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General discussion

The anterior cruciate ligament (ACL) is an important stabilizing ligament of the knee and
commonly injured in pivoting sports. When surgical intervention is needed to restore knee
stability, autogenous hamstring tendons are the graft of choice for ACL reconstructive
purposes. The surgical harvesting of one or two hamstring tendons is required and
subsequently used to reconstruct the ruptured ligament. In the light of potential donor
site morbidity and functional deficits, both patients and orthopaedic surgeons voice
concerns about the harvest of healthy and functional tendon tissue. However, in 1992
Cross et al. were the first to describe the potential of hamstring tendons to regenerate
following harvesting procedures21. If regeneration takes place and regenerated tendons
resemble the native ones, the post-harvest morbidity might be limited.
Therefore, the general aim of this thesis was to improve the outcome following harvest
of the hamstring tendons through a better understanding of tendon regeneration. This
might contribute to the identification of new (therapeutic) targets and ultimately result
in an improved outcome after ACL reconstruction procedures entailing the hamstring
tendons.

THE REMARKABLE CAPACITY OF HAMSTRING TENDONS TO
REGENERATE
Despite the efforts to use synthetic materials or allografts, autografts remain the first
choice for ACL reconstruction purposes53, 56. Today, the hamstring tendons are the
most commonly used autograft to reconstruct the torn ACL34, 56. More specifically it
requires the surgical resection of either the semitendinosus tendon only, or both the
semitendinosus and gracilis tendon to prepare the graft. Another popular and widely
used tendon autograft is the bone-patellar tendon-bone (BPTB) graft entailing the central
third of the patellar tendon34, 56. Although the quadriceps tendon and iliotibial band are
less frequently used as autografts, these are suitable alternatives too. Regardless the choice
of autograft, surgical resection of healthy and functional tissue is needed. Both patients
and surgeons raise concerns about the potential donor site morbidity and lack of this
tendon for functional deficits.
What are the regeneration rates for hamstring tendons?
In 1992, Cross et al. were the first authors describing the remarkable regeneration
capacity of the hamstring tendons after being entirely resected21. In our systematic
review we showed that regeneration of the semitendinosus and gracilis tendons occurs
in 70% within the first year following harvesting procedures (Chapter 2). Studies
reporting about hamstring tendon regeneration used different imaging techniques, such
as computed tomography (CT), magnetic resonance (MR) imaging and ultrasound.
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In addition, various definitions were used to assess (in)complete regeneration of the
hamstring tendons, regeneration was assessed dichotomously and evaluated only after a
single follow-up period. This does not reflect a dynamic and continuous process such as
regeneration of the hamstring tendons. Therefore, we described regeneration rates both
one and two years after harvest using MR imaging (Chapter 3). In line with previous
findings, we found that the semitendinosus tendons regenerated in 65.7% of the cases
and that the gracilis tendons regenerated in 82.9% of the cases. Interestingly, regeneration
rates in the second year after harvest were found to be lower compared to the regeneration
rates one year after surgical resection. This might be explained by the observation that
the initial structure is predominately fibrous with only a few collagen fibers27. Over time
the regenerated tendon starts the remodeling process and becomes similar to the native
tendon with longitudinally oriented collagen fibers that appear to be of appropriate
orientation and dimension33, 67, 80. In line with these findings, biomechanical properties
of regenerated tendons improve over time54. Therefore, regenerated structures might be
most prone to rupture within the first period following harvest and result in a decline
in the regeneration rates over time. Patients with a rupture of the regenerating structure
often experience a sudden, persistent and sharp pain at the posterior thigh63.
Hamstring tendons are not the only tendons that are frequently harvested for
reconstructive purposes. Another often-used graft for ACL reconstruction procedures
is the BPTB autograft, involving the harvest of the middle-third of the patellar
tendon. Previous studies reported similar regeneration rates for the patellar tendon as
aforementioned for the hamstring tendons7, 88. Another tendon that is harvested for
ligamentous reconstruction tendon interposition of the carpometacarpal joint is the
flexor carpi radialis tendon. Reported regeneration rates for this tendon reach up to 79%
4 years after surgery5.
Regenerated hamstring tendons are thicker and longer compared to the native
tendons
Tendons are important for the transmission of skeletal muscle forces to bone. Appropriate
regeneration of the tendon is therefore important to withstand mechanical loads, resulting
in an increase of cross-sectional areas (CSA)38, 48. In line with these findings, regenerated
semitendinosus and gracilis tendons show a doubling of the CSA of compared to the
CSA of the native tendons (Chapter 3). A similar increase of the CSA is observed after
tendon resection for the BPTB autografts4, 6, 7, 20, 45. There are several feasible hypotheses
that explain the increased CSA of regenerated tendons. First of all, the organization and
composition of the extracellular matrix (ECM) in regenerated tendons might be inferior
to the original tendon, causing diminished biomechanical properties. Therefore, more
tissue is required to withstand the same mechanical forces as before. Secondly, the
tendon is exposed to more mechanical stress per unit and therefore increases its CSA. A
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third feasible explanation is that the increase in CSA serves as a protective mechanism
to strengthen vulnerable tendons, as seen in Achilles tendinopathy and after Achilles
tendon rupture46, 74.
In line with the first hypothesis, it has been observed that in the first months after resection
the regenerated structure is predominately fibrous with only a few collagen fibers27.
Over time the regenerated tendon starts the remodeling process and becomes similar
to the native tendon with longitudinally orientated collagen fibers33, 67, 80. Along with this
improved organization of the ECM, the biomechanical properties of the newly formed
structure ameliorate with the passage of time54. However, the ultimate load, stiffness and
the modulus of the regenerated structure do not become identical compared to the native
tendons. These inferior biomechanical properties may be partially due to the decreased
cross-sectional diameter of the collagen fibers in the regenerated tendons33. This all fits
within the first hypothesis and explains our observation that regenerated tendons have
increased CSA compared to the native tendons.
The musculotendinous junctions (MTJ) of regenerated hamstring tendons appear to be
found more proximal compared to the MTJ of native tendons, resulting in an increase
of the semitendinosus and gracilis tendon length (Chapter 3). The average length of this
proximal shift ranges from 3.1 to 7.3 cm17, 62. On the contrary, it is interesting to note
that the patellar tendon is significantly shortened between 0.4 and 1.8 cm after harvest of
the middle third of the tendon7, 12.The opposite post-harvest remodeling of the patellar
tendon and the hamstring tendon length might be explained by the different anatomic
situations after surgical intervention. The hamstring tendons are harvested from insertion
to the MTJ, leaving a free anatomic space between the fascial planes of the medial thigh.
However, a BPTB graft requires a longitudinal incision directly over the patellar tendon,
involving harvest of the middle third and leaving two thirds of the native tendon in situ.
In addition, some surgeons close the harvest gap. This surgical approach might result
in formation of exaggerated pathologic fibrous hyperplasia causing a shortening of the
patellar tendon and a subsequent tendon shortening69.
Recently, Laako et al. described a surgical technique in which the distal head of the
harvested semitendinosus and/or gracilis muscle is drawn towards its anatomical
location and attached to the semimembranosus muscle50. This technique could be of
value in patients with increased lengths of the semitendinosus and gracilis tendons,
since increased tendon lengths might cause symptoms such as posterior thigh pain.
Alternatively, one could choose to only harvest 75% of the tendons, leaving the other
25% in situ. Another, relatively rare, symptom caused by the altered thickness and
length of regenerated tendons is a snapping syndrome. Gali et al. proposed a method of
percutaneous lengthening of regenerated tendons alleviating symptoms and resulting in
minimal morbidity30.
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The work in this thesis emphasizes that tendons regenerate and that regenerated
hamstring tendons are thicker and longer than the native ones, altering the anatomy and
biomechanics. Therefore, patients may experience symptoms that are related to this new
situation. Orthopaedic surgeons should be aware of the potential of the semitendinosus
and gracilis tendons to regenerate, their altered morphological properties and the
potential accompanying clinical symptoms. If needed, surgical interventions should be
considered.
Should hamstring tendons be reconsidered as graft of choice for ACL reconstruction
purposes?
Patients often express their concerns regarding potential muscle strength deficits
following tendon harvesting procedures. Previous studies measuring the peak torque of
knee flexion reported a full recovery of hamstring strength19, 55, 87. This recovery might be
attributed to a functional restoration of muscle-tendon-bone complex of the hamstring
tendons. Alternatively, it might also be caused by compensatory hypertrophy of the
remaining knee flexors, such as the biceps femoris and semimembranosus26, 42. Since
the semitendinosus and gracilis muscles insert at the pes anserinus and are therefore
more important for higher angles of knee flexion (beyond 75 degrees)65, strength deficits
might be found in deep knee flexion. In line with this hypothesis, three studies reported
strength deficits ranging from 20 to 30% at knee flexion angles beyond 75 degrees17, 64, 82.
However, the clinical relevance of this limited strength deficit is debatable (Chapter 4).
Orthopaedic surgeons worldwide have not reached consensus yet regarding the selection
of the best graft to reconstruct ruptured ACLs. Based on several studies, hamstring
tendons and bone-patellar tendon-bone are the most frequently used autograft1, 34, 56.
However, BPTB autografts result in significantly more donor site morbidity and lower
patient reported outcome measurements and hence hamstring tendons are the graft
of choice for ACL reconstructions1, 34, 56, 57. However, the semitendinosus and gracilis
tendons are primarily internal rotators of the tibia, withstanding excessive external
rotation and protecting the (reconstructed) ACL3, 68, 75. Patients without hamstring
tendon regeneration have impaired internal tibial rotary strength2, 3 and might therefore
be at increased risk for ACL re-ruptures3. Preoperative identification of patients that are
likely to lack regenerative capacity of the hamstring tendons might alter the graft choice.
Since there is currently no literature available that supports this hypothesis, future studies
should investigate if regeneration indeed decreases the risk of ACL re-rupture.
Another interesting aspect of regenerated hamstring tendons is their potential to
be re-harvested. Although it has been reported that the semitendinosus and gracilis
tendons have been reharvested for ACL89 and medial patella-femoral ligament (MPFL)80
reconstructions, the re-use of these tendons is still very questionable for several reasons.
First of all, tendon regeneration does not occur in every patient and therefore harvesting
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is not always possible. Given the morphological features of the remodeled tendons and
the importance of graft thickness and graft length, newly formed tendons could be
considered as potential interesting candidates for reharvesting procedures. However, it
is important to address that the strength and stiffness of the newly formed tendons is
expected to be inferior to the native tendons. In addition, histological studies revealed
that the remodeled tendons show areas of scar tissue that could be expected to alter graft
strength25, 27, 67.
Taken together regenerated tendons resemble the native tendons, but are not identical
in terms of morphology, histology and biomechanical features. It would be helpful to
identify key role players of tendon regeneration and remodeling because it contributes
to the identification of targets to direct and improve these processes. Ultimately, this
knowledge might be used to improve treatments for tendon-related diseases.

MODULATORS FOR THE INFLAMMATORY RESPONSE
Tendon repair is a complex and multistage process, which is initiated after tissue damage
and ultimately results in function restoration. Although numerous cells are involved
in the process of tendon repair, macrophages are thought to be key role players in this
process35, 49.Various in vitro studies showed that the different macrophage phenotypes
produce distinct factors, having different effects on tendon repair. Considering the specific
effects of the specific macrophage phenotypes, it is not surprising that macrophage subsets
are differently recruited during the process of tendon repair58, 73. More specifically, it has
been shown that M1-like macrophage are recruited first and stimulate tenocytes to produce
catabolic enzymes, such as matrix metalloproteinases73. In addition, M1-like macrophages
typically produce factors such as IL-1β, IL-6, and TNF- α84. In Chapter 5, we describe
that pro-inflammatory cytokines negatively influence the production of structural and
fibril-associated ECM components. Then, M2-like macrophages are recruited resulting
in higher ECM densities and increased collagen I expression presenting an orientation
along the longitudinal axis of the tendon58. This macroscopically resembles a normal and
healthy tendon. Together, these findings emphasize the pivotal role of macrophages in the
tendon repair process. However, it is important to note that both pro-inflammatory and
anti-inflammatory macrophages/cytokines are highly required for optimal tissue healing:
inhibition of pro-inflammatory factors and stimulation of anti-inflammatory factors
will not necessarily result in proper tissue healing. Tissue healing strongly depends on
the finely regulated balance between pro- and anti-inflammatory factors. The question
remains whether aging and smoking that are known to negatively influence regeneration
chances (Chapter 4) also affect macrophages and/or their phenotypes.
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Aging
Aging is associated with decreased chances for regeneration of the hamstring tendons
(Chapter 4). In general, it is known that aging negatively affects the function of the
immune system61.
Currently, it is unclear whether the generation of macrophages from monocytes is
impaired with age39, 66, 85. Regarding macrophage polarization, it has been reported
that more M2-like macrophages are found in a mouse-model of age-related macular
degeneration47. These ocular macrophages had decreased levels of TNF-α and IL-12,
whereas the anti-inflammatory cytokine IL-10 was upregulated. In addition, an increase
in M2-like macrophages was observed with aging in spleen, lymph nodes and bone
marrow43.
Aging influences the cytokine secretion patterns by macrophages. Compared to cytokine
production in young mice, peritoneal macrophages from old mice secrete less proinflammatory cytokines, such as IL-1β, IL-6, and TNF- α, and more anti-inflammatory
cytokines such as IL-109, 14, 72. Microarray analysis further investigated the molecular
basis for this decrease and revealed signal transduction genes were specifically reduced in
macrophages from old mice15. First of all, decreased expression of toll-like receptor (TLR)
4 has been suggested as a reason for the observed age-related alterations72. However,
other studies indicated that TLR4 remains unchanged with age9. Another explanation
might be alterations in the JAK-STAT signaling pathway. As shown in Chapter 6,
macrophage phenotypes have a characteristic STAT phosphorylation pattern. Previous
studies showed that STAT1 phosphorylation levels are decreased in macrophages from
old mice, compared to young mice23. Since STAT1 phosphorylation is mainly found in
M1-like macrophages, decreased phosphorylation levels might therefore contribute to
reduced production of pro-inflammatory cytokines.
Taken together, aging impacts on macrophage function and potentially disturbs the
highly regulated balance between pro- and anti-inflammatory factors, which is required
for optimal tendon healing. A failure to repair the ECM of tendons might therefore be
caused by an impaired macrophage function.
Smoking
Smoking has been shown to have deleterious consequences for several orthopaedic
conditions, such as higher rates of hip fracture, nonunion of fractures and osteomyelitis.
In addition, smoking is also associated with impaired regeneration of the hamstring
tendons (Chapter 4).
M1-like macrophages play a central role in defending the human body against invading
pathogens and foreign material. Cigarette smoking reduces the phagocytic ability of
macrophages40 and decreases levels of molecules that are needed for intracellular killing,
such as nitric oxide (NO) and reactive oxygen species (ROS)90. This finding suggests that
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cigarette smoke induces macrophage polarization towards a M2-like phenotype. This
hypothesis is further strengthened by the activation of STAT3 pathways in macrophages
after exposure to cigarette smoke32. Activation of this pathway is seen in M2-like
macrophages (Chapter 6) and needed for the production of anti-inflammatory cytokines.
In addition, low levels of cytokines that are typically produced by M1-like macrophages
are found in response to cigarette smoke16. Therefore, STAT3 is considered to be a pivotal
signaling molecule for macrophage polarization towards an M2-like phenotype.
Similar to the effect of aging, the exposure to cigarette smoke influences the tightly
regulated equilibrium between pro- and anti-inflammatory factors and herewith
potentially affects the repair capacity of the ECM.
Genetics
The aforementioned factors only partially explain the interindividual variation in tendon
repair. Today, there is mounting evidence suggesting that genetics has a pivotal role in the
healing tendency of tendons70, 76.
Tendons are subject to mechanical loads that reach up to ten times an individual’s body
mass. Therefore, the ECM of tendons continuously needs to undergo remodeling in order
to withstand these loads and maintain homeostasis. It has been described that tendons
are able to respond to these mechanical loads by initiating several matrix remodeling
pathways52, 86. Previous studies showed that inflammatory gene expression profiles of
tenocytes are modulated in response to mechanical loading triggering tenocyte apoptosis
and ECM degradation. Therefore, it is reasonable to hypothesize that polymorphisms
within genes encoding for inflammatory proteins modulate risk of tendinopathy.
Previous studies showed that genes encoding several interleukin proteins including
interleukin-1β (IL1B rs16944 C>T), interleukin-6 (IL6 rs1800795 G>C) and interleukin-6
receptor (IL6R rs2228145 A>C) modulate risk of Achilles tendinopathy in cohorts from
South Africa77, Australia77 and the United Kingdom10. All these polymorphisms are located
at the promotor site, affecting the produced amounts of the respective interleukines12, 28, 31, 51.
It has been shown that IL1B rs16944 is independently associated with an increased risk
of acute Achilles tendon ruptures10. For chronic Achilles tendinopathy, no independent
associations were noted77. However, IL1B and IL6 variants were associated with increased
risk of Achilles tendinopathy in inferred gene-gene interactions models77. Although it
has been well described that IL-1β and IL-6 are responsible in the activation of many
downstream signaling cascades, it remained unclear how these polymorphisms contribute
to tendinopathy70, 76. The work in this thesis indicated that polymorphisms within genes
encoding IL-6 and IL-1β modulate the production of structural and fibril-associated ECM
components (chapter 5) and herewith potentially contribute to an impaired capacity to
repair the ECM.
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It is interesting to note that additional associations were found between polymorphisms
within genes encoding for IL1B and IL6, and other soft musculoskeletal injuries. In line
with the findings for acute rupture of the Achilles tendon, the IL1B rs16944 promotor
polymorphism independently increases the risk of ACL rupture71. In addition, inferred
allele combinations of IL1B, IL6 and IL6R were found to be associated with risk of ACL
ruptures, both two independent South African cohorts71 and a Swedish cohort (chapter
5). The risk of developing carpal tunnel syndrome has also shown to be modulated
by polymorphisms within IL6R11. Collectively, these results underline the potential
implication of interleukin signaling pathways in the underlying mechanism that
predisposes for both acute and chronic soft musculoskeletal injuries. The investigated
polymorphisms were found to be associated with increased risk for ACL rupture in a
Swedish cohort (Chapter 5), and other cohorts71. In addition, these polymorphisms
were previously associated with increased risk of chronic Achilles tendinopathy70, 76, 77.
Therefore, it might be suggested that these polymorphisms negatively affect the odds for
hamstring tendon regeneration.
Personalized medicine is a central dogma in current clinical practice, proposing the tailor
made clinical assessment of an individual patient based on their extrinsic and intrinsic risk
factors18. Tendon healing is based on a poorly understood complex interaction between
a variety of extrinsic and intrinsic risk factors. Clinicians should be aware of this when
considering any clinical application of genetic testing and prevent the use of terms such
as diagnostic, prognostic or preventive. Instead, clinicians should rather consider injury
susceptibility through the identification of both known intrinsic and extrinsic risk factors
(Figure 1). Individuals who are at increased risk to develop a soft musculoskeletal injury
should then be referred to a sports-trained physiotherapist to be managed personally by
appropriate prehabilitation exercises to reduce risk.

Intrinsic factors

Athletes

Extrinsic factors

Predisposed athletes

Inciting event

Susceptible athletes

Injured athlete

Figure 1: Schematic overview of the complex relationship between intrinsic and extrinsic factors, as well as
the role of the inciting event. Future multifactorial models could be of great value to distinguish low-risk
(black), predisposed (grey) and susceptible (blue) athletes.
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FUTURE PERSPECTIVES
Remaining uncertainties about tendon regeneration
The work in the current thesis shows that the semitendinosus and gracilis tendons
regenerate in 70% of patients within the first two years following tendon harvest for
reconstructive purposes. It appears that these tendons regenerate in a proximal to distal
fashion, and that regenerated tendons are longer and have increased cross-sectional
areas compared to the native tendons. However, the exact mechanism that underpins
hamstring tendon regeneration remains unclear. In the field of Developmental Biology
and Cancer, lineage tracing is currently the golden standard to determine a cell’s origin.
In this technique, a single cell is labeled in such a way that the mark is transmitted to the
cell’s progeny. The advantage of this approach is that it can be performed without any
prior knowledge of what genes or markers should be expressed. However, a disadvantage
this technique requires to physically stop the development process to see how cells look.
Therefore, more recent developments have enabled in vivo barcode generation, targeting a
locus for rearrangement or mutagenesis such that a different set of outcomes is generated
in different cells44. The barcodes are generated over a limited amount of time resulting
in a deep and precise lineage tracing. A great advantage of this strategy is the ability to
continuously record a cell’s development. Another more indirect method to identify the
origin of the cells residing in the newly formed tendon tissue is to compare its methylome
with the methylomes of cells derived from the surrounding tissues, such as fat, muscle
and tendon sheets. A methylome is the methylation of cytosines, contributing to the
epigenetic layer and defining the transcriptional and regulatory potential of genomic
DNA41.
Mid- and long-term follow-up of patients with harvested hamstring tendons is necessary
to further evaluate the clinical implications of tendon regeneration. The semitendinosus
and gracilis tendons withstand excessive external tibial rotation protecting the ACL.
An impaired repair capacity of the hamstring tendons following harvesting procedures
might therefore impact ACL reconstruction survival rates. Although there is currently
no literature available on this topic, hamstring tendon regeneration is potentially of
importance for the clinical outcome after ACL reconstruction procedures. Additionally,
complete hamstring tendon regeneration theoretically re-establishes a functional muscletendon-bone complex. This hypothesis is supported by the current literature, suggesting
that tendon regeneration would result in no or limited loss of muscle strength. However,
it remains unclear whether this is caused by high-quality regeneration or compensatory
hypertrophy of other (posterior) thigh muscles. In this light, it would be highly valuable
to evaluate the volumes of all thigh muscles following harvesting procedures. Next to this,
the quality of the regenerated tendons might be indirectly measured by the radiologic
appearance of the hamstring muscles. Previously tendon-related disorders of the rotator
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cuff have been described to cause a myriad of changes in the cuff musculature on MR
imaging, such as fatty infiltration, atrophy and fibrosis. In line with these observations,
one might hypothesize that impaired regeneration of the hamstring tendons causes
similar deviations of the semitendinosus and gracilis muscles.
Improved understanding of tendon- and ligament related injuries
ACL injuries are often associated with knee instability, take up to 9 months to rehabilitate
and lead to gonarthrosis in 40% of the patients 10 years after injury59. In addition, treatment
of ACL injuries is costly and only 50% of the athletes successfully return to preinjury
levels29, 59. Therefore, the current focus of musculoskeletal research is the identification of
factors associated with increased susceptibility to ACL injuries. Independent associated
factors with ACL injury include anatomical variations, neuromuscular control, sex,
female sex hormone concentrations, genetic polymorphisms and previous injuries78, 79.
To date, studies that evaluated risk of ACL injury using combinations of risk factors by
developing multivariable models are limited36, 83. These models exclusively focus on the
anatomic features and do not provide a full understanding of ACL injury risk. However,
it is probable that tendon- and ligament related injuries depend on multiple risk factors.
Therefore, it is important to focus on creating comprehensive and clinically applicable
risk models identifying individuals with increased susceptibility to both tendon- and
ligament-related injury. Besides, the models should provide more direction for preventive
programs, as well as appropriate counseling for those who are at increased risk.
The healing process of tendons involves an inflammatory phase. Macrophages are
considered to be pivotal in the onset and perpetuation of tendon diseases22, 60, 81. Some
studies indicate that macrophage depletion improved morphological and biomechanical
properties in injured Achilles tendons or following ACL reconstruction procedures24, 37.
On the other hand, other studies reported that aspecific inhibition of macrophages is
detrimental to ECM formation and tensile strength8, 13. In line with these findings, aspecific
targeting of inflammation by common anti-inflammatory drugs including diclofenac,
celecoxib and naproxen seem to have deleterious effects on tendon healing. These findings
emphasize the functional role of macrophages in the tendon-healing process but suggest
the need for further clarification on the interplay between macrophages and tenocytes. In
vitro studies are limited but suggest that different macrophages have different effects on
tenocyte behavior58, 73, 81. Given these different effects of the different macrophage subsets,
it might be interesting to specifically target macrophages in order to improve the tendon
remodeling process. This can either be done by using specific antibodies to specifically
target a monocyte or macrophage subset, or by modulating specific intracellular signaling
proteins, such as STAT proteins.
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