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Abstract

Articular cartilage is a low-friction white connective tissue. The only cell type in articular cartilage are
chondrocytes. They permit smooth articulation in cartilage. They have insufficient regenerative capacity.
Response surface methodology is a very useful tool for the modelling of any processes using polynomials. This
study investigated the depth-dependent chondrocyte surface area from bovine articular cartilage. Confocal
microscope was utilized to image osteochondral explants. The response surface methodology was used to
constitute the predictive regression model to guess chondrocyte area from confocal image of bovine articular
cartilage. This methodology was employed to examine the relationships among input variables and response.
The response was surface area of chondrocyte while the inputs were perimeter of chondrocyte and depth. The
depth-dependent measured and calculated chondrocyte surface area was demonstrated. The response surface
model was significant (p=0.001) and adequate for the prediction the chondrocyte surface area since R2 = 0.81.
The chondrocyte surface area can be predicted with perimeter and depth by response surface methodology. The
implementation of statistical experimental design techniques in image processing can reduce experimental runs
and save experimental animals live.
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Derinlige Bagh Kondrosit Yiizey Alam I¢in Cevap Yiizey Yontemi

Oz

Eklem kikirdagi, diisiik siirtinmeli beyaz bir bag dokusudur. Eklem kikirdagindaki tek hiicre tipi
kondrositlerdir. Kikirdakta diizgiin eklemlenmeye izin verirler. Yetersiz rejeneratif kapasiteye sahiptirler.
Cevap yiizey yontemi, polinomlari kullanarak herhangi bir islemin modellenmesi i¢in ¢ok yararli bir yontemdir.
Bu calismada, sigir eklem kikirdagindan kondrosit yiizey alani derinlige bagl olarak incelenmistir.
Osteokondral eksplantlarin goriintiilenmesi i¢in konfokal mikroskop kullanilmistir. Sigir eklem kikirdaginin
konfokal goriintiisiinden kondrosit alanini tahmin etmede 6ngoriicli regresyon modelini olusturmak igin cevap
yiizey yontemi kullanildi. Cevap yiizey yontemi, girdi degiskenleri ve yanit arasindaki iligkileri incelemek icin
kullanilmustir. Kondrosit yiizey alani yanit iken, kondrosit ¢evresi ve derinligi girdi degerleri olarak se¢ilmistir.
Derinlige bagl 6lgiilen ve hesaplanan kondrosit yiizey alani gdsterilmistir. Cevap ylizey modeli anlamli (p
=0.001) ve R2 = 0.81 oldugundan kondrosit yiizey alaninin tahmini i¢in yeterliydi. Cevap ylizey yontemi
kondrosit yiizey alaninin tahmini i¢in kullanilabilir. Gorlintii islemede istatistiksel deneysel tasarim
tekniklerinin uygulanmasi, deneysel ¢aligmalar1 azaltabilir ve deney hayvanlarinin hayatini kurtarabilir.

Anahtar Kelimeler: Kikirdak, kondrosit, cevap yilizey yontemi
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1. Introduction

Articular cartilage is a low-friction, smooth viscoelastic tissue that lines the articulating surfaces
of synovial joints (Akkiraju and Nohe, 2015; Bajic et al., 2020). It distributes loads across the
diarthrodial joints. It is almost entirely composed of the extracellular matrix. Chondrocytes are
small population of specialized cells in the extracellular matrix. However, they are a key
functional component in cartilage and providing mechanical support (Phull et al., 2016).
Chondrocytes are responsible for sustaining and maintaining the cartilage. Chondrocytes are
receiving more attention since articular cartilage has a low propensity for self-repair (Akkiraju
and Nohe, 2015; Bajic et al., 2020). Chondrocyte death may trigger tissue degradation. Because,
the remaining active cells may not be able to maintain the cartilage (Moo et al., 2013). The
mature chondrocytes are about 13 mm diameter. They are playing a basic role in the
maintenance of the extracellular matrix stabilization (Phull et al., 2016). A spectroscopic
method was developed to determine cartilage thickness in-vivo in a previous study. It was
reported that their method is able to estimate the cartilage thickness with an error of 12.8 +
9.5% (Canpolat et al., 2017). The chondrocyte morphology determined by the pericellular
matrix demonstrates a zonal specific dependency. Changes in chondrocyte morphology are
dependent on the depth (Hall, 2019; Zhang et al., 2020).

Response surface methodology (RSM) is an empirical statistical approach to optimize many
variables simultaneously to achieve optimal performance of the system (Akkiraju and Nohe,
2015; Ranade and Thiagarajan, 2017). RSM analyses the relationship between a set of
experimental factors and response. RSM can effectively reduce experimental runs and can be
used to evaluate the relative significance of experimental factors and their interactions. In the
literature, in order to gain insight into the possible protective role of the structural elements
surrounding chondrocytes, the role of the pericellular matrix and pericellular capsule were
investigated in modelling chondrocyte mechanics. They reported that chondrocyte
deformations depend on the cell’s depth-dependent manner structural environment of the
pericellular matrix (Han et al., 2011). The maximum amount of relevant information with a
minimum expenditure of time is collected by design of experiment. The application of statistical
experimental design techniques in image analysis can result in more information and reduced
analysis time (Anupam et al., 2011; Annadurai et al., 2002).

The aim of this study was to investigate the depth-dependent chondrocyte surface area from
bovine articular cartilage. The size of the chondrocyte was measured from the confocal image
of articular cartilage. RSM was utilized to examine the relationships among input variables
(perimeter of chondrocyte and depth) and response (surface area of chondrocyte).

2. Materials and Method
2.1. Explant harvest

Mature bovine knees with joint capsules were obtained from a local abattoir (Bud’s Custom
Meats, Riverside, IA). Osteochondral explants (2.5 cm x 2.5 cm) were carefully excised from
the lateral tibial plateaus of the joints under sterile conditions. Then, they were placed
immediately in Hanks balanced salt solution (HBSS). HBSS was supplemented with
penicillin/streptomycin and amphotericin B. Explants were incubated in a culture medium
during the whole study to maintain tissue viability (Ramakrishnan, 2011; Cicek and Arikanoglu,
2014; Goodwin, 2010; Martin et al., 2012).

715



The Response Surface Methodology for Depth-Dependent Chondrocyte Surface Area

2.2. Confocal imaging

The explants were stained with dihydroethidium (DHE, Invitrogen) and calcein AM
(Invitrogen) for 30 min. The stained explants were scanned on a BioRad 1024 Confocal
Microscope equipped with a Krypton/Argon laser (Biorad Laboratories Inc., Hercules, CA).
Images of the osteochondral explants were performed with a 20x water immersion lens. The
random sites close to the radial center were imaged from the surface to a depth of ~200 pm in
10um intervals. 20x image stacks were acquired from randomly selected imaging sites. 20x
image stacks were utilized for chondrocyte shapes analysis. More information regarding
imaging conditions was described previously (Ramakrishnan, 2011; Cicek and Arikanoglu,
2014; Goodwin, 2010; Martin et al., 2012).

2.3. Image Analysis

The ImageJ version 1.53d was used to analyze live cells from confocal image stacks. We
measured the surface area of the chondrocyte, perimeter, long (major) and short axis (minor)
inside cell, cell angle, circularity of the chondrocyte and aspect ratio. The size of chondrocyte
was selected between 20 to 80 pm?. The circularity of chondrocytes was among 0.01-1.00.
ImageJ was just used for measurement. ImageJ version 1.53 for Windows was obtained from
the NIH website (ImageJ, Rasband, W.S., U. S. National Institutes of Health, Bethesda, MD,
http://rsb.info.nih.gov/ij/).

2.4. Response Surface Methodology

We utilized RSM for analysis and modeling. It is a useful statistical and mathematical technique
as described previous studies in details (Cicek et al., 2008; Cicek et al., 2012; Khayet et al.,
2008). The area (response) can be described which is influenced by controllable various input
values in RSM model.

The general form of RSM can be demonstrated as below:

Area = By + P1X1 + Boxy + P11X] + BraXs + PraX1X, (1)
B= 15 pr B2 pu Boz pra]" )
= (XT-X)'l-XT-DF 3)

where: S — present regression coefficients;
X —input variables;
Area —response.
Chondrocyte surface area of bovine articular cartilage;

- regression model with actual variables:

Area = —28 + 2.90Perimeter — 0.028 Depth — 0.004 Perimeter 2
(4)
—0.000091Depth® +0.0029PerimeterDepth
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valid for the range: 21.97< Perimeter<36.02 (um); -20< Depth <-190 (um)

The modeling details can be seen in previous studies (Cicek et al., 2008; Cicek et al., 2012;
Khayet et al., 2008). All calculations were done by means of Minitab 19 software and Design
Expert 12 trial version.

3. Results

Table 1 shows the experimental design for chondrocyte surface area. A total number of
measured chondrocytes is 235. The lowest (21.97 pum) and highest (36.02 pm) measured
perimeter of chondrocyte were observed in -30 um and -190 um depth, respectively.

Table 1. Experimental design for chondrocyte surface area

Run Cell

number  number Factors (Input values) Response
Area (um?)
(N) (N) Perimeter (pm) Depth (um)
Measured Predicted
1 3 26.48 -20 42.04 45.74
2 3 21.97 -30 32.80 33.27
3 3 32.80 -40 61.08 60.22
4 8 27.12 -50 43.76 44,73
5 6 29.00 -60 54.05 48.69
6 12 29.97 -70 48.63 50.30
7 19 29.66 -80 50.60 48.62
8 15 33.03 -90 55.20 56.42
9 15 30.69 -100 53.39 49.52
10 14 32.83 -110 55.68 54.15
11 16 34.28 -120 53.19 57.00
12 17 33.11 -130 50.81 53.10
13 18 31.77 -140 54.13 48.78
14 15 32.58 -150 46.68 49.99
15 39 32.40 -160 48.14 48.63
16 21 32.87 -170 45.65 48.97
17 10 36.02 -190 57.63 55.31
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Figure 1. Articular cartilage tissue image from bovine knee
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Figure 2. Measured perimeter and chondrocyte surface area depending on depth
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Figure 3. Predicted and actual chondrocyte surface area
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Figure 4. Contour plot for chondrocyte surface area depending on perimeter and depth
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Figure 5. Response surface plot for chondrocyte surface area

Figure 1. shows articular cartilage tissue image from bovine knee. The images were taken from
the center of the tissue (Figure 1). The depth-dependent measured values were seen for
perimeter and chondrocyte surface area (Figure 2). As seen from the figure predicted values are
very close to actual values (Figure 3).

It was seen the contour plot for chondrocyte surface area depending on perimeter and depth.
The counter map demonstrates the chondrocyte surface area interconnection amid the perimeter
of chondrocyte and depth (Figure 4). The increasing of perimeter of chondrocyte will give
enhanced values of chondrocyte surface area (Figure 5). The surface area is increasing around
the middle of the tissue depth (around -100 um). However, the highest surface area was
measured at -40 um depth as 61.08 pm?2.

The ANOVA was used to examine the accuracy of the calculated model. ANOVA test was
chosen to find out if experiment results are significant. According to the results the model was
compatible where the probability value was 0.001. F value was 9.28, it was pointed out that the
experimental measured area obtained by changing the factor levels were statistically
meaningful at the 81% confidence limit. R? value should be close to 1 for a good statistical
model. The mathematical model is adequate for the prediction the chondrocyte surface area
since R? = 0.81> (0.75) (Le et al., 2010; Chauhan and Gupta, 2004).

4. Discussion

The chondrocytes are the only cells in articular cartilage. Their primary function is to provide
structural support to articular cartilage that is essential in cartilage functions (Akkiraju and
Nohe, 2015; Bajic et al., 2020). Cartilage has a depth-dependent composition. Chondrocytes’
activity is related to their depth specific shape. Chondrocytes are responsible for the synthesis
of type Il collagen. Chondrocytes’ shape dependent the zone in articular cartilage. In the
superficial zone, chondrocytes shape is flat and aligned with the surface. The shape is spherical
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in the middle zone and elongated in the radial zone. It is important to determine the relationship
among chondrocytes shape and their microenvironment for osteoarthritis. It is very difficult to
evaluate chondrocyte behavior with experimental studies. So, computational models are
necessary to study chondrocyte shape. The chondrocytes were modeled as spherical in all zones
in many computational studies (Guo and Torzilli, 2016; Halloran et al., 2012; Guo et al., 2014).

In this study. we investigated the depth-dependent chondrocyte surface area. RSM was used to
describe input variables (perimeter of chondrocyte and depth of chondrocyte) relationship with
the response (chondrocyte surface area). The results showed that chondrocyte surface area can
be predicted with perimeter and depth by response surface methodology. The probability value
was 0.001 means that the model was compatible. The calculated results were statistically
meaningful at the 81% confidence limit (F= 9.28). In conclusion, this method can be used to
determine other parameters of the chondrocyte as long (major) and short axis (minor) inside
cell, cell angle, a circularity of the chondrocyte, and aspect ratio. Response surface
methodology is a great prediction performance for chondrocyte surface area.
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