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Extraction of Menisci and Detection
and Characterization of Meniscal
Tears in M.R.l. Images

R.P. Dudhmande!, A.M. Rajurkar? and V.G. K ottawar?

ABSTRACT

Osteoarthritis has become a very rapidly spreading disorder of bones and joints among old people and young
athletesindulging in sports such as soccer, hockey, etc. Injuries of the knee liketears in the meniscus can be seen
very commonly in young athl etes as well asthe aged people. The Computer-Aided Diagnosis (CAD) systemshelp
to a large extent and can play a major role in their detection. In this paper, we deal with the extraction of the
meniscusfrom the M.R.1. images of the kneejoint and then assigning scorestothetears, if any, which can be used
for quantification of the severity of tear. The proposed system was eval uated on a database of 40 individuals; and
sensitivity and specificity were found to be 88% and 96% respectively. Theresultsare encouraging and thissystem
may prove to be a stepping stone in devel opment of more sophisti cated algorithmsfor detailed classification of the
tears.

Index Terms: Computer Aided Diagnosis, meniscal tears, M agnetic Resonance Imaging.

1. INTRODUCTION

Intoday’s quick-paced world, where achieving fast-track objectives and rat race are common things; health
and fitness are given secondary importance. As a result, people tend to be injured frequently; sporting
different types of injuries. Out of the wide varieties of physica injuries, musculoskeletal injury is very
common as well as very complex. Knee related injuries are very common and occur frequently in amost all
age groups.

A meniscus is a crescent or c-shaped structure, present in the knee [1]. The menisci, lateral and medial,
keep the knee structure intact when it undergoes tension and torsion. The menisci act as load-balancers,
and help in reducing friction during movement. Figure 1 shows the structure of the knee joint along with
both the menisci. A tear of a meniscus is a sudden breakage of the menisci. Menisci can be torn during
innocuous activities such as walking or squatting or by impactful force encountered any form of physical
exertion or by prolonged ‘wear and tear’ in adults[2].

Magnetic Resonance Imaging (MRI) of the knee has become preferred standard for imaging of ameniscus
tear. The high-resolution pictures from multiple views provide us with a higher sensitivity for detection of
a meniscus tear. A non-pathological meniscus appears as uniform, dark triangular or polygonal objects in
sagittal view of MR images.

Figure 2 consists of the sagittal (side) view of a Proton Density (PD) MR image of the knee joint.
Whenever a meniscus undergoes a tear, the triangular objects show some abnormal high-intensity signal,
or some part of the object itself goes missing. The M.R.I. scanners, though driven by technicians, need and
consume the doctors' time aswell for diagnosis and interpretation. Besides, villages in remote areas do not
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Figure 1: Sructure of the knee. (a) Anterior view. (b) Menisci — top view

have proper medical facilities, especially, in case of such scanners. Thus, they have to either wait for a
visiting doctor or travel long distances to cities, where the medical fees and living costs are a great burden
for them to bear. Thus, having an automated system, which could detect, as well as interpret these scans,
will prove to be very beneficial in all these circumstances.

The menisci may crack, or get torn, when the knee is forcefully rotated or bent. There are two general
types of 2

meniscus tears, sudden emergent tears which are often the result of trauma or a sports injury and slow-
healing or wear-and-tear type tears. They are often treated with surgeries, asthey rarely heal on their own
owing to the avascular portion of the meniscus. Surgeries are guided with medical imaging techniques like
X-ray scans, C.T. scans, M.R.1. scans, etc.

Theresearchinthisfield isvery meager. Segmentation of the cartilage has been quite an area of research,
where the menisci are also segmented eventually; but the detection and characterization of meniscal tears
isnot achieved; or, very rare. There were afew major methods adopted for the segmentation of meniscusin
the past. The fuzzy if-then rule method by Hata et al. [3] was experimented on T1-weighted and T2-
weighted MR images, and described a method to segment the menisci. But the use of manual registration
and first voxel initialization were its drawbacks. Amongst the types of boundary tracing-based approaches,
Stammberger et a. [4] proposed an algorithm for the accurate determination of the cartilage thickness in
articular surfaces. Besides lacking in full automation, this method was studied on hedthy patients and not
onthe osteoarthritic ones. Theresearch work by Tang et a. [5] isastudy on ankle articular cartilage surface
tracking using directional gradient vector-flow B-spline snake. This approach concentrated on the ankle
cartilage and needed human intervention. Li et a. [6] presented ageneral technique based on graph theories,
for smultaneously segmenting multiple closed surfaces. These methods are not very suitable for automated
and accurate detection of the cartilage and menisci, because they require an accurate initialization provided
by human intervention. Manually segmenting the surfaces, is both alabor intensive task and prone to error
and isinfluenced by judgment of the operator, which is subjective, and may vary from observer to observer.

Before subjecting the knee joint to different radiologica examinations, a few knee examinations like
the medial and lateral joint-line tenderness test, the McMurray test, the Apley compression and distraction
test, the Thessaly test at 5° of knee flexion, and the Thessaly test at 20° of knee flexion [7], are conducted
by hand. During the M.R.1. scan, any abnormality visible in the normal form and shape of meniscus is
considered as a tear, and then subjected to classification for further surgical purposes. There have been
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Figure 2: Sagittal view of PD MR Image of knee joint

many approaches used in the classification of the meniscal tears. Crues et a. [8] devised a 3-grade grading
system in which grade 1 was given to an irregularly edged intra-meniscal signal in MR images and signal
did not end on an articular margin; grade 2 was anearly linear signal that did not end on an articular margin;
and grade 3 was aclearly linear signal intengity that ended on an articular border. Stoller et a. [9] used a 3-
grade grading system depending on the presence of spread meniscal signal in relation to an articular surface,
where grade 1 was given one of several interrupting signal intensities not ending on an articular surface,
grade 2 was a linear intrameniscal signal intensity, not touching the articular surface and grade 3 was a
signal intengity portion that reached to at least one articular surface. Reicher et al. [10] advanced to a 4-
grade grading system where grade 1 is a thoroughly black meniscus; grade 2 is portion of very dightly
increased signal intensity inside the meniscus; grade 3 is a tiny, linear region of increased signal intensity
and grade 4 is distortion of regular non-pathological meniscus shape, breakage of the meniscus or line of
increased white part inside the meniscus. Mesgarzadeh et a. [11], in his study, detailed the classification
into eight categories, caled astypesQto VI, where type 0 isahedthy meniscus; type | isanirregular intra-
meniscal signal intensity; type Il is a band of intra-meniscal signal intensity; type Il is unusually short
meniscus with a conically shaped end; type IV isa cut or pointless end of the meniscus; typeV is aband of
increased signal intensity reaching to one surface of the meniscus; type VI is a band of increased signal
intensity reaching to two boundaries of the meniscus; type VII a connected and increased intra-meniscal
signal intensity reaching to one or both surfaces. Fox [12] researched into an 8-class classification of tears
without any specific assignment of grades. He classified the tears into easly recognizable classification
such as horizontal tears, vertical tears, complex tears, bucket-handle tears, flap tear with displacement, free
fragments, root tears and meniscal tears in setting of anterior cruciate ligament tears. He concluded that
developments in the area of 3T and faster imaging techniques promise for accurate menisca examination
with shorter scan times. Smet et al. [13] observed that although menisci with internal signal in contact with
the meniscal surface are usually torn, a tear has less chances of existence if such signal is present on only
one image and that the tears may be identifiable on only one image plane, but the chances of discovering
them totally would be large, if adjacent dices are considered.

Even though much research has been carried out in the area of meniscustear detection and classification
as mentioned above, the performance till depends on human interpretation by human eye. In this paper, we
attempt to take a step ahead in this direction by working on a computer-aided diagnosis system, which will
detect and characterize the meniscal tears in the MRI scans, if any. The wide-range classification of tears
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can be adopted to enhance the diagnosisstage ina CAD, so that, the CAD can be surely used as an essential
pre-operative diagnosis aid for amateurs and experts at large.

2. DATABASE AND METHOD
2.1. Database used

The database required for this project was provided by Nanavati Hospital, Mumbai. Out of the available
scans, we used a database of 40 patients between the age-range of 20 to 70 years. The M.R.I. machine used
for scanning was GE Medical Systems' Discovery MR 750w 3T scanner. The protocol followed was Knee
Nanavati. In this protocol, an MRI sequence consists of 25 images. Each image is of 512 rows and 512
columns. Sagittal proton density sequences (TR = 3000 — 3500 ms, TE = 34 — 36 ms with dice thickness =
3mm) were used. A sample scan is shown in figure 3.

Figure 3: Sample M.R.l. scan

2.2. CAD Process

This CAD system has three basic stages. The first is a pre-processing stage for selecting the region of
interest (ROI) and image dlices, followed by a stage consisting of a process for extracting menisci from MR
images. The third stage consists of a system that gives scores and characterizes tears. Each of these three
stages is described as follows (Figure 4).

1) Pre-processng Sage: Region of interest (ROI) and dice selection are important stepsin pre-processing
stage. Since the meniscus positions do not fall in line with each other in consecutive dices, if the selected
ROI istoo small in area, then it might not include the meniscus totally. The experience of researchers from
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experiments indicated that the location of menisci, relative to the area scanned, tends to be stable when a
uniform scanning protocol was used for acquiring the scans [14]. Using the information provided in Table
1, aset of dlices, called S, | are obtained.

ROI Sdlection: A fixed window sized ROI, of 50 rows x 150 columns, is considered empirically optimal.
Thiswindow sizeis seen to be covering the menisci of the people between the ages of 20 yearsto 70 years
and also excludes most of the unwanted hindrances like cartilage and bone. We can define and select the
location of ROI automatically using the following steps.

Tablel
Per centage of dicesin each section of the MR scan
Section Meniscal tearsdiagnosed Range
Medial Periphery No 20%
Medial Meniscus Yes 15%
ACL-PCL crossover sections No 30%
Lateral meniscus Yes 15%
Lateral Periphery No 20%

Sagimal MR Image Cubie

\

Fro-procesing Stags |

|

Flendscus |

Exvacucn Sage

|

Elminacicn of Falee
Pomimhes

!

Exrracresd Meniscus

J

Scoring System bor
Tear
Characuer o

|

Figure 4: Stages of CAD system

1. Calculate the mean image of the image dlices using

M, =mean{l, (i,])|1, € Siu | (1)

wherel isthek diceinS, |
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2. The matrix M is then horizontally split into small equal sized matrices W of size of 16 rows x 150
columns.

3. A small matrix n* yields the minimum average intensity and can be calculated using the equation,

' =arg{ 7| mean(W(i, }))]} )
4. The middle row of this n* small matrix is used to fix the middle row of the desired ROI, and 25
rows above and 24 rows below this middle row are chosen to be used as the ROI, which add up to

the 50 rowsin the ROI. The image thus obtained is represented as 1°* where subscript k indicates
the k™ image.

Figure 5: Sample ROI

2) Meniscus Extraction Sage: In this stage, menisci are separated from unwanted aress like cartilage of
the knee after ROI selection. In order to make the thresholding process adaptive for efficient ssgmentation,
the procedure followed is,

1. First, the mean of the ROIsin the dlice set, is calculated by the equation (3) and isto be used asthe
basic set of reference for threshold selection.

I €Sina 1

y:mean{ z ZZIKRO'(LJ')} (3
J
2. All the images in the set, | ' for final k € S,
threshold t = 0.2u.
3. Now, the process of meniscus extraction is performed in order to separate out the meniscus from
the images obtained in step 2. Some shape conditions are also imposed on all the parts extracted

from thresholding along with acondition of their bounding box in order to remove undesired objects
[12].

a. Arearestriction: It is used to eliminate noisy part and minute unwanted objects in the image. It
is achieved by setting a fixed range size of objects that could be assumed to be meniscal.

are thresholded into binary images by using the

nal

b. Shape condition: Shape conditions are imposed on each meniscal-object separated out from
thresholding and the parameters of its bounding box are also specified so that unwanted objects
may be eliminated to ease the identification process of the meniscus. The shape of the meniscal
object is constrained by the axis ratio and a bounding. The criteria used for applying shape
constraints are as given in the table2

c. Forming a convex image mask: Next, aconvex image is found, that compacts and assimilates all
of the extracted meniscal objects. The convex image can hence be used effectively as a mask to
separate out the desired meniscal object from the original image.
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4. After application of the shape conditions, the remnant resulting objects are noted. Step 2 is then
reiterated by stepping up the threshold by 0.05 p to again threshold the image. This process is

iterated till T = 0.8p1. The same procedure is applied to all the I intheset S, ..
5. The thresholding value that gives us the maximum count of desired meniscal objects extracted

from S, _ is set as the optimal threshold for extraction of meniscal objects. The optimal threshold
T* can be adaptively selected for each individual.

: =arg{'f“a"|: > no._of _meniscal _objects( 1, r):l} (4)

|k ESfinal
The output of the above step shows that some part of cartilage is aso segmented out because it
satisfies the shape and area constraints of a meniscus.

6. In order to remove any false positives, we strictly maintain that there should be only one object, at
most, on both the sides.

7. We compare the objects on the same half side of the extracted image with each other, to determine
the meniscal object accurately. If there is more than one object on either side, wefind the axisratios
of those objects. The axis ratios are compared, and the object with the least axis ratio is retained.

The meniscal objects thus obtained are forwarded to the scoring and characterization stage.

Table2
Shape constraints on each of the segmented objects
Area The area of the objectsis >50 pixels and <360 pixels
AxisRatio Theratio of the mgjor axisto theminor axisis>1 and <5
Bounding Box Theratio of thelength to thewidth is>1 and <5

”»” i

Figure 6: Sample extraction result

3) Scoring and tear characterization: The important requirement for tears to be characterized is to
divide the extracted meniscal portion into the broad partitions: the lateral meniscus and medial meniscus,
which are then divided into posterior (hind side) and anterior (front side) sections. Magjority of the scan
sequences in our database were scanned from medial direction to the lateral direction. In the Situations
where the scans were from lateral to medial direction, the images were reordered to appear from medial to
lateral. Thus the first half of the image dlices is considered as the medial part and the second half of the
dicesis considered asthe lateral part.

To identify the anterior from the posterior part: 1. When two objects are extracted, the left object is
considered to be the anterior one and 2. When only one object is extracted, then the object whose centroid
lies to the left of the ROI midline is considered to be the anterior one.

The four sections, thus identified, of the extracted meniscus, can then be checked to detect tears. For
the characterization stage, three broad categories of tears are taken into consideration. Type 1 is the
degenerative tear seen in adults and elderly. Type 2 is when the meniscus is broken into pieces. Type 3isa
frequently occurring tear which can be recognized by a linear vent. Figure 7 shows the types.
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Type 1 Type 2 Type 3

Figure 7: Types of tears

2.2.1. Measuresfor tear quantification

Two measures, T1 and T23, capture crucial information about the tears.

T1

The measure T1 shows the reducing changes caused by using intensity thresholds that break the
meniscus into parts.

It is calculated as under,

a. A set of five multiples of the optimal threshold and their corresponding scores are used to measure
T1

t=0.7t* , 0.61* ...... 0.3 1*
Score = 90, 70, 50, 30, 10.
b. Threshold t" =isapplied to individual meniscal objects ¢, fromthe largest to the smallest threshold
by,

n;:arg{nma";((qak,rn)ZZ} Forn=1to5 (5)

Where y counts the number parts

c. Thevalue of n, isused to assign T1 scores

o, = score(n; )

. T23

The measure T23 shows the reduction in area caused by using intensity thresholds. It takes into
account, the degenerated meniscus pixels. It is calculated as under,

a. A set of five multiples of the optimal threshold and their corresponding scores are used to measure
T1

t=0.7t* ,0.61* ...... 0.3 t*
Score =90, 70, 50, 30, 10.
b. Threshold " = is applied to individual meniscal objects ¢, using the following equation,

Aot 35l

Where ¢, fé is defined by,
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‘ (¢ T) area_of _¢, _thresholded _by_ 7,
) n = 7
KATK area_of g, (1)

2.2.2. Discussion on T1 and T23

Absence of any desired menisca object in the output of stage 2, indicating a heavily torn meniscus, should
have T1 and T23 scores set to 100. The slices that do not belong to S, | will have score 0. T1 gives
information for type 2 and type 3 tears, and T23 for type 1.

When both T1 and T23 scores are large, it can be considered that the meniscusis broken into piecesand
has many high-intensity signals. When both the scores are low, it indicates that the meniscus is healthy. If
only T1 is high, then thereis a chance of type 1 tear. If only T23 is high, then there are chances of type 2 or
type 3 tears.

2.2.3. Tear Continuity

The tear continuity should be considered in consecutive dices, when calculating the average T1 and T23
scores using the following equations.

a, =0.25¢, ,+0.5¢, +0.25¢, ,

B.=0.258, ., +058+0.258, ., 8

The final score of any dice needs to take into account, the scores of its successor and predecessor for
the existence of the tear on that dlice to be confirmed.

2.2.4. Final score—combination of T1 and T23

Since the scores T1 and T23 give us the information of specific types of tears, they can be combined
together, using the equations below, based on which score is comparatively larger.

If & >154, then y, =4, or

If B, >154,, then y, =3, or

1/~ -~
else7k:§(ak+ﬂk) 9)
Wherey, is the final score.
71 ‘deg’ 72 ‘deg’
94 ‘deg’ 9% ‘deg’
9% ‘deg’ 95 ‘deg’
100 I 72 ‘deg’
0 I 0 (]

Figure 8: Sample scores

3. RESULTSAND EVALUATION
3.1. Training Phase of the CAD

Training phase is necessary in order to assign scores to tears so that a threshold on the final score can be
established from which we can interpret the meniscus as “torn” or “normal”. A 10-case set was used for
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training, and the decider thresholds were set with the help of radiologists as — lateral anterior (95), medial
anterior (90), lateral posterior (80) and medial posterior (70).

3.2. Accuracy of the system - Senditivity and Specificity

Sensitivity and specificity are the measures used to statistically evaluate the performance of a binary
categorization test. Sengitivity measures the proportion of true positives (desired meniscal objects in our
case); and Specificity measures the proportion of true negatives correctly identified (unwanted objects like
cartilage). Thus sensitivity tests the avoidance of false negatives, as specificity does for false positives. The
eguations for sengitivity and specificity are as under,

no_of _true_ positives
no_of _true_ positives+no__of _ false_ negatives

sengitivity =

no_of _true_ negatives
no_of _true_negatives+no_of _ false_ positives

specifity =

The sensitivity and specificity of the CAD system are approximately 88% and 96%.

4. CONCLUSION AND FUTURE WORK

Intoday’sworld which isfull of different kinds of genetic disorders and people with deficiencies of minerals
such as calcium, the dangerous state of osteoarthritis is rapidly spreading amongst people of various age
groups. One of the states of osteoarthritisisthe tear of meniscus. To detect thetears, M.R.l. scansare taken,
which then show the presence or absence of tears; and if present, the type and magnitude of the tears. These
scans are done by radiologists, manually. Thus human errors may occur due to some faults in human visual
perception. To avoid the faults, reduce human intervention, and to ease the process of detection of thetears,
a computer-aided diagnosis system is very beneficial. Once given the proper methods and benchmarks, it
can provide good and accurate diagnosis. This CAD system concept allows radiologists to detect and
extract meniscustears. It also facilitates for the quantitative assessment of the tears. This system hasthree
stages. One is preprocessing, in which, regions of interest and slices are selected. The second stage, which
isthe meniscus extraction stage, extracts menisci and detects tears using certain extraction and thresholding
methods. The third stage uses two measures, T1 and T23, for assigning scores to identify the amount and
severity of tearsin the menisci. Thisconcept seems beneficial to the radiologistsinincreasing their outcomes.
It also seems promising to be developed to form a detailed and sophisticated system to identify specific
types of tears like bucket-handle tears, radial tears and the like.
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