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1 Introduction

Anterior knee pain (AKP) is the most common
reason for adolescents, adults, and physically
active people to consult with an orthopedic sur-
geon who specializes in the knee. Despite the
high incidence and prevalence of AKP and an
abundance of clinical and basic science research,
the etiology of this condition is not well-known.
This chapter synthesizes a review of the literature
and our research and clinical experience on
pathophysiology of AKP in the young patient.

2 Theories on the Genesis of AKP

Until the end of the 1960s, AKP was attributed to
chondromalacia patellae, a concept from the
early twentieth century [1] that has no clinical

value because it offers no specific diagnostic,
therapeutic, or prognostic implications. In fact,
many authors have failed to find a clear con-
nection between AKP and chondromalacia
patellae [2, 3].

In the 1970s AKP was related to the presence
of patellar malalignment (PM) [4–8]. For many
years, PM has been widely accepted as an
explanation for the genesis of AKP in the young
patient. Currently, the PM concept is questioned
and is not universally accepted as an underlying
factor in AKP. An obvious problem with the PM
concept is that not all patellar malalignments,
even those of significant proportions, are symp-
tomatic (Fig. 1). A person with PM may not
experience pain if the joint is never stressed to
the extent that the tissues are irritated. Such
individuals probably learn early that “my knee
hurts when I do sports” and therefore stop being
active. Further, only one knee may be symp-
tomatic, even though the underlying patellar
malalignment is entirely symmetrical in both
knees (Fig. 1). In addition, patients with normal
patellar alignment on computed tomography
(CT) can also experience AKP. Therefore,
although the patellar malalignment theory is
biomechanically appealing, it has failed to
explain the presence of AKP in many patients.
We must also remember that significant differ-
ences have been demonstrated between sub-
chondral bone morphology and the geometry of
the articular cartilage surface of the patellofe-
moral joint (PFJ), in both the axial and sagittal
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planes [9]. Therefore, a radiographical PM may
not be real, and realignment surgery to correct
the nonexistent problem could lead to a wors-
ening of preoperative symptoms.

At the end of 1970s, skeletal malalignment
of the limb was suggested as the genesis of AKP
in some cases [10]. Skeletal malalignment, which
is not the same as PM, is the malalignment of the
limb measured in the transverse, coronal, and
sagittal planes. The presence of excessive
femoral anteversion, excessive external tibial
torsion, or increased varus or valgus abnormali-
ties has a definite effect on the PFJ [11]. James in
1979 presented a comprehensive review of AKP
in which he described the condition of “miser-
able malalignment”, that is, increased femoral
anteversion and increased external tibial torsion
[10]. In 1995 he reported on seven patients with
miserable malalignment who had been treated
with internal rotational tibial osteotomy during
an 18-year period [12]. Several years earlier,
Cooke and colleagues [13] described internal
rotational proximal tibial osteotomy in seven
patients presenting with AKP and drew attention
to the inwardly pointing knee as an unrecognized
cause of AKP. Unlike the concept of PM, how-
ever, the concept of skeletal malalignment was
almost unnoticed and has had very low influence
on orthopedic surgeons. In fact, very few publi-
cations refer to skeletal malalignment as a cause
of AKP.

In the 1990s, Scott F. Dye and his research
group at the University of California, San Fran-
cisco, proposed the tissue homeostasis theory
[14, 15]. According to this theory, joints are not
simply mechanical structures; they are systems
that are alive and metabolically active [14]. Pain
arises from a physiopathological mosaic of cau-
ses, including increased osseous remodeling,
increased intraosseous pressure, or peripatellar
synovitis leading to a reduced “envelope of
function” (or “envelope of load acceptance”)
(Fig. 2) [2, 14, 15]. This envelope of function is
defined by the range of loading and energy
absorption that coexists with normal tissue
healing and maintenance (i.e., tissue homeosta-
sis). According to Dye, in the vast majority of
AKP cases, the loss of homeostasis of both oss-
eous (Fig. 3) and soft tissue in the peripatellar
region is more important than biomechanical/
structural issues in the genesis of AKP. He sug-
gests that AKP patients are often symptomatic
because of supraphysiologic loading of anatom-
ically normal knee components [2, 14, 15]. In
fact, patients with AKP often lack an easily
identifiable structural abnormality to account for
their symptoms. According to Dye’s theory of
envelope of load acceptance, overuse or cyclical
overload of soft tissue or bone areas may explain
AKP in many patients. However, it should be
noted that this biological perspective is compat-
ible with the biomechanical approach. The

Fig. 1 Disabling AKP and patellar instability of the left
knee. The right knee was asymptomatic in spite of the fact
that PM was symmetric in both knees. A Preop CT at 0°,
B Postop CT at 6 months of proximal realignment
surgery, C CT of the right knee, D CT of the left knee
at 13 years of follow-up—the patient is completely
asymptomatic in spite of the presence of a visible PM.

(A-Reused with permission from Thieme. From: Sanchis-
Alfonso V. American Journal of Knee Surgery. Volume
7, Issue 2. Usefulness of computed tomography in
evaluating the patellofemoral joint before and after
Insall’s realignment. Thieme: New York. 1994, www.
thieme.com)
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diagnostic challenge is to find the cause of the
loading which is “in excess of the envelope of
function or load acceptance”.

Finally, in the 2000s, Chris Powers and his
working group conducted weight-bearing studies
of the PFJ and suggested that the main factor
contributing to patella tilt and lateral displace-
ment during weight-bearing is the internal

rotation of the femur [16, 17]. That is to say, the
primary contributor to lateral patellar subluxation
and patellar tilt is the internal rotation of the
femur below the patella. Therefore, control of the
rotation of the femur is fundamental to guaran-
teeing normal patellofemoral kinematics. Thus, a
new concept was born. It is the “proximal con-
trol” that is currently considered fundamental to
understanding the physiotherapeutic treatment of
an important subgroup of AKP patients. Lee and
colleagues [18] have demonstrated that femoral
rotation results in an increase in PFJ contact
pressures on the contralateral facet of the patella
(i.e., lateral PFJ during internal rotation of the
femur and vice versa).

3 A Critical Analysis of Realignment
Surgery for PM

After wide usage of certain surgical techniques,
surgeons may come to question the basic tenets
justifying the procedures and devise clinical
research to test the underlying hypotheses.
Realignment surgery for treating PM is no
exception. In 2005, Sanchis-Alfonso and

Fig. 2 The envelope of function theory. (Reused with permission from SAGE. From Sanchis-Alfonso V, Dye SF.
“How to Deal with Anterior Knee Pain in the Active Young Patient” Sports Health. 2017; 9(4):346–351)

Fig. 3 SPECT-CT in a patient with disabling left AKP
due to excessive external tibial torsion showing the loss of
osseous homeostasis
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colleagues [19] retrospectively evaluated 40
Insall’s proximal realignments (IPRs) performed
on 29 patients, with an average postsurgical
follow-up of 8 years (range: 5–13 years). One of
the objectives of this study was to analyze
whether a relationship existed between the pres-
ence of PM and that of AKP. In this study, IPR
was found to provide a satisfactory centralization
of the patella into the femoral trochlea in the
short-term follow-up and the surgery was asso-
ciated with resolution of AKP [19, 20]. This
outcome appears to support the PM theory;
however, the success of realignment surgery may
have been due to factors independent of the rel-
ative patellofemoral position, such as denerva-
tion of the patella, extensive postoperative rest
(unload), and postoperative physical therapy.
Unfortunately, the satisfactory centralization of
the patella observed at the short-term follow-up
was lost by the long-term follow-up in almost
57% of the cases, based on CT scans [19]. That
is, IPR did not provide a permanent correction of
patellofemoral congruence in all cases.
Nonetheless, this loss of centralization did not
correlate with a worsening of clinical results. In
short, a relation between the result (satisfactory
versus non-satisfactory) and the presence or
absence of postoperative PM was not found in
the long term [19].

Out of 29 patients in the study, 12 presented
with unilateral symptoms. In nine of these
patients, the contralateral asymptomatic knee
presented a PM, and there was a satisfactory
centralization of the patella into the femoral tro-
chlea in only three cases [19]. If the presence of
PM is crucial in the genesis of AKP, how can we
account for unilateral symptoms in patients with
similar morphologic characteristics between both
patellofemoral joints? With regard to unilateral
pain in the presence of bilateral PM, patients are
known to preferentially load one limb more than
the other (usually the dominant limb) in highly
demanding activities, such as sports. This load-
ing difference could be enough to cause

unilateral pain, but we did not find a relationship
between the lateral dominance and the affected
side in cases with unilateral pain [21]. Further, in
six patients with bilateral symptoms who
received surgery on the knee with the most
severe symptoms, the contralateral knee was
pain-free at follow-up. Therefore, if the presence
of PM is crucial in the genesis of AKP, why do
symptoms disappear without any change in the
patellofemoral alignment? Loss of both tissue
and bone homeostasis may be more important
than structural characteristics in the genesis of
AKP.

Viewing AKP as being necessarily tied to PM
is an oversimplification that has impeded pro-
gress toward better diagnosis and treatment. The
great danger in using PM as a diagnosis is that
the unsophisticated or unwary orthopedic sur-
geon may think that he or she can correct it with
surgical procedures. Pursuing this misguided
path very often makes the patients’ pain worse.
The worst cases of AKP, at least in my series (V.
S-A), occur in patients that have had multiple
PM-oriented operative procedures for symptoms
that initially were only mild and intermittent. We
have observed that not all patellofemoral mala-
ligned knees show symptoms, which is not sur-
prising, because asymptomatic anatomic
variations are not uncommon. Moreover, we
have demonstrated that PM is not a sufficient
condition for the onset of symptoms, given that
many patients with AKP do not have PM. We
can conclude that the pain does not arise from the
PM. That is, pain does not arise from the mal-
position of the patella on the trochlea. Thus, no
imaging study should give us an indication for
surgery. PM diagnosed with plain x-ray, CT or
MRI is only an instant in time and does not
describe the dynamics of motion. Moreover, we
do not have adequate proof of the definition of
normal alignment. History, physical exam, and
differential injection must point towards surgery,
with imaging only being used to confirm clinical
impression.
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4 The Key Question: Is There
a Mechanical Overload of the PFJ
Behind AKP and What is the Role
of Patellofemoral Imbalance
in the Genesis of AKP?

Multiple approaches have been taken to deter-
mine the genesis of AKP, from the more tradi-
tional structural/biomechanical view to the newer
tissue homeostasis perspective. Despite their
differences, all potential explanations include
joint loading as an important factor. This com-
monality is not surprising because the PFJ is very
sensitive to stress.

Certain activities that highly load the PFJ,
such as going down stairs or inclines or experi-
encing prolonged flexion while a person is sit-
ting, kneeling, or squatting, are strongly
associated with the genesis and persistence of
AKP. In addition, a direct blow to the patella in a
fall to the ground or with dashboard contact in an
automobile accident can also cause pain that may
persist for an extended time, even without an
overt radiographically identifiable fracture. How
can pain be explained in such cases by the tissue
homeostasis perspective? The PFJ is one of the
most highly loaded joints in the human body [22]
as well as one of the most difficult muscu-
loskeletal systems in terms of restoration of
functionality after an injury and the subsequent
loss of tissue homeostasis [23]. Joint reaction
forces that are created within the PFJ with certain
activities can be many times the body weight
[24]. These high loads have been estimated to be
3.3 times the body weight with activities such as
climbing up or down stairs, 7.6 times the body
weight with squatting, and in excess of 20 times
the body weight with jumping activities [25, 26].
In addition to the load applied to the joint, the
actual stresses generated within the PFJ also
depend on the surface areas of the patella and
femur that may be in contact at any given
moment [19]. Such high forces can easily result
in loads that may exceed the safe load acceptance
capacity of musculoskeletal tissues, leading to
symptomatic damage and inducing a mosaic of
pathophysiologic processes causing AKP [2, 15].

Further, patellofemoral overload could be sec-
ondary to inappropriate physiotherapy in some
cases of AKP. Attempting to strengthen the
quadriceps through open kinetic chain exercises
will unacceptably overload the PFJ if the exer-
cises are performed between 0 and 45 degrees of
flexion [27]. Likewise, closed kinetic chain
exercises performed between 45 and 90 degrees
of flexion will also overload the PFJ [27].
Although there may be no obvious structural
alteration, the PFJ can be overloaded and AKP
can be triggered.

In some cases, PFJ overloading is secondary
to structural anomalies, such as trochlear dys-
plasia [28]. Patients with AKP are more likely to
have trochlear dysplasia compared to pain-free
individuals [29]. Moreover, in patients with a
trochlear bump (severe trochlear dysplasia) and
AKP, both hydrostatic pressure and water con-
tent increase in the patella [30]. Such increases
potentially provoke episodes of tissular ischemia
and mechanical stimulation of nociceptors,
which are both associated with pain [31]. Along
these lines, Barton and colleagues [32] have
demonstrated that the patella contains an
intraosseous nerve network that is the densest in
the medial and central portions of the patella and
significantly sparser laterally. Moreover, growing
evidence shows that in the subgroup of patients
with patellofemoral chondral lesions, some of
their pain is related to such lesions due to the
overload of the richly innervated subchondral
bone interface [31]. Such subchondral bone
overload is secondary to damaged cartilage and
the loss of its capacity as a shock absorber.

However, of all the structural factors that can
cause an overload of the PFJ, the most powerful
is the skeletal malalignment of the lower limb
(limb alignment in the three planes), specifically
torsional alterations (femoral anteversion and/or
external tibial torsion) [33, 34]. With regard to
malalignment, Albert van Kampen [35] has
demonstrated that patellar tracking is highly
susceptible to tibial rotations. Therefore, patellar
tracking biomechanical studies must take tibial
rotation into account. However, the classic PM
theory does not take tibial and femoral torsion
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into consideration, which represents another
weak point in the PM theory.

Limb alignment appears to very strongly
influence the quadriceps vector [33, 34]. An
abnormal quadriceps vector is an important
contributor to AKP, and abnormal limb align-
ment is the underlying cause of the incorrect
quadriceps vector [33, 34]. The direction of the
quadriceps vector is likely more important than
its magnitude [33, 34]. It should be noted that
skeletal malalignment is not an abnormal Q-
angle or an increased TT-TG distance, nor is it an
increased tilt or increased shift of the patella. It
instead involves the alignment of the limb in all
three spatial planes—coronal, sagittal, and
transverse. During a normal gait, the knee joint
axis moves straight forward with minimal
amounts of internal or external rotation, and the
quadriceps force is directed posteriorly, com-
pressing the patella into the trochlea. With
abnormal limb torsion, the knee joint axis often
moves forward in a manner that is oblique to the
direction of motion. Such movement generates
abnormal shear forces between the patella and
the femur that will eventually cause tissue failure.
If the force is not perfectly aligned, it can lead to
an unbalanced distortion of the soft tissues sur-
rounding the patella. It is very likely that one of
the sources of AKP is in the peripatellar soft
tissues due to the stress that the soft tissues
undergo. However, we do not know the strain
levels that must be reached to trigger the pain.

Some patients with torsional deformities have
unilateral AKP, despite the deformity being
symmetric. Why one side is symptomatic and the
other is not remains an enigma. It is probable that
most people limit their activity to avoid overuse
or injury to the PFJ and thus AKP. Many of these
patients are symptomatic only when they attempt
an activity that causes increased loading; there-
fore, many select their activities based on what is
comfortable. Once an injury (soft tissue lesion)
or overuse (soft tissue strain) develops, quick
recovery does not occur because of the under-
lying mechanical inefficiency. This situation may
explain why disabling pain may occur on one
side, while the opposite side remains

asymptomatic. Moreover, the lack of symptoms
on one side may be relative. In some cases,
patients have asked for surgery on the asymp-
tomatic side after the symptomatic side has been
corrected because “they never knew what it was
like to feel normal”.

In short, according to Robert A. Teitge, it is
the excess of force in the PFJ that exceeds tissue
homeostasis which is responsible for
AKP. However, the problem is not a question of
leaving the load acceptance envelope, but rather
knowing what the envelope size limits are and
why the excess force is excessive. If this is true,
then the problem in diagnosing AKP is deter-
mining the source of the excess force. Robert A.
Teitge puts forward a simile to understand the
etiopathogenesis of AKP. To build a bridge, one
must be knowledgeable of several factors. They
include: (a) the required load limit, meaning the
envelope; (b) the design of the bridge parts,
which is the skeletal alignment; and (c) what
materials the bridge is made of, connoting the
response of those materials to the load. In the
following sections, we will look at the biological
response to a mechanical stimulus. The question
we must ask ourselves is whether it is possible
that all the neuroanatomical factors that we are
going to discuss below are secondary to an
excess of force. In other words, is the excess
force the precipitating event? We do not have an
answer to these questions.

5 Neuroanatomical Bases for AKP
in the Young Patient: Neural
Model

Sanchis-Alfonso and colleagues have developed
the neural model as an explanation for the gen-
esis of AKP in young patients [36]. The origin of
AKP can be in the lateral retinaculum (LR),
medial retinaculum, infrapatellar fat pad, syn-
ovium, or subchondral bone [37–39]. Studies by
Sanchis-Alfonso and colleagues on AKP patho-
physiology have mainly focused on the LR
retrieved during patellofemoral realignment sur-
gery in patients with a diagnosis of PM [40–43].
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5.1 Morphologic Neural Changes
in the Lateral Retinaculum

Some studies have implicated neural damage in
the LR as a possible source of AKP in the young
patient. In 1985, Fulkerson and colleagues
described for the first time, nerve damage (de-
myelination and fibrosis) in the LR of patients
with intractable patellofemoral pain requiring
lateral retinacular release or realignment of the
PFJ [44]. The changes in the retinacular nerves
observed by these authors resembled the
histopathologic picture of Morton's interdigital
neuroma. Later, in 1991, Mori and colleagues
found degenerative neuropathy in the LR in AKP
patients [45].

Sanchis-Alfonso and colleagues have also
observed nonspecific, chronic degenerative
changes in nerve fibers, including myxoid
degeneration of the endoneurium, retraction of
the axonal component, and perineural fibrosis, in
the LR in many cases (Fig. 4A) [42, 43]. More-
over, Sanchis-Alfonso and colleagues have found
that a smaller group of specimens presented
nerve fibers mimicking amputation neuromas
seen elsewhere in the body (Fig. 4B) [42, 43].
A clear relationship has been demonstrated
between the presence of neuromas and AKP;
however, a similar relationship between neural

myxoid degeneration and pain has not been
found [43].

Nerve damage occurs diffusely in the affected
LR, and one must therefore consider the possi-
bility of multiple neurologic sequelae in the
peripatellar region. A possible consequence of
such damage could be an altered proprioceptive
innervation [43]. For example, Baker and col-
leagues observed an abnormal sense of the knee
joint position (proprioception) in subjects with
AKP [46]. Current research shows the impor-
tance of proprioceptive information from joint
mechanoreceptors for proper knee function.
Connective tissues, in addition to their mechan-
ical function, play an important role in trans-
mitting specific somatosensory afferent signals to
the spinal and cerebral regulatory systems. Thus,
the giving-way in AKP patients can be
explained, at least in part, by the alteration or loss
of joint afferent information with regard to pro-
prioception due to nerve damage in the ascendant
proprioception pathway or a decrease of healthy
nerve fibers capable of transmitting propriocep-
tory stimuli. It seems likely that, to a certain
degree, the instability of the PFJ in patients with
AKP arises not only from mechanical factors but
also neural factors [47, 48]. Such factors center
on a proprioceptive deficit both in the sense of
position and in the slowing or diminution of

Fig. 4 A Myxoid degeneration in the nerve fibers. No
inflammatory cells are seen, B Microneuroma next to a
rich vascular area (HE). (B-Reused with permission from
SAGE. From: “Quantitative analysis of nerve changes in

the lateral retinaculum in patients with isolated symp-
tomatic patellofemoral malalignment” Am J Sports Med.
1998; 26:703–709)
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stabilizing and protective reflexes. In addition,
Jensen and colleagues reported abnormal sensory
function in the painful and nonpainful knee in
some subjects with long-term unilateral AKP
[49].

5.2 Hyperinnervation into the Lateral
Retinaculum and AKP

Several studies have implicated hyperinnervation
of the LR as a possible source of AKP in the
young patient, with higher innervation in those
with severe pain compared with those with
moderate or mild pain [43]. Moreover, the LR of
patients with pain as the predominant symptom
has been shown to have a higher innervation
pattern than the medial retinaculum or the LR of
patients with patellar instability [43]. This nerve
ingrowth consisted of myelinated and

unmyelinated nerve fibers with a predominant
nociceptive component (Fig. 5) [40].

The nociceptive properties of at least some of
these nerves were shown by their substance P
(SP) immunoreactivity (Fig. 6) [40]. SP, which is
found in primary sensory neurons and C fibers
(slow-chronic pain pathway), is involved in the
neurotransmission pathways of nociceptive sig-
nals [50–62]. SP was detected in the axons of big
nerve fibers, in free nerve endings, and in the
vessel walls in some patients with pain as the
predominant symptom [40]. Nociceptive fibers
(i.e., neural fibers with intraaxonal SP) were
fewer in number than NF fibers, indicating that
not all the tiny perivascular or interstitial nerves
were nociceptive [40]. Interestingly, the finding
that SP fibers are more abundant in the LR than
in its medial counterpart reinforces the role of the
LR as the main source of pain in some AKP
patients. Moreover, the number of these

Fig. 5 A Free nerve endings
immersed in the connective
tissue, B Hot spot of free
nerve endings forming a
microneuroma, C Nerve
endings entering the arterial
wall. (Neurofilament NF).
(Reused with permission from
SAGE. From:
“Immunohistochemical
analysis for neural markers of
the lateral retinaculum in
patients with isolated
symptomatic patellofemoral
malalignment” Am J Sports
Med. 2000; 28: 725–731)
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nociceptive fibers has been observed to be higher
in patients experiencing pain as the main symp-
tom relative to those with instability as the pre-
dominant symptom (with little or no pain
between instability episodes) [40].

Nerve ingrowth, is mostly located within and
around blood vessels (Fig. 7) [40, 43]. Thus,
within the LR of AKP patients, S-100 positive
fibers in the adventitia and within the muscular
layer of medium and small arteries resemble a
necklace. S-100 protein is a goodmarker of nerves
because it permits identification of the Schwann
cells in the myelinated parts of axons. Myelinated
fibers typically lose their myelin sheath before
they enter the muscular arterial wall, but this was
found to not be the case in AKP patients. In a study
of myelinated fibers by S-100 immunostaining,
we were surprised by the identification of S-100-
positive fibers within the muscular layer of med-
ium and small arteries given that the myelin sheath

was expected to be lost before the nerve entered
the muscular arterial wall [43]. Vascular innerva-
tion has been demonstrated to be more prominent
(94%) in patients with severe pain, whereas this
type of hyperinnervation has been found in only
30% of the patients with light or moderate pain
[42]. These findings are in agreement with the
statement of Byers, who postulated in 1968 that
pain in an osteoid osteoma could be generated and
transmitted by vascular pressure-sensitive auto-
nomic nerves [63]. In reviewing the literature, we
have seen that hyperinnervation is also a factor
implicated in the pathophysiology of pain in other
orthopedic abnormalities, such as chronic back
pain and jumper’s knee [54, 55, 64, 65]. On the
other hand, pain has also been related with vas-
cular innervation in some pathologies, as is the
case in osteoid osteoma, in which an increase in
perivascular innervations has been found in all the
cases, leading the authors to postulate that pain
wasmore closely related to this innervation than to
the release of prostaglandin E2 [66]. Grönblad and
colleagues have reported similar findings in the
lumbar pain of facet syndrome [67]. Finally,
Alfredson and colleagues related pain in Achilles
tendinosis with vasculo-neural ingrowth [64].

Hyperinnervation has been demonstrated to be
associated with the release of neural growth
factor (NGF), a polypeptide that stimulates
axonogenesis [41]. NGF has two biologically
active precursors: a long form with a molecular
weight of approximately 34 kD and a short form
of 27 kD [68]. The 34 kD precursor has been
found in the LR of AKP patients [41]. Since
some of the nerve fibers of the LR express NGF,
these nerve fibers must still be in a proliferative
phase. As expected, NGF expression is higher in
PM patients with pain that in those with insta-
bility as the main symptom (Fig. 8) [41]. Gigante
and colleagues [69] have also found NGF and
TrkA (the NGF receptor) expression in the LR of
patients with PM, but not in patients with jum-
per’s knee or meniscal tears. Interestingly, NGF
is related not only to neural proliferation in
vessels and perivascular tissue but also to the
release of neuroceptive transmitters, such as
SP [70].

Fig. 6 A Substance P, a marker of sensory fibers, is
expressed in the nerve fibers in a granular pattern,
B Neuromas are rich in nociceptive axons, as can be
demonstrated studying substance P. (Reused with per-
mission from SAGE. From: “Immunohistochemical anal-
ysis for neural markers of the lateral retinaculum in
patients with isolated symptomatic patellofemoral
malalignment” Am J Sports Med. 2000; 28: 725–731)
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In short, in symptomatic PM patients with
pain as the main symptom, there are detectable
levels of NGF that cause hyperinnervation and
stimulate SP release, whereas in patients with
instability as the predominant symptom, there are
lower levels of local NGF release, less neural
proliferation, and less nociceptive stimulus [41].

Consequently, there must be some factors acting
on a PM that make the patient has pain or
instability as the main symptom. PM may in fact
not have anything to do with the presence of
pain. In other words, symptoms appear to be
related to multiple factors with variable clinical
expression, and our imperfect understanding of

Fig. 7 Lateral retinaculum vessels are richly innervated
in some of our patients. The myelinated innervation enters
the muscular wall from the adventitial tissue, forming a
necklace. (S-100). (Reused with permission from SAGE.

From: “Quantitative analysis of nerve changes in the
lateral retinaculum in patients with isolated symptomatic
patellofemoral malalignment” Am J Sports Med. 1998;
26:703–709)

Fig. 8 Immunoblotting
detection of NGF showing a
thicker band in cases with
AKP (4,5,6,7) compared with
cases of instability without
pain (1,2,3)
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these factors may explain the all-too-frequent
failure to achieve adequate symptom relief with
the use of realignment procedures. The question
is, what are the mechanisms that stimulate NGF
release in these patients? We hypothesize that
periodic short episodes of ischemia could be the
primary mechanism of NGF release and hyper-
innervation, and therefore could be implicated in
pain, at least in a subgroup of AKP patients.

5.3 Role of Ischemia in the Genesis
of AKP: Loss of Vascular
Homeostasis

Despite numerous publications on AKP, the
mechanism underlying the pain is controversial.
The loss of vascular homeostasis has been pro-
posed as an intrinsic pain mechanism in a sub-
group of AKP patients.

5.3.1 Basic Science
According to some authors, ischemia can induce
NGF synthesis [70–72]. Moreover, NGF has
been shown to stimulate neural sprouting and
hasten neural proliferation in blood vessel walls
[73, 74], which is the same pattern of hyperin-
nervation that is seen in the LR of some AKP
patients [40, 42, 43]. Similar changes have been
studied in animal models and are present in the
coronary innervation of patients with myocardial
infarcts and brain ischemia [71, 72, 74]. Thus,
short episodes of tissular ischemia due to vas-
cular torsion or vascular bending have been
hypothesized as the main problem in painful
patellofemoral imbalance [40, 42]. Vascular
bending could be induced mechanically by
medial traction over the retracted LR with knee
flexion [38].

Sanchis-Alfonso and colleagues have
demonstrated histologic retinacular changes
associated with hypoxia in painful PM [42].
They have found lesions that can lead to tissular
anoxia, such as arterial vessels with obliterated
lumina and thick muscular walls, and other
lesions that can arise from ischemia, such as
infarcted foci of the connective tissue, myxoid
stromal degeneration, and ultrastructural findings

related with anoxia (degenerated fibroblasts with
autophagic intracytoplasmic vacuoles, endothe-
lial cells with reduplication of the basal lamina,
young vessels with endothelial cells containing
active nuclei and conspicuous nucleoli, and
neural sprouting) (Fig. 9) [75].

Another phenomenon related to ischemia is
angiogenesis. Chronic ischemia leads to release
of vascular endothelial growth factor (VEGF), a
potent hypoxia-inducible angiogenic factor that
causes hypervascularization [76]. This hyper-
vascularization creates blood vessels to supply
the nutrient needs of the tissue. Sanchis-Alfonso
and colleagues have performed a quantitative
analysis of vascularization in the LR excised
during surgical patellofemoral realignments,
using a pan-vascular marker, anti-Factor VIII-
related antigen [42]. They have found an increase
in the number of blood vessels in the LR of
patients with painful PM, with the severe pain
group having greater numbers compared with
those of moderate or mild pain group [42].
Moreover, as expected, they found a positive
linear correlation between the number of blood
vessels and number of nerves [42]. Tissular
ischemia induces VEGF release by fibroblasts,
synovial cells, mast cells, or even endothelial
cells [77–80]. Based on these principles,
Sanchis-Alfonso and colleagues performed a
study of VEGF expression in the LR of patients
with PM, using immunohistochemistry and
immunoblot analysis [42]. VEGF release begins
8 h after hypoxia, and the peptide disappears in
24 h if the ischemic crisis has ended [42].
Therefore, VEGF positivity reflects the presence
of an ischemic process, or better said, 8–24 h has
elapsed since the onset of the transitory ischemic
episode. However, given that the average dura-
tion of VEGF is very short, its absence has no
significance regarding whether a transitory
ischemic process is occurring. Although this
process has been well documented in joints
affected by rheumatoid arthritis and osteoarthritis
[79–81], it has never been documented in AKP
until the study by Sanchis-Alfonso and col-
leagues [42]. They have shown VEGF produc-
tion in stromal fibroblasts, vessel walls, certain
endothelial cells, and even nerve fibers, including
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similar levels in axons as in perineurium
(Fig. 10) [42]. Their immunohistochemical find-
ings were confirmed by immunoblot analysis.
VEGF levels were higher in patients with severe

pain than in those with mild to moderate pain; the
protein was barely detectable in two cases with
mild pain (Fig. 11) [42]. VEGF expression is
absent in normal joints, although inflammatory

A B

C D
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Fig. 9 A Arterial vessel in the retinacular tissue can show
a prominent and irregular endothelium and thick muscular
walls or even an irregular reduction of the vascular lumen.
(Hematoxylin–Eosin stain). B Infarcted foci in the
connective tissue showing a degenerative pattern of the
collagen fibers, with loss of the fibrillar component and
accumulation of myxoid material in the interstitium,
(Masson’s Trichrome stain). C Myxoid stromal

degeneration in the middle of the fibrous retinacular
tissue (Hematoxylin–Eosin stain). D Degenerative
changes in fibroblasts (increased autophagic vacuoles—
asterisk–) secondary to hypoxia (TEM). E Young vessels
with endothelial cells containing active nuclei and con-
spicuous nucleoli. F Neural sprouting is detected ultra-
structurally as a bunch of tiny axons immersed in the
Schwann cell cytoplasm. G Neural sprouting detail
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processes can stimulate its release [81, 82]. In
such cases, synovial hypoxia secondary to artic-
ular inflammation is assumed to trigger VEGF
production [82]. However, inflammatory changes
have not been observed in the LR of AKP
patients [42, 43]. Furthermore, peripheral ner-
vous system hypoxia has been reported to be able
to simultaneously trigger VEGF and NGF syn-
thesis via neurons [83], or inflammatory or
stromal cells [71, 72]. VEGF induces hypervas-
cularization, and NGF induces hyperinnervation.
Both occurrences have been observed in AKP
patients [42, 43]. In conclusion, ischemia could
be the main trigger for pain in at least a subgroup
of AKP patients.

5.3.2 Clinical Studies
The role of vascular insufficiency in AKP has not
been studied extensively from a clinical point of
view. In fact, only a few clinical papers have

alluded to the possibility of hypoxia as a factor in
the pathogenesis of AKP.

Sandow and Goodfellow [84] investigated the
natural history of AKP in adolescents. In a study
sample of 54 adolescent girls, the researchers
observed that 9 out of 54 (16.7%) had pain that
was aggravated by cold weather. According to
Selfe and colleagues [85] the proximal part of the
rete patellae is very superficial and is therefore
vulnerable to thermal environmental stress,
resulting in greater hypoxia during cold weather.
More recently, Selfe and colleagues [86] studied
clinical outcomes in a sample of AKP patients
categorized as hypoxic, that is to say, with “cold
knees” (his or her legs felt cold even in warm
surroundings). Fourteen out of 77 (18.2%) of the
patients were categorized as “cold sufferers,” a
percentage very similar to that reported by San-
dow and Goodfellow [84]. Selfe and colleagues
[86] studied local hypothermia by means of
infrared thermography and concluded that patients
categorized as hypoxic reported greater pain levels
and had poorer response to an exercise-based
treatment than non-hypoxic patients. Gelfer and
colleagues [87], using single photon emission
computed tomography (SPECT), also found a
relationship between transient patellar ischemia
after total knee replacement and the clinical
symptoms of AKP. Similarly, using photo-
plethysmography, which is a reliable technique for
estimating blood flow in bone tissue, Naslund also
observed that an ischemic mechanism (decreased

Fig. 10 A VEGF, the factor promoting vascular proliferation, is present in smalls vessels (wall and endothelium) and
in perivascular fibroblasts. B Some cases have VEGF expression in the perineural shift and inside the axons (VEGF)

Fig. 11 Immunoblotting detection of VEGF showing a
thicker band in cases with severe AKP (2,3,10) compared
with cases with moderate pain (1,5,8) or light pain
(4,6,7,9)
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blood flow in the patellar bone) is involved in the
pathogenesis of AKP [88]. Moreover, in half of
the AKP studied patients, Naslund observed
accelerated bone remodeling in bony compart-
ments of the knee joint, which may have been due
to a dysfunctioning sympathetic nervous system
and caused intermittent ischemia and pain. Selfe
and colleagues [85] classified AKP patients into
three groups: hypoxic, inflammatory, and
mechanical. However, ischemia may be the pain-
provoking factor in all three groups, given that
inflammatory changes can develop not only after
ischemia but also after mechanical damage to the
vascular system. Ischemia could be caused by
higher intraosseous pressure, redundant axial
loading, or decreased arterial blood flow.

6 The Role of the Peripheral
and/or Central Nervous System
in the Pathophysiology of
AKP—“Central
Sensitization”—“The
Neuromatrix Model”

AKP is a paradigm of chronic pain. Chronic pain is
a multidimensional phenomenon composed of
sensitive, cognitive-evaluative and affective-
motivational domains. The central nervous sys-
tem, both the brain and spinal cord, is where pain is
produced and modulated. Several brain and spinal
cord areas work together (the pain neuromatrix) in
response to corporal stimuli to create the multidi-
mensional experience of pain. Interestingly,
Damasio and colleagues [89] observed an overlap
between the cerebral activity areas related to
chronic pain and those related to cognition and
emotions. This finding suggests that chronic pain,
cognition, and emotions are interrelated. More-
over, it has been shown that AKP is not only related
to structural anomalies but also to altered central
neural processes along with alterations in central
nociceptive processing [90, 91]. Slutsky-Ganesh
and colleagues [92] indicate that the posterior
cerebellum could be a key modulator in cognitive
assessment of pain in patellofemoral pain across
the cortico-cerebellar loops, possibly leading to
consequences on motor function downstream.

As we will see in chapter “Evaluation of
Psychological Factors Affecting Anterior Knee
Pain Patients: The Implications for Clinicians
Who Treat these Patients”, AKP patients have a
high incidence of anxiety, depression, kinesio-
phobia (the belief that movement will create
additional injury or re-injury and pain) and
catastrophizing (the belief that pain will worsen,
and one is helpless to deal with it) [93–95].
Psychological factors play an important role as
pain modulators. Even in cases with clear struc-
tural findings that justify pain, psychological
factors influence and modify pain sensation as
well as subsequent impairment. Therefore, they
can be barriers to recovery after the appropriate
surgical treatment. Catastrophizing is not only
responsible for the chronification of pain due to a
psychological mechanism but may also influence
the neurophysiology of pain modulation. In a
functional MRI study of patients with chronic
pain, Gracely and colleagues [96] showed that
catastrophizing ideas were associated with a
higher degree of brain activity not only in the
pain regions but also in the cortical regions
associated with attention, anticipation of pain and
emotional aspects of pain. Catastrophizing may
play a role as a facilitator of the pain perception
process. It also has been suggested that pain
catastrophizing interfere with descending pain-
inhibitory systems and may facilitate neuroplas-
tic changes in the spinal cord during repeated
painful stimulation, thereby promoting sensiti-
zation in the central nervous system.

Impaired “conditioned pain modulation,”
defined as the endogenous pain inhibition ability
of a subject, has been demonstrated in young
women with long-standing AKP [97]. Central
sensitization (CS) has been defined by the
International Association for the Study of Pain
(IASP) as “increased responsiveness of noci-
ceptive neurons in the central nervous system to
their normal or subthreshold input” [98]. In other
words, there is ineffective pain modulation-
inhibition in the central nervous system. That is
to say, there is a process of amplification of the
afferent signal that arrives from the periphery.
For all that, the malfunctioning of the descending
pain-inhibiting mechanisms is another of the
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mechanisms involved in CS. From a clinical
standpoint, we can suspect that there is CS when
the patient presents with allodynia or hyperal-
gesia. A significant number AKP patients present
more signs of CS when compared to healthy
pain-free individuals. Interestingly, it has been
demonstrated that pain sensitization may be
amenable to treatment through exercises, phar-
macological therapy, and surgery [99]. In AKP
patients, there is “central sensitization,” meaning
an increased responsiveness of the central ner-
vous system to a variety of stimuli [100–102].
Rathleff and colleagues [101] suggested that
adolescent females with AKP have both local-
ized and distal hyperalgesia (a reduced pressure
pain threshold), which can be determined
through pressure algometry. This hyperalgesia
may signal altered central processing of noci-
ceptive information.

Jensen and colleagues [49] have shown that
some patients with unilateral AKP have neuro-
pathic pain, which suggests damage in the
peripheral and/or central nervous system that
causes pain signals without a specific cause. In
this way, many AKP patients have alterations in
the central nervous system that might play an
important role both in the magnitude and per-
sistence of pain after suitable conservative or
surgical treatment. Lefaucheur and colleagues
[103] found a link between chronic neuropathic
pain and motor cortex disinhibition. The current
data suggest that repetitive transcranial magnetic
stimulation of the motor cortex corresponding to
the patient’s site of pain may be a complemen-
tary treatment modality for patients with chronic
neuropathic AKP [104]. Motor cortex stimula-
tion may produce analgesic effects by restoring
missing or impaired intracortical inhibitory pro-
cesses [103].

As we can see in chapter “Brain Network
Functional Connectivity Clinical Relevance and
Predictive Diagnostic Models in Anterior Knee
Pain Patients”, AKP patients have brain func-
tional connectivity changes compared to healthy
controls. That is especially the case between the
brain areas involved in cognitive stimulus pro-
cessing and the regions involved in pain

modulation. This widespread impact on overall
brain function could play an important role in
explaining the magnitude, experience and per-
sistence of pain after suitable conservative or
surgical treatment.

7 Authors’ Proposed AKP
Pathophysiology

A subgroup of patients with AKP have a skeletal
malalignment of the limb, especially in the
transverse plane (femoral and/or tibial rotational
malalignment) [33, 34]. This malalignment of the
lower limb could provoke pain due to the
abnormal stress on tissue which is not of suffi-
cient magnitude or direction to result in insta-
bility. It is likely that nerve changes or ischemia
may be due to chronic repetitive stretch of soft
tissue (retinaculum). Moreover, skeletal
malalignment could provoke patellofemoral
instability due to a failure of the ligaments that
stabilize the PFJ, and it will also lead to the
development of patellofemoral cartilage lesions
due to the increased patellofemoral compression
forces (Fig. 12). However, in most cases, the
abnormal femoral rotation is functional due to a
deficit of the proximal control [105]. This situa-
tion will lead to a patellofemoral imbalance as it
occurs in the structural skeletal malalignment of
the lower limb.

We hypothesize that short and repetitive epi-
sodes of tissular ischemia, potentially due vas-
cular torsion or vascular bending induced by a
patellofemoral imbalance, could trigger release
of NGF and VEGF in the peripatellar soft tissues.
Once NGF is present in the tissues, it induces
hyperinnervation, attracts mastocytes, and trig-
gers substance P release by free nerve endings
(Fig. 13) [70]. In addition, VEGF induces
hypervascularization and plays a role in
increasing neural proliferation.

Free nerve endings, slowly adapting receptors
that mediate nociception, are activated in
response to deformation of tissues. In the knee,
such deformation results from abnormal tensile
and compressive forces generated during flexo-
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extension of the joint or in response to chemical
agents such as histamine, bradykinin, pros-
taglandins, and leukotrienes [57, 106, 107].
Therefore, SP is released from peripheral endings
of nociceptive afferents as a result of noxious
chemical or mechanical stimulation. The noci-
ceptive information relayed by these free nerve
endings is responsible, at least in part, for the
pain.

Once SP is liberated in the connective tissue,
it induces the release of prostaglandin E2, one of
the biochemical agents known to stimulate
nociceptors (Fig. 13) [50]. The activation of
nociceptive pathways by prostaglandins could be
one of the many mechanisms involved in the
transmission of pain in AKP patients. Moreover,
SP stimulates mast cells, facilitating a

degranulation process that can liberate histamine,
another non-neurogenic pain mediator (Fig. 14)
[56]. Numerous mast cells have been identified in
the LR of AKP patients [19]. Mast cells are also
associated with the release of NGF [40, 108],
contributing to the hyperinnervation and indi-
rectly provoking more pain. Furthermore, SP has
been shown to induce the release of collagenase,
interleukin-1, and tumor necrosis factor-alpha
(TNF-a) from synoviocytes, fibroblasts, and
macrophages [50, 52]. These factors could con-
tribute to the genesis of patellar instability
through degradation of soft tissues. SP, NGF and
mast cells have also recently been implicated in
bone resorption in both in vitro and in vivo
experiments, which could explain, at least in part,
the osteoporosis found in many cases of AKP

Fig. 12 Pathways to pain in patients with torsional abnormalities. Force out of balance is the culprit, and force out of
the balance is due to the limb out of alignment

Fig. 13 Pathophysiology of
AKP
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[109]. Finally, SP and VEGF stimulate
endothelial cell proliferation and migration [53],
which are essential to the development of a new
vascular network that may promote tissue repair,
but indirectly maintain a vicious cycle.

Woolf [110] described four types of pain from
a clinical point of view: (1) nociceptive pain,
which is transient pain in response to noxious
stimulus; (2) homeostatic pain, which is pain that
promotes the healing of injured tissue (i.e., the
cascade of events toward re-establishing home-
ostasis); (3) neuropathic pain, which is sponta-
neous pain and hypersensitivity to stimulus in
association with damage to the nervous system;
and (4) functional pain, which is pain resulting
from abnormal central processing of normal
input. All these mechanisms appear to be
involved in the pathophysiology of pain in AKP
patients.

8 Take Home Messagess

– Currently, much remains to be learned about
the cause of AKP. Our understanding is lim-
ited. AKP is one of the most intriguing

orthopedic pathologies from a clinical point of
view.

– AKP obliges us to “think out of the box”, to
look deeper into the anatomy, biomechanics,
biology, anatomic pathology, physiopathol-
ogy, and psychology. AKP is a great stimulus
for orthopedic intellectual development.

– Chondromalacia patellae is not synonymous
with AKP. It is not the underlying problem.

– Very often, patellofemoral malalignment
(patellar tilt/lateral patellar subluxation) is not
the problem.

– In a subgroup of AKP patients, skeletal
malalignment of the limb is responsible for
disabling AKP due to both patellofemoral
overload and patellofemoral imbalance.
Understanding the biomechanics is crucial—
orthopedic surgery is very much a mechanical
engineering discipline. At this time, from the
biomechanical viewpoint, the most powerful
treatment effect in treating AKP comes from
limb re-alignment.

– In the vast majority of AKP cases, the loss of
both soft tissue (peripatellar synovitis and
others soft tissue impingements such as syn-
ovial hypertrophy around the inferior pole of

A B

Fig. 14 Mast cells are abundant in the stroma (arrow),
mainly in a perivascular disposition. Some of them show a
degranulation process (activated mast cells) (A), (Giemsa
stain). Ultrastructural image of a mast cell of the lateral
retinaculum with its cytoplasm full of chemotactic

granules, (TEM) (B). (A)-(Reused with permission from
SAGE. From: “Immunohistochemical analysis for neural
markers of the lateral retinaculum in patients with isolated
symptomatic patellofemoral malalignment” Am J Sports
Med. 2000; 28: 725–731)
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the patella) and osseous (intraosseous edema,
osseous hypertension) homeostasis is more
important in the genesis of AKP than local
structural anomalies (patellar till, lateral
patellar displacement, and patellofemoral
chondropathy). However, we do not know
how often is AKP present in a structurally
perfect limb, except for overtraining. It is
likely that the loss of homeostasis can be
mechanical with an as yet unrecognized
structural anomaly.

– There is a neuroanatomical basis for AKP in
the young patient. A dysfunction of the
peripheral and/or the central nervous system
may cause neuropathic pain in some individ-
uals with AKP.

– Periodic short episodes of ischemia, sec-
ondary to a mechanical stimulus, could be
implicated in the pathogenesis of AKP by
triggering neural proliferation of nociceptive
axons (SP-positive nerves), mainly in a
perivascular location. These findings are in
line with the homeostasis perspective. Loss of
vascular homeostasis in the knee region (e.g.,
hypervascularity, ischemia, osseous hyper-
tension) may be associated with AKP.

– It is possible that all of the neuroanatomical
factors involved in the genesis of AKP and
the loss of vascular homeostasis are due to an
excess of force that would be the precipitating
event.

– Chronic pain is a multidimensional phe-
nomenon composed by sensitive, cognitive-
evaluative and affective-motivational domains.
The neuromatrix model can explain the multi-
dimensional pain experience in AKP patients.

9 Key Message

– We hypothesize that it is the force (magnitude
or direction) which determines whether one is
in or out of Dye’s envelope. In short, the
diagnostic challenge is determining the source
of excess force which overcomes tissue
homeostasis. We are a long way from deter-
mining why excess force is excess.
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