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Patellofemoral pain and instability are common
indications for imaging that are encountered in
everyday practice. The authors comprehensively
review key aspects of patellofemoral instability
pertinent to radiologists that can be seen before
the onset of osteoarthritis, highlighting the
anatomy, clinical evaluation, diagnostic
imaging, and treatment. Regarding the
anatomy, the medial patellofemoral ligament
(MPFL) is the primary static soft-tissue
restraint to lateral patellar displacement

and is commonly reconstructed surgically in
patients with MPFL dysfunction and patellar
instability. Osteoarticular abnormalities that
predispose individuals to patellar instability
include patellar malalignment, trochlear
dysplasia, and tibial tubercle lateralization.
Clinically, patients with patellar instability may be
divided into two broad groups with imaging findings
that sometimes overlap: patients with a history of
overt patellar instability after a traumatic event (eg,
dislocation, subluxation) and patients without such a
history. In terms of imaging, radiography is generally
the initial examination of choice, and MRI is the
most common cross-sectional examination performed
preoperatively. For all imaging techniques, there has
been a proliferation of published radiologic measurement
methods. The authors summarize the most common
validated measurements for patellar malalignment,
trochlear dysplasia, and tibial tubercle lateralization. Given
that static imaging is inherently limited in the evaluation of
patellar motion, dynamic imaging with US, CT, or MRI may

be requested by some surgeons. The primary treatment strategy
for patellofemoral pain is conservative. Surgical treatment options
include MPFL reconstruction with or without osseous corrections
such as trochleoplasty and tibial tubercle osteotomy. Postoperative
complications evaluated at imaging include patellar fracture, graft
failure, graft malposition, and medial patellar subluxation.
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TEACHING POINTS

B Although patellofemoral forces are substantial, normal patellar tracking oc-
curs when there is an appropriate dynamic equilibrium between osteoarticu-
lar and soft-tissue structures.

B Ppatella alta, trochlear dysplasia, and lateralization of the tibial tubercle are im-
portant risk factors for patellar maltracking and instability.

B The most important component of the MPFL complex is the MPFL, although
there is increasing interest in three secondary medial stabilizers: the medial
quadriceps tendon femoral ligament (MQTFL), medial patellomeniscal liga-
ment (MPML), and medial patellotibial ligament (MPTL).

B With both radiography and MRI, images are evaluated most importantly for in-
tra-articular osteochondral fragments, as well as for patellofemoral alignment,
including patellar height, patellar position and tilt, trochlear morphology, and
tibial tubercle lateralization.

B |n patients with recurrent dislocation or in whom conservative management is
unsuccessful, treatment options include MPFL reconstruction with or without
additional osseous corrections such as trochleoplasty, tibial tubercle osteoto-
my, and derotational osteotomy.

Introduction

The patella is widely known for three attributes: (a) It is the
largest sesamoid bone in the body, (b) it normally has the
thickest articular cartilage in the body, and (c) it is associated
with pain and premature osteoarthritis when it does not track
normally in the trochlear groove of the femur. These features
of the patella are immutable, but our understanding of patel-
lar disorders continues to evolve dramatically.

In the past century, some experts regarded the knee cap,
or tibial sesamoid, as a morphologic remnant with no im-
portant function (1). Experts now believe that the patella
evolved in mammals to help resist gravity by providing an
enhanced lever system for lower extremity ambulation (2).
Indeed, as an anatomic “pulley” that centralizes the diver-
gent forces from the four quadriceps muscles, the patella
markedly improves mechanical advantage and allows in-
creased torque by at least 24% (3). The patella also functions
as a “spacer” to protect the extensor tendons and dynami-
cally dissipate patellofemoral forces that can be many times
an individual’s body weight (eg, more than three times body
weight during stair climbing, more than seven times body
weight while squatting, more than 20 times body weight
with jumping) (4).

Normal mobility of the patella is integral to its function.
Although patellofemoral forces are substantial, normal pa-
tellar tracking occurs when there is an appropriate dynamic
equilibrium between osteoarticular and soft-tissue struc-
tures. However, when anatomic structures are dysfunctional
and there is a force imbalance, patellar maltracking may oc-
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cur—often in association with a traumatic event or biome-
chanical overload that causes pain and decreased quality of
life.

Patellofemoral pain is highly prevalent, affecting one in
five individuals in the general population annually (5). Histor-
ically, more than 100 surgeries have been described for pain
associated with patellar tracking abnormalities and patellar
instability (6), and treatment decisions have been based on
findings of static nonphysiologic imaging. However, like the
patella itself, research on patellofemoral disorders has been
“on the move.” Within the past 5 years, more than 570 articles
on patellar instability have been listed in PubMed, with these
scholarly works emphasizing new insights into patellofem-
oral anatomy, clinical assessment, diagnostic imaging, and
specific treatments. However, as noted in a recent consensus
statement from orthopedic subspecialty organizations, there
is still a need for refinements in diagnostic imaging, including
refinements in assessing the use of dynamic imaging for pa-
tellar instability (7).

In this article, we review key aspects of patellofemoral dis-
orders that can occur before the onset of osteoarthritis and de-
scribe recently reported anatomic insights, highlights in clin-
ical evaluation, evolving imaging techniques, and consensus
standards of treatment.

Anatomy

Having knowledge of the patellofemoral anatomy is a funda-
mental first step to confidently distinguishing normal from
abnormal imaging findings. In addition to evaluating rele-
vant anatomic structures, analyzing the alignment of these
structures may be helpful for understanding the clinical sig-
nificance of imaging findings. Indeed, given that reconstruc-
tion of the patellofemoral anatomy and normalization of
patellofemoral alignment are primary goals of surgical inter-
ventions, awareness of the osteoarticular and soft-tissue struc-
tures that provide stability is essential to image interpretation
in the preoperative and postoperative settings.

Osteoarticular Structures
Key osseous structures that affect the patellofemoral align-
ment are the patella, trochlea, and tibial tubercle (Fig 1). The
patella is tethered proximally by the quadriceps tendon and
distally by the patellar tendon. Posteriorly, the patella articu-
lates with the trochlea, a sulcus in the distal femur, forming
the patellofemoral articulation. Distally, the tibial tubercle
serves as the insertion site for the patellar tendon; therefore,
the location of this tubercle can influence patellar align-
ment. Patella alta, trochlear dysplasia, and lateralization
of the tibial tubercle are important risk factors for patellar
maltracking and instability. Other risk factors include genu
valgum and rotational malalignment in the lower extremity.
During childhood, the shape of the patella and trochlea
change concurrently, suggesting a dynamic interplay between
these two structures during development (8). More than two-
thirds of primary patellar dislocations occur in individuals
between the ages of 10 and 19 years, and these dislocations
particularly affect females, who tend to have a shallower
trochlear groove with a wider sulcus angle (9).
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Soft-Tissue Structures

In addition to the quadriceps and patellar tendons, several
other soft-tissue retinacular structures influence patellar
motion relative to the trochlea. The term retinaculum (Latin,
meaning “to retain”) refers to fibrous bands or ligaments
that help hold a structure, such as the patella, in appropriate
alignment.

Medial and lateral retinacular structures are increasingly
being recognized as a complex of patellar restraints with
extensions both proximal and distal to the knee joint line.
The medial patellar retinacular structures, also referred to
as the medial patellofemoral ligament (MPFL) complex,
function to limit lateral patellar translation (10). Recent an-
atomic literature and our imaging experience indicate that
there is variability in the size and visibility of the individual
structures of the MPFL complex, as well as some diversity in
specific osseous and soft-tissue attachment sites. Anatomic
descriptions also may vary with various knee positions and
dissection methods (eg, outside-in vs inside-out) (11).
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Figure 1. Three-dimensional (3D) illus-
trations show key osseous and soft-tis-
sue structures of extensor mechanism
in the lateral (A, B), anterior (C), and
external oblique (D) perspectives, with
respective osseous attachment areas.
Structures of the medial patellofemoral
ligament (MPFL) complex are exagger-
ated by the probe (in D). AMT = adductor
magnus tendon, AT = adductor tubercle,
ITB = iliotibial band, ME = medial epi-
condyle, od-MPFL = MPFL with oblique
decussation component, t-MPFL = MPFL
with transverse oblique decussation
component, MPML = medial patellome-
niscal ligament, MPTL = medial patello-
tibial ligament, MQTFL = medial quad-
riceps tendon femoral ligament, PT =
patellar tendon, QT = quadriceps tendon,
SMCL = superficial medial collateral liga-
ment, TT = tibial tubercle, VMO = vastus
medialis obliquus muscle.

The most important component of the MPFL complex
is the MPFL, although there is increasing interest in three
secondary medial stabilizers: the medial quadriceps tendon
femoral ligament (MQTFL), medial patellomeniscal liga-
ment (MPML), and medial patellotibial ligament (MPTL). In
our experience, secondary stabilizers are inconsistently visu-
alized with diagnostic imaging (12), and there is a paucity of
original MRI research beyond cadaveric investigations (13).
We find that knowledge of these secondary stabilizers is par-
ticularly helpful when interpreting MRI findings after these
stabilizers have been reconstructed.

Proximal Medial Patellar Restraints: MPFL and MQTFL.—The
MPFL is the primary static soft-tissue restraint to lateral patel-
lar displacement and is commonly reconstructed surgically in
patients with MPFL dysfunction and patellar instability. The
MPFL is generally described as a horizontally oriented, rib-
bonlike ligament that spans from the medial patella (proximal
two-thirds) to the adjacent medial femur (most commonly
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near the physeal scar, at a sulcus between the medial femo-
ral epicondyle and the adductor tubercle) (Fig 2) (13-16). On
a true lateral radiograph, the midpoint of the MPFL femoral
attachment is termed the Schéttle point and is an important
landmark for determining the correct femoral tunnel position
for MPFL reconstruction (Fig 3). This landmark is relevant for
radiologists interpreting postoperative imaging findings be-
cause femoral tunnel malposition (>10 mm from the Schottle
point) results in worse patient-reported outcomes, including
higher rates of recurrent patellar dislocation (17).

In addition to the main horizontally oriented transverse
component of the MPFL, an additional “oblique decussation
component” of the MPFL, which attaches to the proximal
fibers of the superficial medial collateral ligament, has been
described in recent studies (18,19). As a consequence of this
intimate anatomic decussation, MRI shows abnormal edema
signal intensity with most medial collateral ligament injuries,
even though the patients do not have a clinically relevant
MPFL injury (19).

Proximal to the MPFL and patella, oblique ligament fi-
bers extending to insert into the distal quadriceps, termed
the MQTFL, have been described in recent studies. While the
MPFL is primarily responsible for resisting lateral patellar
translation from 0° to 90° of knee flexion, the MQTFL may
contribute to stability, particularly in full extension (20). Sur-
gical techniques may now be used to reconstruct the MPFL,
the MQTFL, or both of these proximal medial patellar re-
straints (21-23).

Distal Medial Patellar Restraints: MPML and MPTL.—The
MPML and MPTL extend from the inferomedial patella to
the medial meniscus and anteromedial tibia, respectively (Fig
S1) (24,25). Although the MPML and MPTL are considered
secondary stabilizers, the contributions of these distal medial
patellar restraints against lateral patellar translation, tilt, and
rotation in some positions (up to 48%, 71%, and 92%, respec-
tively, during knee flexion) can be substantial (26). As a result,
MPFL reconstructions now may be combined with MPTL re-
construction in some patients with patellar instability (27).

Lateral Retinacular Structures.—The lateral patellofemoral
ligament complex, like its medial counterpart, has both os-
seous and soft-tissue attachments (28). The primary com-
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Figure 2. MPFL. Axial proton-density—
weighted (A) and T2-weighted fat-sup-
pressed (B) MR images show a normal
MPFL (white arrows). The MPFL is a
horizontally oriented ribbonlike ligament
q that spans from the medial patella to the
adjacent medial femur. The MPFL merges
with the fibers of the medial collateral
ligament (black arrow) at the epicondyle
and inserts immediately posterior onto
the femur (arrowhead).

ponent of the lateral patellofemoral complex is the lateral
patellofemoral ligament that extends from the lateral patella
and adjacent patellar tendon to the femur (distal-anterior
to the lateral femoral epicondyle). Smaller-caliber second-
ary stabilizers spanning from the inferolateral patella to the
lateral meniscus anterior horn (lateral patellomeniscal liga-
ment) and the adjacent tibia near the Gerdy tubercle (lateral
patellotibial ligament) also have been described (28).

It is important to note that the lateral patellofemoral com-
plex can play a key role in both lateral and medial patellar
displacement (29). Although lateral retinacular structures are
occasionally injured in the setting of trauma, these structures
most commonly are clinically relevant when they are associ-
ated with fibrosis (decreased elasticity) or iatrogenic injury (eg,
after aggressive lateral retinacular release or surgical overcor-
rection in patients with lateral patellar instability) (29). Medial
patellar displacement and instability are rare in the absence
of iatrogenic injury (30). Indeed, because of concern for iatro-
genic medial patellar instability, many surgeons now address
tight lateral retinacular tissues with a controlled retinacular
“lengthening” rather than a traditional lateral “release” proce-
dure (31). There is now a general consensus among patellofem-
oral surgeons that an isolated lateral release procedure is never
appropriate for the treatment of patellar instability (7).

Clinical Evaluation

Anterior knee pain has an extensive differential diagnosis (32)
that includes acute and chronic disorders of the articular car-
tilage, extensor tendons, adjacent soft tissues (eg, infrapatellar
fat pad), and patella tracking. Patients with patellofemoral pain
related to patellar malalignment are more commonly female
and tend to present with this pain in their second and third
decades of life. In general, patients with patellar malalignment
can be divided into two broad groups with distinct kinematic
profiles and sometimes different imaging findings: patients
with a history of overt patellar instability after a traumatic
event (eg, dislocation, subluxation) and patients without such
a history (33).

Patellar Dislocation

Patient History.—Patellar dislocations occur most commonly
during quadriceps muscle contraction when a valgus force is
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Figure 3. Radiographic
landmarks for MPFL
reconstruction. The Schottle
point (dot) is the midpoint

of the MPFL attachment on
the femur and the target

for MPFL reconstruction
tunnel placement (16). Lateral
radiograph shows that the
Schoéttle point is 1 mm anterior
to the posterior cortex
extension line (A), distal to

a line drawn between the
anterior and posterior origins
of the medial femoral

.| condyle (B), and proximal to

| the level of the posterior point
of the Blumensaat line (C).

applied to a nearly extended knee while the foot is fixed on
the ground and the tibia is externally rotated (34). Although
such noncontact “twisting” injuries are most frequent, a di-
rect blow to the knee or deeper knee flexion also may be asso-
ciated with patellar dislocation.

Patients commonly describe having pain acutely, with the
knee giving way, a “pop,” and often spontaneous reduction
of the dislocated patella. They also may describe a sensation
of the kneecap feeling unstable. Frank patellar dislocation,
especially when there are recurrent episodes, is generally
much easier to diagnose clinically than subtle intermittent
subluxation.

Physical Examination.—In the acute setting, a transient lat-
eral patellar dislocation event may be confused clinically with
cruciate or collateral ligament injuries, especially anterior
cruciate ligament rupture. Patients with these types of inju-
ries may have nonspecific hemarthrosis, soft-tissue swelling,
arthrogenic muscle inhibition (degraded quadriceps muscle
contraction) (35), and guarding during physical examination
maneuvers. In the nonacute setting, clinical evaluation for lo-
calized tenderness, patellar malalignment, and patellar insta-
bility is generally easier and may be more similar to clinical
evaluation of patients who have a history of chronic patellar
maltracking without a history of dislocation.

Patellar Maltracking

Patient History.—Patellar maltracking may be defined as dy-
namic malalignment of the patella relative to the trochlear
groove during knee motion. Although patellar maltracking
can certainly occur in patients after a dislocation event, recent
research highlights the finding that atraumatic patellofemoral
pain (sometimes referred to as patellofemoral pain syndrome)
can have a distinct kinematic profile during active quadriceps
muscle contraction (33). Affected patients often report hav-
ing pain behind the patella that is aggravated by activities that
involve weight bearing on a flexed knee, such as that during
squatting (sensitivity, 92%) (Movie 1) (36).
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Physical Examination.—Alignment and tracking of the patella
can be analyzed at physical examination, as well as during diag-
nostic imaging. Overall alignment of the lower extremity in the
coronal plane is commonly assessed by using the quadriceps,
or Q, angle. The Q angle helps quantify tibial tubercle lateral-
ization on the basis of the relationships of the tibial tubercle
with the patella and the anterior superior iliac spine (Fig 4).
A larger Q angle and genu valgum are associated with an in-
creased lateral quadriceps vector that promotes lateral patellar
maltracking and are risk factors for lateral patellar dislocation
and patellofemoral osteoarthritis (37).

Patellar maltracking can be diagnosed during quadriceps
muscle contraction with physical examination, or with dy-
namic imaging, when a positive “J” sign (ie, lateral deviation of
the patella defined as two or more quadrants during terminal
knee extension) is present (Fig 5) (38,39). Although the J sign
is one of the most common physical examination techniques
used to diagnose patellar maltracking, the inter- and intraob-
server reliability of this sign is poor, even among subspecialty
patellofemoral experts, which reinforces the importance of ob-
jective measurements with imaging (eg, four-dimensional CT)
(37). Other classic diagnostic maneuvers include the patellar
glide test (assessment of hyperlaxity, a risk factor of patellar in-
stability) (Fig 6), the patellar apprehension test (subjective eval-
uation for patient apprehension and/or sensation of instability
while the examiner displaces the patella laterally), and the me-
dial patellar tilt test (assessment of lateral retinacular tightness
and reducibility of lateral patellar tilt) (7,39).

Imaging Evaluation

For patients with a first-time patellar dislocation, the initial
management generally includes imaging evaluation with knee
radiography (eg, with lateral, bilateral Merchant, and bilateral
anteroposterior weight-bearing hip-to-ankle views) (Figs 7, 8)
and MRI. With both radiography and MRI, images are evalu-
ated most importantly for intra-articular osteochondral frag-
ments, as well as for patellofemoral alignment, including pa-
tellar height, patellar position and tilt, trochlear morphology,
and tibial tubercle lateralization (Table 1 [39-49], Figs S2-S8).
The detection of intra-articular osteochondral fragments, if
present, is particularly important as an indication for surgi-
cal intervention (7,31,39). Lower extremity imaging to assess
for genu valgum and rotational malalignment (particularly
excessive femoral anteversion and excessive external tibial
rotation) also may be important in influencing management.

After a lateral patellar dislocation, MRI commonly shows
additional characteristic injuries to osteoarticular structures
and adjacent soft tissues. Typical osteoarticular derangements
include bone contusions and osteochondral fractures, often
at the patella (medial aspect) and lateral femoral condyle
(anterolateral aspect) (Figs 9, 10, S9), as well as intra-articular
osteochondral bodies and joint effusion in the acute setting (Fig
11). The most salient soft-tissue injury to detect is rupture of
the MPFL. Normally, the MPFL and other patellar retinacular
structures (eg, the MPML) are most conspicuous on proton-
density-weighted MR images, on which they are seen as thin
low-signal-intensity structures (Movie 2). However, when
injured, these retinacular structures are seen with increased
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External tibial torsion directed forces on the patella (blue arrows)
and thus increases the risk of lateral patel-
lar maltracking and dislocation. Femoral
anteversion, genu valgum, tibial tubercle
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foot pronation can contribute to an in-
creased Q angle.
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Figure 7. Imaging evaluation of patellar dislocation. (A) Merchant-view radiographs, which are obtained with the patient supine, the knee flexed to 45° at
the table edge, and the tube angled downward 30°, typically with both knees in the field of view, enable evaluation of patellar alignment and symmetry.

(B) Sunrise-view radiographs may be obtained with the patient prone (shown here) or supine, but for prone radiographs, they are obtained with the knee
flexed to 115° and the tube angle 15° cephalad. The sunrise view is not as sensitive for assessment of patellar maltracking, but it allows better visualization of
the inferior patellofemoral joint.

signal intensity, disrupting the normal ligament morphology, patellar dislocations, although the location of the injury is
and with low signal intensity on fat-suppressed fluid-sensitive variable (37% at the patellar attachment, 37% at the femoral
MR images (Fig 12). The MPFL is injured in almost all (~95%) attachment, 16% midsubstance, and the remainder at a
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Table 1: Common Measurements Used for Evaluation of Patellar Instability
Common Threshold As-
Measurement* Description sociated with Instability
Insall-Salvati index Ratio of the distance between the inferior margin of the patella and the tibial tuber- >1.2to0 1.5
(40-43) cle, divided by the craniocaudal length of the patella
Caton-Deschamps index Ratio of the distance between the inferior margin of the patellar cartilage and the >1.2t01.3
(39,40,42-45) anterior margin of the tibial plateau, divided by the craniocaudal length of the
patellar articular surface
Patellar lateral tilt angle  Angle between a line drawn through the midpoints of the medial and lateral poles of >15°-25°
(39,40,43,45) the patella and the posterior femoral condylar reference line
Trochlear depth Depth of the central trochlea as compared with the medial and lateral margins, mea- <3 mm
(46,47) sured 3 cm proximal to the joint line
Trochlear sulcus angle Angle between the medial and lateral trochlear facets, measured 3 cm proximal to the <145°-149°
(39,40,45,47,48) joint line
TT-TG distance Distance from the middle of the tibial tubercle (TT) to the deepest point of the troch- >15 mm to 20 mm
(39,40,43,45,46,49) lear groove (TG)
* Numbers in parentheses are reference numbers.

combination of sites) (50). Patient age affects the
site of MPFL injuries, with femoral attachment
injuries relatively more common (in 47% of
cases) in patients older than 16 years (50).

Imaging enables both qualitative and quan-
titative evaluation of patellofemoral disorders.
While qualitative assessment is generally the
foundation for diagnostic imaging interpreta-
tions, quantitative imaging may help in objec-
tively describing the severity of a derangement to
improve documentation, clarify communication,
and monitor therapy response. Given that man-
ual measurements require significantly more
time than qualitative interpretations, algorithms
to automate measurements and populate struc-
tured reports are being used (51). As with any
qualitative or quantitative imaging evaluation
that influences treatment, the clinical context is
crucial.

Radiologic measurements related to patellar
maltracking have proliferated for many decades,
with methodologic variability across the litera-
ture encumbering physician understanding, com-
munication, reliability, and efficiency. For exam-
ple, in a relatively recent systematic review (40),
106 unique measurements were evaluated and
included 11 measurements of patellar height, 38
measurements of trochlear morphology, and 39
measurements of patellar tracking.

The spirited debate regarding patellofemoral
measurement methodologies and normal
values is not settled here. Rather, this section
highlights recent observations in the literature to

Figure 8. Evaluation of the mechanical axis on radiographs in a 27-year-old man with a consider for general guidance when discussing
normal mechanical axis (A) and a 31-year-old woman with bilateral genu valgum (B). The this controversial area. To that end, we cite
mechanical axis is evaluated on standing full-length lower extremity radiographs. A line is systematic reviews that summarize hallmarks

drawn from the center of the femoral head to the center of the talar dome. A normal me- £ int d liabilit d di ti lidit
chanical axis is defined by a line passing through the knee between the medial and lateral orin erre'a €r reliability an. 1agnos _IC validity.
margins of the tibial spine. These evidence-based findings have influenced
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our imaging evaluations of patellar malalignment, trochlear
dysplasia, tibial tubercle lateralization, and rotational deformity.

Patellar Malalignment

Patella Alta.—With both radiography and MRI, two patellar
height metrics have consistently demonstrated moderate to
good interreader reliability: the Insall-Salvati index and the
Caton-Deschamps index (Fig 13) (44,46,52). The Insall-Salvati
index may demonstrate superior reproducibility compared
with the Caton-Deschamps index (40,46). Both of these in-
dexes (41,42) have been validated in children and adults. The
Insall-Salvati index may be spuriously affected by morphologic

Volume 43 Number 6

Watts et al

Figure 9. Recurrent patellar dislocation in a 34-year-old
man after a fall while walking. Coronal T1-weighted (A)
and axial proton-density—weighted fat-suppressed (B)
MR images show an inferomedial patellar fracture
(straight arrow) associated with bone marrow edema-like
signal intensity. An MPFL tear (arrowhead in B) at the
femoral attachment and a characteristic bone contusion
(curved arrow in B) at the lateral aspect of the lateral fem-
oral condyle also are present.

Figure 10. Recurrent patellar dislocation in a 34-year-
old man after a fall. Coronal T1-weighted (A) and pro-
ton-density—weighted fat-suppressed (B) MR images
show bone marrow edema-like signal intensity asso-
ciated with an impaction fracture (arrow) of the lateral
femoral condyle.

Figure 11. Osteochondral injury of the
inferior medial aspect of the patella in a
19-year-old woman after an acute patellar
dislocation. (A) Axial proton-density—
weighted fat-suppressed MR image shows
tearing of the MPFL at the patellar and fem-
oral attachments (arrowheads). An addi-
tional sheared intra-articular osteochondral
fragment composed of a slab of articular
cartilage (black arrow) and a sliver of sub-
chondral bone plate (white arrow) is seen.
(B) The presence of an osseous component
makes the fragment (arrow) visible on a
sunrise-view radiograph.

variations in the patella and tibial tubercle (eg, due to develop-
mental osseous prominence, traction apophysitis, or history of
trauma). The Caton-Deschamps index is artifactually low when
it is measured with the knee in hyperextension.

The Insall-Salvati and Caton-Deschamps indexes are fre-
quently reported by using radiography and MRI (40), although
recent works suggest that the Insall-Salvati index has better re-
liability and agreement with use of these two modalities (42).
Furthermore, with both radiography and MRI, these two patel-
lar height indexes demonstrate statistically significant discrim-
ination validity (defined as the ability of a metric to distinguish
patients with versus those without a history of patellar insta-
bility) (47,52).
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Insall-Salvati
index = A/B

Caton-Deschamps
index = C/D

Patellotrochlear
index = F/D

Figure 13. Measurements for patellar height. The patellar tendon length
at its inner aspect (A) greatest diagonal length of the patella (B), distance
between the inferior margin of the patellar articular surface and anterior lip
of the tibial plateau (C), greatest length of the patellar articular surface (D),
and length of trochlear cartilage overlapping the patella (F) are depicted.

Although patellar height indexes were initially applied to ra-
diographs showing variable knee flexion, the use of MRI with
the knee consistently positioned in nearly full extension has
gained greater acceptance. This is, in part, because instability
events tend to occur at nearly full extension, and MRI studies
have demonstrated increased patellar height in patients with
patellar maltracking, as compared with in control subjects (43).

On MR images, the patellotrochlear index (PTI) is increas-
ingly being used as a measure of patellar height based on true
patellotrochlear cartilage congruence. The PTI, defined as the
ratio of the length of trochlear cartilage overlapping the pa-
tella to the length of patellar cartilage on a midsagittal MR
image, has good interreader and intrareader reliability at MRI
(Fig 13) (42,53).

All three of these patellar height metrics (Insall-Salvati
index, Caton-Deschamps index, and PTI) vary substantially
with variations in knee extension and flexion (Fig 14). Indeed,
the Insall-Salvati and Caton-Deschamps indexes tend to have
substantially increased values with knee extension (43,52). Pa-
tellotrochlear cartilage overlap also increases with knee flex-
ion (Fig 15), but any measurement of the PTI obtained with
the knee in flexion can be corrected to 0° of flexion by using a
simple mathematical formula: PTI, = PTI_— (1.3 X FA)) (53),
where PTI is the corrected PTI, PTI is the measured PTI, and
FA, is the knee flexion angle.
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Figure 12. Acute lateral patellar dislocation in a
20-year-old woman. (A) Axial T2-weighted fat-sup-
pressed MR image shows tearing of the posterior fibers
of the MPFL (straight arrows) and a characteristic bone
contusion (curved arrow) at the lateral aspect of the
lateral femoral condyle. (B) Axial T2-weighted fat-sup-
pressed MR image obtained further distally shows tear-
ing of the MPML and MPTL (arrows).

Extension

- :
Flexion

Figure 14. Normal patellofemoral kinematics. As the knee flexes and ex-
tends, the patella tilts, rotates, and shifts with respect to the trochlea, incorpo-
rating six degrees of freedom of patellar movement. Measurements of patellar
height vary at different degrees of knee flexion and can confound evaluation
of the patella alta. Standard lateral radiographs used to define the normal
range of patellar height are obtained at 30° of flexion. Standard CT and MR
images are obtained with the knee in extension; therefore, the patella is nor-
mally positioned more proximally relative to the trochlea.

On MR images, the thresholds for diagnosing patella alta
vary, with surgical correction considered more seriously when
values are substantially beyond the reported cutoff points (eg,
>1.2 to 1.5 for the Insall-Salvati index, >1.2 to 1.3 for the Ca-
ton-Deschamps index, <13% to 28% for the PTI) (43). When pa-
tients who have patellar instability are compared with control
subjects, there is a difference in mean MRI Insall-Salvati index
values (1.3 [95% CI: 1.21, 1.41] vs 1.1 [95% CI: 1.05, 1.23], re-
spectively) and mean Caton-Deschamps index values (1.2 [95%
CI: 1.05, 1.26] vs 1.0 [95% CI: 0.90, 1.14], respectively) (40).

Patellar Tilt and Translation.—With imaging in the axial plane,
there are at least 11 distinct methods for measuring lateral
patellar tilt and at least 22 methods for measuring lateral pa-
tellar translation relative to the femur (33). Although distinct
methods for measuring maltracking continue to emerge and
may have merit, standardized metrics that are simple and
practical are valued in daily clinical practice.

The techniques for measuring the patellar position on ax-
ial radiographs are often different from those used to mea-
sure this position on axial CT and MR images, because axial
radiographs do not show the posterior aspect of the femo-
ral condyles. To measure patellar tilt on axial radiographs,
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Figure 15. Patellofemoral contact areas. Normal contact areas between
the patella and femoral trochlea vary at different angles of knee flexion.
This results in variable contact force at the patellofemoral articulation in
different degrees of flexion. In general, the contact pressure increases
with increasing flexion angle degree.

Figure 16.
(double-headed arrow) is measured between the line drawn along the
lateral patellar facet and the line from the medial to lateral margins of the
trochlea.

Lateral patellofemoral angle. The lateral patellofemoral angle

the lateral patellofemoral angle is constructed with one
line drawn along the lateral patellar facet and a second line
drawn to determine the trochlear axis (from the medial to
lateral margins of the trochlea) (Fig 16) (40,47). To measure
patellar tilt on axial CT and MR images, we use the patellar
tilt angle (Fig 17), which is defined by the line crossing the
maximal width of the patella (on a midpatellar image) and
the bicondylar line tangent to the femoral posterior condyles
(on an image showing the greatest posterior extent of the
femoral condyles).

For lateral patellar displacement, the medial-lateral dis-
tance is measured from the deepest portion of the trochlear
groove to the patellar median ridge (parallel to the trochlear
axis line on an axial radiograph or to the bicondylar line at
cross-sectional imaging) (Fig S10) (33,54).

Trochlear Dysplasia
Trochlear dysplasia is defined as an abnormal shape of the
trochlea, which is often seen as a shallow or short groove. Al-
though the classification system of Dejour (45), involving the
use of lateral radiographs, has been described extensively in
publications, it has not been proven to be reliable (47,55).
With MRI, three quantitative measures of trochlear dyspla-
sia have generally good inter- and intrareader reliability and
discrimination validity: trochlear depth, sulcus angle, and
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lateral trochlear inclination (46). In addition, an easy-to-use
MRI grading system can be used to qualitatively classify the
proximal trochlea as normal, slightly shallow (mild dyspla-
sia), flat (moderate dysplasia), or convex (severe dysplasia).
This grading system is used to guide management and has ex-
cellent inter- and intrareader reliability (48).

Tibial Tubercle Lateralization

Excessive lateralization of the tibial tubercle contributes to a
lateral vector force on the patella and is a risk factor for pa-
tellar maltracking. To quantify the amount of tibial tubercle
lateralization, two metrics are reliable: the medial-lateral dis-
tance from the tibial tubercle to the trochlear groove (TT-TG)
(Fig 18, Movie 3) and the medial-lateral distance from the
tibial tubercle to the posterior cruciate ligament (TT-PCL)
(40,46,47). For TT-TG and TT-PCL metrics, abnormal values
(>20 mm and >21-24 mm, respectively) as a potential indica-
tion for surgical correction have been reported (40).

The TT-TG is the most commonly reported metric (40) and
is often considered to be superior to the TT-PCL measurement
for differentiating patients with patellofemoral instability
from their stable counterparts (49). In fact, recent research
(56) has questioned the prevailing dogma that the TT-PCL
metric reflects true lateralization of the tibial tubercle, inde-
pendent of femoral rotation and knee flexion.

Similar to other metrics, the TT-TG can be influenced by
several factors, including imaging modality, knee flexion, and
lower extremity alignment in the coronal plane. For example,
knee flexion results in unlocking of the screw-home mecha-
nism that mildly decreases tibial tubercle lateralization (aver-
aging 1 mm at 15° of flexion and 2 mm at 30° of flexion) (57).
Screw-home mechanism refers to the external rotation of the
tibia, relative to the femur, that occurs during the last 20° of
knee extension. It is more important that the TT-TG distance
can be highly sensitive to lower extremity positioning in slight
abduction or adduction when axial images are not adjusted to
the anatomic transverse plane (Fig 19) (58). Indeed, only 5°
of abduction is associated with a spurious 3.4-mm increase
(38%) in the measured TT-TG (58).

The most recent promising parameter associated with re-
current patellar instability is used to evaluate the transverse
offset from the tibial tubercle to the lateral trochlear ridge
(Fig S11) (59). By scrolling proximally to distally on axial MR
images, the reader can assess whether the tibial tubercle is
substantially medial to the lateral trochlear ridge (normal, on
track) or lateral to this ridge (abnormal, off track).

Rotational Deformity

Excessive lower extremity twisting, or torsion, is increasingly
being recognized as a risk factor for patellar instability that
can be diagnosed with imaging and treated with derotational
osteotomy of the femur or tibia (60,61). For the femur, in-
creased anteversion (internal rotation) results in medializa-
tion of the trochlea and effectively a lateral vector force on
the patella. For the tibia, increased external torsion (external
rotation) is associated with external rotation of the foot and
subsequent knee valgus that also results in a lateral vector
force on the patella (60).
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Figure 17. Patellar tilt angle. The patellar tilt angle is mea-
sured between the line through the medial and lateral patella
at the greatest patellar width (blue dots) and a line parallel to
the reference line tangent to the posterior borders of the fem-
oral condyles (dashed line).

Figure 18. Measurement of tibial tubercle lateraliza-
tion. Postreconstruction analysis can be used to make
a more accurate determination of the TT-TG (arrows).
Superimposing an axial CT section through the tibial
tubercle (B) on top of a section at the posterior femoral
condylar reference line (A) and the deepest point of the
trochlear groove (C) allows a more reliable calculation
of the TT-TG.

For imaging evaluation, preoperative planning and postop-
erative follow-up may be performed with low-dose biplanar
radiography (eg, EOS System; EOS Imaging), ultra-low-dose
CT, or MRI (62). With use of CT or MRI, the degree of femoral
anteversion and tibial torsion can be determined by measur-
ing angles with reference axes at the proximal and distal ends
of each bone (eg, femoral neck axis vs femoral bicondylar axis,
tibial transcondylar axis vs tibial bimalleolar axis) at axial
imaging (Fig 20). Wide ranges of normal values for femoral
anteversion and external tibial torsion have been published,
but measurements of greater than 30° are a potential indica-
tion for surgery in adults (60,61).
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ABducted

ADducted

Figure 19. Effect of axial image orientation on the TT-TG measurement.
The TT-TG (double-headed arrows) is sensitive to small changes in knee
position and should be interpreted with caution if the orientation of the
axial image acquisition is not standardized. For neutral orientation and
accurate measurement, the axial imaging plane (black lines) is prescribed
along the anatomic axial plane parallel to the knee joint (white dashed
line). Abduction results in a significant increase in TT-TG, while adduction
leads to a spurious decrease in TT-TG.

Dynamic Topics

The imaging techniques being actively researched and showing
promise for more widespread clinical use include US, three-di-
mensional (3D) CT and MRI, and dynamic CT and MRI.

US Imaging.—In addition to enabling direct assessment of
soft-tissue structures such as the MPFL complex, US allows
dynamic assessment of medial-lateral translation of the pa-
tella during flexion and extension or during the application
of stress at transverse imaging. For example, when comparing
knees with a disrupted versus intact MPFL complex, the me-
dial patellofemoral distance (from the margin of the patella
to the medial rim of the trochlea) can increase approximately
30% at 20° of knee flexion (averaging 4 mm without stress and
increasing to 6 mm when laterally directed forces are applied
on the patella to simulate the patellar glide test) (63). We have
also used an anterior-lateral sonographic window to show lat-
eral tracking of the patellar tendon by measuring the inter-
val between the patellar tendon and the lateral trochlear rim
at transverse US (Fig 21, Movie 4); these findings can mimic
findings seen at MRI (Figs 22, S12). However, there is cur-
rently a dearth of data on the reliability and validity of sono-
graphic patellar instability metrics (46).

3D CT and MRIL.—Conventional two-dimensional anatomic
planes may not show the 3D morphologic features that are
important for diagnosis and treatment planning. For exam-
ple, a single axial image at the proximal trochlea shows a
cross-sectional profile, but it does not show various 3D mor-
phologic variations or reduced trochlear volume, which may
be useful to a surgeon selecting a trochleoplasty technique
(eg, arthroscopic mini-trochleoplasty, sulcus-deepening
trochleoplasty, lateral facet-elevation trochleoplasty, or re-
cession wedge trochleoplasty) (Fig 23). 3D imaging data may
also be useful for preoperative planning with 3D printing and
for finite element models to computationally simulate the
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Figure 20. Measurement of femoral version. Axial CT image shows the
femoral neck angle (double-headed arrow) measurement obtained by
using 3D best-fit circles at the femoral head and femoral neck. The fem-
oral version is determined by combining this measurement with the fem-
oral bicondylar axis at the knee. Using 3D techniques for measurements
can limit inter- and intraobserver error and improve accuracy.

Figure 21. Sonographic assessment of patellar instability. Transverse US images of the patellar tendon can be used to quantify lateral translation at various
degrees of flexion without (A) and with (B) quadriceps contraction. The distance from the lateral edge of the patellar tendon (arrow) in relation to the lateral
margin of the trochlea (arrowhead) can be readily measured and indicates an increase in patellar tendon overriding with quadriceps contraction that is char-
acteristic of maltracking.

biomechanical outcomes of various surgical interventions. tion gradient-echo images while performing two cycles of
However, 3D postprocessing is currently considered time con- motion from flexion (40°) to full extension in a custom-made
suming and labor intensive; therefore, refinements in auto- device within 30 seconds (66). An alternative pragmatic dy-
mation and standardization would be helpful (64). namic MRI protocol allows the patient’s knee to remain in
the dedicated knee coil while a submaximal quadriceps mus-
Dynamic CT and MRI.—Cross-sectional imaging during active cle contraction is performed during a 10-second acquisition
joint loading and motion has been evaluated in a growing of axial and sagittal images (Fig 25). With both of these MRI
number of studies. CT and MRI studies performed with the protocols, routine imaging parameters can be evaluated qual-
patient in upright weight-bearing positions will probably re- itatively or quantitatively. It should be noted that MR images
main of academic interest only (43), but dynamic acquisitions acquired with short acquisition times and high temporal res-
during motion or muscle contraction are currently in limited olution have relatively low spatial resolution; therefore, dy-
clinical use. namic images are always acquired as supplements to routine
With four-dimensional CT (3D CT examinations that high-spatial-resolution MR images.
capture motion occurring in the time dimension), high-spa-
tial-resolution and high-temporal-resolution images can Treatment
show standard patellofemoral imaging metrics and a positive Conservative management is generally the initial imag-
J sign during active knee extension (Fig 24) that correlate ing-based treatment strategy for patellofemoral pain. Physical
with instability symptoms (65). However, four-dimensional therapy, along with other nonsurgical management with tap-
CT scans are more technically challenging to acquire and in- ing and bracing, is a primary focus. In patients with recurrent
terpret. Other drawbacks of four-dimensional CT include ra- dislocation or in whom conservative management is unsuc-
diation exposure and limited ability to show internal derange- cessful, treatment options include MPFL reconstruction with
ments and soft-tissue injuries. or without additional osseous corrections such as trochleo-
For dynamic MRI, one protocol involves placing two ring plasty, tibial tubercle osteotomy, and derotational osteotomy
surface coils and then acquiring axial and sagittal multisec- (Table 2) (67-71).
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Figure 23. Trochlear dyspla-
sia. 3D CT reconstruction of
the distal femur shows a flat
trochlea (arrow) with an ante-
rior prominence in relation to
the distal femur.

MPFL Reconstruction

MPFL reconstruction is the mainstay of treatment for recur-
rent patellar dislocations. Lateral retinacular lengthening or
release may be combined with MPFL reconstruction (Fig 26),
although a relatively recent systematic review revealed no dif-
ference in clinical outcomes between this combination proce-
dure and MPFL reconstruction alone (67).

MPFL reconstruction can be difficult to evaluate with MRI.
Grafts are often low-signal-intensity tissue with postoperative
fibrotic changes (Fig 27). Complications can include graft
failure, graft malposition, medial patellar subluxation, and
patellar fracture. Closely scrutinizing grafts for the presence
of a fluid-filled defect is important in detecting graft tears (Fig
28). Hardware failure may also be encountered (Fig 29). In
patients with skeletal immaturity, the close proximity of the
physis to the MPFL femoral attachment results in a risk of
premature physeal closure.

Trochleoplasty
Trochleoplasty is a general term used to describe surgical
techniques performed in an attempt to limit patellar instabil-
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Figure 22. Anterior knee pain and instability in a 21-year-
old man. Sagittal T2-weighted (A) and axial proton-den-
sity—weighted (B) fat-suppressed MR images show lateral
maltracking of the patella and patellar tendon, with the
lateral aspect of the patellar tendon (arrowhead in B) ex-
tending laterally to the lateral trochlear ridge. There is also
subjacent ill-defined edema (arrow) within the superolateral
aspect of the infrapatellar fat pad, consistent with fat pad
impingement.

ity events by moving or deepening the native trochlea (72).
Patients with severe trochlear dysplasia in the setting of pa-
tellar instability may benefit from trochleoplasty in conjunc-
tion with MPFL reconstruction. Studies report generally good
patient satisfaction with trochleoplasty and an overall asso-
ciated complication rate of 13% (consisting of increased pa-
tellofemoral pain [66%], decreased range of motion [27%], and
recurrent dislocation [7%]) (73). Postoperatively, there may be
scarring or altered patellar tracking with increased contact
pressures that vary from normal patterns (Fig 15). This may
in part explain the postoperative stiffness (7%) and high rates
of patellofemoral osteoarthritis (27%) reported in a recent me-
ta-analysis of 1000 trochleoplasties (68).

Tibial Tubercle Osteotomy

Tibial tubercle osteotomy involves moving the tibial tubercle
to a more favorable location (eg, more distally for patella alta,
more medially for abnormal TT-TG medialization, and/or more
anteriorly in the setting of patellofemoral chondrosis). This
procedure can be used to correct patella alta and lateral transla-
tion of the patella. Patella alta is associated with greater lateral
displacement, greater lateral tilt, and a decreased contact area
(increased contact pressure) compared with the patellar pro-
files in control subjects (74). Combined with MPFL reconstruc-
tion, tibial tubercle distalization leads to normalization of the
patellar height in 87% of patients and patellar stabilization in
96% of patients (75). Reported clinical outcomes are generally
positive (in 79% of cases), with an average complication rate of
10% (most commonly infection and stiffness) (69). It is import-
ant to note that tibial tubercle osteotomies are contraindicated
in young children because of the proximity of the physis.

Derotational Osteotomy

While derotational osteotomies to correct tibial torsion have
been described with patellar instability, supracondylar osteot-
omies of the distal femur are more typically performed. The su-
pracondylar osteotomy procedure typically involves anatomic
correction with a horizontal osteotomy with screw and plate
fixation of the femur (76). Derotational osteotomies may be
combined with additional procedures, most commonly MPFL
reconstruction, and are generally associated with improved
knee function, decreased pain, decreased patellar instability
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Figure 24. CT assessment
for the J sign. Axial CT
images at the level of the mid
patella show the dynamic
relationship of the patella
with the trochlea in 30° of
flexion (A), 0° of flexion (B),
and slight hyperextension (C).
Obtaining images at

different positions from
flexion to extension allows
characterization of trochlear
engagement and quantitative
evaluation of the superior
and lateral translations of the
patella in extension.

Figure 25. Patellar maltracking seen in a 39-year-old man at physical examination. Axial (A, B) and sagittal (C, D) T2-weighted single-shot fast spin-echo MR
images were obtained with quadriceps contraction (A, C) and without quadriceps contraction during a routine static acquisition at rest (B, D). The images ob-
tained with quadriceps contraction (A, C) show increased patellar height and increased lateral tilt, with loss of patellotrochlear cartilage overlap (arrow in C).

Table 2: Common Surgical Indications, Treatment Options, and Systematic Review Findings

Surgical Indication

Treatment Option

Systematic Review Findings*

Patellar instability

Trochlear dysplasia

Patella alta and/or increased
TT-TG

Increased femoral anteversion

and/or tibial torsion

MPFL reconstruction

Trochleoplasty

Tibial tubercle osteotomy

Derotation osteotomy

Lateral retinacular release or lengthening may be combined with MPFL
reconstruction, with no difference in clinical outcomes compared
with those of MPFL reconstruction alone (67)

Low rates (2%) of recurrent dislocation but possible postoperative stiff-
ness (7%) and patellofemoral osteoarthritis (27%) (68)

Tibial tubercle osteotomy is effective at decreasing patellar height (eg,
distalization) and TT-TG (eg, medialization); stiffness (26%) and
soft-tissue infection (22%) are the most common complications (69)

Tibial osteotomies were associated with a higher risk of complications
than femoral osteotomies (9% vs 1%) (70); stiffness (2%) is the most
common complication (71)

* Numbers in parentheses are reference numbers.

- Lateral Retinacular
Release
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Lateral Retinacular
Lengthening

Figure 26. Lateral patellar retinacular release versus lengthening. Superficial
(blue) and deep (red) layers of the lateral patellar retinaculum are schematically
depicted. In the retinacular release procedure, which is frequently performed
arthroscopically, both layers are transected in one plane. Full lateral release
may cause iatrogenic medial patellar subluxation and instability. In retinacular
lengthening, deep and superficial layers are isolated during an open surgery
and transected at different levels to allow the patella to reduce and then are
reapproximated to achieve appropriate tension and maintain integrity of the
lateral retinaculum.
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events, and good patient satisfaction (70,71). Stifftness (limited
knee flexion) is the most common reported complication (2%)
(71), and loss of fixation is potentially the most concerning
(70). Realignment surgery for deformity in the coronal plane
(usually genu valgum) also can be performed to address an
important risk factor for recurrent patellar instability.

Conclusion
Patellofemoral pain and instability are common indications
for imaging that are encountered in everyday practice. A
strong understanding of patellofemoral anatomy, various
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Figure 27. Postoperative findings in a 25-year-old woman after MPFL
reconstruction and lateral release. Coronal T1-weighted (A) and axial
proton-density-weighted fat-suppressed (B) MR images show the ex-
pected finding of an intact MPFL reconstruction with a semitendinosus
allograft (arrow in B) and bioabsorbable screw tracts at the medial pa-
tella and near the medial femoral epicondyle. Expected postprocedural
changes, with attenuation of the lateral retinaculum from a prior lateral
release (arrowhead in B), also are seen.

Figure 28. Recurrent patel-
lar dislocation in a 29-year-
old woman 3 years after

she underwent MPFL recon-
struction. Axial proton-den-
sity—weighted (A) and T2-
weighted (B) fat-suppressed
MR images and sagittal T2-
weighted fat-suppressed MR
image (C) show tearing of
the femoral attachment site
of the reconstructed MPFL
(arrow), near the femoral in-
terference screw.

Figure 29. Hardware failure in a 17-year-old adolescent boy
with mechanical symptoms and anterior knee pain 6 months
after MPFL reconstruction. Axial (A) and sagittal (B) T2-weighted
fat-suppressed MR images show a displaced screw (black arrow
in A) at the posterior-medial aspect of the patella. There is deep
chondral fissuring (white arrow) with underlying bone marrow
edema-like signal intensity adjacent to the inferior drill tract that
extends into the articular cortex of the medial patellar facet.

clinical presentations, typical imaging findings, and person-
alized treatment options enables radiologists to provide max-
imal value to patients and referring providers with high-qual-
ity preoperative and postoperative imaging.
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