
Eur Radiol (2007) 17: 103–118
DOI 10.1007/s00330-006-0333-z MUSCULOSKELETAL

S. Trattnig
S. A. Millington
P. Szomolanyi
S. Marlovits

Received: 16 March 2006
Revised: 19 April 2006
Accepted: 8 May 2006
Published online: 27 June 2006
# Springer-Verlag 2006

MR imaging of osteochondral grafts
and autologous chondrocyte implantation

Abstract Surgical articular cartilage
repair therapies for cartilage defects
such as osteochondral autograft trans-
fer, autologous chondrocyte implan-
tation (ACI) or matrix associated
autologous chondrocyte transplanta-
tion (MACT) are becoming more
common. MRI has become the meth-
od of choice for non-invasive follow-
up of patients after cartilage repair
surgery. It should be performed
with cartilage sensitive sequences,
including fat-suppressed proton
density-weighted T2 fast spin-echo
(PD/T2-FSE) and three-dimensional
gradient-echo (3D GRE) sequences,
which provide good signal-to-noise
and contrast-to-noise ratios. A
thorough magnetic resonance (MR)-
based assessment of cartilage repair
tissue includes evaluations of defect
filling, the surface and structure
of repair tissue, the signal intensity
of repair tissue and the subchondral
bone status. Furthermore, in osteo-
chondral autografts surface congruity,

osseous incorporation and the donor
site should be assessed. High spatial
resolution is mandatory and can be
achieved either by using a surface coil
with a 1.5-T scanner or with a knee
coil at 3 T; it is particularly important
for assessing graft morphology and
integration. Moreover, MR imaging
facilitates assessment of complica-
tions including periosteal hypertrophy,
delamination, adhesions, surface in-
congruence and reactive changes such
as effusions and synovitis. Ongoing
developments include isotropic 3D
sequences, for improved morphologi-
cal analysis, and in vivo biochemical
imaging such as dGEMRIC, T2 map-
ping and diffusion-weighted imaging,
which make functional analysis of
cartilage possible.
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Introduction

Articular cartilage injuries are one of the most common
types of injuries seen in orthopaedic practice. In a retro-
spective review of 31,510 knee arthroscopies, the incidence
of chondral lesions was 63% [1]. Full-thickness articular
cartilage lesions with exposed bone were found in 20% of
patients, with 5% of these occurring in patients less than
40 years old [1].

The treatment of articular cartilage damage remains a
challenge because cartilage has a limited capacity for
spontaneous repair after a traumatic insult or degenerative

joint disease [2]. Joint surface defects that exceed a critical
size heal poorly and usually lead to osteoarthritis. As a
result, several therapeutic strategies have been developed
to restore articular cartilage and produce a durable repair.
These methods may be arthroscopic or open surgical
techniques and include marrow-stimulation techniques,
osteochondral grafting, and chondrocyte implantation
technique [3, 4].

As the use of articular cartilage repair techniques has
become more widespread, techniques for imaging articular
cartilage have become increasingly important. Arthroscopy
is unsuitable for routine follow-up due to its invasive nature
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and associated risks. Conventional radiography does not
allow direct visualisation of cartilage and arthrography
combined with conventional radiography or computer
tomography only provides information related to the car-
tilage surface [5]. By contrast, through the use of appro-
priate magnetic resonance imaging (MRI) techniques it is
possible to evaluate the biochemical and biomechanical
status of cartilage in addition to cartilage morphology.
These benefits make MRI a powerful tool for the initial
diagnosis and subsequent post-operative monitoring of
cartilage lesions and cartilage repair tissue.

Articular cartilage repair techniques

Marrow stimulation

There are several establishedmarrow stimulation techniques,
including abrasion arthroplasty, subchondral drilling and
microfracture. The principle of marrow stimulation tech-
niques is to abrade (abrasion arthroplasty) or pierce (drilling
and microfracture) the subchondral bone at the base of the
cartilage defect, causing controlled bleeding and clot
formation in the cartilage defect, which leads to the
subsequent formation of fibrocartilage. The newly formed
fibrocartilagemay fill the defect and give relief of symptoms,
but it lacks the structural, biomechanical and biochemical
properties to sustain normal joint function in the long term
[6]. Therefore, there is an increasing interest in osteochondral
autografts and autologous chondrocyte implantation (ACI)
therapies.

Osteochondral grafting

Osteochondral autograft transplantation is currently con-
sidered as the only surgical technique that provides and
retrains proper hyaline articular cartilage [7]. Cylinders of
autologous bone with their associated overlying hyaline
cartilage are harvested from relatively non-weight-bearing
areas of the knee and transferred into similarly sized holes
created within the articular defect to be treated [8]. This
technique is used most frequently at the knee and ankle
joints [9, 10]. The main clinical indications for autologous
osteochondral transplantation are focal cartilage defects,
osteochondritis dissecans and osteonecroses. Autologous
osteochondral transplantation is recommended for cartilage
defects up to 3–4 cm2 [8].

Autologous chondrocyte implantation (ACI)

ACI is currently considered the treatment of choice in
young patients with a symptomatic full-thickness cartilage
defect between 2 and 12 cm2 on the femoral condyle [11].
The classical ACI was first described in the mid-1990s and

is a two-stage procedure. In the first stage, chondrocytes
are harvested and cultured. In the second stage, a periosteal
patch, usually harvested from the tibia, is sewn over the
defect and the proliferated and differentiated cells are
injected beneath the patch in order to fill the cartilage
defect [12–14]. ACI provides significant and long-term
benefits for patients in terms of diminished pain and
improved function [15].

Most complications are directly related to the periosteal
graft and a revision arthroscopy rate between 4.8% and
60% has been described due to the problems with the
periosteal flap [15, 16]. Early problems (<6 months) in-
clude periosteal graft detachment and delamination, and the
most common late complication is periosteal hypertrophy.
Delamination has been reported in 14% of patients
undergoing ACI [17, 18]. Periosteal hypertrophy, has
been reported to cause symptoms in 10–26% of the cases
[11, 15, 19, 20].

Matrix-associated ACT (MACT)

The necessity of a periosteal flap with classical ACI and the
complications associated with this periosteal flap have led
to the development of biomaterials as carrier for chondro-
cyte cells. The use of three-dimensional (3D) scaffolds has
been shown to favour the maintenance of a chondrocyte-
differentiated phenotype [21]. Thus efforts are now focused
toward a tissue-engineering approach, which combines
laboratory-grown cells with appropriate 3D biocompatible
scaffolds.

Second generation ACI

The second generation of ACI technique use a bio-
engineered bi-layer collagen membrane rather than a
periosteal flap [22, 23]. The use of a collagen membrane
simplifies the surgical procedure and reduces overall
surgical morbidity. Furthermore, the problem of periosteal
hypertrophy can be avoided.

Third generation of ACI

Further technological advances have led to the third
generation of ACI, which use biomaterials seeded with
chondrocytes as carriers and scaffolds for cell growth.
These “all-in-one” grafts do not need a periosteal cover or
fixing stitches and can be trimmed to exactly fit the
cartilage defect. The advantages of these new techniques
are their technical simplicity, shorter operating time and the
possibility to perform the surgery via a mini-arthrotomy or
arthroscopy [23–26].
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MR techniques for cartilage and cartilage repair imaging

Appropriate combinations of MRI techniques allow objec-
tive non-invasive measures of the properties of the grafted
regions after biological cartilage repair, facilitating the
longitudinal follow-up and evaluation of the repair tissue.
MRI is currently the standard method for cartilage eval-
uation as it allows morphological assessment of the car-
tilage surface, thickness, volume and subchondral bone
[27–33]. Additionally MRI techniques can be used to
evaluate the biochemical and biomechanical status of
articular cartilage. MRI is therefore ideal for the evaluation
of the morphologic status of cartilage defects and the repair
tissue throughout the post-operative period [34–37].

MR evaluation of cartilage repair can be performed
using the same acquisition techniques as used for native
cartilage, as recommended by the International Cartilage
Repair Society [29, 35]. The most commonly used MRI
techniques are intermediate-weighted fast spin-echo (FSE),
and 3D fat-suppressed gradient-echo (GRE) acquisition
[27–29, 31–35]. Fast spin-echo (FSE) imaging combines
heavy T2 weighting, magnetization transfer effects and
relative preservation of high signal intensity in the marrow
fat, so that the subchondral bone exhibits high signal
intensity. In FSE imaging, cartilage appears dark against
bright synovial fluid and there is consecutive high contrast
between joint fluid and cartilage, and cartilage and bone
marrow [40]. Collagen fibres with a highly regular struc-
ture, in particular near the bone-cartilage interface, tend to
immobilize water molecules and promote dipolar interac-
tions between their protons, thus accelerating T2 relax-
ation. T2-weighted FSE sequences are therefore useful for
both the detection of surface and matrix damage assessed
by intrachondral signal abnormalities. Proton density-
weighted T2 FSE is of intermediate signal adjacent to the
low signal subcortical bony plate, which allows to better
visualise intrachondral abnormalities and lesions near to
the cortical bone; whereas with T2-weighted FSE cartilage
has a low signal intensity, which gives a high contrast to
bright synovial fluid, resulting in better delineation of
cartilage surface defects. The T2-weighted FSE sequence is
relatively insensitive to magnetic susceptibility artefacts,
which is advantageous in patients who have undergone
previous surgery of the joint. FSE sequences are advocated
because of the possibility of acquiring high-resolution
images in a relatively short scan time and are normally
included in the standard MRI protocol for the knee joint for
detection of meniscal and ligamentous lesions [28, 31]. An
exciting new development is a 3D FSE sequence [sampling
perfection with application optimised contrasts using
different flip angle evolutions (SPACE)] with isotropic
voxels, which allows multi-planar reformatting in any
plane without loss of resolution.

The advantage of fat-suppressed 3D spoiled gradient
echo sequences is the relatively high signal intensity of
articular cartilage in contrast to low signal intensity from

the adjacent fat-suppressed tissue. Three-dimensional ac-
quisitions yield images with higher resolution and contrast-
to-noise ratio than 2D acquisitions. Fat-suppressed, 3D
spoiled gradient echo imaging is easy to perform, widely
available and, contrary to other cartilage imaging tech-
niques, such as magnetization transfer imaging, it requires
no post-processing of data and avoids misregistration
artefacts [27, 31–33, 35, 38]. The 3D data set can be
reformatted in any plane, allowing 3D visualisation and
volume measurements [27, 30, 39]. New isotropic 3D
gradient echo sequences such as DESS (double-echo
steady-state), true FISP (fast imaging in steady state
precession), balanced FFE (fast field echo), VIBE (volume
interpolated breath-hold examination) and MEDIC (multi-
echo data image combination), with a voxel size down to
0.5 mm3, at 3 T, and also at 1.5 T with a high gradient
strength, have been developed and seem to be very
promising for cartilage imaging. However, the usefulness
of these techniques is yet to be validated in clinical studies.
Caution should be exercised as a flare phenomenon in the
double-echo steady-state sequence has been shown to
sometimes cause a spurious wavy appearance of a normal
graft or cartilage surface [41, 42]. Furthermore, there are
limitations in the sensitivity of the fast low angle shot
(FLASH) and double-echo steady-state sequences for de-
picting cartilage abnormalities and opinions vary regarding
which sequence is superior for cartilage imaging [42–44].

Indirect MR arthrography has been advocated in the
evaluation of ACI [20, 29]. The indirect technique is
performed by intravenous administration of contrast agent
followed by a period of joint exercise, which leads to
uptake of contrast agent by the synovial tissue and sub-
sequent diffusion into the joint cavity. Indirect MR
arthrography can be particularly helpful in differentiating
delamination of the base of the graft from normal high
signal intensity repair tissue in the immediate postoperative
period [20, 29]. Thus, indirect MR arthrography may play a
role in the evaluation of cartilage repair techniques in the
early post-operative period.

Quantitative MRI of articular cartilage

Quantitative geometric measurements of cartilage para-
meters, such as cartilage thickness and volume, have been
suggested as sensitive image based biomarkers for detect-
ing and monitoring cartilage degeneration in osteoarthritis
[45]. This has been possible due to the development of
higher field magnets and stronger gradients systems as well
as a parallel improvement in image analysis and processing
techniques. New techniques allow rapid fully automated
generation of accurate 3D reconstructions of articular
cartilage layers [46]. Three-dimensional reconstructions
can be generated from pre- and post-operative MR exam-
inations and spatially registered to facilitate longitudinal
comparisons of the cartilage repair site. This area holds a
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lot of promise for cartilage repair surgery planning; with
on-going work to co-register biochemical and biomechan-
ical sequences, such as dGEMRIC, with high-resolution
3D sequences.

High-resolution MRI

Most MRI studies on articular cartilage have tried to
optimise pulse sequences that accentuate the contrast-to-
noise ratio for cartilage, but less attention has been paid to
image resolution.

Rubenstein et al. [47] demonstrated that the image
resolution of standard MR sequences is insufficient to
detect fraying of the articular surface of cartilage. It has
also been reported that the smooth articular surface of
healthy cartilage is indistinguishable from early superficial
degenerative changes [27, 31–33]. Therefore, MRI of
cartilage repair tissue must be performed at a sufficiently
high resolution to detect early surface changes.

In order to obtain a sufficient resolution for cartilage
repair imaging a 1.5-T MR scanner with a high per-
formance gradient system and a dedicated extremity coil
(quadrature/phased array coil) is a minimum requirement.
Three-Tesla clinical MR systems are becoming more
widespread and can generate images with both a high
signal-to-noise ratio and a high resolution.

In our experience with cartilage repair patients, the
signal-to-noise ratio issue arising with standard field MR
units can be partially resolved by using surface coils and
optimising the pulse sequence to increase resolution for a
given imaging time. Surface coils provide a high signal-to-
noise ratio allowing a small field of view and high matrix
size to be used resulting in an in-plane resolution of
0.234 mm2 acquired in a clinically acceptable time. How-
ever, the use of a surface coil is limited to the evaluation of
one knee compartment; since cartilage repair is usually
restricted to one compartment, this rarely poses a problem.

Using this approach an appropriate assessment of the
cartilage repair tissue can be made. Moreover, this ap-
proach formed the basis for the definition of pertinent
variables for describing articular cartilage repair tissue
following biological cartilage repair [48].

MR evaluation of the biochemical and biomechanical
status of cartilage

Various tissue parameters which may be evaluated by MRI
reflect the biomechanical properties of articular cartilage.
The T1 and T2 relaxation times and apparent diffusion
constants change during the cultivation of cartilage im-
plants [49], indicating that the biomechanical properties of
cartilage implants change as the graft matures. Further-
more, the spatial distribution of the T2 relaxation time can
be used for in vivo monitoring of the biomechanical

properties, pathological changes or aging of various car-
tilage layers [50, 51].

Glycosaminoglycans (GAG) are the main source of
fixed charge density (FCD) in cartilage and changes in
GAG concentration are one of the features of cartilage graft
maturation. Intravenously administered gadolinium diethy-
lenetriamine pentaacetate anion (Gd-DTPA2−), equilibrates
in inverse relation to the FCD, which is in turn directly
related to the GAG concentration. Therefore, T1 which is
determined by the Gd-DTPA2− concentration becomes a
specific measure of tissue GAG concentration. The delayed
gadolinium-enhanced MRI of cartilage (dGEMRIC) tech-
nique can be considered the method of choice for vi-
sualisation and quantitative evaluation of proteoglycan in
articular cartilage [52, 53]. The dGEMRIC technique is
feasible at 3 T [54] and is useful for evaluating cartilage
repair [55].

In vitro studies show that the dGEMRIC index has a
good correlation with cartilage biochemical properties [56].
However, in vivo studies of the dGEMRIC index in ACI
grafted tissue are not so clearly correlated with stiffness of
the repair tissue. The differences are presumably due to
differences in the collagen content and architecture of the
repair tissue. Therefore, the both GAG (dGEMRIC) and
collagen (T2 mapping) imaging techniques are required
when evaluating the biomechanical status of cartilage
repair tissue.

MR classification systems of cartilage implants

For the long-term follow-up, evaluation and classification
of cartilage repair tissue clinical scores in addition to
morphological and biochemical evaluation of biopsies
taken during control arthroscopies have previously been
used [37, 57].

For optimal use of MRI in the evaluation of cartilage
repair tissue, a simple evaluation and a point scoring
system that allows efficient statistical data analysis is
necessary. A few different classification systems for the
description of articular cartilage repair tissue have been
proposed [37, 48] (personal correspondence with Dr C.
Winalski, Brigham and Womens Hospital, Boston, Mass.,
USA); however, early systems have certain limitations and
deficiencies that can potentially lead to confusion.

Roberts et al. [37] used four parameters to assess
cartilage repair on MR images: surface integrity and
contour, cartilage signal in graft region, cartilage thickness
and changes in underlying bone. A score is obtained by
summing the values of the four parameters; scores range
from 0, no repair, to a maximum of 4, complete repair.
Unfortunately the system only assesses each parameter as
normal or abnormal and provides no assessment of the
graft integration, degree of defect fill or the presence of
adhesions.
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The magnetic resonance observation of cartilage repair
tissue (MOCART) scoring system, defined by our working
group and shown in Table 1 [48], was designed to
systematically record only those observations that can be
most accurately and reproducibly determined and to avoid
the use of ambiguous terms [48]. The MOCART system
has been shown to be reliable and has excellent inter-
observer reproducibility for the defined variables [58]. The
system is very helpful for the longitudinal follow-up of
cartilage repair patients [58], and facilitates prospective
multi-centre studies comparing different cartilage repair
techniques.

MR findings following osteochondral autografting

Due to the invasive nature of arthroscopy, MRI has become
the most important tool for the follow-up of patients with
osteochondral autografts. There have been a limited
number of studies focusing on the morphologic assessment
of osteochondral grafts during clinical follow up. With the
exception of the study by Link et al. [59], these studies
have evaluated only relatively small numbers of patients
[60, 61].

An MRI evaluation of osteochondral grafts should
include: the number and size of the grafts; bone and
cartilage integration, the cartilage surface contour; the
contour of the cartilage bone interface; an assessment of
the signal in the graft, the adjacent bone marrow and at the
donor site; details of any soft tissue abnormalities and an
assessment of the contrast enhancement patterns.

Table 1 The MOCART scoring system

Variable Classes

Degree of defect repair and defect filling Complete (on a level with adjacent cartilage)
Hypertrophy (over the level of the adjacent cartilage)
Incomplete (under the level of the adjacent cartilage; underfilling)

>50% of the adjacent cartilage
<50% of the adjacent cartilage

Subchondral bone exposed (complete delamination or dislocation and/or loose body)
Integration to border zone Complete (complete integration with adjacent cartilage)

Incomplete (incomplete integration with adjacent cartilage)
demarcating border visible (split-like)
Defect visible

<50% of the length of the repair tissue
>50% of the length of the repair tissue

Surface of the repair tissue Surface intact (lamina splendens intact)
Surface damaged (fibrillations, fissures and ulcerations)

<50% of repair tissue depth
>50% of repair tissue depth or total degeneration

Structure of the repair tissue Homogeneous
Inhomogeneous or cleft formation

Signal intensity of the repair tissue Dual T2-FSE
Isointense
Moderately hyperintense
Markedly hyperintense

3D GE-FS
Isointense
Moderately hypointense
Markedly hypointense

Subchondral lamina Intact
Not intact

Subchondral bone Intact
Oedema, granulation tissue, cysts, sclerosis

Adhesions No
Yes

Effusion No effusion
Effusion
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Cartilage and bone integration and congruity

When assessing integration and surface congruity follow-
ing osteochondral grafting cartilage and bone should be
considered separately. With respct to the cartilage, Link et
al. [59] found only 15% of patients had an incongruity of
the cartilage-cartilage interface. Furthermore, no substan-
tial defects or irregularities of the cartilage overlying the
bony cylinders were seen on MRI (Fig. 1). Lastly, gaps
between cartilage plugs and between cartilage plugs and
adjacent native cartilage were rarely visualised in this study
[59] (Fig. 2).

Sanders et al. [61] examined 21 patients between 1 and
22 months following osteochondral transplantation using
a series of five dynamic contrast-enhanced sequences at
1-min intervals post contrast. Their findings were very
similar to Link et al. [59] in terms of cartilage-cartilage
interface incongruity.

In a study to evaluate the use of indirect MR arthro-
graphy in examinations of osteochondral graft patients
Herber et al. [60] found that indirect MR arthrography
helped to identify a persistent fissure gap between the
implanted cartilage and native cartilage. They showed that
the grafts were well seated and the cartilage-cartilage
interface demonstrated a smooth contour in the majority of
cases. Moreover, the authors felt that indirect MR arthro-
graphy was superior to unenhanced imaging in the
assessment of the cartilage surface. Their results highlight
a potential role for indirect MR arthrography in challenging
cases.

Regarding the bony integration, Link et al. [59] reported
that poor bony integration of the osteochondral cylinder
may be suggested by the presence of cystic cavities with

fluid-like signal intensity and/or a persistent oedema-like
signal within the subchondral bone.

Cartilage and bone signal intensity

From 105 osteochondral cylinders in 55 patients (51%) Link
et al. [59] reported bone marrow signal intensities consistent
with oedema (hypointensity on T1-weighted images and
hyperintensity on the fat-suppressed T2-weighted or PD-
weighted images), during the first 12 months post-
operatively (Fig. 3). During the 12–24 month period this
dropped to 17%. They found cystic changes in the osseous
component of the graft in four of 99 cylinders. Furthermore,
eight cylinders showed no or partial enhancement after
contrast agent was administered and was reported as
necrosis. The T2 signal intensities varied depending on
whether the osteonecrosis caused a fibro/sclerotic or cystic
degeneration. This limits the usefulness of T2-weighted
images for diagnosing graft osteonecrosis. Interestingly,
only two of the six patients who showed signs of
osteonecrosis of one or more cylinders had associated
clinical abnormalities [59]. These osteonecroses of the graft
cylinders did not lead to collapse of the bone or pathological
changes of the cartilage that could be visualised by the MRI.
Since cartilage derives its nutrition almost exclusively from
the synovial membrane, this may provide an explanation.
By comparison, Sanders et al. [61] and Hangody and Fules
[9] reported no cases of osteochondral necrosis in their
patient groups.

Fig. 1 Normal cartilage integration of osteochondral autografts in
the weight bearing region of the femoral condyle in a patient 2 years
after osteochondral autografts

Fig. 2 Cystic cavities in the osteochondral graft area with fissure-
like gap (arrow) between cartilage caps of the grafts in a patient
2 years after osteochondral autografts. Both signs are associated
with a poor prognosis
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When the cartilage layer of the osteochondral cylinder
was examined, the cartilage signal intensity of the graft was
similar to the surrounding cartilage in the vast majority of
cases, 86% [59]. These findings are supported by Sanders
et al. [61], who found that the graft cartilage signal intensity
was similar to adjacent cartilage in most cases. Addition-
ally they found similar rates of graft and perifocal graft
oedema.

Graft and adjacent bone

Subchondral bone marrow oedema is often present in the
early post-operative phase but usually resolves as the graft
incorporates into the subchondral bone. A normal fatty
marrow signal is seen within and around the plugs when
solid bony incorporation occurs (Fig. 4). Herber et al. [60]
examined ten patients at 3, 6 and 12 months using indirect
MR arthrography and noted a high rate of early post-

Fig. 3 Coronal STIR images 12 weeks (a), 52 weeks (b) and 2 years (c) after osteochondral transplantation show gradual resolution of
severe bone marrow oedema in and around the grafts as bony incorporation occurs

Fig. 4a, b Sagittal T1-weighted SE images of the normal devel-
opment of autologous osteochondral transplants. a Marked oedema
in and around the osteochondral plugs at the recipient site 12 weeks

(arrows) after surgery and b bony incorporation of the grafts with
fatty bone marrow in and around the grafts (arrows) and filling of
the donor site with cancellous bone after 2 years
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operative subchondral marrow oedema, which settled in
most cases by 12 months.

Normal findings

The results of these earlier follow-up studies have helped to
define normal and abnormal MR findings following
osteochondral autografting and help in the identification
of possible complications.

“Normal” MR findings associated with after osteochon-
dral autografting include bone marrow oedema in and
around the grafts in approximately 50% of the subjects
during the first 12 months, with a gradual reduction
thereafter. However persistent oedema may be seen in a
small number of cases for up to 3 years post-operatively.
Joint effusion and synovitis appear to follow a similar
trend. Incongruities at the bone-bone interface occur
frequently, while incongruities at the cartilage-cartilage
interface occur in approximately 15% of grafts. The some-
times substantial incongruities of the bone-bone interface
should not be interpreted as an abnormal finding or
complication. Differences occur because the cartilage
thickness of the donor site commonly differs in thickness
from the implant site, but the cylinder is inserted to a depth
to ensure a smooth cartilage surface.

Abnormal findings

Complications which can be determined by MRI include
graft loosening or migration, incongruencies of the carti-
lage-cartilage interface, significant gaps between osteo-
chondral plugs and adjacent native cartilage and partial or
complete necroses of the grafts (Figs. 5, 6). However, it
should be noted that over time fibrocartilagenous tissue
fills the gaps between osteochondral plugs and adjacent
native cartilage thereby improving surface congruity.

Future studies in this field should provide better
understanding of the pathophysiology of transplanted
hyaline cartilage and its function, which is important for
the long-term prognosis of these patients.

MR findings following ACI and MACT

Assessment and interpretation of MR examinations for
ACI and MACT patients should be performed in a sys-
tematic fashion. Careful attention should be paid to the
degree of defect filling, the integration of the graft to
adjacent cartilage and underlying bone, the graft’s internal
structure and surface, its signal intensity and any changes
in the subchondral bone. Last but not least, the presence of
adhesions to the graft or joint effusion should be evaluated.

Defect filling

One of the major goals of ACI and MACT is to ensure
the graft cartilage has the same thickness as the adjacent
native cartilage in order to restore the smooth contour
of the articular cartilage surface (Fig. 7). When eval-
uating defect fill MRI has been shown to be effective in
detecting cases of incomplete filling, either focally or
globally [20, 29, 34, 36].

Fig. 5 Incongruity at the cartilage-cartilage interface on a medial
femoral condyle 12 months after osteochondral autografting

Fig. 6 Osteonecrosis of the osteochondral autograft 2 years after
surgery shown by marked hypointense signal alteration of the graft
on T1-weighted SE image in the sagittal plane (arrows)
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Longitudinal MRI follow-up of ACI patients has shown
that a consistent volume of repair tissue can be visualised
after 3 months, which remains stable for at least 2 years
post-operatively [62]. Tins et al. [63] demonstrated that
63% of patients in their series had normal cartilage
thickness compared with native articular cartilage. Roberts
et al. [37] also found a similar percentage of grafts to have
normal cartilage thickness compared with adjacent native
cartilage. In a different study with a 2-year MR follow-up
[64], complete filling of the defect by repair tissue was seen
in 65.2% of patients.

Graft hypertrophy is often asymptomatic, but may
produce pain and catching. It usually occurs between 3
and 7 months and has been reported to complicate between
10% and 39% of cases [15, 18, 65]. Graft hypertrophy is
seen on MRI as the ACI graft protruding above the level of
the native articular cartilage and may involve part or the
full width of the graft (Fig. 8). It is important to note that
hypertrophy of grafts close to the intercondylar notch may
cause impingement on the anterior cruciate ligament.
Treatment consists of arthroscopic debridement of the
hypertrophied tissue.

The reported incidence of graft hypertrophy following
MACT is lower than with the classical ACI with periosteal
flap technique [22, 66]. We found an incidence of 20%
graft hypertrophy following MACT surgery [64], which is
similar to the hypertrophy rate following classical ACI
surgery [18, 67]. Interestingly, however, in three out of four
cases the graft hypertrophy resolved, with the cartilage
thickness returning to the level of adjacent cartilage within
one year. This was hypothesised to be due to increasing
weight bearing during rehabilitation and subsequent re-
modelling of the repair site.

Henderson et al. [19] analysed 81 lesions in 58 knees
12 months after ACI and reported that MRI showed 81.6%
of the lesions had normal or nearly normal cartilage at the
site of repair. These investigators analysed four categories,
including the filling and the signal intensity of the repair
site, as well as the presence and severity of bone-marrow
oedema and effusion. A complete fill of the repair site was
found in 79%, 13.6% had >50% filling, and 2.5% had
<50% filling. By comparison, we found filling to the level
of adjacent cartilage in 65.2% and underfilling in 17.4% in
a 2-year follow-up of MACT patients using Hyalograft C
[64].

Integration

The interface between ACI and native cartilage should be
indiscernible, a fluid-like split, in particular a broad split or
one that extends beneath the base of the ACI has been
described as pathological [20, 34, 36] (Fig. 9). Poor graft
integration can be identified on high-resolution sequences
by fluid signal clefts or ill-defined high signal intensity at
the interface between the graft tissue and native cartilage
[15, 18, 20, 34, 36, 67].

The clinical importance of a full-thickness fissure or a
broader gap, suggesting incomplete integration, is still
unclear. Potentially, a gap between the native cartilage and
the edge of the graft may act as a focal point for cartilage
wear [36]. We found integration to be complete in 18 out of
23 knees after 2 years [64]. One patient had incomplete
integration with a split-like fissure between the graft and
adjacent cartilage. Four patients showed incomplete inte-

Fig. 8 Severe hypertrophy of cartilage implant 104 weeks after
MACT surgery on a sagittal T2-weighted FSE image

Fig. 7 A sagittal FSE image of a stable cartilage implant at 2 years
after MACT surgery shows complete filling of the defect (arrows
mark the borders of the implant)
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gration with a slightly broader gap between the graft and
adjacent cartilage (17.4%).

Poor integration of the ACI repair tissue to the bone or to
the adjacent native cartilage may result in delamination of
the graft from the underlying bone (Fig. 10). On MRI, a
delaminated graft may appear as a loose body in the joint if
it has dislocated, or if still in situ at the repair site, a thin rim
of fluid between the base of the graft and the subchondral
bone plate, resembling a cartilage flap, may be seen
[20, 34]. Clinically, patients may complain of pain,
swelling or locking. This complication may occur in
between 5% and 14% of cases [15, 18].

Structure and surface

The articular surface of the ACI or MACT site should
appear smooth and be continuous with the adjacent native
cartilage. Irregularities of the graft surface on MRI have
been described previously and seem to be relatively
common [19, 20, 34, 68, 69]. This is in keeping with
findings during follow-up arthroscopy [70].

In some patients, we have seen a transition from an
initially irregular surface to a regular smooth surface over
time (Fig. 11). We believe this may represent continuous
organisation of the graft as it matures. In contrast, the
development of surface defects over time should be con-
sidered as abnormal [62].

The internal structure of normal hyaline cartilage usually
has a trilaminar appearance on most sequences [71].
Although the widths of these signal bands seen on MRI did
not correlate with the thickness of histological layers and
were affected by chemical shift and the magic angle effect,
they represent a homogeneous layering present in normal

collagen architecture. Regarding the internal structure of
the graft we found only eight out of 23 patients had
homogeneous repair tissue at their first follow-up scan. In a
further eight patients the repair became homogeneous with
signal layering during the follow-up period [62]. This most
likely represents a normal maturation process, whereas the
reverse process with repair tissue going from a homoge-
neous to inhomogeneous appearance over time may be
considered abnormal.

Signal intensity

In addition to a smooth surface and homogeneous signal
layering, the signal intensity of repair tissue should re-
semble normal hyaline cartilage. The post-operative signal
characteristics seen after ACI surgery are clearly affected
by the choice of sequence used. In the uncomplicated
case, there is a gradual change in the signal characteristics
of the repair tissue over time to resemble those of normal
articular cartilage [62, 72] (Fig. 12). Typically, when a FSE
sequence is used the signal intensity of the ACI/MACT
repair tissue steadily decreases with time. By contrast the
signal intensity steadily increases over time with fat-
suppressed T1-weighted GRE sequences [19, 62, 65].

In the early post-operative period (4 weeks) the graft
may have a fluid-like appearance, which may be mis-
interpreted as complete delamination. However, on high-
resolution imaging the surface of the implant is seen as a
thin dark line, this feature is more commonly seen with
classical ACI [34]. Several report show that at approxi-
mately 12 months post-operatively the signal intensity of
the ACI graft on both FSE and fat-suppressed GRE
sequences resembles native hyaline cartilage and can no

Fig. 10 A sagittal FSE image of incomplete delamination of the
repair tissue 24 weeks after MACT surgery. Fluid partially
demarcates the bone interface

Fig. 9 A split-like integration defect, seen on a sagittal FSE image,
52 weeks after surgery. Arrows mark the borders of the implant, the
right-hand arrow points to the defect
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longer be differentiated from it [19, 20, 34, 68, 69]. By
contrast, Brown et al. [17] found that a significant pro-
portion of grafts (69%) remained hyperintense on FSE
sequences more than 18 months after surgery.

In clinical follow-up studies, Henderson et al. [19]
reported signals identical to the adjacent articular cartilage
in 63% of patients following classical ACI grafting and
nearly normal signals in 29.6% at 12 months. In our group
of MACT patients, we found all grafts evaluated at
24 months were isointense [64]. These differences may
be attributable to the different evaluation times and the
further maturation of the graft over the additional 12-month
period in our study.

Subchondral lamina and bone

The subchondral lamina is normally not violated during the
ACI or MACT procedure and therefore should be intact.
However, cartilage repair for cases of osteochondritis
dissecans or involving partial removal of subchondral
sclerosis may be associated with defects of the cortical
endplate. An intact cortical endplate which becomes
damaged during follow-up may be the result of over-use
or recurrent trauma [62]. The bone contour underneath the
graft may show the presence of central osteophytes,
defects, and irregularities. When central osteophyte for-
mation occurs beneath a graft the surface of the overlying
cartilage is usually smooth and level with adjacent car-
tilage. The importance of central osteophytes has still to be
determined [63].

Subchondral oedema commonly occurs at the repair
site in the early postoperative period [17, 19, 29, 34,
63, 68], and has been described as part of the normal

healing process during the first 3 months following surgery
[20, 34]. Abnormal loads transmitted to the bone have also
been suggested to account for the marrow oedema [73].
The presence of oedema-like marrow signal beyond
12 months or an increase in intensity of oedema should
be considered abnormal and requires close clinical follow-
up [20, 34]. Possible reasons for persistent or reappearing
subchondral bone marrow oedema include: over-use, an
abnormality of the leg axis and new trauma. Conversely, it
has been reported that the persistence of oedema-like signal
intensity is a sign of yet undetermined importance [34]. For
the diagnosis of bone marrow oedema, a fat-suppressed
sequence such as STIR or fat-suppressed FSE is required.
Cystic changes in the subchondral bone underneath the
cartilage implant have been described and indicate a
problem with the graft which requires close clinical follow-
up [19]. Cyst formation has been associated with oedema-
like signal intensity in 10% of cases with these cases also
demonstrating a fibrocartilage appearance rather than
hyaline-like articular cartilage [63]. In our series of 23
patients who underwent MACTsurgery, we found 13% had
an oedema-like signal in the subchondral bone at 2 years
[64].

A comparison of ACI andMACT patient groups [19, 64]
showed the rate of bone marrow oedema and effusion was
similar, approximately 40%, with both techniques.

Adhesions

Adhesions are demonstrated on MRI as bands of interme-
diate to low signal intensity tissue traversing the joint and
demonstrating contact to the repair tissue (Fig. 13).
Adhesions most commonly connect to the infra-patellar

Fig. 11 Gradual integration and normalisation of the graft surface and internal structure after MACT surgery from (a) 12 weeks to
(b) 24 weeks on sagittal T2-FSE image
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fat pad, suprapatellar pouch and parapatellar recesses [15,
18, 67]. Knee stiffness from intraarticular adhesions
requiring arthroscopic release has been reported in up to
10% of ACI patients [15, 67, 73]. Patients who have
undergone extensive cartilage repair or have multiple grafts
appear to be more at risk [18]. Adhesion to the graft surface
may lead to graft tearing or dislocation as the patients
activity level increases.

Effusion

Post-operative reactive synovitis should be considered as a
possible cause of pain in this patient group. For the
evaluation of synovitis intravenous contrast media applica-
tion is usually required. Synovitis is generally accompa-
nied by effusion and clinical signs of swelling of the

affected joint. The majority of cases with synovitis in the
early postoperative period resolved during the follow-up,
which can be explained by its reactive nature [64]. In
addition to the cartilage repair surgery itself other causes of
synovitis have to be considered, such as native cartilage
defects or meniscal lesions.

Maturation of cartilage repair tissue

Serial follow-up MRI scans of MACT patients show that
the cartilage repair is a dynamic process that can be non-
invasively monitored [62]. High-resolution MRI examina-
tions at 4, 12, 24, 52 and 104 weeks post-operatively
revealed characteristic changes in the repair tissue over
time, which we believe represent the normal maturation
process of the repair tissue. The most significant features

Fig. 12a–e Changes of implant signal intensity, on PD and T2-FSE images following MACT. a, b Fluid-like signal after 4 weeks;
c, d hypointensity at 24 weeks and e isointensity with native hyaline cartilage after 52 weeks
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were: first, early filling defects showed progressive filling
by 6–12 months (Fig. 14); second, initial graft hypertrophy
seen at 3 months resolved by 6 months; third, small surface
defects became smooth over time. Finally, signal intensity
gradually changes over time from fluid-like appearance
in the early post-operative stage to iso-intensity with
surrounding native hyaline cartilage by 6–12 months. One

may conclude that inverse developments are associated
with a poor prognosis.

Histology

In a histological analysis of follow-up biopsies after ACI
surgery, 57% of patients after ACI demonstrated articular
cartilage [74]. However, it is generally hypothesised that
continuous remodelling of the graft occurs with the trans-
plant becoming more like hyaline cartilage.

To our knowledge only one study has attempted to
correlate MRI findings with ACI graft histological findings
[63]. Tins et al. [63] studied 41 patients at 1 year following
ACI grafting on the femoral condyle. The histological
appearance of the graft was classified into one of the four
morphological categories recommended by the ICRS. MRI
findings were correlated to the histology findings. The
authors found no relationship between any of the MRI
features assessed and the histological appearance of the
cartilage repair tissue; however, this is unsurprising given
the sequences used. Studies of the correlation between
histology and the dGEMRIC index and/or T2 maps are a
very interesting area for future studies.

Functional outcome

Marlovits et al. [58] recently described the statistical
correlation of clinical outcome scores with the radiological
variables of the MOCART scoring system. For the variable
“filling of the defect” a statistically significant correlation
with all KOOS (knee injury and osteoarthritis outcome

Fig. 14a, b Progressive defect filling at the repair site. After matrix-based autologous chondrocyte implantation, significant improvement of
filling of the defect at the repair site from (a) 4 weeks to (b) 24 weeks post-operatively, depicted on sagittal FSE images

Fig. 13 An adhesion seen as a thin band-like structure, running
from the tibial articular surface to the cartilage implant on a sagittal
T2-FSE image. Arrows mark the borders of the implant
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score) variables and also with the VAS (visual analogue
score) was observed. For the variable “integration to border
zone” and “surface of the repair tissue” no statistically
significant correlation was found. The variable “structure
of the repair tissue” showed a statistically significant
correlation with the VAS and nearly all KOOS group
except for the variable “symptoms”. For the variables
“adhesion”, “subchondral lamina”, and “effusion” no
statistically significant correlation with the clinical scores
was found. In contrast the variable “subchondral bone”
showed a statistically significant correlation with the VAS
and nearly all KOOS group except for the variable
“symptoms”. For the signal intensities a statistically
significant correlation was found with the KOOS variables
“symptoms”, “sport”, and Activities of daily Living (ADL)
function.

Recommendations

From reviewing our studies and those of other centres we
recommend that follow-up MR studies should be per-
formed at 3 months and 1 year. The initial imaging at
3 months allows the volume and adherence of repair tissue
to be assessed. Imaging at 1 year demonstrates the

maturation of the graft and allows complications to be
identified both non-invasively and at a sufficiently early
stage.

Conclusion

In the near future as the use of clinical high-field (3 Tesla)
systems with modern multi-element coil configurations
becomes more widespread and new high-resolution isotro-
pic 3D sequences are utilised a further improvement in the
morphological analysis of cartilage implants can be
expected. Moreover, advanced cartilage imaging tech-
niques which allow the biochemical composition of
cartilage to be studied will be possible in vivo (Fig. 15).
This is particularly promising for evaluating the maturation
of the graft and whether or not hyaline cartilage has
developed. The ability to non-invasively assess graft
maturity will help to define the optimal postoperative
rehabilitation and to detect the early stages of graft failure.

Acknowledgements The authors would like to express their thanks
to Siemens Medical Solutions, Erlangen, for access to new 3D
sequences described.

Fig. 15a, b A dGEMRIC image of a matrix-associated ACT 2 years
after surgery. a The cartilage layer of the graft shows different T1
values, representing proteoglycan concentration, compared with
hyaline cartilage. b a 3D-GRE image of the same patient, which

shows morphology of cartilage implant with hypointense signal
alteration of the cartilage implant in comparison with normal hyaline
cartilage
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