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Knee Articular Cartilage Evaluation in Musculoskeletal
Ultrasound Using Computer-aided Quantitative System
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The collected cases included 104 knee ultrasound images
from 7 males and 9 females. The accuracy of cartilage
thickness between the proposed computer-aided
quantitative system when compared with manual measure
by the orthopedic surgeon was 88.53% at IN, 85.69% at
LC, and 83.98% at MC respectively. The overall accuracy
of the proposed CAD system in cartilage measurement was
86.07%. In conclusion, the proposed automatic
computer-aided system can provide the quick, inexpensive,
and accurate additional information of knee cartilage
identification and thickness measurement for the physicians
to evaluate the severity of osteoarthritis.
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Abstract

Osteoarthritis is one of the most common joint disease at knee. Osteoarthritis is
characterized by focal cartilage degeneration and progression loss of cartilage. The
roentgenogram is the primary radiological examination for diagnosis of knee
osteoarthritis, but revealed only indirect signs of articular cartilage abnormalities and is
not sensitive to minor changes in cartilage conditions and thickness. In this study, an
automatic computer-aided quantitative (CAQ) system for measurement of knee cartilage
thickness using ultrasound images was developed in evaluating the severity of cartilage
wear which represents the severity of knee osteoarthritis. After ultrasound images are
acquired, the cartilage area were segmented from these images by Markov random field
(MRF) models. For segmented cartilage area, the delineation of cartilage boundary was
marked automatically by spline interpolation algorithm and superficial and deep
boundaries were smoothed for preparation of marks for measurement positions. The
thickness of femoral trochlea cartilage was measured by the proposed automatic
computer-aided system. The three positions of measurement were done automatically at
the lateral condyle (LC), the intercondylar area (IN), and the medial condyle (MC)
respectively. The collected cases included 104 knee ultrasound images from 7 males and
9 females. The accuracy of cartilage thickness between the proposed computer-aided
quantitative system when compared with manual measure by the orthopedic surgeon
was 88.53% at IN, 85.69% at LC, and 83.98% at MC respectively. The overall accuracy
of the proposed CAD system in cartilage measurement was 86.07%. In conclusion, the
proposed automatic computer-aided system can provide the quick, inexpensive, and
accurate additional information of knee cartilage identification and thickness
measurement for the physicians to evaluate knee joint cartilage condition and the

severity of osteoarthritis.



Keywords: osteoarthritis, knee cartilage, cartilage thickness, ultrasound,

computer-aided



Introduction

Osteoarthritis is the most common joint disease affecting the elderly patients, and
the knee is involved most commonly among peripheral joints'. The prevalence of knee
osteoarthritis increases with age®. The knee osteoarthritis is known as a condition of
joint cartilage and meniscus wearing which is an irreversible process® and associated
with synovial inflammation, weakened muscle, joint alignment, structural change at
subchondral bone. Patients with knee osteoarthritis have symptoms of knee pain,
swelling, limitation of joint movement, stiffness and further deformity. The diagnosis of
knee osteoarthritis begins with physical examination and can be confirmed by

radiological studies *.

The plain X-rays are the most common radiological examination for diagnosis of
knee osteoarthritis and are considered as the gold standard for evaluation of severity of
osteoarthritis. The Kellgren and Lawrence system ° is the method of classifying the
severity of knee osteoarthritis from 0 to 4 according to joint space narrowing,
osteophyte and bony deformity. However, the diagnosis of knee osteoarthritis by
radiographs has the limitation to directly visualize articular cartilage and other soft

%7 To evaluate

tissue which is involved in the pathophysiology of osteoarthritis
cartilage wearing and lesions and intra-articular inflammation, magnetic resonance

imaging (MRI) and ultrasound (US) would be prescribed by physicians .

Cartilage abnormalities are primary features of osteoarthritis, and repetitive and
chronic intra-articular inflammation in the knee joint was considered contribute to the
progression of knee osteoarthritis >**. Bony change and deformity can be recognized in
radiographic images which have little information of cartilage condition due to inability

of direct visualization of articular cartilage. The soft tissue structures such as joint



cartilage, meniscus and synovium are visualized on US and MRI. US and MRI have
comparable diagnostic performance for the assessment of femoral cartilage, effusion
and synovial thickening™®. Compared with MRI, the advantages of US are that it is
quick, inexpensive, easy to assess, dynamic and with few contraindications. Therefore,
the ultrasonography has been proved previously to be a valid and reliable method for

1317 Knee US imaging could also detect articular

femoral cartilage evaluation
abnormalities, such as effusions, synovitis, and intra-articular bodies *°. However,
knee US imaging still exist several limitations which are an operator-dependent
. . . . . RIT 20 .
technique with existence of intra-rater and inter-rater reliability <, learning curve

variability dependent on the operator experience, and limited application of deeper

articular structure and subchondral bone due to the properties of sound.

The purpose of this study is to develop automatic computer-aided quantitative
(CAQ) system using knee musculoskeletal US image to evaluate the thickness of
femoral trochlea cartilage automatically and validate clinical application of US for
evaluation of knee OA. This is the first study of computer-aided quantification system
for evaluation of knee cartilage to the best of our knowledge. The assessment system
could provide confident and quick results of knee cartilage thickness measurements, and
it would be helpful to assist the physicians in assessing the degree of cartilage wear and

the severity of knee osteoarthritis.



Materials and Methods

Patients and data acquisition

After excluding images with poor quality, the database used in this study

consisted of 104 knee ultrasound images in 16 adult patients collected from January

2013 to July 2016. The 16 cases were those of 7 men and 9 women aged 26-65 years

(mean age, 42.6 years).

The knee ultrasound images in the collected database were generated using an

ALOKA alpha-7 ultrasound scanner (Hitachi-Aloka Medical, Tokyo, Japan) with

linear array probe (scan width: 36mm) ranging from 5 to 13 MHz. The settings of the

ultrasound scanner such as gain compensation were consistent for all patients. During

examination, the postures of the examined patients were standard sitting position with

knee hyperflexion (Fig. 1) and examination schedule were followed.

Figure.1 Transducer placement for femoral cartilage measurement with knee



hyperflexion.

Cartilage Thickness Measurement

The cartilage thickness was measured in intercondylar notch (IN), lateral condyle

(LC), and medial condyle (MC) with the transducer placed transversely to the knee

above the patella region. Figure 2 reveals the anatomy on knee ultrasound. The

position of LC and MC measurement was midpoint of intercondylar notch and lateral

and medial edges of the ultrasound images or cartilage margins. To evaluate accuracy

of the cartilage thickness measurement by the proposed CAQ system, a program tool

was designed for the orthopedic surgeon to perform the measurement manually. By

using the program tool, the orthopedist manually located and measured the cartilage

thickness at three positions of IN, LC, and MC. For every image, the measurement of

femoral articular cartilage thickness was performed by an orthopaedic surgeon who

expertizes musculoskeletal ultrasound (Fig. 3) and the data was used to be compared

with the proposed CAQ system. Manual measurement by the physicians was

performed by using a program tool developed in this study to facilitate the procedures

and data output.

10



Knee cartilage
Bony cortex

Bone

(@) (b)
Figure 2. (a) Representation of knee anatomy on knee ultrasound. (b) Measurement of

femoral articular cartilage thickness at intercondylar notch (IN), lateral condyle (LC),

and medial condyle (MC).

(@) (b)

Figure 3. Ultrasound images of the femoral cartilage (a) with intercondylar notch (IN,
red line), lateral condyle (LC, green line), and medial condyle cartilage (MC, blue line)

thickness measurement (b) by an orthopaedic surgeon.
Methods

After acquisition, the knee ultrasound images were drawn out from the scanner
and stored as 8-bit images with pixel value ranging from 0 to 255. The CAQ system
was started with quality enhancement, and followed with cartilage area segmentation,

11



cartilage area detection, boundary delineation and automatic thickness measurement.

Figure 3 represent the flowchart of CAQ system for automatic measurement of

femoral articular cartilage.

US images ' :

Result

Cartilage area Cartilage area Boundary Thickness
segmentation detection delineation measurement

Fig. 3. Flowchart of the developed computer-aided quantitative assessment system for

thickness measurement of the cartilage area in US.

Quality Enhancement

In US images, speckle noise usually reduces the image quality and biases
the segmentation result. To overcome this problem, quality enhancement was used as
a pre-processing to reduce speckle noise and enhance image contrast, which was
performed by a sigmoid filter. The sigmoid operator is a non-linear transform of
mapping a selected range of the gray values in a given image into a specific gray
value range with a very smooth and continuous transition. For each pixel in a US
image |, we assume G(X, y) is the gray-value of a pixel, and the new gray-value, G’,

enhanced by the sigmoid operator is expressed as:

G’= (Max — Min) + Min, (D

1
=]
(%)
where Max(=255) and Min(=0) are the maximum and minimum gray values in the

output image, a and 3 denote the width and median of the selected gray value range in

12



the input image.
Cartilage Area Segmentation
Cartilage area segmentation was used to separate a given US image into regions,
where each region was a collection of pixels associated with homogeneous intensity
and texture. In this study, the MRF analysis was used to classify pixels in a given US
image into several pixel classes by referring textural constraints of the neighboring
pixels. To perform MRF analysis, in the US image |, let A = {1, @, ..., @} denoted a
set of Ni_ labels, where 1< i < N, and f was the observed textural feature in I. For
initialization, each pixel in | was labeled as ae A according to the feature vector v
extracted from I, and probability distribution of the segmentation «; with the given v
can be expressed as P(w;|v). Then, the Bayes rule is exploited to obtain P(w;|v) by
Plafn) =PI @)
where P(v) was constant. For the MRF model, an optimal segmentation labeling @&
was obtained by maximizing the probability distribution P(w;|v) via the maximum a
posteriori (MAP), and was expressed as
= arglal)zg(P( w;[v). 3)
According to Eqg. (2), the constant 1/P(v) is dropped while only the maximum
® was interested, and the optimal labeling @ for each pixel can be obtained by suing

the MAP, which was replaced by

13



W= argzggj}’P( viw;) P(v).
Thus, by using MRF analysis, all the pixels in | were segmented into
non-overlapping regions, and each region was labeled as class-i according to the
corresponding optimal labeling @ = w;. The pixels in a region labeled as class-i was

assigned with a replacement gray-value g(i), which was calculated by

MaxJ
N-11"

gli) = |- 1)
where Max was the maximum gray-value range in I. To illustrate the cartilage area
segmentation, an original cartilage US image was shown in Fig. (a), and the
corresponding image processed by the sigmoid operation was shown in Fig. (b). Then,

after applying the MRF analysis with N_ = 8, the MEF segmentation of Fig. 4(b)

was shown in Fig. (c), where the pixel gray-values were assigned by Eq. (5).

(@) (b) (©

Fig. 4. (a) An original cartilage ultrasound image, (b) the image after noise removal

and contrast enhancement, and (c) the MRF segmentation with N_ = 8.

Cartilage Area Detection

To extract the desired cartilage area, cartilage area detection was performed
14

%)

(%)



based on a merging scheme to collect and detect dark areas from the segmented

regions. The merging scheme was composed of three steps and two thresholding

values of coarse fusion and fine tuning, which were described as follows:

1. For initialization, each segmented region associated with g(i) = 0 were selected as
seed regions, and THyg; and THye2 were threshold values for the coarse merging
and fine tuning , where 1 < THye1 < THvez2 < N..

2. The coarse fusion was executed from i = 1 to THyg; to iteratively merge the
adjacent segmented regions associated with g(i). The merged regions with the first
two large areas were selected as the candidates of bone and cartilage regions.

3. In the fine tuning procedure, the merging process was started from two candidate
regions, and regions associated with gray-values less than g(i) were merged into
the adjacent candidate region, from i = 0 to THwg2. The regions were labeled as
parts of the bony cortex, while they were selected by both of the candidate regions
for merging at i-iteration.

In this study, THue: was pre-defined as the maximal i associated with g(i) <
Avg,, where Avg, was the gray-value mean of all pixels in I. In addition, THyvez Was
chosen as THye1+2 empirically. After the fine tuning procedure, the candidate region
with the largest area was labeled as the cartilage area. Then, morphological operators,
such as dilation and erosion, were exploited to fill miss-segmented regions and to

15



smooth the boundaries of the detected cartilage area. In Fig. 5(a), the cartilage area

was detected by applying the presented merging scheme on the MRF segmentation.

There was a miss-segmented region at the right side within the cartilage area, which

was filled after applying morphological operation, as shown in Fig. (b).

(@) (b)
Fig. 5. (a) The cartilage area detected by the presented merging scheme, and (b) the

cartilage area processed by morphological operation.

Boundary Delineation

The boundary delineation was presented to refine and smooth the two detected

cartilage boundaries, to approximate the real cartilage boundaries, and was composed

of sample point selection and spline interpolation. In sample point selection, a

constant interval between two adjacent sample points on x-axis was exploited to select

two sets of sample points from the detected boundaries, which were denoted as SP1

and SP2, respectively. If there were more than one point at the same x-coordinate

selected from SP1/SP2, the y-coordinate of the corresponding sample point was

average of the y-coordinates of those selected points. Spline interpolation (351 was

a term of interpolation where the input points were estimated using a mathematical

16



function of piecewise polynomials to minimize the interpolation error. By using spline
interpolation, two smoothing curves denoted as Bypper and Biower, are generated to
pass exactly through the sample points of SP1 and SP2, respectively. In Fig. (a), the
blue-color and green-color points were the selected as SP1 and SP2, and fitted by
using spline interpolation to generate the smoothing boundaries of the detected

cartilage area, as shown in Fig. (b).

(@) (b)

Fig. 6. (a) The sample point selection applied on Bypper (blue) and Byower (green), and
(b) the curve fitting of the selected sample points via the spline interpolation.
Thickness Measurement

The thickness of the cartilage area, denoted as T, was measured on the three
target positions at IN, LC and MC. For this purpose, the intersection points of IN, LC
and MC should be located at the refined Bypper and Biower, as superficial and deep
boundaries, respectively. To locating the position of IN, the lowest point of B ower Was
selected as an intersection point of IN, and denoted as PIA.. Then, the other

intersection point of IN, denoted as PI1Ay, can be acquired while the vector Vy of PIA_
17



and PIAy satisfies the following equation,
VT ¢VN =0,

where V1 was the tangent vector at PIA_. The position of LC was sought in the left
side of Bypper and Byiower from IN. The middle point between PIA. and the highest
point of By ower IN the left side was selected as an intersection point of LC, and denoted
as PLC.. The other intersection point of LC was located by using the same method for
locating PIAy. Also, the two intersection points of MC, denoted as PMCy and PMC,,
were located by using the same method for locating those of LC.

Thickness measurement at IN, LC, and MC was performed by measuring the
segments of PIAy and PIA., PLCy and PLC_, and PMCy and PMC,. In addition, to
increase accuracy and robustness, for each target position, thickness measurement was
performed by averaging thicknesses of three segments, Ty, T,, and T3. The T, was the
original thickness at the target position, and T; and T3 were with 2-pixels interval
from the left and right of the target position. Fig. illustrated the procedure of

thickness measurement at IN for the boundary delineation in Fig. (b).

Fig. 7. lllustration of thickness measurement for the position of IN. The V; was the
18
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tangent vector for BLower On PIA., the thickness of IN was measured by averaging

thicknesses of three segments, Ty, T, and Ts.

Results

The thickness measurement of the three target positions at IN, MC, and LC,

which were automatically obtained by the proposed CAQ system, was compared with

measures by the orthopedic surgeon to determine the accuracy of proposed CAQ

system. The accuracy was represented by MIND (minimum of difference), MAXD

(maximum of difference), MD (mean of difference), and SDD (standard deviation of

difference) of the thickness measurement for all images. For 104 US images, Table 1

shows the comparison of the difference between the automatic measures by the

proposed CAQ system and manual measures by the orthopedic surgeon. The mean of

difference were 0.32+0.25 mm at LC, 0.28+0.22 mm at IN and 0.35+0.28 mm at MC.

The accuracy of the assessment system was were 85.69%, 88.53%, and 83.98% at LC,

IN, and MC with the overall accuracy of 86.07%. with the overall accuracy was

85.95%. The deviation of the measurement positioning by proposed CAQ system

were 0.81+0.72 mm at LC, 0.7520.55 mm at IN, and 0.89+0.76 mm at MC while

compared with manual positioning by the orthopedic surgeon (Table 2).

Thickness measurement
LC IN MC

Difference

19



MAXE (mm)  0.68 0.61 0.89
MINE (mm) 0.01 0.01 0.02
ME (mm) 0.32 0.28 0.35
SD (mm) 0.25 0.22 0.28

Table 1 Comparison of the maximum (MAXD), minimum(MIND), mean(MD), and

standard deviation(SDD) of measurement errors between the thickness measurement

by the proposed system and the orthopedist.

Measurement positioning

Deviation
LC IN MC
MAXE (mm) 2.12 1.92 2.33
MINE (mm) 0.1 0.1 0.2
ME (mm) 0.81 0.75 0.89
SD (mm) 0.72 0.55 0.76

Table 2 The maximum, minimum, mean, and standard deviation of position deviation
between the system result and measures of the orthopedic surgeon at the positions of

LC, IN and MC for all cases.

Discussion

The cartilage thickness measurement is an important parameter of structural joint
damage in osteoarthritis and other inflammatory arthritis. To monitor joint disease
progression and evaluate therapeutic response, the assessment of cartilage condition is
important?'.

In this study, we proposed an automatic computer-aided quantitative (CAQ)
assessment system for femoral articular cartilage thickness measurement on

musculoskeletal ultrasound which includes automatic knee articular cartilage
20



segmentation and thickness measurement. In the proposed system, the cartilage area

segmentation was performed on the 2-D B-mode ultrasound images and the spline

interpolation was applied to refine the superficial and deep boundaries of the cartilage

area to approach the real boundaries. The three positions of IN, LC, and MC were

located automatically by CAQ system for thickness measurement, and the thickness

of femoral articular cartilage was automatically measured by the proposed system.

The measurement results of CAQ was compared with the measurements by the

orthopedic surgeon. The accuracy of the proposed CAQ system for the positions at

LC, IN, and MC was 85.69%, 88.53%, and 83.98%, respectively, with the overall

accuracy of 86.07%. Based on the experiment results, the knee cartilage thickness

measurement by the proposed system is comparable to the measurements by the

orthopedic surgeon. The experiment results demonstrates that the proposed system

provides confident, fast and inexpensive method for the measurement of knee

articular cartilage thickness.

The measurement of femoral articular cartilage thickness have been shown

22-24

acceptable inter-examiner and intra-examiner reliability in previous human studies

Nevertheless, this study was conducted to demonstrate the accuracy of the proposed

CAQ system in measuring knee articular cartilage thickness when compared the

measures by one orthopedic surgeon who was familiar with musculoskeletal

21



ultrasound. Further studies of multi-examiner assessment and comparison with

proposed CAQ system are needed to prove the benefit of low variability and

reproducibility of the CAQ system in measuring the joint cartilage thickness.

Ultrasound is considered to be an operator-dependent examination. The

variability in assessing cartilage thickness on ultrasound images is related to

inappropriate positioning and inclination of the transducer, and interface and artefacts

appeared especially when performed by less-experienced sonographers. The proposed

CAQ system could provide a useful tool for training of less-experienced

sonographers.

More experiments will be accomplished in the future to explore the clinical

application of the proposed CAQ system. To improve the accuracy of the knee

cartilage thickness assessment, the advanced segmentation method and merging

method should be developed to improve the cartilage boundary detection, especially

on ultrasound images with cartilage lesions which revealed poor cartilage margins.

More cases including variable cartilage morphologies should be collected to

demonstrate the robustness and reliability of the proposed system to facilitate clinical

application. Furthermore, the proposed CAQ system is a quantitative system including

articular cartilage segmentation and automatic cartilage delineation, the quantitative

texture features could be extracted from area of cartilage delineation by the proposed

22



system and then analyzed for detection and diagnosis of articular cartilage lesions in
the future.

In conclusion, the proposed CAQ system provides a useful, confident, fast and
inexpensive quantitative assessment for the physicians to evaluate the degree of

cartilage wearing of knee joint on ultrasound images.
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