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Abstract

Objective To investigate the diagnostic accuracy of oblique
axial intermediate weighting MR imaging in detecting partial
thickness anterior cruciate ligament (ACL) bundle tears.
Materials and methods The study protocol was approved by
the institutional ethics committee. Sixty-one subjects (43 male,
18 female; mean age 27.4 years; range 9 to 57 years) with
clinically suspected ACL tear or meniscal tear between
September 2009 and January 2011 were studied with MRI
and arthroscopy. Detection of partial tear for the ACL as a
whole and for each ACL bundle by protocol A (standard
orthogonal sequences) and protocol B (standard orthogonal
sequences plus oblique axial intermediate weighted imaging)
was compared in a blinded fashion. Performance characteristics
for protocol A and protocol B were compared using sensitivity,
specificity, accuracy and ROC curves. A two-tailed
p value of <0.05 indicated statistical significance.
Results Fifteen (24.6%) normal, 15 (24.6%) partial and 31
complete tears were diagnosed by arthroscopy. Sensitivity,
specificity and accuracy of protocol A for the diagnosis of
partial tear of the ACL was 33%, 87% and 74%, while for
protocol B the values were 87%, 87% and 87% respectively.
The area under the curve (AUC) for the diagnosis of
partial ACL tear and individual bundle tear was higher
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for protocol B, although this difference did not reach
statistical significance (p>0.05).

Conclusion The addition of oblique axial imaging to
standard MR imaging improves diagnostic accuracy for
detecting partial tears of the ACL as well as individual
bundle tears of the ACL.

Keywords Magnetic resonance imaging - Oblique axial -
Knee - Anterior cruciate ligament - Tear

Introduction

The anterior cruciate ligament is composed of the antero-
medial and posterolateral bundles [1, 2]. Functionally, these
two distinct bundles act in a complementary manner to limit
excessive femorotibial movement at the end of flexion and
extension [1-6]

Most anterior cruciate ligament (ACL) tears are com-
plete, with the tear involving all of the anteromedial and
posterolateral bundle fibres. Partial ACL tears occur less
frequently and may involve both bundles to a variable
degree or one bundle completely. In an arthroscopy study
of 169 ACL tears, only 17 (10%) of tears were partial and
these affected the anteromedial bundle more frequently than
the posterolateral bundle [7]. That said, arthroscopic-based
studies may reflect an underestimation of true prevalence as
patients with complete rather than partial tears are more
likely to undergo arthroscopy [7]. As well as accounting
for patient symptoms, partial tear recognition is clinically
relevant and important because:

1. Partial tears, unlike complete ACL tears, may have the
capacity to heal with conservative treatment [8, 9]
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2. One may be more inclined to opt for a trial of conservative
treatment

3. If surgery is undertaken, partial ACL tears primarily
limited to only a single bundle may be amenable to
isolated single bundle graft augmentation rather than
full ACL graft reconstruction [7, 10]

Clearly accurate early evaluation of partial ACL tears is
relevant to improving the clinical and surgical management
of ACL tears [8-11].

Usually, when partial ACL tears are diagnosed on MRI, it
is frequently not possible to detect an isolated AM or PL
bundle tear reliably using standard MR sequences and imag-
ing planes [12]. Oblique sagittal and oblique coronal imaging
has been used to delineate the ACL more clearly [13—17].
Recently, the value of oblique axial intermediate-weighted
MR imaging in visualizing and discriminating the normal
ACL bundles has been reported [13]. This prospective study
was designed to determine the value of oblique axial imaging
in evaluating individual ACL bundle tears. We hypothesized
that the addition of oblique axial MR imaging to a standard
knee MR protocol would improve delineation of individual
ACL bundle tears.

Materials and methods
Subjects

The prospective study cohort was drawn from patients who
underwent MRI knee examination followed by arthroscopy
in our institution between September 2009 and January
2011. A total of 610 knee examinations with no history of
knee surgery or arthroscopy were performed during the
study period. Of these 610 knee examinations, 61 (10%)
knees in 61 subjects (43 male, 18 female; mean age
27.4 years; range 957 years) underwent subsequent arthros-
copy. As each patient had a single MRI examination followed
by a single arthroscopy, 61 MRI examinations and 61
corresponding arthroscopy examinations were analysed. The
time between MRI examination and arthroscopy was
1.1 month+1.8 month (1 day to 10 months).

MRI protocol

Magnetic resonance imaging examinations were performed on
a 3-T imaging system (Philips X-series Best, Netherlands)
using a phased array knee coil with eight elements. The knee
was examined in a supine extended position. Standard MRI
knee examination consisted of three sequences that comprised:

1. Turbo-spin-echo sagittal proton density-weighted imag-
ing (TR 3,000 ms, TE 30 ms, bandwidth 291 Hz, TSE
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factor 10, 3-mm slice thickness, interslice gap 0.3 mm,
voxel size 0.40 mm x0.54 mm, number of excitations 2,
field of view 160 mm), planned in a plane parallel to the
outer cortex of the lateral femoral condyle

2. Coronal T2-weighted fat suppression imaging (TR
2,800 ms, TE 60 ms, bandwidth 268 Hz, TSE factor 12,
3-mm slice thickness, interslice gap 0.3 mm, voxel size
0.50 mmx0.67 mm, number of excitations 2, field of
view 160 mm)

3. Axial proton density weighted fat-suppression imaging
(TR 3,000 ms, TE 30 ms, bandwidth 218 Hz, TSE factor
14, 3-mm slice thickness, interslice gap 0.3 mm, voxel
size 0.45 mmx 0.56 mm, number of excitations 2, field of
view 150 mm)

This standard knee examination took about 15 min. Standard
knee imaging was followed by oblique axial imaging of the
ACL in which proton density-weighted (TR 3,000 ms, TE
30 ms, 3-mm slice thickness, interslice gap 0.3 mm, band-
width 328 Hz, TSE factor 13, voxel size 0.25 mmx0.31 mm,
number of excitations 2, field of view 120 mm) images were
obtained in a plane aligned perpendicular to the course of the
ACL using sagittal and coronal images for positioning and
alignment (Fig. 1). This additional sequence took approxi-
mately 4 min to complete.

The standard knee protocol (proton density sagittal, T2-fat
suppressed coronal, proton density fat-suppressed axial) was
designated protocol A, while the standard knee protocol plus
oblique axial imaging was designated protocol B.

MRI analysis

Two musculoskeletal radiologists (AWHN and EHHH; with
16 years and 10 years’ experience of reporting musculoskel-
etal MRI respectively), who were unaware of the clinical or
arthroscopic findings, reviewed all knee MR examinations
and ACL status by consensus. Analysis was performed on a
Digital Imaging and Communications in Medicine Viewer
(OsiriX viewer). Firstly, the three standard imaging planes
of the knee were evaluated (protocol A) with each ACL
bundle being classified as intact, partially torn, or complete-
ly torn. Thereafter, these standard planes were evaluated
together with oblique axial imaging of the ACL (protocol
B) and each ACL bundle was again classified as intact,
partially torn, or completely torn. Figure 2 showed normal
appearance of anteromedial and posterolateral bundles on
oblique axial images (Fig. 2).

An intact ACL or ACL bundle was one in which all the
ACL fibres could be followed on contiguous sections as
intact from the tibial to the femoral attachment. A partial
ACL tear or ACL bundle tear was defined by high signal
intensity within the ACL or individual bundle, focal swell-
ing or thinning of the ACL or ACL bundle and/or a wavy



Skeletal Radiol (2013) 42:209-217

211

Fig. 1 Oblique axial
intermediate-weighted imaging
of the anterior cruciate ligament
(ACL) was planned using a
sagittal intermediate-weighted
image (white lines) and b coro-
nal T2-weighted fat-suppressed
image (white lines). It could al-
so be planned using analogous
scout views

course of the ACL or ACL bundle with maintained conti-
nuity. A complete ACL tear or ACL bundle tear was defined
as a complete lack of continuity of the ACL or ACL bundle
tear [5, 14-20].

As well as assessing the individual bundles, the ACL
as a whole unit was also classified on MRI as intact,
partially torn, or completely torn. Intact ACL was de-
fined by the normal appearance of both ACL bundles.
Partial ACL tear was defined by either partial or com-
plete tear in one or other bundle, but not a complete
tear of both bundles. Complete ACL tear was defined
by complete tear of both bundles. MRI results were
compared with arthroscopic findings.

Arthroscopic analysis

All arthroscopies were performed by one of two orthopaedic
surgeons, both with more than seven years’ experience in
knee surgery. They were aware of the MRI findings since
these were necessary to determine the clinical need for
arthroscopy. Standard anteromedial and anterolateral portals
were used with blunt probing and distraction of the ACL to
evaluate integrity and stability. At arthroscopy, each bundle
was classified as normal, partially torn, or completely torn
[8, 21, 22]. An intact ACL bundle was one in which the
fibres were taut and visibly intact from the tibial to the
femoral attachment. Partial ACL bundle tear was diagnosed
when some, but not all bundle fibres were visibly torn on
direct inspection and the remaining fibres exhibited
expected resistance to deformation on physical probing. A
complete bundle tear was diagnosed when there was no
continuity of the ACL bundle and complete lack of tautness
on direct probing. As well as individual bundle assessment,

using the same diagnostic criteria, the whole ACL was also
classified as normal, partially torn, or completely torn.

Statistical methods

Two analyses were performed with arthroscopic findings used
as the reference standard. First, the sensitivity, specificity, and
accuracy of protocol A compared with protocol B for detect-
ing partial tears of the ACL as a whole and for individual
bundle tears was calculated. Percentage values for sensitivity,
specificity, positive predictive value (PPV), negative predic-
tive value (NPV) and accuracy were rounded to the nearest
whole number. Second, the receiver operating characteristic
(ROC) curves representing overall performance were
obtained. Differences between the two imaging protocols in
terms of area under the ROC curve were analysed statistically
using Wilcoxon signed-rank test. A two-tailed p value<0.05
indicated a statistically significant difference.

Results

At arthroscopy, 15 of the 61 knees examined (24.6%) had a
normal ACL, 15 (24.6%) had a partial ACL tear and 31
(50.8%) had a complete ACL tear. For the AM bundle, 16 of
the 61 knees examined (26%) were normal, 7 (12%) had a
partial tear and 38 (62%) a complete tear. For the PL bundle,
15 of the 61 knees examined were normal (25%), 10 (16%)
had a partial tear and 36 (59%) a complete tear.

Seven potential patterns of ACL partial tear are pos-
sible (Table 1). The most common pattern of partial tear
at arthroscopy was a complete tear of the AM bundle
together with a partial tear of the PL bundle. The next
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Fig. 2 Oblique axial intermediate-weighted oblique imaging in a 25-
year-old man (same patient as in Fig. 1). Normal appearances of
individual ACL bundles at a the tibial insertion, b the middle-third
and c¢ the femoral insertion. Both bundles are well separated. The
anteromedial bundle (black arrow) is located in a more anterior and
medial position, while the posterolateral (white arrow) bundle is locat-
ed in a more posterior and lateral position. The bundles are considered
intact as the fibres are taut, have continuity and normal signal intensity

most common type was a partial tear of the AM bundle
together with a complete tear of the PL bundle (Table 1).
Some examples of assessment of individual ACL bundle
tear using oblique axial imaging (Fig. 3a—c).
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Table 1 Pattern of tear present in 15 out of 61 knees with partial
anterior cruciate ligament (ACL) tear (24.6%) out of potential combi-
nations of partial ACL tear

Anteromedial bundle  Posterolateral bundle =~ Number (%) of cases

Normal Partial tear 1(7)
Normal Complete tear None
Partial tear Normal None
Partial tear Partial tear 2 (13)
Partial tear Complete tear 5(33)
Complete tear Normal None
Complete tear Partial tear 7 (47)

Accuracy for the diagnosis of complete or partial tears
of the ACL (as a whole)

The sensitivity, specificity, PPV, NPV and accuracy of
protocol A and protocol B for the diagnosis of partial
tears of the ACL are shown in Table 2. In 6 out of 61
cases (10%), a complete ACL tear on protocol A was
deemed a partial tear on protocol B, while in 2 out of 61
cases (3%), a normal bundle on protocol A was deemed
a partial bundle tear on protocol B. All 8 discrepant
cases between protocols A and B were found to be
correctly diagnosed using protocol B, i.e. protocol B
allowed accurate diagnosis in 8 more cases than protocol
A, 6 of which were overestimated and 2 of which were
underestimated using protocol A. The area under the
curve (AUC) for diagnosis of ACL partial tear was
higher for protocol B, although this difference did not
reach statistical significance (p=0.42; Fig. 4a, Table 2).

Accuracy for the diagnosis of complete or partial tears
of the anteromedial bundle

The sensitivity, specificity, PPV, NPV and accuracy of
protocol A and protocol B for the diagnosis of com-
plete or partial tear of the anteromedial bundle are
shown in Table 2. In 3 out of 61 cases (5%), a com-
plete anteromedial bundle tear on protocol A was
deemed a partial anteromedial bundle tear on protocol
B. All three cases were found to be overestimated on
protocol A, i.e. protocol B provided an accurate diag-
nosis in three more cases than protocol A. The sensi-
tivity, specificity and accuracy of MR imaging using
protocol B for the diagnosis of anteromedial bundle
partial tears was higher than for protocol A (Table 1).
The area under the curve (AUC) for diagnosis of ante-
romedial bundle tears was higher for protocol B, al-
though this difference did not reach statistical significance
(p=0.65; Fig. 4b, Table 2).
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Fig. 3 Examples of assessment of individual ACL bundle tear using p

oblique axial imaging. The findings were all confirmed with arthroscopy.
a MR imaging of the ACL in a 24-year-old man who suffered from injury
of the knee. Oblique axial intermediate-weighted imaging of the ACL
shows a complete tear of the anteromedial bundle (black arrow) and the
mildly attenuated posterolateral bundle (open arrow), compatible with a
partial tear of the posterolateral bundle. b MR imaging of the ACL in a
27-year-old woman with a twisting knee injury. Oblique axial
intermediate-weighted imaging of the ACL shows a slightly swollen
though otherwise intact anteromedial bundle (black arrowhead) and
attenuated fibres of the posterolateral bundle (white arrowhead), compat-
ible with a partial tear. ¢ MR imaging of the ACL in a 22-year-old man
with a twisting knee injury. Oblique axial intermediate-weighted imaging
of'the ACL shows a slightly swollen though otherwise normal anterome-
dial bundle (open arrow) and a high-signal posterolateral bundle (long
white arrow), compatible with a partial tear of the posterolateral bundle.
LFC lateral femoral condyle, 7 proximal lateral tibia

Accuracy for the diagnosis of complete or partial tears
of the posterolateral bundle

The sensitivity, specificity, PPV, NPV and accuracy of proto-
col A and protocol B for the diagnosis of complete or partial
tears of the posterolateral bundle are shown in Table 2. In 2 out
of 61 cases (3%) a complete posterolateral bundle tear on
protocol A was deemed a partial posterolateral bundle tear
on protocol B, in 1 case a normal posterolateral bundle on
protocol A was deemed a partial posterolateral tear on protocol
B, while in 1 case a normal posterolateral bundle on protocol
A was deemed a complete posterolateral bundle tear on pro-
tocol B. All 4 cases were confirmed to be correct using
protocol B, i.e. 2 of these cases were underestimated using
protocol A, while 2 were overestimated. The sensitivity, spec-
ificity and accuracy of MR imaging for protocol B in diag-
nosing PL bundle partial tear was higher than for protocol A
(Table 2). The area under the curve (AUC) for diagnosis of
posterolateral bundle tears was higher for protocol B, although
this difference did not reach statistical significance (p=0.69;
Fig. 4c, Table 2).

For either the anteromedial or the posterolateral bundle,
none of the correct diagnoses was changed to an incorrect
one with the addition of oblique axial imaging.

Discussion

Anterior cruciate ligament tears may vary from a small tear
involving only part of a single bundle to a complete tear of
both bundles. Although complete ACL tears do not have the
capacity to heal, a limited blood supply to the ACL via the
medial geniculate artery may allow healing of partial tears
[8, 9]. Correct assessment regarding the presence, severity
and location of partial tears is clinically relevant. Delayed
recognition of a partial tear may result in progression to

complete tear [8, 9, 22], while low-grade stable partial tears
can be managed conservatively to good effect [8]. Assess-
ment of individual bundle status is likely to be increasingly
relevant to patient management with the introduction of new
reconstructive techniques such as single bundle augmenta-
tion surgery, which has been advocated for patients who
have a severe tear of only one rather than both bundles [7,
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Table 2 Sensitivity, specificity,

positive predictive value (PPV), Sensitivity ~ Specificity PPV (%) NPV Accuracy (%) AOC P (for AOC)
negative predictive value (NPV) (%) (%) (%)
and accuracy of protocol A and
protocol B for diagnosing partial ~ ACL as a whole
tear of the ACL as a whole or Protocol A 33 87 45 89 74 0.507 0.42
tear of the individual anterome- Protocol B 87 87 68 95 87 0.613
dial (AM) or posterolateral (PL)
bundles. AOC area under curve AM bundle tear
Protocol A 29 86 20 90 79 0.536 0.65
Protocol B 71 82 33 96 80 0.611
PL bundle tear
Protocol A 30 94 50 87 84 0.505 0.69
Protocol B 60 94 67 92 89 0.564

10, 23]. It stands to reason that each bundle should be
individually evaluated on MRI as well as the ACL as a
whole when an ACL tear is suspected.

Medium- to high-field strength MR imaging is known to
have an accuracy of more than 95% for the diagnosis of an
ACL tear, provided no distinction is made between a com-
plete and a partial tear [24, 25]. The intermediate-weighted
sequence is used to evaluate the ACL in this study owing to
its favourable contrast and signal to noise ratio [26, 27].
Oblique coronal or oblique sagittal imaging of the ACL has
been shown to improve the diagnosis of ACL tear, although
no particular distinction between partial and complete tears
was made in these studies [15—17, 28, 29]. In a study of 169
knees, 20 of whom had a partial ACL tear, oblique coronal
imaging aligned parallel to the ACL improved the diagnos-
tic accuracy of ACL tear [14], although again, no distinction
between partial and complete ACL tear was made.

The accuracy of MRI in diagnosing partial tear of the
ACL is much lower than for complete ACL tear with
published data indicating a sensitivity of 40-77% and a
specificity of 62-89% [5, 19, 30-34]. In the current study,
the sensitivity and specificity of MRI in diagnosing partial
ACL tear using standard views were 33% and 87% respec-
tively, which is in line with published data. The reduced
accuracy of standard MR imaging in diagnosing partial
ACL tear is related to the oblique orientation of the ACL,
its relatively fine fibrillar structure, as well as oedema,
swelling and haemorrhage impeding accurate delineation
of a partial tear.

Oblique axial imaging improves visualisation of normal
ACL bundles over standard MR imaging [13]. Oblique axial
imaging allows the ACL to be assessed on 6—8 consecutive
images rather than 2-3 images as in sagittal or coronal
imaging, and also provides a true axial view of the ACL,
minimising the magic angle effect and partial volume arte-
fact [13]. This study shows that oblique axial imaging
improves diagnostic accuracy for partial ACL tears. The
addition of an oblique axial view to standard MR imaging
of the knee increased the sensitivity for the diagnosis of
partial tears from 33 to 87% and accuracy from 74 to 87%,
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while the specificity remained unaltered at 87%. Whilst it
was not possible to correctly distinguish partial and com-
plete ACL tears using standard views in 11 of the 46 ACL
tears encountered in this study, additional oblique axial
imaging of the ACL allowed 6 of these 11 cases to be
correctly distinguished.

Almost all previous MR-based studies addressing partial
tears of the ACL [5, 19, 30-34] have considered the ACL as
a whole unit and have not investigated the accuracy of MRI
in diagnosing individual ACL bundle tear. A bundle-
specific approach would seem to be of greater clinical
relevance given that “partial tear of the ACL” may conceiv-
ably comprise a partial tear of both bundles, a partial tear of
a single bundle and/or a complete tear of one bundle. In a
recent study by Van Dyck et al., standard plane imaging
(coronal, sagittal and axial) was used to classify ACL tear
into isolated AM and PL bundle tear [12]. Only 3 isolated
bundle tears were identified out of 51 patients with ACL
partial tear. It was concluded that it was not possible to
localize a partial tear to the AM or PL bundle using standard
MR sequences and imaging planes. The current study eval-
uated, to our knowledge for the first time, the accuracy of
MR imaging in detecting tears of individual AM and PL
bundles using oblique imaging. The sensitivity, specificity
and accuracy of standard MR imaging for the detection of
anteromedial bundle partial tears was shown to be 29%,
86% and 79%, while that for posterolateral bundle tears
was 30%, 94% and 84% respectively. However, the addition
of oblique axial imaging to standard views improved accu-
racy in diagnosing individual ACL bundle tears. The addi-
tion of oblique axial imaging, increased sensitivity for
anteromedial bundle partial tear to 71% while specificity
(82%) and accuracy (80%) remained similar. For posterolat-
eral bundle partial tear, the sensitivity increased to 60%,
while specificity and accuracy remained similar.

Volumetric imaging offers an opportunity to reconstruct
different planes in the evaluation of the ACL [35-37]. The
reconstructed oblique axial plane of the ACL may help to
evaluate the status of anterior cruciate ligament and shorten
the imaging time. Further studies are required to investigate
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Fig. 4 Receiver operating characteristic curves for identification of a P

partial tear of a overall ACL, b anteromedial bundle and ¢ posterolateral
bundle. Each diagonal yellow line represents performance equal to
chance and has an area under the curve of 0.5. Perfect performance would
have an area of 1.0. Each green line represents performance with a
standard protocol alone; the blue line represents performance with the
addition of an oblique axial sequence

the diagnostic value of the reconstructed oblique axial
images.

There are some limitations to this study. First, there is a
selection bias because we included only those patients who
later underwent surgery. Second, the consensus evaluation by
two radiologists undertaken in this study may not reflect true
clinical practice and independent validation would be helpful.
Also, it is not possible to blind the observers to the two
different techniques. Third, as oblique axial imaging of the
ACL was compared with standard MR knee imaging, further
studies comparing this plane with oblique coronal or oblique
sagittal MR imaging of the ACL or analogous reconstructions
using 3D isotropic datasets would be helpful. Fourth, arthros-
copy was used as a reference standard for individual bundle
tears, despite arthroscopy relying on a combination of direct
and indirect signs to diagnose individual bundle tears, since it
is not always possible to directly visualise all parts of both
bundles on arthroscopy [23, 30, 32]. Finally, arthroscopic
findings could have been biased by the availability of the
MRI reports at the time of arthroscopy.

As we have incorporated oblique axial imaging of the
ACL into our routine clinical practice, we will be able to
address some of the limitations outlined in later studies.
Although oblique axial imaging may lead to some ACL
tears that are considered to be complete tears on standard
imaging being re-graded as partial tears, in clinical practice,
making a distinction between a complete tear and a high-
grade partial tear may not be that relevant as both tears are
treated in a similar manner. Although difficult to demon-
strate in a relatively small study as that presented, at this
juncture we believe that oblique axial imaging of the ACL
will prove to be of most practical clinical benefit in:

1. Affirming normality or abnormality of the ACL if rela-
tively minor ACL injury is suspected on standard or-
thogonal views

2. Demonstrating small partial ACL tears when the ACL is
considered normal on standard views

3. Determining the site and extent of an individual bundle
injury, when a partial tear of the ACL is shown on
standard views

In conclusion, compared with standard MR imaging, the
addition of oblique axial imaging improves diagnostic ac-
curacy for detecting partial tears of the ACL as well as
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assessment of individual bundle tears. This imaging plane
seems to provide a useful adjunct to standard MR imaging
when ACL tear is suspected.
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