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Abstract

Objective To elucidate the role of MRI in predicting meniscal
tear reparability according to tear type and location in relation
to vascular zones.

Materials and methods In this retrospective study, two
readers evaluated 79 pre-surgical MRIs of meniscal tears
arthroscopically treated with meniscectomy or meniscal re-
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pair. Tears were classified according to type into vertical,
horizontal, radial, complex, flaps and bucket handle and
were considered reparable if the distance measured from
the tear to the menisco-capsular junction was less than or
equal to S mm. Predictions were compared with the surgical
procedure performed in arthroscopy. We assessed the diag-
nostic performance of MRI, agreement between MRI and
arthroscopy, and interrater agreement. Then, we conducted
an ROC analysis on the distances measured by the firstreader
and built a multivariate logistic regression model.

Results MRI had a sensitivity, specificity, PPV, NPV and ac-
curacy, respectively, of 85%, 79%, 86%, 76% and 83% in
predicting meniscal tear reparability. Correct predictions for
the specific tear pattern were 76% for vertical, 84% for hori-
zontal, 88% for radial, 86% for complex, 84% for flaps and
86% for bucket handle. Agreement between the two readers’
predictions and arthroscopy was good (k = 0.65 and 0.61,
respectively). Inter-rater agreement was almost excellent
(k = 0.79). The ROC analysis revealed sensitivity and speci-
ficity of 73% and 83% with a cutoff value of <4 mm
(p < 0.001). Anterior cruciate ligament injury and medial
meniscal tear increased the likelihood of meniscal tear
reparability.

Conclusions MRI can be a reliable and accurate tool to predict
the reparability of meniscal tears, with higher prediction rates
for bucket-handle tears.

Keywords Predictivity - MRI - Meniscus - Tear - Meniscal
repair - Arthroscopy - Meniscectomy
Introduction

Meniscal tears have an incidence of 160/100,000/year and
cause at least 500,000 arthroscopic procedures per year in the
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USA [1, 2], most of them consisting of partial meniscectomy or
repair with sutures. Meniscus repair is recommended for tears
occurring at the external third of the meniscus since it is the
only vascularized region (also called the “red zone”) and may
heal successfully [3]. The decision to repair is also strongly
influenced by age, as younger subjects have better outcomes
with decreased re-tear rates [4]. When meniscal repair is per-
formed, the rehabilitation program is typically more intensive,
with longer avoidance of weight bearing. Surgery is also more
strenuous; for these reasons, an accurate prediction of meniscal
reparability before arthroscopic assessment would be valuable
information for both the patients and clinicians.

The tear pattern is a critical point. Vertical tears are more
amenable to repair than all the others [5]. Horizontal tears
often spread to the white zone and are less frequently repaired.
Furthermore, they are common findings in asymptomatic sub-
jects and could stay mechanically stable for years [6].
Incomplete radial tears are treated with debridement of the
loose edges, while complete radial tears, mechanically equiv-
alent to total meniscectomy, can be secured with sutures [7].
Complex tears, including multidirectional, fragmented or
chronic degenerative tears, are not deemed reparable because
of the poor chances of healing [8]. Flap tears are treated with
removal of the torn fragment since, by definition, the white
zone is violated. Bucket-handle tears may be repaired, but
only if they are completely encompassed by the red-red zone.

Magnetic resonance imaging (MRI) is the actual standard
of care to detect meniscal tears, reaching an accuracy value of
up to 92% [9]. According to prior studies, MRI is a poor
predictor of meniscal tear reparability with accuracy ranging
from 60 to 74% [10, 11]. Accuracy rises up to 92-94% in
selected populations with the same tear pattern, i.e., vertical
and bucket-handle tears [12—14]. These studies considered
different criteria, including the distance from the menisco-
capsular junction to the tear, tear length and depth, and pres-
ence of an intact torn fragment. However, they have not taken
the different tear patterns into consideration.

The aim of our study was to elucidate the predictivity
of pre-surgical MRI for meniscal tear reparability, accord-
ing to the tear pattern (i.e., vertical, horizontal, radial,
complex, flaps and bucket handle) and the distance from
the menisco-capsular junction to the tear.

Methods
Patients

We obtained the approval of the Institutional Review Board of
our hospital. Informed consent was waived for this retrospec-
tive HIPA A-compliant study. We considered all the consecu-
tive patients undergoing arthroscopic surgery for meniscal
tears in the period from 1 January 2011 to 30 April 2016 at
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the authors’ institution. Inclusion criteria were as follows: ar-
throscopic surgical repair of meniscal tears; the presence of an
MRI of the knee performed at our hospital within 4 months
before surgery. A second group of 60 consecutive patients
operated on with meniscectomy within the same period was
considered the control group. The inclusion criteria for the
control group were as follows: arthroscopic procedure of
meniscectomy; age less than 45 years; availability of an
MRI performed at our hospital. Eleven patients were excluded
because the pre-surgical MRI exceeded the 4-month period.

Imaging protocol

All the examinations were performed with a 1.5-T scanner
(Magnetom Symphony, Siemens AG, Erlangen, Germany),
with a dedicated phased array coil. The protocol included
turbo spin echo sequences (TSE), fat-suppressed, proton den-
sity or T2-weighted, in the axial, coronal and sagittal planes
(TR 4820 ms, TE 12 or 71 ms, FOV 16 X 16 cm, matrix 384 x
288) and one TSE T1-weighted sequence in the sagittal or
coronal plane (TR 600 ms, TE 12, FOV 16 x 16 cm, matrix
256 x 192). All images had a 3-mm slice thickness. The field
of view included all the knee anatomy from the apex of the
patella to the distal insertion of the patellar tendon.

Arthroscopic criteria to determine tear reparability

The following criteria were considered to decide whether to
perform meniscal repair or meniscectomy during arthroscopy.
First, tears located within the red zone were considered repa-
rable. Intraoperatively, this was evaluated using the 90°-bent
tip of the arthroscopic probe, which is 5 mm long. Meniscal
tears located from the external edge within the length of the tip
were deemed suitable for repair. Second, tears with an intact
inner fragment were considered reparable. Whenever appropri-
ate, meniscal margins were regularized with debridement, and
healing was enhanced by abrading the tissue with a rasp, but
fragments with chronic degenerative changes were removed.
Third, the tear type was taken into consideration. Vertical tears
within the red zone were considered reparable. Radial and
horizontal tears were deemed not reparable, except for com-
plete radial tears and horizontal tears completely encompassing
the red zone. Bucket-handle tears were deemed not reparable,
except for tears in the acute stage with a viable displaced frag-
ment and when the tear was located within the red zone all
along its length. Complex tears or flaps were not repaired.

MRI criteria to evaluate meniscal tears

We designed an algorithm to assess meniscal tears on MRIs
and predict their reparability in consensus with three orthope-
dic surgeons (F.B., G.Z. and S.P., see Fig. 1). Two independent
radiologists retrospectively reviewed all the MRIs and
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provided predictions for each tear. The readers had respective-
ly 4 and 25 years of experience in musculoskeletal imaging
and were blinded to the name, age, original MRI report and
surgical procedure performed on the patients.

Tears were grouped in six patterns: vertical, horizontal,
radial, flaps, bucket handle and complex (Fig. 2). We consid-
ered a 5-mm cutoff value for the distance from the menisco-
capsular junction to the tear. For any type of tear, first we
searched for the presence of flaps because they would neces-
sarily lead to partial meniscectomy. For the vertical tears, we
measured the distance from the menisco-capsular junction to
the edge of the tear on the tibial or femoral side (see Fig. 3) at
different locations on the three orthogonal planes. We consid-
ered bucket-handle tears as vertical tears extending to the en-
tire meniscus; they were given special attention because they
can be repaired only if they are included in the red zone
through their entire length. Vertical or bucket-handle tears
were considered non-reparable if one of the distances mea-
sured on the MRIs was greater than or equal to 5 mm.
Considering horizontal tears, measurements were done on
the central sagittal and coronal planes to visualize orthogonal
meniscus sections without partial volume effects (see Fig. 4).
The measure was taken from the menisco-capsular junction to
the edge of the tear on the tibial or the femoral surfaces; tears
were considered non-reparable if at least one distance was
greater than or equal to 5 mm. Partial radial tears, arising along
the inner edge and extending toward the periphery, were pre-
dicted to undergo meniscectomy. Only complete radial tears
were considered reparable. We considered those tears extend-
ing in more than one plane or with a patchy increase of the T2

signal within the meniscus substance as complex. These tears
were deemed non-reparable.

Other parameters that were recorded in the database were
the side (right or left), whether it was the medial meniscus or
the lateral one and the concomitant presence of an anterior
cruciate ligament (ACL) injury.

Reference standard

Our reference standard was the arthroscopic procedure per-
formed against which the MRI predictions were compared.
One single surgeon conducted all the procedures (G.Z.). All
the subjects were operated on using “all inside” sutures with
Fast-Fix devices (Smith and Nephew, Andover MA, USA).

Statistical analysis

Unweighted Cohen’s k analysis [15] was used to assess the
agreement between the readers’ predictions and the arthroscop-
ic outcome and between the two readers (inter-rater agreement).
The coefficient obtained was defined according to the guide-
lines of Landis and Koch [16] as follows: poor (<0.2), fair
(0.21-0.40), moderate (0.41-0.60), good (0.61-0.80) and ex-
cellent (0.81-1.00). Values of sensitivity, specificity, positive
predictive value (PPV), negative predictive value (NPV) and
accuracy of MRI were calculated for both readers. Predictive
rates for each specific subgroup of tears were calculated.
Receiver-operating characteristic (ROC) curves were created
using the menisco-capsular distance measured by the first read-
er as the continuous variable. This analysis included only the

Fig. 1 Diagnostic algorithm to
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Fig.2 Meniscal tear patterns. MRI of the knee, proton density weighting
with fat suppression, sagittal and axial planes. a Longitudinal vertical tear
at the posterior horn of the medial meniscus. b Longitudinal horizontal
tear at the posterior horn of the medial meniscus. ¢ Radial tear at the

vertical, horizontal and bucket-handle tears, since measure-
ments were not taken for the other tear patterns. Then, ROC
curves were plotted for subgroups of only-vertical tears
(including pure vertical and bucket-handle) and only-
horizontal tears. A multivariate logistic regression model was
used to identify parameters associated with reparability.

A p-value of less than 0.05 was considered statistically
significant. The statistical analysis was computed using the
MedCalc software (MedCalc Software, Ostend, Belgium).

Results

Thirty subjects fulfilled the inclusion criteria and were includ-
ed in this study (20 males, 10 females; mean age 27.2 + 9.7
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central aspect of the body of the lateral meniscus. d Anteriorly
displaced meniscal flap (arrowheads). e Bucket-handle tear with the
classic double PCL sign. f Complex tear with a patchy increase of signal
at the anterior horn of the lateral meniscus

years, range 14—44). Forty-nine patients were included in the
control group (39 males, 10 females, mean age 28.4 + 8.8
years, range 14-44).

Patients’ demographics and the features of the meniscal
tears are summarized in Table 1.

The agreement between the MRI predictions and arthroscop-
ic procedures performed was good for both readers (reader 1:
k = 0.65, standard error 0.09; CI 0.48-0.82; reader 2: k = 0.61,
standard error 0.09, CI 0.43—0.92). Inter-rater agreement be-
tween the readers was almost excellent (k = 0.79; standard error
0.07, CI 0.66-0.93).

Average MRI performance in predicting reparability was as
follows: sensitivity 85%; specificity 79%; accuracy 83%.
Positive and negative predictive values were respectively
87% and 76% (Table 2). The highest prediction rates were
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Fig. 3 Sample measurements of the distance from the menisco-capsular
junction to the tear. MRI of the knee; proton density weighting with fat
suppression. a,b Vertical tear of the posterior horn of the medial menis-
cus. The measure is taken from the menisco-sinovial junction to the
peripheral rim of the tear. In the axial plane (a) the measure is repeated
many times at different locations. In the sagittal plane, (b) the measure is
taken at the orthogonal slice to the posterior horn to obtain a true section

obtained for bucket-handle tears (91% for reader 1, 81% for
reader 2) and complex tears (86% for both readers) (see
Table 3). Prediction rates for both readers were respectively
78% and 73% for vertical tears and 80% and 88% for hori-
zontal tears. Reader 1 correctly predicted 3/4 (75%) of radial
tears and reader 2 4/4 of them (100%). For complex tears,
predictivity was 100% for reader 1 and 67% for reader 2.

The ROC analysis revealed sensitivity values of 73% and
specificity values of 83% with a cutoff value <4 mm of the
menisco-capsular distance. The area under the curve (AUC)
was 0.85 (p < 0.001). The ROC analyses for only-vertical
tears (including vertical and bucket-handle tears) revealed sen-
sitivity of 70% and specificity of 90% with a cutoff value
<3 mm (AUC 0.86, p < 0.001) and for only-horizontal tears
sensitivity values of 50% and specificity values of 85% with a
cutoff value of <5 mm (AUC 0.76, p < 0.01) (Fig. 5).

The multivariate logistic regression model showed that
the presence of ACL injury increased the likelihood of

of the meniscus and minimizing partial volume effects. ¢,d,e Bucket-
handle tear of the medial meniscus. In this specific type of tear
extending from the anterior to the posterior horn of the medial
meniscus, the measure is taken at multiple locations in the axial (a) plane
and at the orthogonal slices to the meniscus in the coronal (b) and sagittal
(c) planes

meniscal tear reparability and that the medial meniscus
was more likely to be repaired than the lateral meniscus.
Age was inversely proportional to reparability with bor-
derline statistical significance (p = 0.06). Sex and side of
the tear were not significantly correlated with meniscal
reparability in this model (Table 4).

Discussion

The basic principles of meniscal surgery are minimal invasive-
ness and preservation of the normal meniscal tissue.
Arthroscopy is now standard of care, and meniscal repair is
the treatment of choice to preserve the integrity and mechan-
ical function of the meniscus. However, not all tears are rep-
arable. In non-reparable cases, partial meniscectomy is per-
formed, removing the torn tissue and contouring the remain-
ing meniscus to a stable peripheral rim. Tears located in the
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Fig. 4 Pitfalls. a Subject with no tear seen on the MRI; the arthroscopy
performed 70 days later demonstrated a bucket-handle tear that was
treated with partial meniscectomy. A small parameniscal cyst was found
on a second look (arrow). Parameniscal cyst can be sentinel signs of
horizontal tear. b Subject with a longitudinal horizontal tear repaired with

external third of the meniscus (the vascularized “red zone”)
may heal successfully. Tears occurring in the transitional zone
between the red zone and the non-vascularized zone (red-
white zone) may also heal, but the decision to repair is based
on surgical judgment, considering the patient’s age and pa-
tient’s request to continue intense athletic activity. Acute tears
with smooth margins may adhere properly and facilitate
healing, while chronic tears with irregular edges and degener-
ative changes have poor chances to heal. Both the surgeon and
patient would benefit from a reliable predictor of tear
reparability since meniscal repair is usually more strenuous
and requires a longer recovery time and different rehabilitation
programs.

In this study we have shown that MRI can be a powerful tool
to predict meniscal tear reparability with accuracy values of
83%, sensitivity of 85% and specificity of 79%. Previous in-
vestigators found controversial results. Bernthal et al. [10]
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sutures; after 9 months, he underwent a surgical revision for a re-tear,
leading to partial meniscectomy. At the MRI, the distance from the
menisco-sinovial junction and the tear was >5 mm, thus according to
our criteria the first repair was not appropriate

showed an accuracy of 60%, with sensitivity and specificity
respectively of 47% and 74% in predicting meniscal tear
reparability. Matava et al. [11] demonstrated accuracy of 74%,

Table 1  Population demographics and features of meniscal tears. (V:
vertical, H: horizontal, R: radial, C: complex, ACL: anterior cruciate
ligament)

Meniscectomy (n =49) Repair (n = 30)

Age (years) mean 28.4+8.8 272+9.7
Sex (male) 39 (79%) 20 (50%)
Side (right) 30 (61%) 16 (53%)
Meniscus (medial) 35 (71%) 26 (90%)
Location (posterior horn) 36 (87%) 26 (90%)
Direction (V, H, R, C,E,B)  3,20,4,6,9,7 19,6,0,1,0,4
ACL injury 9 (18%) 24 (83%)
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Table 2 Performance of MRI in predicting meniscal tear reparability.
Values are expressed in %. PPV; positive predictive value. NPV negative
predictive value

Sensitivity Specificity PPV~ NPV Accuracy
Reader 1 88 77 86 79 84
Reader2 82 80 87 73 81
Average 85 79 87 76 83

sensitivity of 29% and specificity of 89% and suggested that
MRI was only moderately reliable in predicting reparability. In
patients with only bucket-handle and vertical tears, various
studies [12, 14] found MRI accuracy of 93-94% in predicting
meniscal tear reparability. Shiozaki et al. [13] reported accuracy
values of 91% and sensitivity values of 33% in a population of
only lateral meniscal tears.

To our knowledge, this is the first study to include an all-
inclusive set of meniscal tears taking their pattern into consid-
eration. As previously stated, this is a critical point since vertical
tears are repaired more frequently than all the others, horizontal
tears are less frequently repaired, and radial tears, flaps and
complex tears usually undergo partial meniscectomy. This is
confirmed by our results, since 19/22 (86%) of the vertical tears
were repaired compared to only 6/26 (23%) of the horizontal
ones; bucket-handle tears were repaired in 4/11 cases (36%);
only 1/7 of the complex tears was repaired (14%); radial tears
and flaps were all treated with partial meniscectomy (see
Table 3).

We decided to use a single criterion, which was the distance
from the menisco-capsular junction to the tear, without con-
sidering other criteria such as the length, the thickness of the
tear or the assessment of the damaged fragment, which were
used in previous studies instead. The reason is that we wanted
to emphasize the role of the tear pattern and reduce the number
of confounding variables, keeping the only criterion we be-
lieved to be crucial. In addition, the surgeon did not actually

measure the tears at the arthroscopy; thus, the measurements
were exclusively an MRI criterion. Some of the previous stud-
ies used a 3-mm cutoff [10, 11, 13], while others 4 mm [12,
14]. On the basis of preliminary data and personal experience,
we decided to increase this cutoff to 5 mm. Eventually our
ROC analysis revealed an optimal cutoff value of 4 mm with
sensitivity of 73% and specificity of 83%, all tears included.
When the ROC analysis was performed in the different tear
subgroups, it revealed an optimal cutoff of 3 mm for vertical
tears and of 5 mm for horizontal tears (Fig. 5).

One of the difficulties that we encountered in our prelim-
inary tests was reliably taking the measurements. In most
cases, the edges of the meniscal walls and tears were easily
identified because we acquired high-resolution images. The
readers were instructed to take multiple measurements of the
tears at different locations of the meniscus on the three or-
thogonal planes. Those measurements were taken on the tib-
ial or femoral surfaces of the meniscus from the outer edge of
the tear, i.e., from the last dark pixel of the meniscus facing
the bright pixels of the tear, to the meniscal wall. On the
coronal and sagittal planes, measurements were taken only
at the central slices where the meniscus section was exactly
perpendicular to its main axis to avoid partial volume effects.
If at least one of the measurements was >5 mm, the tear was
considered non-reparable. These efforts were meant to re-
ducethe variability in judgment between readers, and, in fact,
our inter-rater agreement was almost excellent (k = 0.79).

It is known that meniscal tears concurrent with ACL injury
are more probably repaired because meniscectomy in unstable
knees is associated with early osteoarthrosis [17—-19]. On the
other hand, meniscectomy in stable knees, i.e., without ACL
failure, is associated with good long-term results [20]. We also
found the medial meniscus to be more frequently reparable
than the lateral: some authors indicate possible better healing
capacities of the lateral meniscus [21]; others did not find
significant differences between the healing rates of lateral
and medial menisci [4].

Table 3 Performance of MRI in

predicting specific types of Meniscectomy (n) ~ Repair (n)  Correct predictions

meniscal tears. This table

summarizes the arthroscopic Reader 1 Reader 2 Mean

outcomes for each group of tears

and the correct predictions of Total 49 30 66/79 (84%)  64/79 81%)  83%

reparability by the two readers Meniscus ~ Medial 35 26 S0/61 (82%)  S0/61 (82%)  82%
Lateral 14 4 16/18 (88%) 14/18 (78%) 83%

Type Vertical 3 19 17/22 (78%) 16/22 (73%) 76%

Horizontal 21 6 21/26 (80%)  23/26 (88%) 84%
Radial 4 0 3/4 (75%) 4/4 (100%) 88%
Complex 6 1 6/7 (86%) 6/7 (86%) 86%
Flap 9 0 9/9 (100%) 6/9 (67%) 84%
Bucket handle 7 4 10/11(91%) 9/11(81%) 86%
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Fig. 5 ROC (receiver operating characteristic) curves. Each curve
illustrates the performance of the menisco-capsular junction to tear
distance as a discriminator of tear reparability. a All tear patterns are
considered; sensitivity values of 72% and specificity values of 83% are
obtained with a cutoff value of <4 mm. b Only vertical tears; sensitivity
values of 70% and specificity values of 90% are obtained with a cutoff
value of <3 mm. ¢ Only horizontal tears; sensitivity values of 50% and
specificity values of 85% are obtained with a cutoff value of <5 mm.
AUC: area under the curve. IC: confidence intervals

This study has several limitations. First, the readers
reviewed the examinations only once, and therefore intra-
observer reliability could not be calculated. Future studies
can be performed to independently validate our results on a
different sample of patients and to incorporate intra-reader
reliability statistics. In addition, this is a retrospective
study with a selected population of operated subjects only.
Future prospective studies should test MRI before surgery,
assessing the value of imaging in pre-surgical planning
more precisely. We considered pre-surgical imaging per-
formed at a maximum of 4 months before surgery, while
previous authors considered a limit of 3 months. The
meniscal status can change in both cases during this delay
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Table 4 Multivariate logistic regression model. This model is created
with four independent variables. The presence of concomitant ACL
injury and the medial side of the tears were positively correlated with
reparability. Regarding the distance from the tear to the menisco-
capsular junction, the odds of repair decrease by a factor of 2.5 (=
1/0.4) for every mm increase in distance. Age is negatively related to
reparability with borderline statistical significance (p = 0.06)

Variable Odds ratio 95% CI p

Medial meniscus 13.5910 1.6294 to 113.3657 0.0159
ACL repair 11.8782 2.6401 to 53.4420 0.0013
Distance 0.4000 0.2475 to 0.6465 0.0002
Age 0.9159 0.8357 to 1.0039 0.0605

time. It certainly occurred in one case where both readers
detected no tears but the surgeon found a bucket-handle
tear, treated with meniscectomy. The delay between MRI
and arthroscopy was 70 days. Another limitation is that
only one surgeon performed the meniscal repairs. This
may be a peculiarity of our orthopedic surgery department;
in other hospitals there could be less uniformity in the
surgeon practice. We only had a partial follow-up of the
patients who underwent surgery that we did not include in
the present study. We are aware that re-tear occurred in
only one case of a repaired meniscus. This subject had a
horizontal tear located more than 6 mm from the menisco-
capsular junction (Fig. 4); according to our criteria, this
case was not reparable. Finally, all examinations were con-
ducted with a 1.5-T scanner. The spatial resolution of the
images is a critical point for precise evaluation of the tear
orientation, type and measurements. We used a dedicated
multichannel coil and an optimized and standardized pro-
tocol to obtain the highest resolution in all planes; howev-
er, in many hospitals 3-T scanners are increasingly avail-
able and may generate higher resolution images that could
provide additional valuable information to clinicians.

Conclusion

Using the correct criteria, magnetic resonance imaging can be
a powerful diagnostic tool for predicting meniscal tear
reparability when the tear pattern is considered. Radial tears,
flaps and complex tears have poor chances to be repaired.
Presurgical MRI showed a sensitivity of 85% and specificity
of 79% in predicting vertical, horizontal and bucket-handle
tear reparability when located a maximum of 5 mm from the
menisco-capsular junction. Preoperative MRI can provide the
surgeon information about the location, pattern and extent of a
meniscal tear and predict which type of surgery should be
performed with an improvement of surgical management
and patient expectations with good accuracy.
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