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Summary. Standard knee imaging with MRI is usually performed with patient in recumbent position under
non-weight-bearing conditions. Recently, magnetic resonance imaging systems to scan the knee joint under
weight bearing conditions has been proposed as an approach to improve the clinical utility of musculoskeletal
MRI. Imaging under loading can be useful to understand the natural motion behavior of the knee joint and
to identify conditions that are challenging to diagnose by using standard position. We reviewed the literature
on weight-bearing MR imaging of the knee to describe the current state of use of such MRI technologies,
evaluating the advantages and the potential limitations of these technologies. (www.actabiomedica.it)
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Introduction

Magnetic resonance imaging (MRI) has emerged
as the imaging modality of choice for the majority of
musculoskeletal disorders, and the development of
MRI technologies is still nowadays an active field of
research (1-21). Compared to CT, MRI allows a ra-
diation-free evaluation of bone and soft tissues with a
high contrast resolution and has proved to be a useful
tool not only for diagnostic purpose but also for im-
age-guided interventional radiology procedures (22-
34). Conventional knee MRI is normally performed
in standard supine position under non-weight-bear-
ing conditions (35). However, the evaluation of knee
joint modifications under physiological weight-bear-
ing conditions is necessary to understand the natural
motion behavior of the knee joint. Moreover, MRI
under loading stress may be useful for identifying
conditions that are challenging to diagnose by using

standard MRI, such as cases in which patients mani-
fest symptoms only in certain positions or only with
weight bearing (35-45). Recently, magnetic resonance
imaging under loading stress has been proposed as an
approach to improve the clinical utility of musculo-
skeletal MRI. Using closed-tunnel MR facilities this
evaluation is limited by the physical constraints that
do not allow adequate weight-bearing, and are there-
fore unlikely to mimic the in vivo changes of the joint
structures (46-55).

Dedicated open MR units (0.25T to 0.6 T) sys-
tems have been designed to overcome these limits of
conventional MRI scanners. The WB-MRI weight-
bearing MRI (WB-MRI) having already proved to be
extremely valuable in the evaluation of dynamic altera-
tions of the spine (56-61). In such systems, the bore is
typically oriented laterally, with the magnets placed to
allow an image to be obtained in weightbearing posi-
tions (that is, under loading stress) in which the patient
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is positioned standing upright or sitting (fig. 1). Such
configurations also allow for flexion and extension views
to be obtained (“multipositional MRI”). These devices
can be used with minimal additional training by MRI
facility personnel, and they do not require any special-
ized installation compared with standard scanners (62-
65). Imaging under loading stress can alternatively be
obtained by placing an axial force on the patient lying
supine in a conventional MRI scanner. This approach
attempts to simulate gravity by using the compressive
force of cords connected to a vest that pull the patient’s
upper body against a fixed footplate while knees remain
in the extended position. Due to the higher availability
of closed-bore scanners compared to upright open-bore
scanners, these systems have been widely used as an al-
ternative to upright weight-bearing measurements.
Scientific questions arising in the study of clinical
issues such as the initiation and progression of knee
osteoarthritis (OA), the effectiveness of joint recon-
struction surgeries, and the origins of patellofemoral
pain, have motivated the development of techniques

for functional in vivo investigations of the knee joint.
We reviewed the literature on weight-bearing MR
imaging of the knee to describe the current state of
use of such MRI technologies. We also enumerate the
potential benefits and limitations of these technologies
to describe the evidence available to date that supports
their clinical application.

Tibio-femoral compartment

Magnetic resonance imaging (MRI) is favourably
suited to the study of femoro—tibial relations as it al-
lows precise imaging of the medial and lateral com-
partments of the knee (47).

ACL insufficiency
The long term sequelae of ACL insufficiency has

a high incidence of degenerative osteoarthritis par-
ticularly in the medial compartment. Abnormal kin-

Figure 1. Open low-filed scanner for weight-bearing imaging of the knee in standard supine (A) and upright configuration (B), after
table tilt of about 82°
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ematics persisting after the principal injury is thought
to produce pathological laxity and abnormal loading
environment and risk further meniscal injury. Several
authors investigated the possible role of weight bear-
ing MRI for evaluating ACL deficiency. Two measure-
ment techniques have been explored examining nor-
mal and ACL-deficient knees: the flexion facet centre
technique (FFC), based on definition of the centre
rotation of the posterior femoral condyle, and the
femoro—tibial contact point technique (FTCP), that
maps the articulation position of joint surface contact.
Translation of the joint is defined by both techniques
in reference to the posterior tibial plateau.

Nicholson et al. evaluated the validity of these
measurements in patients with pathological knee lax-
ity after ACL rupture in an upright open MRI scanner
(36). Anterior displacement of the tibia was observed
in all ACL-deficient knees in comparison to the con-
tralateral knee (fig. 2). In the ACL-deficient knee the
medial tibial plateau was found to be anteriorly dis-
placed, relative to that of the respective control in the
contralateral knee, in extension and during flexion. The
greater subluxation of the lateral tibial plateau com-
pared to smaller change in the medial side constitutes
excessive internal rotation of the tibia on the femur
during early angles of flexion. FFC recordings were
easier to obtain with greater repeatability, indicating

they hold an advantage over FTCP.

Meniscus evaluation

There is a complex interaction between the tibi-
ofemoral joint and meniscal kinematics, with menis-
cal translation also combining with meniscal distor-
tion from compression of the femoral condyle on the
menisci (55). Meniscal diseases are commonly studied
by means of MRI which allows evaluation of meniscal
injuries with high sensitivity and specificity (50)

Lustig et al. (55) tried to investigate determine the
effects of flexion angle on meniscal slope during partial
weight-bearing knee flexion examining 15 healthy in-
dividuals. The bed was tilted 30° to the horizontal, and
the patient was asked to slide down into a squat posi-
tion with maximum tolerable knee flexion. Pilot test-
ing confirmed application of 20% to 25% body weight
to each foot. The scans were repeated for both knees
at 60° and full extension. The sagittal plane section in
the middle of each tibial plateau was used for meas-
urement of bony slope (BS) and meniscal slope (MS).
The key findings confirmed the hypothesis that the
meniscal slope increases in both compartments during
knee flexion and is significantly greater for the lateral
meniscus than for the medial meniscus. The signifi-
cant increase in meniscal slope for both compartments
matches well with a potential decrease in load on the
anterior horn and concomitant increase on the poste-
rior horn with flexion. The findings confirm a differ-

Figure 2. Sagittal MRI images of the knee of a patient with ACL rupture in standard supine (A, B) and weight bearing position (C):
we can appreciate the anterior tibial translation (red arrows), as a sign of ACL insufficiency under load condition
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ence between compartments regarding meniscus slope
changes throughout range of motion. Clinically, this
could be used to assess the results after meniscal repair,
potentially leading to new suture methods, with par-
ticular emphasis on the functional differences between
the medial and lateral menisci.

Barile et al. (50) evaluated 57 patients with me-
niscal injuries (both degenerative, traumatic tears and
meniscocapsular separation). Employing the weight-
bearing MR they evaluated the meniscal morphol-
ogy and signal intensity load-induced variations, and
meniscal extrusion on a coronal plane. Arthroscopy
confirmed in every case the diagnosis obtained by
weight-bearing MRI. In their results, weight-bearing
MRI always depicted unstable lesions. In these cases,
during the passage from supine and upright position,
a modification of the meniscal morphology was con-
stantly present, resulting in a posterior subluxation
of the posterior horn of the medial meniscus (fig. 3).
This phenomenon can be well appreciated on sagittal

Figure 3. Sagittal and coronal MRI images of the knee in stand-
ard supine (A, B) and weight-bearing upright position (C, D).
Note how the posterior horn meniscal tear (white circle) be-
comes more evident under weigh-bearing (black arrow), finding
consistent with an unstable tear

scan planes in which the posterior horn of the medial
meniscus loses its congruity with the tibial plateau.
Otherwise, morphological modifications and posterior
subluxation of the posterior horn of the medial menis-
cus, were not present in stable lesions.

Other findings

Tibiofemoral kinematics evaluation is also im-
portant for the assessment of OA symptoms, that are
dependent on specific movement and weight-bearing
patterns (53). A mechanism for pain relief through
functional unloading of the medial tibiofemoral com-
partment with in-shoe orthoses has been proposed
(54). Barrance et al. (54) studied using a 0.6T open
scanner the effects of an external lateral shoe wedge,
as well as the effects of knee flexion angle, on several
descriptors of contact. The nylon heel wedges could
be rotated to provide neutral (0°) and 5° lateral wedg-
ing conditions. Subjects were scanned in two angles
of knee flexion: neutral (0° flexion) standing in full
weightbearing, and a bilateral, full weightbearing
squat at 20° knee flexion. A small but significant effect
of lateral wedging on lateral condyle contact location
was observed, while knee flexion had clear and consist-
ent effects on contact parameters. Both contact loca-
tions moved posteriorly when moving from extension
to flexion. Comparing between compartments, they
observed considerably greater posterior movement of
the contact area in the lateral condyle. This study pro-
vided evidence that lateral heel wedging produces an
anterior shift of the contact patch of the lateral femo-
ral condyle on the tibial plateau, in the flexed weight
bearing knee.

Normal kinematics of the anterior interval is es-
sential for pain free, full knee motion. Abnormalities
have impact on patello-femoral kinetics and kinemat-
ics, possibly causing long-term chondral damage (66).
Significant changes in fat pad shape and position oc-
cur during the full arc of knee flexion. These changes
require the anterior interval structures to open and
close to allow normal movement of the fat pad and
to prevent impingement. In extension, part of the fat
pad fills the anterior interval but in flexion it is com-
pletely extruded as the potential space closes. Failure
to achieve this may lead to impingement of remain-
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ing fat pad in the anterior tibio-femoral articulation
or patello-femoral joint and may lead to significant
infrapatellar pain (66). Dragoo et al. tried to quantify,
with dynamic MRI, the relative kinematic changes of
two structures of the anterior interval, the patellar ten-
don and the anterior border of the tibia, throughout
a full range of motion (30° intervals from 0° to 120°
flexion) (67). Authors observed a decrease in the pa-
tellar tendon—tibial angle (PTTA) with increasing de-
grees of knee flexion in both full-weight bearing and
non-weight bearing conditions; the magnitude of the
decrease was significantly different in these two condi-
tions. Under full-weight bearing, the average patellar
tendon-tibial angle at full extension was 33°, which is
nearly 28% less than the 45° observed in non-weight
bearing conditions.

They concluded that the impact of load on the
mechanics of the anterior interval is most pronounced
near full extension. The difference in patellar tendon
excursion found between full-weight bearing and non-
weight bearing conditions may have clinical implica-
tions; for example, a 1-2 week period of non-weight
bearing after anterior interval release procedures may
decrease the apposition of the released edges of the
scarred infrapatellar fat pad, which may decrease the
incidence of re-scarring.

Patello-femoral compartment

Patellofemoral (PF) pain is a common and de-
bilitating disorder that typically arises during activities
that place high loads across the joint, such as squatting,
and running (68).

Unfortunately, effective treatment is challenging
because the underlying causes of pain are often un-
clear. Furthermore, multiple biomechanical factors
likely contribute to the development of pain.

Patellofemoral joint kinematics can change with
quadriceps contraction and joint loading (69). Al-
though there are several causes of PF pain, patella alta,
or high-riding patella, is thought to predispose indi-
viduals to PF pain. A high-riding patella is theorized
to engage the femoral trochlear groove at a greater
knee flexion angle, resulting in less medial-lateral con-
straint of the patella and lateral patellar maltracking at

low knee flexion angles. Lateral patellar maltracking is
theorized to decrease PF contact area and increase joint
stress, resulting in pain (69). Elevated cartilage stress of
the patellofemoral joint is hypothesized to play a role
in the onset of pain. Estimating cartilage stress requires
accurate measurements of contact area (49).

Accurate diagnosis is important because the un-
derlying cause of pain may differ between a patient
with maltracking compared to one with normal pa-
tellofemoral kinematics. Treatments that address the
specific nature of a patient’s pain may be most effective
(70).

Several parameters to define factors for abnormal
tracking of the patella relative to the femur have been
quantified:

Insall-Salvati index (IS): the ratio of the patellar
tendon length divided by the diagonal length of the
patella (normal value: 0.8-1.2)

Lateral patellar displacement (LPD): the distance
from the medial edge of the patella to a line drawn
perpendicular to the posterior condylar line and pass-
ing through the most anterior point of the medial con-
dyle (normal value: 2mm-+/-1)

Lateral patello-femoral angle (LPA): the angle
formed between a line drawn parallel to the lateral
patellar facet and a line connecting the most anterior
points of the medial and lateral condyles (normal val-
ue: 13°+/-5)

Lateral patellar tilt (LPT): the angle formed be-
tween the posterior condylar line and a line drawn
through the maximum width of the patella (normal
value: 5°+/-2)

Caton Dechamp index: the distance from the an-
terosuperior border of the tibial plateau to the distal
end of the patellar cartilage relative to the length of
the patellar articular cartilage. Larger values indicate a
higher position of the patella relative to the tibia (71)

Patellotrochlear index: measure of patellar height
relative to the femoral trochlea by calculating the ratio
of the length of the patellar cartilage and the femoral
trochlear articular cartilage overlapping the patellar
cartilage It is reported as a percentage, with larger val-
ues indicating a larger contact area between the patel-
lar and trochlear cartilage (71).

Patello-trochlear angle: the angle between the pa-
tella and the posterior femoral condyles. Larger values
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indicate increased external rotation of the patella rela-
tive to the femur.

Bisect offset: a measure of patella medial-lateral
translation, is reported as the percentage of the patella
lateral to the midline of the femur. Larger values indi-
cate a more lateralized position of the patella relative
to the femur (70).

Tibial tuberosity-trochlear groove (TT-TG) dis-
tance: used to quantify the alignment of the extensor
mechanism. It is defined as the distance between the
midpoint of the patellar tendon insertion at the tibial
tuberosity and the first craniocaudal transverse slice
that depicts complete cartilaginous trochlear cover-
age. Larger values indicate increased malalignment
with increased lateral force displacement of the patella
(71). Distances exceeding 15 or 20 mm are generally
considered pathological and indication for operative
medialization of the tibial tubercle in symptomatic pa-
tients (70).

Blackburne—Peel index: the ratio of the perpendic-
ular distance from a line drawn along the tibial plateau
to the distal point of the patellar articular cartilage and
patellar cartilage length (68).

Imaging assessment, however, is usually under-
taken with the patient supine under non-weight bear-
ing conditions without quadriceps activation. Thus,
treatments are often based on indices that were defined
under non-weight bearing conditions (71). Differences
in patellofemoral alignment and tracking under loaded
conditions must be adequately addressed to understand
the pathology of this diagnosis and thus to establish
the appropriate treatment (71). Upright MRI scans al-
low for a comprehensive investigation to understand
how patellofemoral joint contact area changes with
weight-bearing in different knee postures (48).

Draper at al. (69) investigated the effects of load-
ing in patellofemoral contact area studying 16 subjects
with an open configuration MRI scanner, which al-
lowed subjects to stand or squat while reclining 25°
from vertical with the knee positioned at 0°, 30°, or
60° of flexion. Male subjects displayed mean unloaded
patellofemoral joint contact areas of 210 ,414, and 520
square mm at 0°, 30° and extension, but significantly
smaller at 30” and 60°. When normalized by patellar
dimensions (height x width), contact areas were not
different between genders. Under weight-bearing con-

ditions, contact areas increased by an average of 24%
(49). They concluded that greater loading is likely to
result in greater cartilage deformation and lead to in-
creased contact area.

The same authors evaluated whether patellofemo-
ral joint kinematics differ between upright, weight-
bearing and supine, non-weight-bearing loading
conditions in patients with patellofemoral pain (62).
20 patients diagnosed with patellofemoral pain were
scanned during dynamic, active knee extension in two
different loading conditions: upright, weight-bearing
and supine, with no application of external joint loads.
Active quadriceps contraction was required for both
conditions. They detected differences in the lateral
translation of the patella relative to the femur between
upright, weightbearing and supine, non-weight-bear-
ing knee extension (fig. 4). The bisect offset during the
supine task was 5% larger than that during the weight-
bearing task. Patellar tilt was not affected by loading
condition in either population Non-weight-bearing

Figure 4. Sagittal and axial MRI images of the knee in standard
supine (A, B) and weight-bearing position (C, D) of a patient
with a high riding patella and patello-femoral instability. Under
loading conditions, we can appreciate increase of the Insall-
Salvati index (b/a ratio: 1.3; b’/a’ ratio: 1.6) and lateral patellar
subluxation (white arrow)
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motion produced more lateral patellar translation than
weightbearing motion in normal trackers, but the op-
posite was found in patients with excessive lateral pa-
tellar translation. Thus, patients with normal patellar
translation during functional, weight-bearing tasks
may present with excessive lateral patellar translation
near terminal extension during a supine, non-weight-
bearing clinical assessment task.

Mariani et al. (68) evaluated 95 patient with clini-
cally suspected patellofemoral maltracking; both knees
in the weight-bearing position were under physiologi-
cal load (about 5-12° of knee flexion) with the table
tilted to 82°. In each patient they evaluated the Insall-
Salvati index (IS), the lateral patellar displacement
(LPD), the lateral patello-femoral angle (LPA) and
the lateral patellar tilt (LPT). Patients negative to clin-
ical tests didn’t show differences of the patellofemoral
indices between standard and weight-bearing exami-
nations. Patients positive to clinical test showed altera-
tion of 1 or more indices at the MR examination, both
standard and weight bearing. Among measurements,
the most reliable in unmasking a patello-femoral mal-
tracking, passing from the standard to the WB-MRI
exam, was the LPT.

Becher et al. (71) analysed the effects of upright
weight bearing and the knee flexion angle on patel-
lofemoral indices, in 16 patients with patellofemoral
instability (PI). The subjects were first examined in
upright weight bearing position at full extension (0°)
and at 15°, 30°, and 45° flexion. Patellofemoral MRI
indices in PI patients were affected by upright weight
bearing and the flexion angle compared with healthy
controls. With weight bearing, parameters for patel-
lar height, the PTA, and the BO were increased at
full extension. Independent of weight bearing, flexing
the knee reduces the PTA, BO, and TT-T'G distance,
with approximation of values at 45° flexion. Signifi-
cant differences with higher patellar position in the PI
group compared with the control group independent
of weight bearing were observed at 30 and 45 flex-
ion. Independent of weight bearing, flexing the knee
revealed significantly reduced values in both groups
among patients with approximation of values for the
PTA, BO, and TT-TG at 45° flexion.

Pal et al (70) evaluated 37 subjects with chronic
PF pain. Subjects were assisted by a custom-built

backrest that required a subject to support about
90% of his/her bodyweight. They measured patella
height from sagittal plane images acquired during
the upright, weightbearing MRI at 5° knee flexion,
Caton Dechamp, Insall Salvati and Modified Insall
Salvati, Blackbourne-Peel index. They also measured
patellar tilt and bisect offset, patellar tracking meas-
ures. Lateral patellar maltracking was more prevalent
among PF pain subjects with patella alta compared
to PF pain subjects with normal patella height Aver-
age patella height was greater in all PF pain subjects
grouped together compared to all pain free subjects.
Average patellar tilt was greater in PF pain subjects
with patella alta compared to PF pain subjects with
normal patella height. They found greater percentage
of patellar maltracking among the PF pain subjects
with patella alta compared to PF pain subjects with
normal patella height. They concluded that clinical
evaluation of PF pain subjects should include meas-
urement of patellar tracking and patella height under
weightbearing conditions prior to selection of a treat-
ment pathway.

Izadpanah et al. (72) evaluated the influence of
different joint positions which are potentially available
for MRI scans of the TTTG distance. In lying and
upright positions, images were acquired at 0° and 30°
knee flexion. A significant increase in the TTTG dis-
tance was found in full extension compared to a 30°
flexion position. Additionally, a significant influence of
weight-bearing and consecutive quadriceps activation
on TTTG distance in 0° flexion position, but not in 30°
flexed knee joint was found (72). Concerning clinical
relevance of the study, the most important finding was
that flexion angle, on the one hand, and muscle activa-
tion, on the other hand, significantly affect TTTG dis-
tance and therefore have to be considered in patients in
which TTTG distance is analysed as a parameter for
the determination of patellofemoral alignment. Thus,
for example, the preoperative planning of a tuberositas
medialization, which is a pure bony procedure, should
be carried out on images taken at 30° knee flexion to
exclude the influence of muscle activation. Second is to
sensibilize on the influence of weight bearing, which
only influences TTTG in 0° position, but not in 30°
flexion.



Weight-bearing MRI of the knee

85

Limitations

Despite the encouraging clinical results described
above, there are several limitations in the application
of dynamic, weight-bearing MRI that make its use
challenging in routine clinical practice (69, 73).

One of the general disadvantage of state-of-art
approaches for in vivo knee kinematic measurement is
that the joint is evaluated under static, upright, weight
bearing conditions, which do not fully reflect the dy-
namic flexion kinematics of the lower limb. Although
more physiological upright loading has been achieved
in recent studies, the use of inclined supporting back-
rests remains, however, a limitation (46, 73, 74). Since
current upright scanners prevent full vertical position,
backrests must usually be inclined backwards to ensure
comfortable stance during image acquisition. How-
ever, it is questionable to what extent the body weight
is supported by the backrest. Moreover, joint scans are
most often performed in bipedal stance, which is inad-
equate for studying physiological knee loading in other
situations where the body weight is completely trans-
ferred onto one leg, for example, during the stance
phase in walking or stair climbing (46, 71). Moreo-
ver, because of the long acquisition time and the pain
reported by the patients in some cases, some authors
reported that it is not always possible to apply more
than 25% of body weight through the foot, especially
for 90° and maximum flexion (54, 55).

Patient discomfort is one of the main concerns in
weight bearing imaging of the knee, as subject move-
ment significantly degrades images in MRI scanning.
Such motions are likely to increase with the scan du-
ration and when voluntary muscle contraction is re-
quired to maintain a weight-bearing position (75).
Gade et al. (75) proposed a methodology using MRI-
compatible sensing technology to provide visual po-
sition feedback to assist in maintaining a stationary
posture during fully upright weight-bearing scanning.
Their study demonstrated diminished task perfor-
mance associated with increasing knee pain severity.
This study supported the feasibility of weight-bearing
MRI studies using imaging protocols of shorter time
duration, in patients with mild to moderate knee pain,
and providing adequate rest periods to minimize the
effects of fatigue.

Another important limitation of weightbearing
(upright) MRI devices is the of low magnetic field
strength (<1 T) on the image quality (48), and the cur-
rent limited availability of upright- MRI scanners in
the clinical setting .

Conclusion

Our review of the literature suggests that weight
bearing MRI of the knee is an area of active research.
Despite several limitations, imaging in non-recumbent
position under physiological stress allows detection of
load-induced physiological and pathological varia-
tions. The most relevant results up to date showed that
this new diagnostic instrument allows to recognize
both the meniscal tear stability and a latent instability,
making it possible to correctly guide the orthopaedic
surgeon towards the treatment managent. Moreover,
upright MRI allows to accurately understand patel-
lofemoral kinematics during painful activities, helping
to differentiate maltrackers from nonmaltrackers and
to improve treatment for patellofemoral pain.
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