treatment result, regardless of the treatment. About half
of the respondents reported experience with serious surgical complications
such as re-rupture of the tendon after surgery, deep wound infections needing
debridement and severe neurogenic pain postoperatively. Pain when sitting
was perceived by respondents as the most common complaint among patients
with residual symptoms, followed by weakness and general pain.

Nonoperative treatment of PHA is noninferior to
operative treatment (Paper III)

Trial population

A total of 216 patients were enrolled in the study between 2017 and 2020. The
final follow-up was completed in September 2022. In the randomized cohort,
58 patients were assigned to operative treatment and 61 to nonoperative treat-
ment; both treatment arms had two early crossovers. In the observational co-
hort, 44 (45%) were treated operatively and 53 (55%) nonoperatively. At the
24 months follow-up, 115 (97%) and 85 (88%) participants remained in the
randomized and the observational cohorts, respectively (Figure 13).

Baseline characteristics

In the combined randomized and observational cohorts, 60% were female and
40% were male. In the RCT population, the mean age was 53.2 (SD 8.5) (Ta-
ble 3).
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Yes

345 patients screened with suspected
proximal hamstring tendon avulsion

119 were ineligible

85- injury incomplete, deleayed diagnosis or patient too young/old
23- met exclusion criteria (comorbidities [9], high BMI [6], other injuries [8])
11- other reason (administrative reason [7], unknown reason [4])

226 were assessed eligible ‘

’ 10- did not wish to enter

Patient and doctor reaches equipoise to treatment

’ 119 enrolled in randomized cohort ‘

=

58- operative treatment
56-received op. treat.

2- crossed over

61- nonoperative treatment

59- received nonop. treat.

2- crossed over

n=1
Amemmnmn ]
57 PROMS 58 PROMS
1- missing 2-missing
57 PROMS 59 PROMS
1- missing 1- missing
53 Functional test 58 Functional test
5- missing 2- missing
n=1
,,,,,,,,,,,,,,,,,,,,,,,,, >
56 PROMS 58 PROMS
1- missing 2- missing
53 Functional test 55 Functional test
4- missing 4- missing
56 PROMS 58 PROMS
1- missing { ‘ 0- missing
53 Functional test i low-up | 57 Functional test
4-missing i (n=4) i 1- missing
56 MRI H H 56 MRI
1- missing 2- missing

Y

]

97 enrolled in observational cohort ‘

44- operative treatment

53- nonoperative treatment

]
47 PROMS
2- missing
41 PROMS 45 PROMS
1- missing 4-missing
39Functional test 42Functional tests
3- missing 7- missing
n=1 n=1 l
41 PROMS 47 PROMS
0- missing 1-missing
39 Functional test 40 Functional test
2- missing 8- missing
n=1 n=3 l
38 PROMS : 45 PROMS
2- missing 0- missing
35 Functional test 45 Functional test
5- missing 0- missing
38MRI H 44 MRI
2- missing H 1-missing

Figure 13. Screening, Randomization, and Follow-up of the Trial Participants. The
most common reasons for ineligibility were delayed diagnosis and incomplete tendon
avulsions. In the randomized cohort trial, two patients from each treatment group
crossed over. From NEJM Evid., Pihl, Elsa et al. “Operative versus Nonoperative
Treatment of Proximal Hamstring Avulsions.” 2024;3(8), Copyright © (2024) Mas-
sachusetts Medical Society. Reprinted with permission.
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Table 1. Baseline Characteristics.*

Characteristics
Age (yr)
Female sex
Injured side
Right
Missing
Tendons avulsedi
Conjoint tendon only
All tendons
Missing
Tendon retraction (cm)i
Missing
Time from injury to inclusion (days)
Time to surgery (days)
Activity at injury
Sporting activity
Winter skiing
Winter skating
Water skiing
Other sports
Slip or fall
Vehicle accident
Other
Employment status
Employed
Self-employed
Unemployed
On sick leave
Retired
Missing
PHAT preinjury
Missing
LEFS preinjury
Missing
IPAQ preinjury
Missing
BMI
Missing
Diabetes

Cortisol treatment

Randomized Trial (N=119)

Observational Cohort (N=97)

Operative (n=58)
54.4 (49.7-59.6)
2 (55.2)

3.4)

0.0)
26.0
0
2
4

Nonoperative (n=61)
53.4 (49.5-57.4)
40 (65.6)

34 (55.7)
0 (0.0)

1(16)
60 (98.4)
0 (0.0)

45 (3.5-6.5)
0 (0.0)

13.0 (9.0-18.0)

30 (49.2)
7 (11.5)
4 (6.6)
5(8.2)

14 (23.0)

26 (42.6)
3 (4.9)
2(33)

47 (77.0)
8 (13.1)
2(33)

1(16)
3 (4.9)
0 (0.0)

95.0 (90.3-100.0)
3 (4.9)

80.0 (78.0-80.0)

233)
55.4 (28.1-95.9)
0 (0.0)

25.7 (23.2-28.6)

2(33)

1(16)

1L

6)

Operative (n=44)
49.8 (46.3-58.1)
20 (45.5)

7 (38.6)
2 (4.5)

0 (0.0)
41 (932)
3 (6.8)

6.5 (4.0-7.5)
3 (6.8)

12.0 (9.0-18.2)
9 (13-24)

27 (61.4)
6 (13.6)
1(23)
6 (13.6)

14 (31.8)
8 (18.2)
3 (6.8)
6 (13.6)

33 (75.0)

7 (15.9)

0 (0.0)

0 (0.0)

4(9.1)

0 (0.0)
100.0 (97.0-100.0)

1(23)
80.0 (78.7-80.0)

0 (0.0)
815 (47.7-113.2)

0 (0.0)
25.2 (23.4-28.1)

1(23)

0 (0.0)

1(23)

Nonoperative (n=53)
55.1 (50.2-58.8)
7 (69.8)

3

(69

8
15.1)

(=R B =]

(
(L.9)
(-7)
(5-7)
(1.9)
(80.0-100.0)
7)
7.0-80.0)
9)
8.2-97.3)

8)

0 (7
9 (3
23.9-28.3)
3%
5.
5

80.
57.
26.
8)

7)

3
(
L
(
23
(
(
(
(.7)

5
2
3
3

* Values are presented as median (interquartile range) or n (%). The table contains no imputed data. BMI denotes body-mass index; IPAQ,
International Physical Activity Questionnaire; LEFS, Lower Extremity Functional Scale; and PHAT, Perth Hamstring Assessment Tool.

f PHAT measures patient-reported pain and function during various activities, and scores range from 0 (worst) to 100 (best).¢

" There was one patient

completely missing the PHAT score. The other mlsslng PHAT scores are due to single omitted items within the score. The maximum best score of
LEFS is 80, and the minimum worst score is 0."* The short form of the IPAQ was used.'” Metabolic equivalent of task (MET) hours were calculated
as recommended (https://sites.google.com/view/ipaq/score). Higher MET hours indicate higher activity, with the lowest possible score being 0 and

the highest possible score being 321.

i The magnetic resonance images performed for diagnosis were re-examined by a consultant in radiology to verify tendon avulsion and retraction. The

degree of tendon retraction was measured by using the “direct retraction measurement” method according to van der Made et al.

attributed to the inability to retrieve the original images for secondary evaluation.

" Missing data are

Table 3. Baseline characteristics for patients in the randomized trial and observational
cohort. From NEJM Evid., Pihl, Elsa et al. “Operative versus Nonoperative Treatment
of Proximal Hamstring Avulsions.” 2024;3(8), Copyright © (2024) Massachusetts
Medical Society. Reprinted with permission.
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Primary outcome

PHAT scores at 24 months were recorded for 114 of 119 patients (96%) in the
randomized trial. The primary per protocol analysis showed noninferiority of
nonoperative treatment. The between-group difference in the nonoperative
treated versus operative treated group was -1.2 (95% confidence interval [CI],
-8.6 to 6.2, p=0.009 for noninferiority). The lower bounds of the 95% two-
sided CI for the differences between means in PHAT did not include the pre-
defined noninferiority margin of -10. In all sensitivity analyses, nonoperative
treatment was noninferior, which was also true for the propensity score ad-
justed analysis of the observational cohort (mean difference -2.6 [CI, -9.9 to
4.6]). Furthermore, subgroup analyses did not show any effect modification.

Noninferiority
margin

|
Per protocol (RCT) | . P=0.009
I
Per protocol (RCT) with M1 } .
I
Intention to treat (RCT) | .
|
As treated (RCT) }
I
Observational cohort | .
} T T T T T T T T T 1
-10 -8 -6 —4 -2 0 2 4 6 8 10
Operative Treatment Better Nonoperative Treatment Better

Figure 14. Results of the Primary Outcome. Per protocol, with and without multiple
imputation (MI), intention-to-treat and as treated results of the primary outcome (dif-
ference in total PHAT score between operative and nonoperative treatment) for the
randomized cohort trial and the observational cohort. Black diamonds indicate the
absolute differences in PHAT score between the nonoperative and the operative
groups, and horizontal blue bars indicate 95% confidence intervals. From NEJM
Evid., Pihl, Elsa et al. “Operative versus Nonoperative Treatment of Proximal Ham-
string Avulsions.” 2024;3(8), Copyright © (2024) Massachusetts Medical Society.
Reprinted with permission.
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Figure 15. Treatment Outcome measured by the PHAT score over time. PHAT score
of the operative (red squares) and nonoperative treatment (blue triangles) groups at
baseline (preinjury recall), 3, 6, 12 and 24 months of follow-up. The mean PHAT
score in the randomized cohort trial (per protocol population) is represented by the
symbols at each time point. Red (solid) and blue (dashed) lines show a smoothed curve
fit to the time points with 95% confidence bands. From NEJM Evid., Pihl, Elsa et al.
“Operative versus Nonoperative Treatment of Proximal Hamstring Avulsions.”
2024;3(8), Copyright © (2024) Massachusetts Medical Society. Reprinted with per-
mission.

Secondary outcomes

LEFS scores, the IPAQ physical activity estimates and the functional tests,
including the isometric muscle strength test, were similar in the randomized
treatment groups during follow up.

Regardless of treatment, the total muscle volume was lower and the fat
fraction higher in the injured hamstrings compared to the uninjured hamstrings
in both the RCT and the observational cohort in the quantitative MRI analysis
at 24 months. Operatively treated patients had a slightly higher total muscle
volume compared to the nonoperative group in the injured leg (LSI1%: 88 vs.
84, with a between-group difference of -4.6 [CI, -8.6 to -0.3]). Additionally,
patients treated operatively had less fat infiltration in their muscles compared
to those treated nonoperatively (fat fraction LSI%: 136 vs 152, with a be-
tween-group difference of 20.5 [CI, 7.9 to 33.1]).

In the RCT population, a higher proportion of patients in the operative
group reported full return to sports after 24 months compared to the nonoper-
ative group (58% vs. 40%) (Table 4).
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Table 2. Primary and S dary O

at 24 Months.*

OutcomeT

Primary outcome: total PHAT score
PP
PP with imputation§
ITT
ITT with imputation§
AS
OBS COHORT
Secondary outcomes: patient reported
Total LEFS score
PP
OBS COHORT
IPAQ short (MET hours)
PP
OBS COHORT
Patient satisfaction: VAS (0-100)9
PP
OBS COHORT
Patient recovery: VAS (0-100)||
PP
OBS COHORT

Secondary outcomes: functional tests¥*

Maximum isometric force (LSI%)
PP
OBS COHORT
Single-step tests (LSI%)
PP
OBS COHORT
Single-leg hop test (LSI1%)
PP
OBS COHORT
Triple-leg hop test (LSI%)
PP
OBS COHORT
Secondary outcomes: MRI
Hamstring muscle volume (LSI%) 7
PP
OBS COHORT
Fat fraction (LSI%)%i
PP
OBS COHORT

Between-Group
Difference or

Operative Treatment Nonoperative Treatment Odds Ratioz;: Significance
No. of Patients No. of Patients Difference P Value
(Missing) Mean=SD (Missing) Mean+SD (95% ClI) (Noninferiority)
54 (2) 79.9+19.5 57 (2) 785+19.4 —12 (-8.6 to 6.2) 0.009
56 (0) 78.5+£20.8 59 (0) 78.5£193 4 (-7.2 to 7.9) —
56 (2) 80.4+19.3 8 (3) 77.7+200 =21 (-9.3 to 5.1) —
58 (0) 79.2420.4 61 (0) 78.0+19.8 —0.5 (7.8 to 6.7) =
55 (3) 79.1£20.2 9 (2) 79.0+£19.2 -0.01 (-8.1to 8.1) —

8 (6) 81.1+17.3 45 (8) 82+16.1  -2.6 (9.9 to 4.6) —
54 (2 73.4+8.4 57 (2) 72.0+10.7 -1.6 (-5.2 to 2.0) —
38 (6 737493 45 (8) 72687 22 (-5.9to L.5) —
54 (2) 61.7£54.9 57 (2) 63.2+52.1 3.0 (-19.0 to 25.0) —
38 (6) 61.0£37.0 45 (8) 79.1+451  19.6 (-0.2 to 39.4) —
54 (2) 83.2+23.1 57 (2) 7674235  —6.8 (-15.7 to 2.1) —
38 (6) 85.1+15.3 44 (9) 80.5£25.6  -8.3 (-20.0 to 3.3) —
54 (2) 80.8+18.9 57 (2) 7494237  —6.1 (-14.5 to 2.3) =
38 (6) 81.1+18.4 45 (8) 80.5+189  -7.5 (-17.9 to 2.9) —
51 (5) 91.7+20.2 56 (3) 88.5420.8  —4.5 (-12.3 to 3.4) =
35 (9) 92.8+11.5 45 (8) 84.7+£15.8 -10.9 (-18.5 to -3.4) —
50 (6) 100.4+6.9 55 (4) 10154130 1.0 (-3.2t0 5.2) —
35 (9) 97.7+£8.9 45 (8) 99.3+14.3 2.2 (-2.91t0 7.3) —
46 (10) 100.4+18.6 49 (10) 95.0426.9 6.6 (~16.1 to 2.8) =
34 (10) 103.1421.2 40 (13) 9424195 -11.7 (-21.7 to —1.6) —
45 (11) 99.5+12.6 9 (10) 95.7419.3 4.6 (-11.2 to 2.0) —
34 (10) 102.1+18.8 0 (13) 946+154  —9.5 (-18.5 to —0.4) =
53 (3) 88.0+10.1 53 (6) 84.4+12.6 —4.6 (-8.6 to —0.6) —
37 (7) 89.9+10.0 44 (9) 84.8+£9.9 —6.5 (—10.8 to -2.1) —
53 (3) 136.6+30.0 53 (6) 152.4£40.4  20.5 (7.9 to 33.1) —
37 (7) 128.7+33.4 44 (9) 14544395 299 (113 to 48.5) —

39




Table 2. (cont.)

Between-Group
Difference or

out i Operative Treatment Nonoperative Treatment Odds Ratio; Significance
utcomey
No. of Patients No. of Patients Odds Ratio
(Missing) n (%) (Missing) n (%) (95% Cl1)

Secondary outcomes: adverse events({(
Any adverse event: PP 56 (0) 9 (16.1) 58 (1) 3 (5.2) 0.3 (0.1to 1.2) —
Adverse event subtype (PP)

Surgical site infections 1(11.1) 0 (0.0) — —
Neurologic 3 (33.3) 2 (66.7) = =
Thromboembolic 3 (33.3) 0 (0.0 — —
Rerupture 1 (11.1) 0 (0.0 — —
Other complications 1(11.1) 1 (33.3) — —
OBS COHORT 42 (2) 5 (11.9) 49 (4) 3 (6.1) 0.7 (0.1 to 3.8) —
Secondary outcomes: return to sports{1

PP
Full return 54 (2) 31 (57.4) 57 (2) 23 (40.3) 0.5 (0.2 to 1.0) —
No or partial return 23 (42.6) 34 (69.7)

OBS COHORT
Full return 38 (6) 22 (57.9) 45 (8) 20 (44.4) 0.3 (0.1 t0 0.7) —
No or partial return 16 (42.1) 25 (55.6)

* The as-treated (AS), per-protocol (PP), and observational cohort (OBS COHORT) analyses used propensity scores adjustment by inverse probability
weighting. Cl denotes confidence interval; IPAQ, International Physical Activity Questionnaire; ITT, intention to treat; LEFS, Lower Extremity
Functional Scale; LSI%, limb symmetry index percentage; MET, metabolic equivalent of task; MRI, magnetic resonance imaging; PHAT, Perth
Hamstring Assessment Tool; SD, standard deviation; and VAS, visual analog scale.

‘ PHAT'® measures patient-reported pain and function during various activities, and scores range from 0 (worst) to 100 (best). The maximum best
score of LEFS'® is 80, and the minimum worst score is 0. The results for PHAT and LEFS were obtained after imputation of internally missing
answers. The short form of the IPAQ was used.'” MET hours were calculated as recommended (https://sites.google.com/view/ipag/score). Higher
MET hours indicate higher activity, with the lowest possible score being 0 and the highest possible score being 321.

I Between-group differences were obtained from a linear regression model with adjustment for age, sex, and degree of tendon retraction. Negative
numbers are in favor of operative treatment. The widths of the Cls have not been adjusted for multiplicity, and they should not be used to infer
treatment effects. Odds ratios were calculated for the adverse events and the ability to return fully to sports.

§ Analysis with multiple imputation by chained equations was used for patients who completely missed the visit in addition to imputation of questions
internally missing in PHAT and LEFS.

1 Patient satisfaction with outcome was assessed on a VAS in which patients were asked to mark on a line to indicate how satisfied they were with
their treatment (O=not satisfied at all, 100=fully satisfied).

|| Patient estimation of recovery was assessed on a VAS in which patients were asked to mark on a line to indicate how well their limb had recovered
(0=not recovered at all, 100=fully recovered).

** Functional tests were all performed as described by Pihl et al.” LS| was calculated for all tests as: (test injured leg/test uninjured leg) x 100.
Measurement of maximum isometric force (Newtons) was performed using a handheld isometric dynamometer. In the single-step test, the number
of seconds to perform 20 squats was counted. Single-leg hop and triple hop for distance were measured in centimeters.

77 Total hamstring muscle volume (TMV) is the combined volume of the individually segmented hamstring muscles (semimembranosus,
semitendinosus, and the short and long heads of the biceps femoris) on MRI Dixon images. TMV was defined as the sum of all voxels included in a
muscle segmentation. TMV LSI% represents the TMV injured leg divided by the TMV uninjured leg x 100.

J3: The fat fraction was the total volume of fat on MRI Dixon images within the segmented entire hamstring muscles compartment divided by the total
muscle volume. The fat fraction LSI% represents the fat fraction of the injured leg divided by the fat fraction of the uninjured leg x 100.

§§ An adverse event was defined as an untoward medical occurrence after initiation of treatment that was not necessarily caused by the treatment.

19 Return to sports was collected on an ordinal scale (not able to return, partly able to return, and fully able to return). In the analysis, the scale was
dichotomized to fully able to return to sports versus not able to return combined with partly able to return.

Table 4. Primary and secondary outcomes for both randomized and observational co-
hort. From NEJM Evid., Pihl, Elsa et al. “Operative versus Nonoperative Treatment
of Proximal Hamstring Avulsions.” 2024;3(8), Copyright © (2024) Massachusetts
Medical Society. Reprinted with permission.
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Harms/adverse events

In the PP analysis of the RCT, 12 adverse events were identified (9 in the
operative group vs. 3 in the nonoperative group; odds ratio, 0.3 [95% CI, 0.1
to 1.2]; relative risk, 0.3 [95% CI, 0.1 to 1.3]). In the combined randomized
trial and observational cohort, 20 (9.2%) adverse events were observed (14
[14%] in the operative group and 6 [6%] in the nonoperative group) (Table 4).
Nine were classified as serious. Six serious adverse events were identified in
operatively treated patients and included one myocardial infarction, one deep
infection, two deep venous thromboses, and two suspected iatrogenic nerve
injuries. In the nonoperatively treated patients, three serious adverse events
were identified; two patients had ischialgia treated with neurolysis, and one
patient who fell as a result of weakness sustained a concussion.

Almost half of the patients, 101(47%) patients, 59 (58%) in the operative
group and 42 (37%) in the nonoperative group, reported persistent neurologi-
cal symptoms at 12 or 24 months. These symptoms were described in terms
of pain, numbness, tingling, cramps, weakness, and often by a combination of
these.

Tendon retraction is associated with muscle
degeneration in nonoperatively treated patients with
PHA (Paper 1V)

A total of 118 out of 222 available patients in both the cohort and the random-
ized trial received nonoperative treatment. Two patients had incomplete avul-
sions, 17 had no follow-up MRI, 1 had bilateral injuries and 2 received de-
layed operative treatment. For one patient we were not able to retrieve the
MRI. These were excluded from further analysis, leaving a study population
of 95 patients (Figure 16).

The median age was 54 years and 67% were female. The median BMI was
26 and 60% of the study population sustained PHA on their dominant leg.
Most avulsions were classified as Wood type 5 (n=87) on the diagnostic MRI,
with 8 cases classified as Wood type 4. The median tendon retraction was 4
cm, with an interquartile range (IQR) of 2.5 to 6 cm. The median size of he-
matoma was 4 cm (IQR: 2.5 to 6) (Table 5).
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Patients available in PHACT
(n =222)
»| Recieved operative treatment (n =104)
Incomplete avulsion (n = 2)
Incomplete follow-up (n =17)
| Bilateral injury (n = 1)
Delayed Surgery (n = 2)
Technical issues of MRI analysis (n = 1)
Y
Analyzed
(n =95)

Figure 16. Study flowchart. PHACT is the proximal hamstring avulsion clinical trial.
Incomplete follow-ups were patients with missing MRIs at 2 years. Delayed surgery
were patients initially treated nonoperatively but operated on before the follow-up
MRI.

Patient characteristics

Age, median (IQR) 54 (49, 58)

Female sex, n(%) 64 (67%)

Injured side dominant, n (%) 56 (60%)

BM]I, median (IQR) 25.9(23.4,28.4)
Diagnostic MRI

Tendon retraction (cm), median (IQR) 4(2.5,6.0)

Wood 5, n 87 (92%)

Wood 4, n 8 (8%)
Size of hematoma, median (IQR) 4(2.5,6.0)

Table 5. Baseline characteristics; age, BMI, sex and if the dominant leg was injured.
Diagnostic MRIs were evaluated for tendon retraction, size of hematoma and classi-
fied according to Wood (14).

At the 24-month follow up the median LSI of the lean muscle volume was
78.3% (IQR: 67%, 87%). The median LSI of the muscle fat fraction was 139%
(IQR: 124%, 170%) and the median LSI of maximum muscle force was 84%
(IQR: 75%, 94%) (Table 6).
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Muscle Quality N Uninjured Limb Injured Limb Limb Symmetry Index

Lean Muscle Volume 95 0.56 (0.49, 0.71) 0.44 (0.35, 0.57) 78 (67, 87)
Muscle Fat Fraction 95 0.16 (0.13, 0.19) 0.22 (0.16, 0.29) 139 (125, 167)
Maximum Muscle Force (N) 94 176 (140, 223) 142 (121, 180) 84 (75, 94)

Table 6. MRI muscle quality outcome measurements and muscle maximum force.
Limb Symmetry index: Value of injured limb/ value of uninjured limb *100. Data are
presented as median (IQR). Maximum force measurements are missing for one patient
(n=94).

Multivariate linear regression and correlation between lean
muscle volume and maximum force

Multivariate linear regression of tendon retraction and LSI of LMV and MFF
showed a significant association (p<<0.001) (Figure 17). BMI was also a sig-
nificant contributor (p<0.001) to an increase in MFF (Table 7). The correlation
between LMV and maximum force for the uninjured and injured leg were 0.7
and 0.64 respectively (Figure 18).

Variable Estimate (CI) Significance

Lean Muscle Volume (LSI) - Adjusted R-squared = 0.47

Tendon Retraction (cm) -2.7(-3.8,-1.6) Hokok
Hematoma Size (cm) -1.5(-2.8,-0.2) -
Age (years) -0.4 (-0.7,-0.1) FE
BMI (kg/m? -1.0 (-1.6,-0.4) G5
Sex (male) 5.8 (0.8, 10.8) *
Dominant leg (yes) 5.9 (1.1, 10.7) -

Muscle Fat Fraction (LSI) - Adjusted R-squared = 0.47

Tendon Retraction (cm) 7.4 (4.5,10.3) S
Hematoma Size (cm) 3.1(-0.3,6.5)

Age (years) 0.9 (0.2, 1.6) &
BMI (kg/m?) 2.9(1.2,4.5) ook
Sex (male) -0.3 (-13.3,12.7)

Dominant leg (yes) -6.8(-19.3,5.7)

Table 7. Table for multivariate linear regression with the independent variables; male
sex, age, BMI, dominant leg, retraction and hematoma size and the dependent varia-
bles LSI of LMV and LSI of MFF (*=p<0.05; **=p<0.01; ***=p<0.001).
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Figure 17. Multivariate linear regression for retraction and LSIs for LMV (A) and
MFF (B). The models are adjusted for age, sex, dominant leg, BMI and hematoma
size.
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Figure 18. Pearson correlation for LMV and maximum force in the uninjured leg (A)
and injured leg (B) at 24 months.
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Discussion

The aim of this doctoral project was to improve the understanding of PHA and
to provide guidance to surgeons, enabling them to collaborate with patients in
making well-founded treatment decisions. High-quality evidence for the treat-
ment of PHA have, until now, been scarce (17, 18).

Epidemiology of hamstring injuries (Paper I)

In our first study we show that there has been a significant increase in the
operative treatment of patients with hamstring injuries (ICD-10 S76.3) be-
tween 2001 and 2020 in Sweden. The incidence of PHA specifically cannot
be determined due to the ICD-coding. As operative treatment of hamstring
injuries for other reasons than PHA is rare (55, 56), we suggest that the in-
crease in the proportion of operatively treated hamstring injuries represents an
increase in the operative treatment of PHA. The increasing number of surger-
ies is attributed to a rise in the incidence of hamstrings injures in combination
with an increase in the proportion of patients treated operatively. This could
perhaps, in part, be explained by the low number of publications that have
reported the outcome of nonoperatively treated proximal hamstring injuries.
Other possible explanations could be increasing patient demands and more
surgeons with procedural experience (8, 17).

The growing incidence of hamstring injuries, and the increase in likelihood
of surgery, is mainly because a growing occurrence of these injuries in indi-
viduals aged 40 to 60. A probable reason for this could be that PHA is more
prevalent within this group, in contrary to younger patients that may have
other posterior thigh injuries that are treated adequately nonoperatively. Other
studies present similar age distribution among patients with PHA (8).

An additional key finding in our study is, that patients diagnosed in units
with a low volume of hamstring surgery are less likely to be treated opera-
tively or referred to operative treatment at other centers, as compared to units
with the highest experience in operative treatment. For treatments that are not
well established, or for uncommon injuries, it is likely that the experience of
the individual surgeon is influential on the treatment decision.
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Limitations

Registry studies provide insights into real-world healthcare practices, out-
comes and epidemiological trends. They offer a large-scale, population-based
perspective, while being efficient and cost-effective. Limitations are potential
biases due to missing data, selection bias, or the quality of the registry data.
Misclassifications, coding and diagnostic errors are present in the NPR and
influences the quality of the data (57). Shifts in coding custom or variations in
coding practices among different health care providers are other possible con-
founding variables. For this study the greatest impediment is the limitation of
the ICD-coding system. There is no specific ICD-10 code for PHA and ICD-
10 S76.3 (injury of muscle and tendon of the posterior muscle group at thigh)
includes all types of hamstring injuries. The coding does not allow for any
further specification of the anatomical site or the extent of the hamstring in-
jury. The incidence of PHA specifically, can therefore not be determined. We
have assumed that patients with the combination of S76.3 and NFL49 repre-
sent patients treated operatively for PHA. Our reasoning for this, is that oper-
ative treatment in the back of the thigh for other causes are scarce. It is prob-
able that a small number of cases with S76.3 and NFL49 that do not fall into
the category of PHA are included.

Current treatment strategies and decision-modifiers for
the treatment of PHA (Paper II)

Our second study demonstrated that there are variations in the treatment of
PHA between clinicians and institutions and that many participating surgeons
are of the opinion that there is good evidence for operative treatment in at least
a subgroup of patients. A majority of the participants chose treatment on a
case-by-case approach.

All investigated factors influenced the treatment to some degree, but there
was agreement that drug or alcohol abuse and severe obesity were contradic-
tions to surgery. Retraction and the number of avulsed tendons were important
for the treatment decision. These factors are repeatedly mentioned in pub-
lished literature, but with little evidence for their prognostic power (25, 58,
59).

In line with the findings of Pasic et al. (22), our study revealed that non-
operative treatment is more prevalent than previously reported in the litera-
ture, but participants in the Nordic countries seemed to have a more favorable
perception of the outcome for nonoperatively treated patients. In contrary to
the study by van der Made et al. (23), we did not find that disability during
examination was a strong indication for operative treatment. Instead, patient
related factors, such as age, BMI, physical activity level and substance abuse
had a strong impact on the choice of treatment.
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A quicker return to pre-injury physical activity level, higher patient satis-
faction and improved recovery of hamstring strength were believed to be ben-
efits of operative treatment by many responding surgeons. This could perhaps
partly explain the increase in the number of surgeries (study I) in the last 20
years. Half (51%) of the responding surgeons had seen surgical complications,
the most common being re-rupture of the tendon, deep wound infections need-
ing debridement and severe neurogenic pain. Similar to previous studies, the
most common perceived complaints for both operatively and nonoperatively
treated patients were pain when sitting, weakness and general pain (22, 23).

Limitations

Survey studies fall under the category of observational studies, which are con-
sidered lower on the evidence hierarchy, but can still provide valuable insights
into people's perceptions and experiences. The greatest limitation of this study
was the subjective nature of the survey design and that there were regional
differences in how we approached surgeons. In Sweden, all surgeons with
available e-mail addresses in the member database of the Swedish Orthopedic
Society or surgeons identified by hospital administrative offices were con-
tacted. In the remaining countries, we directly approached surgeons who were
known to treat PHA, with the help of local knowledge from our study group.
This resulted in differences in the proportion of responses (47% in Sweden
and 63% in the other Nordic countries) and a disproportion in the number of
respondents per country. Because of this, we could not compare answers be-
tween countries or subspecialties. The questions in the questionnaire were
constructed with fixed answers and therefore might not reflect all aspects of
the clinical diversity. We only included surgeons that answered that they had
exposure to surgical treatment of PHA, so there is a possibility that we ex-
cluded surgeons that exclusively treat PHA nonoperatively.

Our survey did not investigate how the MRI was evaluated, e.g., if the sur-
geon relied on the assessment of the radiologist or evaluated the MRI inde-
pendently. It would have been interesting to learn how the surgeons evaluated
the MRI, since there are variations in how retraction is measured (9, 10).
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Nonoperative treatment of PHA is noninferior to
operative treatment (Paper III)

In our third study, we present high-quality evidence guiding the treatment of
PHA. PHACT demonstrated noninferiority of nonoperative treatment com-
pared to operative treatment in patients with PHA with the primary outcome
PHAT at 24 months.

A noninferiority trial investigates whether the effect of a treatment is not
worse than another treatment. Noninferiority trials are advantageous, when a
slightly worse outcome can be accepted, e.g. if there are less complications or
lower mortality with the alternative treatment. The two groups are compared
using a noninferiority margin determined before conducting the study, based
on knowledge about the disease and clinical relevance. Noninferiority can be
concluded, if the confidence interval of the difference in outcome between the
two groups excludes the predefined noninferiority margin.

There are multiple possibilities for choosing an analysis set of RCT-data;
Intention-to-treat (ITT), as-treated (AS) and per-protocol (PP). ITT is often
preferred for superiority trials, as it mirrors real-world clinical settings, but it
is also more difficult to detect a difference in outcome with ITT. PP is more
suitable for a noninferiority trial since it only includes patients that actually
adhere to a treatment, and is more likely to detect a difference in outcome.

The result of the primary outcome is strengthened by the analyses of sec-
ondary endpoints; the mean between-group difference in LEFS, was -1.6 (CI,
-5.2 to 2.0) and there was no difference in any of the functional outcome
measures at 24 months. Recent retrospective and prospective cohort studies
have presented similar results (17, 20). An important finding of PHACT is
that there were more observed adverse events and a higher proportion of pa-
tients reporting persistent neurological symptoms in the operative group,
aligning with surgeons own reporting in paper II. The RCT only included pa-
tients aged 30-70 years and results may therefore not be generalizable for pa-
tients of all ages. However, as the incidence of injury seems to be highest in
the middle-aged population (Paper I), the results should be applicable to the
majority of patients with PHA.

Limitations

RCTs have the potential to establish causal relationships between interven-
tions and outcomes, providing high-quality evidence for healthcare decision-
making. Partially randomized patient preference trials enable patients that do
not consent to randomization or prefer one treatment over the other, to be fol-
lowed in a cohort with the same protocol.

The external validity of this RCT is possibly impacted by selection bias, as
is true for all RCTs. This bias can arise from stringent inclusion/exclusion
criteria, patient preferences, and perceptions of the treatment options, benefits
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or risks by both the patient and the treater/recruiter. Assessing the risk of se-
lection bias in most RCTs is difficult, primarily because information on eligi-
ble but not recruited patients is not available. These concerns were addressed
by incorporating a parallel observational cohort of patients who did not par-
ticipate in the RCT, enabling comparisons between the two groups. This de-
sign increases the external validity of our findings. Of 226 eligible patients,
only 10 declined taking part in the trial. The overall follow-up rate was 93%.
A slightly higher dropout ratio was present in the observational cohort. The
baseline characteristics were similar in both the randomized trial and the ob-
servational cohort. The proportion of included patients in the randomized ver-
sus observational cohorts varied across study sites, likely due to differences in
achieving clinical equipoise. The recruitment process could have been influ-
enced by the possibility of including more inactive patients or those with more
complex injuries in the observational cohort, steering them away from the
RCT. There were some noticeable differences between the groups in the ob-
servational cohort. Operatively treated patients in the cohort were more likely
to be men, more physically active, and had higher tendon retraction.

Additional limitations were a small sample size, no sham surgery and no
blinding of the surgeons and participants. Also, the noninferiority margin for
PHAT was decided empirically. Because of the multicenter design, there was
heterogeneity regarding surgical technique and rehabilitation, this could how-
ever, also strengthen the study’s generalizability.

Tendon retraction 1s associated with muscle
degeneration in nonoperatively treated patients with
PHA (Paper 1V)

In study IV we hypothesized that tendon retraction is associated with muscle
degeneration in nonoperatively treated patients. We found that tendon retrac-
tion is associated with a decrease in muscle volume and an increase in muscle
fat infiltration as seen on MRI at 24-month follow up. We also show that there
is a strong correlation with muscle volume on MRI measured by lean muscle
volume (LMV) and muscle strength at 24 months. Previous studies have
shown that there is a decline in muscle quality and strength following PHA
but that the degeneration was only weekly correlated to PROMs (34, 40). One
possible explanation for this is the ability of the other muscles to compensate
for the loss of hamstring strength. The hamstring muscle complex are im-
portant for knee flexion and hip extension, but there are also other muscles
involved in these movements, resulting in maintained ability to flex the knee
and extend the hip (2). Additionally, patients have the ability to adjust to the
loss of strength, as well as function, of the hamstring muscles. Both age and
BMI were associated with muscle degeneration and loss of maximum force,
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probably owing to biological factors. Tendon retraction, as seen on diagnostic
MRI, is by surgeons considered in the decision process for PHA (paper II).
The results might explain that there was a 30% (CI: 0% to 50%) reduction in
the probability of returning fully to sport at 24 months of follow-up in the
nonoperative group compared to the operative group in paper III. As ham-
strings function is of specific importance in explosive activities, such as sprint-
ing, it is possible that the return-to-sports outcome measure is particular sen-
sitive to muscle degeneration induced by the injury.

In PHACT the loss of total muscle volume of the injured hamstrings was
lower for patients in the operative group compared with the nonoperative
group, and operatively treated patients had less fat infiltration than the nonop-
eratively treated patients. This could indicate that muscle degeneration to
some extent could be prevented by restoring the anatomy of the hamstrings.
As we also have observed an association between tendon retraction and mus-
cle degeneration in nonoperatively treated patients, it is possible that a sub-
group of patients with large retractions could potentially benefit from surgery.

Limitations

A cohort study is a type of observational study that follows a group of indi-
viduals over a period of time to investigate how certain exposures affect the
development of outcomes or diseases. Our cohort consisted of patients from a
randomized trial and patients from an observational cohort, which might de-
crease the external validity. Also, the reproducibility of the study could be
impacted by the specific method of analyzing for follow-up MRIs at 24
months, as the method is not openly assessable for others, and future studies
may apply other automated or semiautomated methods.

General discussion

PROMs are a valuable tool, when evaluating a patients function after an in-
jury. However, it may not be possible to capture all aspects of an injury and
the choice of outcome measure will greatly influence the results. Patients suf-
fering from traumatic injuries might have individual demands and expecta-
tions on the level of function. Aside from PROMs, satisfaction also plays an
important role for the patients. Disparities between satisfaction and patient re-
ported outcomes (PROs) seem to be common (60). A study investigating pa-
tients that underwent spine surgery found that more than half of the patients
with no improvement or worse outcomes in pain were satisfied with their sur-
gery (61). The clinical reality seems to be, that there is no “right” way to look
at outcomes and that different aspects needs to be considered. The patients
perceived outcome and PROs are important, but if there are high complication
rates for a procedure, objective outcomes are particularly relevant.
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There are, up until now, no qualitative studies for PHA, and we do not know
for certain what patients perceive as their most important problems. The most
frequently omitted questions in LEFS and PHAT in PHACT were those re-
garding running. This could imply that there could be aspects of the injury that
our questionnaires do not capture. The evaluation of treatment of PHA is com-
plex and is probably best done by a combination of subjective and objective
measurements (33).

Despite the increasing interest in PHA and the gain in knowledge over the
last 5 years, there still remains a lot more to investigate, and our results need
to be confirmed in other patient populations.

The papers in this thesis support that a nonoperative approach should be con-
sidered for most patients with PHA. Treatment trends for other tendon avul-
sions, such as Achilles tendon ruptures, have evolved similarly. In Sweden,
there has been a significant shift from operative treatment to predominantly
nonoperative management for Achilles tendon ruptures, as could be seen in
our epidemiological study (paper I). This shift was supported by high-quality
evidence from RCTs (62-64). Paper II and III also indicate a non-negligible
risk of serious complications with PHA surgery. Given that all interventions
carry risks, surgery should only be considered when it offers a clear advantage
over nonoperative treatment.

“Nature is the great healer, and the physician's role is to assist and sup-
port her.” Joseph Lister
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Conclusions

II.

III.

Iv.

There was an increased proportion of operatively treated hamstring
injuries between 2001 and 2020, likely due to an increase in opera-
tive treatment of PHA.

A number of decision-modifiers, both patient- and injury related,
are used when deciding on the treatment of PHA by orthopedic sur-

geons.

For most patients with PHA the treatment choice should be non-
operative.

Tendon retraction is associated with muscle degeneration in pa-
tients with PHA treated nonoperatively.
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Popularvetenskaplig sammanfattning

Hamstringsmusklerna féster med tre senor pa baksidan av backenet och sitt-
benet och ar viktiga for formégan att ga och for att stabilisera kndt. Proximala
hamstring avulsioner (PHA) ar relativt ovanliga skador som innebdr att en el-
ler flera av dessa senor lossnar fran sitt faste vid sittbenet. De uppstar oftast
vid fall eller sportutovande. Behandlingen kan vara antingen kirurgisk eller
icke-kirurgisk, men det saknas god evidens for om négon av behandlingarna
leder till battre resultat 4n den andra. Dessutom saknas det kunskap om hur
utbredd skadan &r, hur den idag oftast behandlas och om det skett nagon for-
andring i valet av behandling 6ver tid.

Vi har undersokt forekomsten av hamstringsskador i Sverige, samt kartlagt
om det skett nagon fordndring i den kirurgiska behandlingen 6ver tid. Via en
enkat har vi fragat kirurger i de skandinaviska ldnderna hur de behandlar PHA
och vad de har for kriterier for att bestimma vilka patienter som skall behand-
las med kirurgi. Vi har i en klinisk studie jaimfort om icke-operativ behandling
inte dr sdmre dn operativ behandling och dessutom undersokt om det finns
fynd pa magnetkameraundersokning vid skadetillfdllet som kan férutse om
man tappar muskelvolym och styrka tva ar efter skadan om man inte blir ope-
rerad.

Vara viktigaste fynd &r att icke-operativ behandling av PHA é&r likvérdig
med operativ behandling, vilket innebér att férstahandsvalet bor vara rehabi-
litering utan kirurgi. Vi har observerat ett samband mellan lédngre senretraktion
och okat tapp av muskelvolym uppmétt pA MR hos de patienter som inte blev
opererade. Vi visar dven att incidensen for hamstringsskador har 6kat mellan
2001 och 2020 och att andelen hamstringsskador som opereras har 6kat under
samma tidsperiod. Patientfaktorer sisom alder, BMI och fysisk aktivitet har
spelat stor roll for valet av behandling for PHA, men &ven antalet senor som
slappt och hur langt de slappt har haft inflytande pa behandlingsval for PHA.
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