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Abstract

The characterization of regenerated articular cartilage (AC) can be based on various meth-

ods, as there is an unambiguous accepted criterion neither for the natural cartilage tissue

nor for regenerates. Biomechanical aspects should be considered as well, leading to the

need for more equivalent samples. The aim of the study was to describe a large animal

model where 8 specimens of regenerated AC can be created in one animal plus the impact

of two surgeries on the welfare of the animals. The usefulness of the inclusion of a group of

untreated animals (NAT) was to analyzed. Based on the histological results the conditions

of the regenerates were to be described and the impact on knee joints were to be explored

in terms of degenerative changes of the cartilage. The usefulness of the statistical term

“effect size” (ES) will be explained with histological results. We analyzed an animal model

where 8 AC regenerates were obtained from one Göttingen Minipig, on both sides of the tro-

chleae. 60 animals were divided into 6 groups of 10 each, where the partial thickness

defects in the trochlea were filled with matrices made of Collagen I with or without autolo-

gous chondrocytes or left empty over the healing periods of 24 and 48 weeks. One addi-

tional control group consisting of 10 untreated animals was used to provide untouched

“external” cartilage. We harvested 560 samples of regenerated tissue and “external” con-

trols, besides that, twice the number of further samples from other parts of the joints referred

to as “internal” controls were also harvested. The animals recovered faster after the 1st
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operation when the defects were set compared to the 2nd operation when the defects were

treated. 9% of all animals were lost. Other complications were for example superficial infec-

tions, seroma, diarrhea, febrile state and an injury of a claw. The histological results of the

treatments proved the robustness of the study design where we included an “external” con-

trol group (NAT) in which the animals were not operated. Comparable significant differences

between treated groups and the NAT group were detected both after ½ year and after 1

year. Spontaneous regenerated AC as control revealed differences after an observation

time of nearly 1 year. The impact of the treatment on cartilage adjacent to the defect as well

as the remaining knee joint was low. The ES was helpful for planning the study as it is

shown that the power of a statistical comparison seems to be more influenced by the ES

than by the sample size. The ranking of the ES was done exemplarily, listing the results

according to their magnitude, thus making the results comparable. We were able to follow

the 3 R requirements also in terms of a numerical reduction of animals due to the introduc-

tion of a group of untreated animals. This makes the model cost effective. The presented

study may contribute as an improvement of the standardization of large animal models for

research and regulatory requirements for regenerative therapies of AC.

Introduction

Treatment of articular cartilage defects is provided using regenerative therapeutic methods

with [1] and without cells [2–4]. However, the search for the ideal treatment of an articular car-

tilage lesion is not finished yet [5–8].

In a recent survey, we found that the sheep is the most used animal in the field of regenera-

tive cartilage research, followed by the swine and the goat [9]. However, large animal models

are cost-intensive in terms of the acquisition, surgery and housing. This is true in particular

for swine, which require individual housing [10], and appropriate facilities are limited.

Schneider-Wald et al. [9] also pointed out, that several different strategies of analyses of the

regenerates exist and it seems that their number is growing. Most of the methods consume

sample material. Specimens processed for histological analysis, for example, cannot be used

for biomechanical tests or vice versa as both will destroy the specimen and are relied on a pris-

tine tissue structure. To our knowledge, there is no single test to sufficiently characterize the

properties of articular cartilage and regenerates and the number of useful test procedures

rather seems to be growing. Meanwhile, biological issues and biomechanical aspects of the

analyses become more important [9, 11, 12]. Kim et al. [13] recommend that a “plethora of

outcomes” should be assessed to fully analyze the treatment of articular cartilage.

On the one hand, large but expensive animal models seem to be mandatory, but on the

other hand a lot of equal samples are required to characterize the regenerated articular carti-

lage. For that reason we modified and enhanced a large animal model as, for example,

described by [14], which focuses on the trochlear groove of the stifle joint of Göttingen Mini-

pigs (GM). In our opinion, this model has the potential to create regenerates in a large number

and in a reproducible and reliable quality [15, 16]. In this context we developed instruments

for reproducible defect setting in cartilage and for harvesting osteochondral specimens [17].

Whatever type of animal or assessment is applied, the quality of the results depends particu-

larly on the quality of controls, because cartilage lying adjacent to defects created for regenera-

tive treatment can be altered [18, 19]. Thus, controls gathered from the same joint might not

Standardization of a large animal model for analyses of regenerative therapies of articular cartilage

PLOS ONE | https://doi.org/10.1371/journal.pone.0224996 December 26, 2019 2 / 40

University Heidelberg (https://www.umm.uni-

heidelberg.de/home/). In the QuReGe project were

supported: the section for experimental

Orthopaedics and Trauma Surgery, Orthopaedic

and Trauma Surgery Centre (OUZ), Medical Faculty

Mannheim, Heidelberg University (1315577G); the

Research Centre for Experimental Orthopaedics,

Heidelberg University Hospital (1315577H); and

the Fa. Amedrix GmbH, Esslingen (PTJ 0315577I).

The Fa. Amedrix GmbH, Esslingen, funded the

production of the histological slices conducted at

the Research Centre for Experimental Orthopedics

Heidelberg University Hospital. We acknowledge

financial support by Deutsche

Forschungsgemeinschaft within the funding

program Open Access Publishing, by the Baden-
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be appropriate to determine the real effect of the treatment. A different possibility is the use of

the opposite joint [18] but in this case, an asymmetrical load bearing of the limbs has to be

considered as that could lead to damages at one site. Another solution could be the inclusion

of non—operated animals [20] who would serve as an “external” control (“NAT group”). The

welfare of an untreated group can be guaranteed if appropriate housing is provided. This pro-

cedure is in line with the three “Rs” in the ARRIVE guidelines [21] as it helps to reduce the

number of treated animals but at the same time avoids the reduction of the validity of the

results [22–24].

Another important question is how to manage and prepare statistics for a variety of results

from different analyses which are then used as parameters to determine which procedure

reflects the assessed issue appropriately.

In a study where more than one parameter is of primary importance, possibly with mea-

surements performed under different conditions and at different times, the challenge in the

planning phase is to determine an acceptable sample size. The procedure for calculating an

acceptable sample size that guarantees sufficient power for the study is much the same as in

any other study with only one parameter. Nevertheless, it is desirable to attain power for a

maximum number of parameters of importance in the study. By considering effect size (ES)

[25] in general, it is possible to arrive at an overall sample size for the total experiment that

would also satisfy power considerations in a satisfactory manner. The ES should also help to

identify the suitability of any analysis compared with others, regarding a classification in

“small”, “medium” and “large” [26].

The aim of this publication is to describe a large animal model where 8 samples of regener-

ated articular cartilage can be created in one animal, furthermore to report on the welfare of

the animals and the complications occurred. The outcomes of the treatments are described his-

tologically. We communicate effects on the articular cartilage close to the defects and the knee

joints analyzed by radiographs, macroscopically and histologically. In addition, we suggest a

statistical procedure for calculation of the sample size and for conclusive evaluation.

With the presentation of the study and our experiences we intend to contribute to standard-

ization of the research for regenerative therapies of articular cartilage and to regulatory

requirements in conclusion.

Material and methods

Legal regulations, animals and housing

The study was approved by the ethical committee of the Regierungspräsidium

Karlsruhe (Abteilung 3—Landwirtschaft, Ländlicher Raum, Veterinär- und

Lebensmittelwesen, Karlsruhe, Germany) with the number: AZ 35–9185.81/G-6/11.

The declaration of killing of one Goettingen Minipig is recorded under the number T-56/

10.

79 skeletally mature female Goettingen Minipigs (Ellegaard, Dalmose, Denmark and Ver-

suchsgut Relliehausen, Univ. of Goettingen, Germany) were included in the study, 2 served as

pilot animals. The animals included in the study had a mean age of 38 month (±7 month;

median 38 month, range: 24–50 month). The mean weight was 53.7 kg ± 9.5 kg (median 54 kg,

range: 33–74 kg) at the beginning of the trial.

The experiments were performed in the Interfaculty Biomedical Research Facility (IBF,

Ruprecht-Karls-Universität Heidelberg, Heidelberg, Germany) under supervision of the local

animal welfare officer. Throughout the study, visitations were recorded in terms of pain or

other signs of discomfort and gait patterns to detect any events.

Standardization of a large animal model for analyses of regenerative therapies of articular cartilage
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The animals were housed in boxes alone or together when possible. Sight contact, noise and

smell exchange was possible between the animals. Animals were separated after surgery and in

the case of quarrel. Water was available ad libidum and they were fed once a day (Minipig

Standard Diet, SDS Deutschland, Ludwigshafen, Germany).

After the 2nd operation and removal of the sutures the animals were taken to an external

facility until the end of the study.

Study design

The study was based on two pilot animals, 6 experimental groups and one control group

(NAT) (Table 1). The observations times were 2 weeks for the pilot and 24 and 48 weeks for

the treated animals and 24 weeks for the NAT group (Table 1). The NAT group consisted of

untreated animals and their pristine articular cartilage served as so-called “external” control

[20]. All groups consisted of 10 pigs, following a sample size calculation (Table 1).

Aware that the critical size for a defect was a minimum of 5 mm in diameter [14] cited by

[27], we set 4 defects, 6 mm in diameter, bilaterally on both facets of the trochlea, as shown in

Figs 1 and 2.

Untreated areas of the trochlea and the other parts of joints are referred to as “inner” controls

if required. In all groups, areas where controls were harvested and defect locations were identical.

Preparation for surgery, anesthesia and killing

Over approximately 2 weeks of acclimatization the animals received feed daily until the day

before surgery. Water was always available ad libitum.

The animals were premedicated with an intramuscular injection of 10mg/kg ketamine

(Ketanest S 25mg/ml Injekt.fl. 10ml; Pfizer, Berlin, Germany), 4 mg/kg azaperone (Stresnil1,

Lilly Deutschland GmbH, Bad Homburg, Germany) and 1mg/kg midazolam (hameln pharma

plus gmbh, Hameln, Germany). Blood samples were taken from the ear vein before venous

indwellings (BD Venflon™ Pro Safety Catheter 22G, Becton Dickinson, Helsingborg, Sweden)

were placed at both ears (one each). After intravenous administration of 1mg/kg propofol

(Propofol 2%, Fresenius Kabi Deutschland GmbH, Bad Homburg, Germany), the animals

were intubated and anaesthesia was performed with 0.8–1.2% inhalational isoflurane

(Forene1, Abbott GmbH, Wiesbaden, Germany) under artificial respiration.

Before the pigs were transferred into the operating theatre we washed the hind limbs care-

fully with soap and water and the bristles in the knee joint region were removed with an elec-

tric razor (Aesculap Suhl GmbH, Suhl, GermanyTyp). Then we covered the feet of the swine

with tissue towels (Vileda Lochtuch, Vileda GmbH, Weinheim, Germany) which were fixated

strongly with plaster (Leukoplast1, BSN medical GmbH, Hamburg, Germany).

Table 1. The groups in the presented study. Two healing periods for the treated animals were assessed, one of approximately half a year (24 weeks) and the other of

approximately one year (48 weeks). The NAT group consisted of animals that received no surgical treatment; their articular cartilage served as an “external control”. The

groups with animals in which matrices made out of Col 1 were implanted without cells (M24w and M48w) can be interpreted as verum or control groups for the cell loaded

implants (MC24w and MC48w). The groups with empty defects (E24w and E48w) can be seen as control for the groups with implants as well as control for the animal

model in terms of the critical size of the created defects.

short name MC24w M24w E24w MC48w M48w E48w NAT

type of implant matrix with autologous

chondrocytes

matrix without

cells

defects left

empty

matrix with autologous

chondrocytes

matrix without

cells

defects left

empty

none

observation

period

24 weeks 24 weeks 24 weeks 48 weeks 48 weeks 48 weeks 24

weeks

number of

animals

n = 10 n = 10 n = 10 n = 10 n = 10 n = 10 n = 10

https://doi.org/10.1371/journal.pone.0224996.t001
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For perioperative infection prophylaxis, an infusion of 2 mg cefazolin (Basocef, Deltaselect,

Germany) was administered [29].

The pain management was administered with fentanyl as required. Before the anesthesia

was terminated 50 mg fentanyl (Fentanyl-Janssen, Janssen-Cilag GmbH, Neuss, Germany)

and 4 mg/kg carprofen (Rimadyl1, Pfizer GmbH, Berlin, Germany) were administered. Car-

profen was applied postoperatively at signs of pain, or buprenorphin (Temgesic1, Indivior

UK Ltd., Slough Berkshire, UK) if necessary.

At the scheduled date of killing the animals were inspected for their gait pattern before they

were premedicated as described above. Blood samples were taken again. A venous indwelling

was placed in an ear vein and the animals were killed by injection of min. 60 ml of saturated

KCl i.v. under general anaesthesia with propofol.

EKG control (zero line), missing heartbeat, auscultatory and corneal reflexes determined

death. After death, we carried out an autopsy to exclude diseases or alterations of the inner

organs similar to [30]; brain and spinal cord were not assessed.

Surgical procedure

We operated the animals in a supine position which was stabilized using a vacuum mattress.

When the animals were connected to the artificial respirator (Narkomat, Heyer, Bad Ems,

Fig 1. Schematic depiction of the allocation of the defects (circles) on both trochleae of one animal. The arrows indicate the tendon of the m. extensor digitorum

longus [28], which can be helpful as anatomic landmark. The lateral distal defects were set first in line with the virtual extension of the tendon. Then the other defects

were placed in an offset pattern.

https://doi.org/10.1371/journal.pone.0224996.g001
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Germany), EKG (Lohmeier M111, München, Germany) and pulse oximeter (Lohmeier M211-

371, München Germany), the legs were disinfected with Softasept N (B.Braun, Melsungen,

Germany) three times each.

The sterile covering of the animal for surgery followed a standardised procedure. It was

important to fix the “Stockinets” (Lohmann & Rauscher GmbH & Co. KG, Neuwied, Ger-

many) covering the feet close to the ankle joint in a secure manner to avoid slippage during

surgery, thus revealing unsterile areas. Sterile material for surgery was used to cover the body

of the pig (Foliodrape1 Extremitäten-Set III, Paul Hartmann AG, Heidenheim, Germany;

Adhesive Tape, Medline International Germany GmbH, Kleve, Germany; Side Drape with

Adhesive and Adhesive Tape, Cardinal Health, Dublin, USA).

The right leg was covered with a sterile towel, as we started with the surgery of the left leg

and vice versa the left leg was covered, when the right leg was operated on.

Fig 2. View into a left knee joint after setting the defects. The retractor is orientated to the foot (lower edge of the

image). The defects number one, two and three are exposed. The fourth, distally located at the medial facet is covered

by soft tissue (see Fig 1).

https://doi.org/10.1371/journal.pone.0224996.g002

Standardization of a large animal model for analyses of regenerative therapies of articular cartilage

PLOS ONE | https://doi.org/10.1371/journal.pone.0224996 December 26, 2019 6 / 40

https://doi.org/10.1371/journal.pone.0224996.g002
https://doi.org/10.1371/journal.pone.0224996


Defect setting, 1st surgery

The joint was accessed by arthrotomy through the ligamentum patellae as described by [14]

and [27].

Both in the 1st and the 2nd operation, the patellar tendon and the inferior patellar fat pad

were split. Parts of the latter had to be resected in several cases under careful cauterization for

haemostasis for a clearer view and accessibility during both operations.

The trochlea was exposed using a Weitlaner self-retaining retractor [31] and the accessible

areas of the trochlea were identified by flexion and extension of the joint (Fig 1). The defects

were set with special tools (Fig 3) in a reproducible manner. The depth was adjusted to 0.5 mm

via ultrasound, according to prior pilot measurements, literature research and the situation in
situ. Haptic feeling could reveal if cartilage or bone was cut by the so called crown mill as

described by our working group [17]. The integrity of the subchondral lamella was respected,

avoiding the appearance of blood points in general; residual tissue at the bottom of the defect

was removed with a curette (Uterine curette ER219R, 4.5mm, Aesculap, Tuttlingen, Germany)

sharpened on both sides [17]. Thus, an injury of the subchondral lamella could be prevented

and “partial thickness defects” [32] were created as a result. After we had finished the surgery

at the left side we continued with the right side, using a newly prepared set of instruments and

clothing (see below).

After the defects had been set, the joint was rinsed with 0.9% NaCl (B.Braun, Melsungen,

Germany). Then the joint was closed in layers using 2–0 Vicryl sutures (Ethicon, Norderstedt,

Germany). For the cutaneous suture, Ethilon II (Ethicon, Norderstedt, Germany) was used.

The surface of the wound was disinfected with Softasept N and afterwards sealed with alumin-

ium spray (SanDitan1, Veyx Pharma GmbH, Schwarzenborn, Germany).

Smear tests were taken according to a hygiene plan.

For the fabrication of the collagen matrices seeded with autologous chondrocytes for the

MC48w and MC24w groups, removed cartilage from the defect was stored in Dulbeccos phos-

phate buffered saline (DPBS, Life Technologies GmbH, Darmstadt, Germany) with 1% Genta-

mycin (A2712, Biochrom GmbH, Berlin, Germany) and shipped at 4˚C to the company

involved in this study (Fa. Amedrix GmbH, Esslingen, Germany).

Implants

The implants were prepared and provided by the Fa. Amedrix, Esslingen, Germany, ready for

implantation. The use of Col I as scaffold for regeneration of articular cartilage is described

previously in several publications. The scaffolds are made out of Col I isolated from rat tails

[33]. The scaffolds for the MC24w and the MC48w groups were laden with 2.5 x 104 cells / ml.

Defect filling, 2nd surgery

An interval of 7 to 14 days between the 1st and the 2nd operation was necessary for recovery of

the animals and the processing of the matrix by seeding them with the autologous chondro-

cytes in the MC24w and MC48w groups by the manufacturer (Fa. Amedrix). The same

approach to the joint was used as in the 1st operation. Regenerated tissue in the defect area was

removed using the modified uterus curette and a chisel, 4 mm in width (Lambotte FL650R,

Aesculap, Tuttlingen, Germany). Afterwards, the defects were filled according to the protocol

(Table 1). The collagen matrix was prepared and shipped in Dulbeccos PBS at -20˚C by the Fa.

Amedrix for the M24w and M48w groups. Before implantation, they were thawed for process-

ing. The chondrocyte laded collagen matrices, provided for the MC24w and MC48w groups

were prepared for implantation and shipped in Dulbeccos PBS at +2˚C—+8˚C by the Fa. Ame-

drix in special containers.

Standardization of a large animal model for analyses of regenerative therapies of articular cartilage
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We provided custom made hollow cutters with diameters ranging from 6.2 mm to 6.7 mm,

allowing an adjustment of the size of the matrices to the size of the defects (Fig 3). The

implants were adjusted to the estimated volume of the defect regarding the diameter of the

defect, in particular, as in some cases the circularity of the defect was irregular, leading to an

increase in size of the defect volume as a consequence. Thus a larger implant helped to cover

the defect completely in some cases.

Fig 3. The instruments for setting from left to right: The curette, the crown mill and the front mill are displayed, which were

described by Schwarz et al. [17] more in detail. The instruments for setting the scaffolds were equipped with a straight or curved shaft

and two different shaped tappets, one concave and one flat on top (not visible). The instrument on the right is the punch used to create

the implants; punches were provided with inner diameters varying from 6.2 mm to 6.7 mm.

https://doi.org/10.1371/journal.pone.0224996.g003
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The matrices were then fixed, using Tissucol fibrin glue (Baxter, Unterschleißheim, Ger-

many) and compressed from 2 mm to a height of ca. 0.5mm according to the instruction of

the manufacturer. For this procedure we designed and built a custom made tappet with a con-

cave surface (Fig 3) which allowed us to center the constructs into the defects preventing them

of slipping out and compressing of the matrix. We then smoothed down the surfaces of the

implants to the level of the surrounding cartilage surface using a tappet with a flat and polished

surface (Fig 3). Protuberant matrix material was removed carefully.

The joint was bent and stretched at least 5 times after implantation to control the primary

stability of the matrices. The further proceedings of wound closure were the same as described

above.

Hygiene plan

According to experiences in the pilot phase (see results), we followed a customized hygiene

plan including smear tests in the 1st and 2nd surgery.

We prepared and sterilized a new set of surgical instruments for each operation site of each

knee joint, furthermore the surgeons changed their mask and surgical cap, and disposable sur-

gical gowns were used to assure sterility.

Furthermore, the non—operated leg was covered by a sterile cloth to prevent

contamination.

The use of a self-adhesive incise foil (OPSITE Incise Drape, Smith & Nephew GmbH, Ham-

burg, Germany) covering the skin during the operation was to help reduce the contamination

risk.

The wounds were covered with aluspray after closing in addition to dressing the wound

with compresses and plaster. The aluspray covering was renewed, if necessary, later on.

Harvesting of the samples and X-rays

The hind legs of each animal were disarticulated in the hip joint and the leg was cut above the

ankle with a handsaw. The skin in the region of the operated knee joint was left intact.

The specimens were immediately transported to the laboratory in plastic bags labeled with

the side and the ID number of the animal for further preparation. There, X-rays were taken in

two planes in the ap and lateral view with the Faxitron (Faxitron cabinet x-ray system, Faxitron

x-ray corporation, Buffalo grove, Illinois, US; and FUJIFILM IP Kassette CC, FUJIFILM Ger-

many, Düsseldorf, Germany) or with a Siemens Axiom Aristos MX (Siemens Healthcare

GmbH, Erlangen, Germany). The radiographs were stored in the PACS system and viewed

with the syngo Imaging V35 System (Siemens AG, Medical Solutions Image and Knowledge

Management, Erlangen, Germany).

Knee joints were opened according to the protocol. If sterile samples had to be isolated we

started by disinfecting the skin (antifect1N liquid, Schülke & Mayr GmbH, Norderstedt, Ger-

many). Disinfection was repeated after the skin was removed and scalpels and instruments

were changed after each layer. The exposure of the patellofemoral joint was started with the

transection of the patellar tendon using new sterile instruments. To avoid alterations of the

surfaces the m. extensor digitorum longus again served as a helpful guiding structure (Fig 1).

We isolated the samples as osteochondral plugs with a diameter of 5 mm from the trochlea

with tools described previously [17]. In addition, we had designed and manufactured another

tool, allowing us to also isolate osteochondral plugs from the condyles. We used a punch

which was driven by hammer strokes and that enabled us to handle the osteochondral plugs

without touching its surfaces (Fig 4).
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Eighteen locations were identified as potential sources for “inner” controls in one knee: 6

beside the defects, one was the remaining trochlea in toto, 3 from each condyle, and the

remains of the condyles, the medial and lateral tibia plateau (n = 2) and the patella.

In the NAT group we punched out the samples from the corresponding regions, so corre-

sponding samples could be identified and harvested (Fig 1).

For histological analysis we used a punch, 10 mm in diameter (inner diameter), to punch

out the regenerate (6 mm in diameter) in the middle together with the surrounding tissue.

Thus, the analysis of the junction of the regenerated tissue in the defect with the adjacent natu-

ral cartilage should become possible in cross sections, according to [34] and [35].

Cartilage and surrounding areas were kept moist continuously with sterile (if needed

according to the protocol) PBS. When sterile samples were needed from the trochlea we used

sterile instruments and fixation devices [17]. After punching out the plugs, sterility was moni-

tored using swabs at the extraction point of the trochlea [17].

The isolated osteochondral plugs were photographed (Canon EOS 7D; Canon Deutschland

GmbH, Krefeld, Germany) fixated on a camera stand [17].

Isolation of chondrocytes

We isolated the chondrocytes from the articular cartilage tissue of the defects of animals from

the E24w and E48w groups. After removal the chondrocytes were processed according to [36].

Then the chondrocytes were counted, the viability was determined by trypan blue exclusion

(Sigma-Aldrich, Munich, Germany) and cells were stored in liquid nitrogen.

Storage and shipping

For stabilization of the tissue for histological analyses the osteochondral plugs were stored in a

buffered 4% formaline solution (37% formalin solution, Carl Roth GmbH + Co. KG, Karls-

ruhe, Germany); diluted with phosphate buffered saline (PBS).

If gene expression analyses were required, the samples were frozen immediately in liquid

nitrogen (AirLiquide Deutschland, Ludwigshafen, Germany). For further shipping the samples

were packed in layers of dry ice (AirLiquide Deutschland, Ludwigshafen, Germany).

Fig 4. Top: The punching device for the isolation of the osteochondral block. Below: the disassembled hand piece,

which makes the sample accessible.

https://doi.org/10.1371/journal.pone.0224996.g004
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In the case that samples were to be examined in biomechanical tests we put the cylindrically

shaped sample into a sleeve (silicon tube with an inner diameter of 5 mm and a wall thickness

of 0.5mm (DSG-Canusa, Rheinbach, Deutschland)). They were cut along the rotation axis to a

length of approx. 15–18mm. The sleeve was washed and sterilized if needed and then placed

into an Eppendorf tube (Greiner Bio-One GmbH, Frickenhausen, Germany) in such a manner

that the bony part of the sample was clamped over the edge of the sleeve by the conical part of

the Eppendorf tube when it was closed with the cap. Before closing, DMEM (Dulbeccos modi-

fied eagle medium, GE Healthcare Europe GmbH, Freiburg, Germany) stabilized with 1%

DMSO (Sigma-Aldrich Chemie Gmbh, Munich, Germany) or PBS if required was added and

the whole Eppendorf tube was frozen at -20˚C before transport.

Primary stability of the implants

We checked the records and photographs we took, in particular those taken after opening the

joints to investigate the primary stability of the implants. The evaluation was done by two

observers (MS, GR) according to a 4 point scoring system: filled, almost filled, almost empty,

and empty. We were able to check 40 defects, which were treated with matrices with and with-

out cells from the 6 animals which had to be killed or died before the scheduled killing time,

and from a pilot animal. The healing time of the assessed animals ranged from 8 days to 92

days (~ 13 weeks).

Records and lists

We performed protocols for each surgery including premedication and intubation, anesthesia,

housing, killing, necropsies, harvesting of samples and other documentation about for example

severe events like sudden death. Based on these reports we were able to get an overview over

complications and other events which occurred during the operations and the healing periods.

Records, data or x-rays were not complete, in some cases also the histories of the animals

(missing n = 8). If so, an unbalanced number of cases can result. The assessable numbers are

indicated in the results or elsewhere according to the ARRIVE guidelines [21].

The procedure for harvesting the samples was prepared and documented separately for

each joint. The shipping of the samples to another place was recorded for each dispatch.

Radiographic evaluation

The X-rays were blinded and analyzed according to Kellgren and Lawrence (Kellgren and

Lawrence 1957) [37] by a senior physician (FBl).

Macroscopic evaluation

We (MS, GR) evaluated the knee joints macroscopically according to Little et al. [35] and

Cook et al. [38] using the photographs that were taken after opening the joints. We also

addressed hypertrophic reactions of the cartilage.

Histologic evaluations

The regenerated tissue in the defects was analyzed histologically with an adapted scoring sys-

tem according to O´Driscoll et al. [39] after staining with Safranin—O in a blinded fashion

(WR, FB, BS, MS). The tissue beneath the defect areas was analyzed (BS, MS) separately

according to Little et al. [35] evaluating the condition of the surrounding articular cartilage in

terms of degenerative changes. The articular cartilage of the condyles (BS, MS) was checked in

the same way.
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Statistics

The EXCEL program (Microsoft Office Professional Plus 2010, Microsoft Deutschland

GmbH, Munich, Germany) was used to perform the descriptive analyses of the collected data.

Box and whiskers plots were created using the Origin 8.6.0G software (OriginLab Corporation,

Northampton, USA).

Randomization and blinding of the samples

The study design is applicable to up to 8 different types of analysis and 10 animals were needed

for a certain type of analysis according to the sample size calculation. Thus, 2 more allocations

had to be performed per group. This problem was overcome by randomly allocating a pattern

of distribution to the 2 remaining animals. Previously a table was created for 8 “animals” with

a selection of samples thus avoiding repetition. This resulted in a template of distribution of

the samples in the animals. 2 of the 8 “animals” were chosen by lot and with them the matrix

was randomly expanded to 10 animals. When the animals were scheduled to be killed, each

animal was allocated to one of the 10 animals in the template by lot again.

About ¼ of the samples were identified by a four digit number (animal number)

together with a 2 digit letter (side and location). Later on, we assigned each of the remain-

ing ¾ of the samples a four digits—combination of hexadecimal numbers and letters which

were randomly created for each sample using a custom-made program with the LabView1

2011 software (National Instruments Corporation, Austin, Texas, USA). Thus, a blinding

regime was applied. For un-blinding the samples a table was created with the blind num-

bers of the samples, the ID number of the animal, the location of the defect and the type of

group.

Sample size calculation

The sample size calculation for the number of animals which had to be included in the present

study was based on a one sample t-test with a significance level of 5% and power of 70, 80 or

90% using the SAS/STAT 9.22 (SAS, Cary, NC, USA) software.

The sample size calculation performed for the histologic analysis individually revealed a

need of 10 samples for the control and the treated group with an expected power of 80%.

Analysis of the regenerates

The results of the scoring of the regenerates according to O’Driscoll [39] were analyzed with

the Wilcoxon rank sum test. We compared the NAT group with each of the other groups.

Then the difference between the E24w and the E48 group was tested. Finally, the E24w group

was compared with the M24w and the MC24w groups and, analogously, the E48w group was

compared with the M48w group and the MC48w group.

The effect size according to Cohen [25] was calculated by dividing the difference of both

compared mean values by the pooled variance.

Analysis of the X—rays

The radiographic scoring was tested with the Wilcoxon rank sum test. We determined the dif-

ferences between the NAT group and the treated groups (M24w, MC24w, E24w, M48w,

MC48w and the E48w) regarding the complete joint, the patello–femoral and the tibia–femoral

joints. Bonferroni correction was carried out and alpha value was set at 0.0083.
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Analysis of the cartilage of the trochlea and the condyles and macroscopic

scoring

The histologic scoring according to Little et al. [35] of the cartilage of the areas of the trochleae

adjacent to the defect, the cartilage of the condyles and the results of the macroscopic scoring

were tested with the GLM procedure and also post hoc using Dunnett´s test. Each of the

treated groups was compared with the NAT group.

In addition, we compared the condition of the cartilage of the trochleae and the cartilage of

the condyles using the t-test procedure for each group.

Correlation between histological scoring, age, and weight

We looked for correlations between age, weight and weight gain and the histological condi-

tions of the cartilage of the trochleae and the condyles respectively. We used the PROC CORR

procedure in SAS in order to assess the correlation coefficient according to Spearman.

Biometrical planning

When, as in the present study more than 1 parameter was to be addressed, it was desirable to

create a tool, for a sample size estimation of a study based on likely ES values and the desired

power [25].

A graph shows power (y-axis) vs. sample size (x-axis) for 5 different effect sizes for the 2

sample t–test for mean differences (Fig 5). The statistical programming was performed using

the SAS 9.3 program (SAS, Cary, NC, USA). The power calculations used the “proc power”

procedure for statistical and graphical output.

According to the sample size calculation 10 animals per group were necessary in the pre-

sented study.

Results

Harvesting

Harvesting of the samples and the shipment to and from the company (Fa. Amedrix) worked

well. However, the harvested cartilage material was shipped in a receptacle containing antibiot-

ics (Gentamycin) as the recipient found contamination in the medium after delivery in the

pilot phase.

According to the scheduled observation times of 24 and 48 weeks respectively, the animals

were killed at an interval of ± 3 days. Thus, the protocol was followed where the correct gather-

ing of samples was concerned.

We harvested 1,837 samples in total from 70 animals (n = 70). 560 of those samples of

regenerates and natural cartilage were taken from the defect areas (NAT group), the drop outs

(see below) included. 1,277 samples were taken as “inner” controls from other regions of the

joint, covered with articular cartilage: a maximum of 3 locations on one facet of the trochlea

were identified as potential areas for the “inner” controls but it was only possible to punch out

two. Three regions on a condyle were identified, but generally only 2 samples were taken.

Remnants of the trochleae, the condyles and the patellae were stored.

Thus, all regenerates (from defect areas) and the double number of samples serving as

“inner” controls were isolated.

The menisci were isolated respecting medial and lateral. In addition, blood samples were

taken.
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Animals and recovery

In total 7 GMPs more than planned had to be operated in the study, resulting in a failure rate

of 9% (7/77).

Two animals served as pilot animals with a standing time of 14 days. The procedure was tol-

erated well by the animals.

Most of the animals showed abnormalities of the gait pattern for only 1 day after the 1st

operation. Further abnormalities were detected for an additional day in 3 cases and in 1 case

abnormalities arose at the 4th day once only.

Thus, most animals needed carprofen on the first day after surgery, in two cases no pain-

killer was needed. Carprofen had to be administered on day 2, 3, 4 or 6 as well. The administra-

tion of a stronger painkiller was not necessary.

The gait patterns of all animals were inconspicuous before the 2nd operation.

Most of the animals showed inconspicuous gait patterns during the 12 days following the

2nd operation, approximately 90% (47/52) recovered within the first 8 days day and over 60%

(32/52) after the 1st day. Two animals showed normal gait patterns after the 17th and on the

30th day. The observed abnormalities occurred intermittently on different days during the

assessed time periods. In 2 cases, on day 165 and 330 respectively, conspicuous gait patterns

were detected and treated.

Fig 5. The graph shows the dependency between the sample size and the power, based on 5 different effect sizes (ES). Note: Level

of significance α = 0.05 for a two sided t test. The graph shows that an increase of the sample size might not considerably enhance the

power, whereas the ES seems to have an important impact on the power.

https://doi.org/10.1371/journal.pone.0224996.g005
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In all cases carprofen was administered on the 1st day after the 2nd operation. Some animals

had to be treated several times with carprofen until day 17. Two animals required carprofen

on the 30th, on the 165th and on the 330th day. Another animal needed carprofen due to an

accidental loss of a claw. In few cases buprenorphine had to be administered on day 6 and

once from day 5 until 8.

The gait patterns were normal in all cases at the scheduled day of killing.

Weight gain

The weight of the treated animals increased from 55.9kg (± 10.5kg) to 74.6 kg (±11.6 kg) over

24 weeks and from 49.9 kg (±6.6 kg) to 77.4 kg (±14.3 kg over the observation time of 48

weeks). The weight increase was approx. 33% and 55% respectively. At the end, the weight of

the animals in the NAT group 83.4 kg in the mean (±7.61 kg) starting from 61 kg (±7 kg).

Complications

Lost animals. 4 animals died, 3 animals had to be killed during the term of the study.

One animal had to be taken out of the study before the 2nd operation as it showed recurrent

abscess formation caused by bites during fights.

The day after the 2nd operation we found an animal dead in the cage. The operation was

performed without complications according to the protocol. The results of the necropsy were

discussed with a pathologist and there was a strong indication that the animal died of a throm-

boembolic process that affected the lung.

Due to some unmanageable problems in the left knee, another animal had to be killed 8

days after the 2nd operation. The necropsy revealed abscess formation in the soft tissue of the

left knee joint, but the inner joint space was inconspicuous.

On days 19, 46 and 60 after the 2nd surgery an animal was found dead in its cage.

The necropsy of one animal revealed pneumonia and abscesses in the lungs after treatment

of a respiratory disease.

One animal died of a toxic circulatory failure based on a hemorrhagic colitis with appropri-

ate clinical symptoms and failed therapy.

One animal was lost due to an acute heart failure based on a fresh myocardial infarction

with alveolar and interstitial edema on spec, as the tissue showed pronounced autolytic

changes. The clinical aspect showed a discoloration of the integument, reduced appetite and

fever. The animal died despite appropriate medication. The gait pattern was inconspicuous

before death.

One animal had to be killed 92 days after the 2nd operation due to unmanageable suffering

showing weight reduction, low temperature (31˚C) and a marbled integument. The animal

showed symptoms like nervous discoordination, comatose and convulsive spasms. Before that,

the animal had shown an unsuspicious lethargy. Despite appropriate medication, it did not

recover and we decided to kill the animal. The necropsy revealed an abscess, allocated to the

Tympanon as most likely point of origin.

Infections. After the 1st operation 3 animals developed an abscess and could not be oper-

ated the 2nd time. They were the so- called “drop outs”. One had to be killed due to unmanage-

able abscess formation with bite marks. Thus, the infection rate following the 1st operation was

6.7% (4/59).

Apart from infectious processes found in those animals that were taken out of the study we

identified superficial infections (referred to as “superficial abscesses” (2 / 98 knee joints) and

“exudative events” (8/98 knee joints) in 10% of the knee joints (10/98) in the region of the

wound after the 2nd operation. They were successfully treated by rinsing them with NaCl
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solution (B.Braun, Melsungen, Germany) and anointing them with Braunovidon1 (B.Braun,

Melsungen, Germany)

In one case an abscess formation at the right knee joint 12 days after the 2nd operation was

surgically removed, revealing an unaffected inner joint space. The animal recovered within 6

days after a 5 day long antibiotic treatment.

In another case, purulent discharge appeared which originated from a stitch channel after

the animal was prepared for the 2nd operation. This was surgically treated as well. We then per-

formed the 2nd operation, using new instruments as planned. Antibiotics were administered

for a period of five days.

Positive smear tests were found during the operation in 50% (8/16) of the affected knee

joints.

During smear tests were processed, the treatments were done with antibiotics with broad

spectrum (Pen-Strep: aniMedica GmbH, Senden-Bösensell, Germany; Enrofloxacin: Baytril1

2,5%, Bayer AG Leverkusen; Germany; Norfloxacin: Norflox-200, Interchemie, Alendaar, Nie-

derlande) if needed.

Some other abscess—like formations were seen at the right region of the face, the right glu-

teal region and one at the right leg which healed spontaneously.

At one knee of a pilot animal we have seen a superficial abscess in the region of the patella

while preparing the knee after killing. The inner space of the joint was clear without signs of

any infection.

Further complications. When opening the knee joints for the 2nd operation we found

subcutaneous seroma in 87 cases (73%). In 14 of those cases we identified germs during micro-

bial analyses, in one case a staphylococcus aureus was identified. The other swabs revealed fac-

ultative pathogen types of germs.10 animals suffered from diarrhea (16.1%) and recovered

without further complications. One of those animals belonged to the NAT group.

One animal showed a purulent exudate from the suture, though this is not defined as a sur-

gical site infection according to [40].

One animal developed fever (38.6˚C) 29 days after the 2nd operation and was treated suc-

cessfully (Novalgin1 Tropfen, Sanofi-Aventis Deutschland GmbH, Frankfurt am Main,

Germany).

With one animal an outer horny part of the claw at the left hind leg was pulled out while

transferring the animal to the transportation cage. Pain killers (carprofen) were administered

until the animal was able to fully load the leg again (~11 days). The animal showed no abnor-

mal gait afterwards.

Operations. During the 2nd operation we noticed a higher tendency for the tissue to bleed

and to swell than during the 1st operation, complicating the surgical approach in particular of

the most lateral proximal defect area (Fig 1).

The 2nd operation was performed between the 7th and the 15th day after the first operation

with a mean of 10.05 days (± 1.9days). The wounds from the 1st operation had healed by that

time.

In all cases, a thin membrane formed spontaneously in the defects between the 1st and the

2nd operation [41]. This was removed to restore the shape and the defined volume of the defect

as well as to clean the borders of the cartilage tissue and to refresh the bottom part of the

defects.

Apart from the tendency to higher bleeding we observed as described (before) with the

pilot animals, we detected effusion in the knee joints in 12 cases (6 left, 6 right). In 17 cases

synovitis was evident (8 left, 9 right). In 5 cases, both effusion and synovitis developed together

in the same joint.
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We had to suppress heavy bleedings with Metoprololtartrat (Beloc1, AstraZeneca GmbH,

Wedel, Germany) in two animals during the 2nd operation.

The suture material was removed on the 9th day (± 3 days) after the 2nd operation. In 9

cases sedation was necessary to remove the suture material. In several cases, the suture material

was removed a bit at a time due to infectious processes (see above).

Operation times

The 2nd operation when the implants were set (n = 60) took 53% more time than the 1st opera-

tion with approximately 124 min calculated per animal (n = 65) (Fig 6). Thus, the implantation

of matrices took approximately 80 minutes (83.4 min) per animal, that is to say 10 minutes for

the treatment of one defect with an implant.

Fig 6. Times of the surgeries calculated for both knee joints together. The data of the 1st and the 2nd operation according to the protocol are included, also those of

lost animals. The 2nd operation was more time consuming than the 1st one. The operations during which the implants where set in the groups MC24w, MC48w, M24w

and M48w took the longest. The operations in groups E24w and E48w were the shortest as the defects were left empty. Thus it was possible to calculate the net value of

setting one implant at approx. 10 minutes.

https://doi.org/10.1371/journal.pone.0224996.g006
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Chondrocyte isolation

The volume of the cartilage tissue gained from one defect could be calculated as 14.14 mm3

with a defect diameter of 6 mm and 0.5 mm in depth. In 10 cases the number of isolated cells

amounted to 60,400 ± 32,400 cells per defect volume. The numbers of cells per tissue mass was

340,000 ± 134,000 per g tissue (n = 7). The viability of cells exceeded 95%.

According to the collaborating company (Fa. Amedrix) the number of isolated chondro-

cytes was sufficient in order to perform autologous MACT in the MC24w and the MC48w

groups.

Primary stability

According to the manufacturer’s guidelines, the repeated moving of the joint after the implan-

tation of the matrix seemed to be appropriate and feasible for testing the primary stability of

the implants. In some cases, the implantation had to be repeated.

The healing time of the assessed knee joints in terms of primary stability in place ranged

from 8 days to 92 days (~ 13 weeks) after implantation. We calculated that 92% of the

implants remained in place in 40 assessed defects. Two defects, which were located at the prox-

imal position of the lateral facet, were marked as empty and one was marked as almost empty

(Fig 1).

Autopsy

At the end of the scheduled time, each animal was examined in an autopsy. No serious

changes to the inner organs were found. In some cases (n = 6) there was a hardening in the

retro-peritoneal region and the fatty tissue. The histological examination of one case, which

was used as a representative, revealed an older, partly calcifying reactive lipolytic necrosis of

fatty tissue.

Statistics

According to the sample size calculation 10 animals per group seemed to be sufficient in the

presented study (Fig 5).

Histologic outcome of the treatments

The specimens of the NAT group were identified with one outlier (Fig 7). Significant differ-

ences were seen between the NAT group and the E24w, E48w, MC24w and the MC48w

groups. The E48w group achieved less scoring points than the E24w group but not signifi-

cantly. The comparison of the treated groups with empty groups at the same point in time

revealed significant differences only after 48 weeks observation time between M48w and E48w

(p = 0.0194) and between MC48w and E48w (p = 0.0451).

The effect sizes are listed in Table 2, revealing numbers from 0.18 to 1.64 with the p–values

set next to it (Table 2).

One specimen in the NAT group scored very low. This could be explained by the fact that

the specimens were examined in a blinded manner.

Effects on the articular cartilage close to the defects and the knee joints

We evaluated the impact of the treatments on the articular cartilage both adjacent to and fur-

ther away from the defects in the stifle joint.
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Radiographic evaluation

The radiographic examination delivered scoring points ranging from 0.75 (± 0.72) to 1.25

(± 0.59) assessing the joint as a whole. We found no significant difference between the NAT

group and any of the treatment groups (Fig 8).

Macroscopic evaluation

We found degenerative changes in the knee joints ranging from 3.55 (±1.79) scoring points to

8.7 (±4.55). The maximal value was 30 in the E48w group. The M48w group showed signifi-

cantly more points than the NAT group (p = 0.0375) (Fig 9).

Fig 7. The scoring of the histological specimens revealed the NAT group as the group where the cartilage was in the best condition. The groups treated with

matrices without autologous chondrocytes (M24w and M48w) showed no significant differences compared to the NAT group. The groups with the cell laden matrices

(MC24w and MC48w) had significant lower scorings. The comparison between the groups treated with implants (M24w, MC24w, M48w and MC48w) and the

corresponding groups where the defects were left empty (E24w and E48w) showed significant differences after 48 weeks but not after 24 weeks. Note the wide spread

data and the small differences between the mean values in the treated group.

https://doi.org/10.1371/journal.pone.0224996.g007
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Histologic evaluation (trochleae)

The articular cartilage adjacent to the defect areas was significantly affected histologically in

one case (M48w group). The NAT group showed the lowest number of scoring points here

(4.8 ± 3.38) (Fig 10).

Histologic evaluation (condyles)

The articular cartilage of the condyles revealed the highest value in the NAT group in terms of

degenerative changes with significant differences to the M24w and the MC48w groups. The

articular cartilage of the condyles in the treated groups revealed a better condition than that

found in the NAT group (Fig 11).

Comparison between trochleae and condyles

The pairwise comparison of the condition of the cartilage of the condyles and the cartilage of

the trochleae showed a significant difference (p = 0.002) in the NAT group with a higher scor-

ing of the condyles according to Little et al. [35].

Correlations: histological condition, age, weight, weight gain

We found a significant correlation between the age of the animals and the histological condi-

tion of the cartilage of the trochlea according to Little et al. [35] with p = 0.0483 and ρ =

-0.63554 in the MC24w group. Another correlation was seen between the weight of the ani-

mals and the condition of the cartilage of the trochlea (p = 0.0038; ρ = -0.81850). We did not

find any correlation between the histological condition of the cartilage and the weight gain,

neither where the trochlea was concerned nor the condyles.

Table 2. The p—values and ESs of the assessed comparisons between the groups, juxtaposed. The ESs can be

ranked according to their values. Thus, a ranking of the effectiveness of a procedure compared with a control is possi-

ble. Note that the difference between the E24w group and the E48w group is not significant but reveals a large ES with

0.89. Vice versa the difference between the NAT group and the MC24w group is significant but only has a medium ES

of 0.7.

group comparison p-value Effect Size (ES) rating

NAT-E48w 0.0019� 1.64 > 0.8

M48w-E48w 0.0194� 1.16 > 0.8

MC48w-E48w 0.0451� 1.1 > 0.8

E24w-E48w 0.0545 0.89 > 0.8

NAT-MC48w 0.0076� 0.88 > 0.8

NAT-E24w 0.0091� 0.73 > 0.8

NAT-M48w 0.0541 0.71 0,5–0,8

NAT-MC24w 0.0106� 0.7 0,5–0,8

NAT-M24w 0.1475 0.55 0,5–0,8

MC24w-E24w 0.9842 0.24 < 0,5

M24w-E24w 0.7007 0.18 < 0,5

The used ranking intervals are determined according to Cohen [26]. Usually, Cohen´s effect measures with < 0.5 are

regarded as small, effect measures with values between 0.5 and 0.8 as medium and effect measures > 0.8 as large

effect.

� = significant; see Fig 7

https://doi.org/10.1371/journal.pone.0224996.t002
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Hypertrophic reactions

We identified 9 hypertrophic reactions in the operated knee joints (15/112) after 24 weeks and

6 hypertrophic reactions after 48 weeks. In the groups where the defects were left empty, 3

hypertrophic reactions were seen after 24 weeks (E24w) and 1 after 48 weeks (E48w) respec-

tively. 3 months after surgery, we were able to find a hypertrophic phenomenon in the right

knee joint at the lateral distal defect area of an animal that was initially included in the MC48w

group, and had to be killed 92 days after treatment.

Discussion

The assessment of a new method for regenerative articular cartilage therapy is challenging as

no gold standard exists, which may accurately and unequivocally judge the quality of the recre-

ated tissue as suitable or not. Several test procedures are available, like biomechanical, bio-

chemical or molecular-biological; thus, one may get the idea to evaluate a new treatment and

Fig 8. The scoring data of the x–rays revealed no significant differences between the groups in terms of degenerative changes.

https://doi.org/10.1371/journal.pone.0224996.g008
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regenerate samples in particular with several types of analyses. Hence, the preclinical evalua-

tion becomes vital, as human trials are limited for scientific evaluation.

With this paper we present a protocol of a large animal model which is able to produce up

to 8 regenerates in one animal plus several types of control samples (also in a high number).

Thus, the presentation of our findings in this study completes our recently published study on

newly developed instruments to standardize preclinical tests for articular cartilage regenera-

tion therapies [17].

Several publication describe the animal model we used [14, 16, 42, 43]. We saw some

advantages in this model, like the comparability of the swine with the situation in humans [14,

27, 44, 45], the surgical procedure, the biomechanical situation in the trochlea [46], the rather

flat shape of the trochlea [42] and the fact that this model is suitable for the creation of several

defects in one knee joint.

The groups E24w and E48w (Table 1) could be seen as control groups in terms of critical

defect size, determining if spontaneous and endogenous regeneration of cartilage can occur in

empty defects in the GM ([27] cite [14]). The groups in which the animals received implants

without cells (M48w and M24w) can serve as control groups for those with seeded cells

Fig 9. The stifle joints were examined using the photographs taken immediately after the opening of the joints. One significant alteration was detected, but the

worst specimen was found after 48 weeks in a knee joint where the defects were left empty (E48w).

https://doi.org/10.1371/journal.pone.0224996.g009
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(MC24w and MC48w) or even as verum groups by themselves in terms of a cell free matrix

used for therapy.

As both knee joints of one individual are involved, the discussion about asymmetrical load

bearing or the occurrence of relieving one limb is void. Thus, the quality of all gathered sam-

ples will be comparable with regard to the site of origin, treated or not, the weight bearing and

the individual animal.

Only one type of treatment was used in both knee joints of one animal. By doing so, interac-

tions between different types of treatments within one joint could be excluded as well as sys-

temic influences between both knee joints. This may become important, if anabolic substances

are part of an implant as reported by Sumner et al. [47].

Number and size of defects and operation procedures

The creation of more than one defect in large animals was described in several studies [13, 16,

27, 48]. It is trivial to state that the larger the animal the larger the defect that can be created

for delivering regenerated tissue in greater dimensions [12] [19]. It is important to keep in

Fig 10. The articular cartilage was examined near the defects. Even the NAT group showed some degenerative changes. Comparing the condition of the cartilage, the

tissue in the M48w group was in a worse condition than that in the NAT group.

https://doi.org/10.1371/journal.pone.0224996.g010
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mind that larger samples of cartilage tissue are more suitable for biomechanical testing due to

their appropriate dimension [11, 19, 49, 50]. Mainil-Varlet et al. [16] created 6–8 defects, 4

mm in diameter, in the patella groove of Yucatan minipigs. Blanke et al. [15] reported a num-

ber of 6 defects of 5 mm in diameter in one trochlea of minipigs. Sosio et al. [41] also created 6

defects but with 6 mm in diameter in the trochlear groove of the right knees of 4 months old

Large–White pigs. Frequently, defects were set in both joints of one animal [27, 48]; if not, the

contralateral side was used as untreated control [18]. Fisher et al. [48] and Kim et al. [13]

reported 8 defects in both trochleae of Yucatan minipigs, 4 on each side with a diameter of 4

mm.

Five defects were set in one stifle joint of pigs at both sides in a standardized way [51] by

Hembry and coworkers [52], but rectangular in shape (0.5 mm wide, 0.5 mm deep, and 15

mm long). Two were positioned at each facet of the trochlea and one was placed at the medial

femoral condyle. As to the latter, our concern is that there are no identical starting points for

all defects in this model. Therefore, we restricted the area for setting defects to both facets of

Fig 11. The condyles were examined as remote regions to the trochleae were the defects were created. Surprisingly, the NAT group revealed the worst condition of

the articular cartilage of all groups. Two treated groups were actually significantly better. The results show that in this age group the GM can develop degenerative

changes at the condyles rather than at the trochleae (Fig 10).

https://doi.org/10.1371/journal.pone.0224996.g011
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the trochlea. In contrast to [52] we prefer defects cylindrical in shape as in our opinion the set-

ting of those defects can be performed in a highly reproducible manner using the instruments

as described by our working group [17]. The defect area for all of the 4 defects is approx. 28

mm2 and therefore more than 3 times larger than the total defect area described by [52]. Grif-

fin et al. [12] created two large cartilage defects with approximately 177 mm2 each (15 mm

diameter) in one trochlea of the knee of one horse and harvested 3 cylindrical plugs for bio-

mechanical analyses and half of the defect—area for histological assessment after 1 year [12].

Thus, a large defect offers the possibility to create some samples for different analyses, pro-

vided each section of the regenerated tissue is of the same quality. However, the use of horses

may be restricted to few research centers.

We created defects with a diameter of 6 mm in vivo and harvested samples with a diameter

of 5 mm with the intension of separating material of regenerated cartilage from natural carti-

lage tissue. This procedure seemed to be the best for biomechanical tests like compression [11,

19, 53, 54] or tribological analyses [49]. The disadvantage is that the surrounding natural carti-

lage tissue is lost for analysis of the interface between the regenerate and the original tissue by

doing so. Therefore, we harvested the samples for histological analyses in a larger dimension

to ensure that both, the regenerate and the natural cartilage, are taken from one specimen in

order to enable the use of an appropriate scoring system [34].

1st and 2nd operation

We timed the 2nd operation within a time frame of about 14 days after the 1st operation. The

type of implant used (Fa. Amedrix, Esslingen, Germany) made this procedure possible, as the

processing for re-implantation of the cells took some days.

The regeneration tissue at the bottom of the defect was easily removed but we assume that

the longer the time between the 1st and 2nd operation the greater the spontaneous regeneration

process, resulting in a more or less developed scar that would have to be removed for the cor-

rect implantation of the matrix. However, the spontaneous healing process was interrupted by

the presented procedure. Sosio et al. [41] described a repairing tissue which developed between

the 1st and the 2nd operation, which they performed 3 weeks after the 1st one. They also har-

vested chondrocytes from 6 defect locations, 6 mm in diameter, in the trochlear groove for the

treatment of osteochondral lesions in the same locations in 4 month old Large—White pigs

[41].

Similar to the procedure in the present study, [55] reported the harvesting of autologous

cartilage material from the lateral femur condyles of goats in order to re-implant the expanded

chondrocytes 4 weeks later in the same defect. Lind et al. [56] re-implanted the chondrocytes

within fibrin-hydrogel and MPEG-PLGA scaffolds in the same defects in goats, 4 weeks after

the 1st surgery. The time between the creation of the defects and the implantation of the autol-

ogous chondrocytes seeded in a I/III collagen membrane was 6 weeks with [57]. The defects

were created in the trochlea and the medial femoral condyle in sheep, whereas the cartilage

material, from which the chondrocytes were isolated, came from the non-weight bearing lat-

eral supracondylar area [57].

Welfare

The involvement of pilot animals can be recommended. Despite the fact that many technical

procedures can be developed and refined using specimens taken from cadavers, other ques-

tions could only be answered by operating on the living creature. Here, it is possible to take

into account the hygienic environment or the behavior of the parameters like the blood flow

and inflammation response. The surgical approach was slightly different from in vitro,
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especially at the 2nd operation. The pilot studies also showed us, that it was possible to set the

implants shortly after setting the defects, from which the cells were harvested. We also learned

to store the removed tissue in antibiotics for shipping to the manufacturer. The work on pilot

animals, which were not included in the trial, was essential to find the final protocol, which

was rigorously applied during the whole trial. Thus, an important part in the reproducibility of

the presented trial is based on the use of pilot animals. An expedient use of pilot animals is

described also by [16], who analyzed the fixation of the implants or [13] who also examined

short time effects of a growth factor and the degradation of the scaffold after 2 and 6 weeks.

As expected, the time of recovery after the 1st operation was shorter than after the 2nd oper-

ation. Where an abnormality of gait patterns is concerned, the longest time period was the 4th

day after the 1st operation. The resection of parts of the fat pad seemed not to have induced fur-

ther distress. Caminal et al. [30] and Murray and Fleming [58] reported a similar procedure.

The recovery after the 2nd operation was comparable to the findings of [42]. We can state

that, in the present study, distress of the animals after the 2nd operation was similar to the dis-

tress felt by minipigs after the setting of osteochondral defects in the medial femoral condyles

with a postoperative time of recovery of up to 7–10 days. Murray and Fleming reported a full

weight bearing of Yucatan mini-pigs within 48 to 72 hours after ACL reconstruction [58]. An

explanation for the longer time of recovery in the present study could be that the duration of

the 2nd operation was about 1 hour longer when implantations were performed than the time

needed for the 1st operation.

The higher distress after the 2nd surgery can also be deduced from the need of strong pain

killers in some cases and from a longer period of pain medication.

However, the animals recovered well before the 2nd operation and showed a healthy condi-

tion until the scheduled time of killing.

Weight gain

The longer period of observation (48 weeks) brought about a higher weight gain than the

shorter one (24 weeks). The animals reached body weights comparable with those reported by

[59] in a study with obese 4–6 years old GMs after ovarectomy. Schinhan et al. [18] reported a

weight loss of 3.7% of the animals in their OA model after an observation time of 6 and 12

weeks. This is different to the present study. However, one has to take into consideration that

we did not perform an OA model which would have put a strain on the animals. That could

have led to weight loss due to some distress resulting from the treatment. Another reason for

the weight gain may be the low activity level the animals showed during the observation time

after surgery. The observed weight gain of the treated animals was an important reason to

keep the animals of the NAT group in the same environment and conditions as the operated

pigs. The fact that the NAT group was not observed for 48 weeks could be seen as a disadvan-

tage. However, we noted that there was a 32% weight gain in the groups that were treated over

a period of 24 weeks groups and 62% in those that were treated over a period of 48 weeks.

There was a 38% weight gain in the NAT group therefore close to the groups of treated ani-

mals. However, we think that the weight gain is a strong indication for the healthy condition

of the animals during the healing period.

Number of animals

A major factor that has to be considered when performing a study like the one we presented is

the large number of animals needed. One also has to find a breeder who is able to deliver a

herd of 70 animals all at once. Another important factor is the capacity of the facilities, the

number of the operation theaters, the staff and the time frame of nearly one year needed for
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the follow up treatment etc. The complexity of the logistics is increased when animals have to

be housed separate as not all animals tolerate the housing in groups [10]. This can lead to seri-

ous complications even to the loss of an animal (see complications). However, the animals

should not be separated completely [10] to avoid stress, as recommended by [60]. Thus, we

had to perform the operations over a period of 32 months and in groups of 10 animals each,

according to their grouping (Table 1). This may be seen as a disadvantage of the study but a

random regime of treatment would have been hardly feasible and complications in terms of

protocol deviations (confusion) would have become more likely. This can happen in complex

studies that include a huge number of animals [58]. The huge number of animals we needed

made it necessary to obtain the GM from two breeders; one is located in Germany, the second

in Denmark. According to [27] there are 4 different breeding facilities of GM in the word:

Denmark, Germany, the US and Japan [27]. Simianer and Köhn [61] reported on a small but

unavoidable genetic differentiation between the German and the Danish GM populations, but

it was without statistical significance. However, the availability of a huge number of GM has to

be considered and breeders should be involved as early as possible, as supply-bottlenecks

could arise.

Age

One aspect in the articular cartilage research is the skeletal maturity of the species included. In

the research maturity is necessary if one wants to avoid the confounder of young tissue with a

higher proliferation rate of the chondrocytes and production of extracellular matrix [27, 62–

65]. The animals included in the present study were at least 24 months old and skeletally

mature. Some literature referred to an age of 18 months [27]. However, spontaneous degenera-

tive changes of the articular cartilage cannot be excluded in the swine [66], as shown in our

results (Fig 11). Additionally, we did not see a disadvantage in the use of older animals in our

study as the results are more comparable to the human situation, where older individuals also

suffer from changes in the articular cartilage [67, 68].

Samples

As the borders of the defects were still identifiable, we were able to harvest the samples accord-

ing to the protocol. They measured 5 mm in diameter and were therefore smaller by 1 mm in

diameter than the defect which measured 6 mm precisely. For the histological analyses the pro-

cedure was different. We included the surrounding tissue of the defect, thus making it possible

to apply an appropriate scoring system [39]. Apart from those samples with the regenerated

tissue, we were able to collect a large number of controls. However, the sample number was

limited as we left the lateral and medial tibia-plateaus intact. These could have delivered several

more samples for detailed analyses of the articular cartilage as described by [69, 70].

NAT Group and “external” controls

The inclusion of the untreated control group (NAT) made it possible to analyze the impact of

the surgical treatment [20]. In the NAT group we defined the same individual locations in the

knee joints for taking samples as in the other groups. We had to respect the locations where

the defects were set as well as those where the “inner” controls were taken, e.g. from a condyle

(see below). A further advantage of the inclusion of the NAT group is the possibility of saving

animals (see below: the 3Rs).
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Primary stability

We checked the stability of the implants in the defects immediately after implantation by mov-

ing the joint several times, as recommended by the manufacturer. For analyzing the stability of

the implants later on we checked knee joints of those animals that did not stay alive up to 24

weeks. We inspected these joints as we knew that we would not be able to determine macro-

scopically if the tissue found after 24 weeks or even after 48 weeks was a spontaneous regenera-

tion or a regenerated caused by the implant. However, we estimated that more than 90% of the

implants would remain in situ. We recommend that the most proximally located defects need

to carefully implanted.

Complications

After killing the animals we performed necropsies to identify other complications that could

be caused by the treatment, in particular the treatment with cell loaded implants. The identifi-

cation of cell migration as ectopic tissue is required to determine the potential of migration far

away from the “site of administration” [71]. The procedure which we performed was presum-

ably not absolutely appropriate to fulfill the safety requirements [71, 72] but we intended to

avoid overlooking severe adverse events which could be traced to the treatment. In some cases

we found an induration of the retroperitoneal fat which was assessed by the pathologist and

interpreted as unsuspicious. However a sound risk prediction of a cell based therapy needs a

more sophisticated protocol as we were able to apply in the presented study [30, 73].

Lost animals

Unfortunately we lost 7 animals in the study. Spontaneous death seems to be a seldom event in

a planned study as we did not find many reports in literature we have checked.

Apart from one case amongst all lost animals we were not able to correlate the death or the

illness of the animals with the surgical treatment. Wang et al. [43] lost 3 pigs due to wound

infections.

We learnt to be quite vigilant regarding the social behavior of the animals as we lost one

due to the consequences of fights with other animals [10].

In another case the welfare of one animal decreased after approx. 3 months after the 2nd

operation. We were able to find an abscess in the Tympanon region but we could not correlate

the appearance of the abscess in the Tympanon with the treatment.

Four animals deceased suffering from infections of the intestine and the respiratory system,

thromboembolic complications and a myocardial infraction. Similar adverse events are

reported in literature. Gotterbarm et al. [14] reported that one GM had to be taken out of the

study 26 weeks after surgery due to a minor stroke. Several days (161 days) after surgery, [58]

reported one animal that died of a respiratory infection. Birck et al. [59] reported the death of

two GM due to a thromboembolic complication within 2 months after Roux-en-Y gastric

bypass surgery; the animals were treated with central venous catheters. Murray and Fleming

[58] lost 2 animals in their study 62 animals that included, one when anesthesia was induced

in a study for ACL reconstruction in pigs. In a former study with 12 pigs they excluded 2 ani-

mals from the study [74]) though the complications were probably induced by the treatment.

Wang et al. [43] lost 1 of 12 young pigs, also due to anesthesia in addition to 3 animals suffered

postoperatively from wound infections which amounted to 33% of the pigs included in the

study.

Gotterbarm et al. [75] reported 1 severe infection in 22 GM (4.6%) and [76] reported about

1 severe infection in 8 GM (12.5%) leading to the premature killing of the affected animal.
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Schwarz et al. [77] also reported one animal lost in a study dealing with the osseointegration of

titanium implants in 20 GM (5%).

In the presented study we have a rate of 9% (7/77) where severe complications caused the

loss of the animals; we included the 10 animals of the NAT group in this statistics as we saw

that deaths in the treated groups were caused by diseases independently from the surgical

treatment. In addition we were not able to include some GM in the study one due to a histo-

logically proven breast carcinoma and another one due to spontaneous death. The events

occurred during the time of acclimatization of the animals after shipping.

Drop outs

In 3 animals only one knee was able to be treated during the 2nd operation due to a subcutane-

ous purulent abscess which we noticed before opening the knee joint. These knee joints and

the related (spontaneous) regenerative tissue samples were noted as “drop outs” but nonethe-

less included in the list of samples and blinded to get the complete number of samples. How-

ever, the samples had to be excluded from the statistics. Thus, the sample size is reduced in

special cases but the exclusion of the animal as a whole was not acceptable to us due to reasons

of animal welfare because the samples of the operated side were still available.

Infections

Local infections after surgery in the area of the wound are explainable as the distance to the

ground is short and the animals were housed in straw for their welfare [10]. As the wound is

near the belly of the animal it can also be affected leading to a secondary infection.

We think that the closure of the wound layer by layer may help to avoid contamination of

the joints (30).

However, we found a higher rate of signs of infections after the 2nd operation than after the

1st one reflecting the longer duration of the surgery and also the higher stress on the tissue due

to more manipulations. Most infections were superficial in the region of the wounds mainly

occurring on the scar and in the stitch channels. Thus in most cases it was possible to treat the

infections locally.

In some cases, further treatment of abscess- like formations was not necessary as they

healed spontaneously, including one on the facial region of an animal. Abscess formations in

the facial region seem to arise more often, as [58] treated an abscess near the jaw of a Yucatan–

minipig and [77] held an abscess in the facial region accountable for an infection of one

implantation site.

In the present study the administration of antibiotics was necessary in a few cases and a sur-

gical treatment had to be performed in one case, a situation similar to the one reported by

[18].

The seroma we found when opening the joints for the 2nd operation did not bother the ani-

mals in an obvious way. Only in a few cases we found germs. They did not seriously jeopardize

the surgery as we did not find empyema in the knee joints later on. Through the surgical

approach to the knee joint in the 2nd operation the seroma seemed to have been drained

successfully.

Histologic outcome of the treatments and controls

The results achieved by the scoring system according to O´Driscoll et al. [39] represent the

effect of the treatments as well as the validity of the model. However we detected a wide spread

of the values indicating that some individuals may have a higher potential for regeneration
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then others. The outlier in the NAT group represents a consequence of blinded examination,

even though if the final scoring values were harmonized in a consensus meeting (Fig 7).

In this report we want to focus more on the usefulness of the study design than on the

results in terms of the outcomes of used implants. However, one can see that the outcomes of

the groups without autologous cells (M24w and M48w) were closer to the condition of the nat-

ural cartilage of the NAT group than the groups that received matrices with cells. The latter

showed significant differences after ½ and 1 year (Fig 7). Schneider et al. [33] compared the

outcome of Col I scaffolds laden with or without autologous cells with spontaneous regener-

ated cartilage tissue in a comparable animal model and implants after an observation time up

to 1 year. The authors reported that the implants had similar values according to the O’Driscoll

score but better scores than the regenerated tissue in the defects with a diameter of 6.3 mm,

which were left empty.

Thus the question of the differentiability of the results becomes more interesting. In the

present study this is reflected by the clear differences between the means of the treated groups

and the NAT group (Fig 7) also when the differences are not significant for the M24w and the

M48w groups. But a differentiation between the groups with cells (MC24w and MC48w) and

the groups without cells (M24w and M48w) is possible when they are compared with the NAT

group. This is not the case when they are compared with a group where the defects were left

empty after 24 weeks (E24w group).

Obviously, the GM does not have the potential to regenerate a 6 mm defect spontaneously,

even after nearly one year (Fig 7). Therefore, the model could also be used with the empty

defects as controls as Schneider et al. [33] did. But the results show that the probability of

detecting differences to the treated groups increases after an observation time of nearly 1 year

and not after ½ year. This renders the model unattractive in terms of resource consumption,

but this drawback could be overcome by including a NAT group as shown in the present

study. Thus, the results accentuate the usefulness of the implementation of a NAT group as

control.

Degenerative changes in the articular cartilage close to the defects and in

the knee joints

Looking at the ratings we were able to determine the impact of the surgical procedures on the

articular cartilage of the trochleae adjacent to the area of operation (Fig 10), the cartilage of the

condyles far from the area of operation (Fig 11) and to the complete joint (Fig 8 and Fig 9).

Looking at the NAT group we noticed, that the stifle joints did not seem to be free from degen-

erative changes of the articular cartilage. The cartilage of the condyles showed significantly

more degenerative changes than that of the trochleae in the NAT group. It was surprising to

see that the condyles of the NAT group showed a tendency for a higher degree of degenerative

changes than that of treated groups (Fig 11). The group treated with matrices alone revealed a

significantly better condition of the condyles after ½ year but after 1 year it was the group with

cell laden matrix that revealed a better condition (Fig 11). It is speculation if a healing effect

could have occurred. But we think that the results confirm the assumption that the trochlea is

more robust against the occurrence of degenerative changes, even after two surgical treatments

especially, as the tibio–femoral joint was not touched. Thus, we see further evidence that the

area of the trochlea appears to be the better place for a cartilage defect model than the condyles

(Fig 11).

One has to keep in mind that skeletally adult GM may already have degenerative changes in

the knee joints when starting a study but the maturity makes this animal model more compa-

rable with the human situation (Chaganti and Lane 2011 [67], Prieto-Alhambra et al. [68]).

Standardization of a large animal model for analyses of regenerative therapies of articular cartilage

PLOS ONE | https://doi.org/10.1371/journal.pone.0224996 December 26, 2019 30 / 40

https://doi.org/10.1371/journal.pone.0224996


But age, weight and weight gain did not seem to have seriously influenced the development

of degenerative changes of the articular cartilage. We found two conspicuous data in the age in

the MC24w group and in the starting weight in the E24w group. However, negative correla-

tions were detected whereas the opposite would have been likely.

According to the results of the radiographs we cannot either assume that the presented sur-

gical performance had seriously altered the entire stifle joints (Fig 8).

However, macroscopically the M48w group was significantly worse than the NAT group in

terms of degenerative changes even though the worst reactions were macroscopically seen in

the E48w group (Fig 9).

Hypertrophic reactions (HT)

As described in literature we found HT after treatment [1], [75], [78], [79]. However it seems

that the development of hypertrophic reactions is not limited to cell laded matrices as it could

even appear when the cartilage defects were left empty and untreated. As we identified less HT

after 1 year than after ½ year, we assume that the HT developed within the first time period

after surgery.

A drawback regarding this issue is the fact, that we were not able to analyze the hypertro-

phic tissue as we had no tool to exactly measure the extension of hypertrophy in accordance

with the clinically used MRI based determination [79] or arthroscopic intervention [80]. How-

ever, the presented animal model seems to be suitable for addressing this issue of regenerative

treatments of articular cartilage.

Statistics

The outlined procedure for randomization of the samples in the presented study seems a little

complicated. But it was helpful to overcome the disadvantage that there were 8 defect locations

but 10 animals, which were needed as sample size (Fig 1). Thus, it was possible to perform a

random allocation of each sample even when two defect locations existed twice; randomization

and blinding of the samples were necessary following the by the ARRIVE guidelines [21].

It was a challenge to create the appropriate statistical analysis plan in concordance with the

aim of the planned study, more so as there are various analyses available and we had to find

out which procedure of analysis could be the most appropriate.

We intended to develop a procedure which would be helpful for the calculation sample size

and focus on the evaluation afterwards. Fig 5 confirms our sample size calculation as it shows

that an increase in the sample size does not enhance the power significantly. Fig 5 shows the

impact of a higher ES.

Using ESs enables researchers to find the most meaningful results amongst treatments and

analyses.

Cohen’s “d” is a family of statistics for standardized differences between observations. The

variations of Cohen’s “d” consist of differences between independent or dependent observa-

tions, whether the variances are assumed to be known or are estimated, and, in the case of

independence, whether the variances are pooled or not [25]. Further variations such as correc-

tions for bias etc. are also described in the literature [81]. Globally Cohen’s “d” can be simply

defined as the difference in the observations divided by the standard deviation of the difference

in the observations.

It may be noted that Cohen’s “d” is equivalent to the standardized normal deviate also

known as the z-score of a standard normal distribution. In terms of the testing of a hypothesis,

an interpretation of Cohen’s “d” is “The degree to which H0 is false is indexed by the discrep-

ancy between H0 and H1 and is called the ES” [26]. Each statistical calculation has its own ES.

Standardization of a large animal model for analyses of regenerative therapies of articular cartilage

PLOS ONE | https://doi.org/10.1371/journal.pone.0224996 December 26, 2019 31 / 40

https://doi.org/10.1371/journal.pone.0224996


Since the ES is a scale free continuous index it can be used to compare parameters within or

across studies.

We performed exemplarily a comparison of the detected p–values and the ES in terms of a

ranking in classes (e. g. < 0.5, 0.5–0.8 and> 0.8) with the results of the histologic evaluation

(Table 2). Looking at the results of the E24w and the E48w groups the difference was not sig-

nificant (p = 0.0545) but looking at the ES it can be ranked in the higher (high) class of ES. On

the contrary, the difference between the MC24w and the NAT group was significant

(p = 0.0106) but can be ranked only in a medium class of the ES (Table 2). The presented esti-

mations are quite sound as in all addressed groups (E24w, E48w, MC24w and the NAT group)

the complete data set of 10 samples was available. Thus one can see that the description of the

ES can enhance the assessability of the values and the classification of the results. It can subse-

quently help to determine the quality with regard to the assessed treatment or type of analysis.

But it might also be helpful to consider a number of ESs to determine a sample size for an

acceptable level of power in the planning stage of an experiment, especially in a case where dif-

ferent measurements are taken under varying conditions, with little knowledge of the true var-

iability of these measurements. Fig 5 shows that the ES is more relevant than the sample size as

a small ES has nearly no effect on the power whereas a higher ES will enhance the power also

with a higher number of samples.

However, we think that the most notable advantage of the ESs is that the ESs can be ranked

and compared with ESs calculated in other experiments and studies (Table 2).

The 3 Rs

At the beginning of the study we performed several examinations and developed processes

using cadaver specimens from cadavers at first from the slaughter house and then we used

dead GM. Thus “insentient” material was used which can be interpreted as Replacement
according to [23, 24]. Finally, pilot animals were used, which can be seen as a process of Refine-
ment regarding the animals included in the study [23, 24]. Thus, the final protocol of the study

was developed using specimens from cadavers [30] and ultimately using of animals as pilots.

This resulted in a refinement of the treatment.

The demands and execution of the Reduction principle [23] is defined in a more sophisti-

cated manner, as reduction is not strictly the minimization of animal numbers used instead

“enough animals have been used” [23, 24].

The animal model in the presented study can help to fulfill the demand for reduction also

in terms of the numbers of animals which had to be included due to the arrangement of the

surgical treatment and the determination of the groups (Table 1). One should take into consid-

eration that the number of techniques that can be used to characterize the properties of natural

and regenerated cartilage is growing rather than decreasing [9]. Thus more samples and finally

more animals are needed, as traditional types of analyses are not replaced by new ones at this

point in time [9]. The presented model provides 8 samples all resembling each other, originat-

ing from one animal and possible differences caused by different locations in the trochlea can

be compensated by a randomization procedure as described above. One conspicuous detail in

the presented model is the inclusion of the NAT group consisting of untreated animals. It is

not yet proven, if such a group is always needed. But the effect of the treatment or the surgical

approach can be identified by doing that as the comparison between “inner controls” from

operated knee joints can also be performed with the tissue of untreated knees as “outer con-

trols”. The most important reason for including the NAT group was to get samples of articular

cartilage that are completely pristine and are the best suited as control tissue. Another point is

that the welfare of the animals of a NAT group which included 14% of the animals in the
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presented study is not compromised by any distress resulting from surgical treatment other

than the sampling of blood under sedation. However, at a first glance the costs rise when a

NAT group is included but then the comparison with complete uncompromised and natural

cartilage is possible.

At a second glance one can see, that the presented type of animal model is cost-effective,

too, as animals can be saved:

If in a study one regenerate of articular cartilage from one joint was compared to a natural

sample of cartilage from the contralateral joint 80 animals would have to be included for one

group when the sample size calculation delivered the number of 10 for one of 8 types of analy-

ses. Thus, the number of animals, which had to be included, would rise to 480 animals with 6

groups and 2 healing periods. With the presented model we reduced the number of animals by

85%. The possibility to reduce the number of animals by using of a model which delivers sev-

eral samples from one animal is evident, as more defects can be created in one animal. How-

ever, we think that 4 defects with a diameter of 6 mm is the upper limit of defects that can be

placed in one trochlea of GM because of concerns regarding the surgical approach, the bio-

mechanical stability or the later development of severe degenerative changes of the joint. An

alternative model would provide 4 defects from one knee and 4 controls from the (untreated)

contralateral knee joint. This would require 120 animals that would have to be operated if 8

samples had to be created for 8 different types of analyses with a sample size of 10 in each of 6

groups. That number of animals needed would be 1.7 times higher, or in other words 71%

more animals than we needed for the presented study (n = 70). This benefit would still exist, if

a further NAT group for both time points (here 24 weeks and 48 weeks) had been included

bringing the number up to 80 animals in the presented model. However, we think that the

decision to include only one NAT group was sound even, if it was housed for just 24 weeks in

order to keep the numbers of animals as low as possible while still observing the expected “pre-

cision” [23, 24].

The postoperative observations confirm that the animals were not distressed more than

they were in comparable studies when 8 defects per animal were set.

Thus, we think that we were able to follow the principles of [23, 24] with the presented ani-

mal model even though fewer animals were involved [22] without an evident increase in dis-

tress in the operated animals but with high “efficiency” by “generating maximum scientific or

medical results from expenditures of monetary and animal resources, facilities, and personnel”

[23, 24].

Conclusion

Summarizing the data collected in the presented study we believe that the application of 8 par-

tial thickness defects allocated to both knee joints of one Göttingen Minipig in a symmetric

manner makes the presented large animal model useful for producing samples of regenerated

articular cartilage in a high number. It opens the door to complex analyses also due to the fact

that the double number of controls can be provided. From the scientific and economic point

of view the model becomes efficient because of the inclusion of a group of untreated animals

(NAT). It could help to histologically differentiate the outcomes of treatments in a shorter

observation time than it is possible in comparison with spontaneously regenerated articular

cartilage tissue. The cartilage of the trochlea proved to be robust against degenerative changes

despite the two surgeries and despite the existence of a prior primary degeneration. The use of

the effect size is a statistical parameter that can help make the values of several types of treat-

ment and analyses comparable. We think that the presented model has the potential to

improve further standardization of research while complying with the regulatory requirements
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for regenerative therapies of articular cartilage regarding the welfare of the animals, as it is cost

effective and in accordance with 3R requirements.
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Becker, Susanne Serba, Elmar Forsch, Steffen Thier, Stefan Fickert, Tamara Lenz, Christel

Weiß, Svetlana Hetjens, Frederic Bludau, Friederike Bothe, Wiltrud Richter, Barbara

Schneider-Wald.

References
1. Niemeyer P, Albrecht D, Andereya S, Angele P, Ateschrang A, Aurich M, et al. Autologous chondrocyte

implantation (ACI) for cartilage defects of the knee: A guideline by the working group "Clinical Tissue

Regeneration" of the German Society of Orthopaedics and Trauma (DGOU). The Knee. 2016; 23

(3):426–35. https://doi.org/10.1016/j.knee.2016.02.001 PMID: 26947215.

2. Rodriguez-Merchan EC. Regeneration of articular cartilage of the knee. Rheumatology international.

2013; 33(4):837–45. https://doi.org/10.1007/s00296-012-2601-3 PMID: 23263546.

3. Roessler PP, Pfister B, Gesslein M, Figiel J, Heyse TJ, Colcuc C, et al. Short-term follow up after

implantation of a cell-free collagen type I matrix for the treatment of large cartilage defects of the knee.

International orthopaedics. 2015; 39(12):2473–9. https://doi.org/10.1007/s00264-015-2695-9 PMID:

25676840.

4. Williams RJ, Gamradt SC. Articular cartilage repair using a resorbable matrix scaffold. Instructional

course lectures. 2008; 57:563–71. PMID: 18399610.

5. Anz AW, Bapat A, Murrell WD. Concepts in regenerative medicine: Past, present, and future in articular

cartilage treatment. Journal of clinical orthopaedics and trauma. 2016; 7(3):137–44. https://doi.org/10.

1016/j.jcot.2016.05.006 PMID: 27489407; PubMed Central PMCID: PMC4949414.

6. Boushell MK, Hung CT, Hunziker EB, Strauss EJ, Lu HH. Current strategies for integrative cartilage

repair. Connective tissue research. 2017; 58(5):393–406. https://doi.org/10.1080/03008207.2016.

1231180 PMID: 27599801.

7. Correa D, Lietman SA. Articular cartilage repair: Current needs, methods and research directions. Sem-

inars in cell & developmental biology. 2016; 62:67–77. https://doi.org/10.1016/j.semcdb.2016.07.013

PMID: 27422331.

8. LaPrade RF, Dragoo JL, Koh JL, Murray IR, Geeslin AG, Chu CR. AAOS Research Symposium

Updates and Consensus: Biologic Treatment of Orthopaedic Injuries. The Journal of the American

Academy of Orthopaedic Surgeons. 2016; 24(7):e62–78. https://doi.org/10.5435/JAAOS-D-16-00086

PMID: 27227987.

9. Schneider-Wald B, von Thaden AK, Schwarz ML. [Defect models for the regeneration of articular carti-

lage in large animals]. Der Orthopade. 2013; 42(4):242–53. https://doi.org/10.1007/s00132-012-2044-2

PMID: 23575559.

10. Swindle MM, Smith AC. Best practices for performing experimental surgery in swine. Journal of investi-

gative surgery: the official journal of the Academy of Surgical Research. 2013; 26(2):63–71. https://doi.

org/10.3109/08941939.2012.693149 PMID: 23281597.

Standardization of a large animal model for analyses of regenerative therapies of articular cartilage

PLOS ONE | https://doi.org/10.1371/journal.pone.0224996 December 26, 2019 35 / 40

https://doi.org/10.1016/j.knee.2016.02.001
http://www.ncbi.nlm.nih.gov/pubmed/26947215
https://doi.org/10.1007/s00296-012-2601-3
http://www.ncbi.nlm.nih.gov/pubmed/23263546
https://doi.org/10.1007/s00264-015-2695-9
http://www.ncbi.nlm.nih.gov/pubmed/25676840
http://www.ncbi.nlm.nih.gov/pubmed/18399610
https://doi.org/10.1016/j.jcot.2016.05.006
https://doi.org/10.1016/j.jcot.2016.05.006
http://www.ncbi.nlm.nih.gov/pubmed/27489407
https://doi.org/10.1080/03008207.2016.1231180
https://doi.org/10.1080/03008207.2016.1231180
http://www.ncbi.nlm.nih.gov/pubmed/27599801
https://doi.org/10.1016/j.semcdb.2016.07.013
http://www.ncbi.nlm.nih.gov/pubmed/27422331
https://doi.org/10.5435/JAAOS-D-16-00086
http://www.ncbi.nlm.nih.gov/pubmed/27227987
https://doi.org/10.1007/s00132-012-2044-2
http://www.ncbi.nlm.nih.gov/pubmed/23575559
https://doi.org/10.3109/08941939.2012.693149
https://doi.org/10.3109/08941939.2012.693149
http://www.ncbi.nlm.nih.gov/pubmed/23281597
https://doi.org/10.1371/journal.pone.0224996


11. Hurschler C, Abedian R. [Possibilities for the biomechanical characterization of cartilage: a brief

update]. Der Orthopade. 2013; 42(4):232–41. https://doi.org/10.1007/s00132-013-2074-4 PMID:

23575558.

12. Griffin DJ BE, Lachowsky DJ, Hart JC, Sparks HD, Moran N, Matthews G, Nixon AJ, Cohen I, Bonassar

LJ. Mechanical characterization of matrix-induced autologous chondrocyte implantation (MACI®) grafts

in an equine model at 53 weeks. Journal of biomechanics. 2015; 48(10):6. https://doi.org/10.1016/j.

jbiomech.2015.04.010 PMID: 25920896

13. Kim IL, Pfeifer CG, Fisher MB, Saxena V, Meloni GR, Kwon MY, et al. Fibrous Scaffolds with Varied

Fiber Chemistry and Growth Factor Delivery Promote Repair in a Porcine Cartilage Defect Model. Tis-

sue engineering Part A. 2015; 21(21–22):2680–90. https://doi.org/10.1089/ten.tea.2015.0150 PMID:

26401910; PubMed Central PMCID: PMC4652183.

14. Gotterbarm T, Breusch SJ, Schneider U, Jung M. The minipig model for experimental chondral and

osteochondral defect repair in tissue engineering: retrospective analysis of 180 defects. Laboratory ani-

mals. 2008; 42(1):71–82. https://doi.org/10.1258/la.2007.06029e PMID: 18348768.

15. Blanke M, Carl HD, Klinger P, Swoboda B, Hennig F, Gelse K. Transplanted chondrocytes inhibit endo-

chondral ossification within cartilage repair tissue. Calcified tissue international. 2009; 85(5):421–33.

https://doi.org/10.1007/s00223-009-9288-9 PMID: 19763370.

16. Mainil-Varlet P, Rieser F, Grogan S, Mueller W, Saager C, Jakob RP. Articular cartilage repair using a

tissue-engineered cartilage-like implant: an animal study. Osteoarthritis and cartilage. 2001; 9 Suppl A:

S6–15. https://doi.org/10.1053/joca.2001.0438 PMID: 11680690.

17. Schwarz ML, Schneider-Wald B, Brade J, Schleich D, Schutte A, Reisig G. Instruments for reproducible

setting of defects in cartilage and harvesting of osteochondral plugs for standardisation of preclinical

tests for articular cartilage regeneration. Journal of orthopaedic surgery and research. 2015; 10:117.

https://doi.org/10.1186/s13018-015-0257-x PMID: 26215154; PubMed Central PMCID: PMC4517650.

18. Schinhan M, Gruber M, Vavken P, Dorotka R, Samouh L, Chiari C, et al. Critical-size defect induces uni-

compartmental osteoarthritis in a stable ovine knee. Journal of orthopaedic research: official publication

of the Orthopaedic Research Society. 2012; 30(2):214–20. Epub 2011/08/06. https://doi.org/10.1002/

jor.21521 PMID: 21818770.

19. Strauss EJ, Goodrich LR, Chen CT, Hidaka C, Nixon AJ. Biochemical and biomechanical properties of

lesion and adjacent articular cartilage after chondral defect repair in an equine model. The American

journal of sports medicine. 2005; 33(11):1647–53. https://doi.org/10.1177/0363546505275487 PMID:

16093540.

20. Heard BJ, Achari Y, Chung M, Shrive NG, Frank CB. Early joint tissue changes are highly correlated

with a set of inflammatory and degradative synovial biomarkers after ACL autograft and its sham sur-

gery in an ovine model. Journal of orthopaedic research: official publication of the Orthopaedic

Research Society. 2011; 29(8):1185–92. https://doi.org/10.1002/jor.21404 PMID: 21387397.

21. Kilkenny C, Browne WJ, Cuthill IC, Emerson M, Altman DG. Improving bioscience research reporting:

the ARRIVE guidelines for reporting animal research. Osteoarthritis and cartilage. 2012; 20(4):256–60.

https://doi.org/10.1016/j.joca.2012.02.010 PMID: 22424462.

22. National_Research_Council. Guide for the care and use of laboratory animals (8th edition). Washing-

ton, DC: 2011.

23. Russell WMS, Burch RL. The Principles of Humane Experimental Technique (Special Edition; Reprint

from 1959). Wheathampstead, Hertfordshire, UK: Universities Federation for Animal Welfare; 1992.

24. Tannenbaum J, Bennett BT. Russell and Burch’s 3Rs then and now: the need for clarity in definition

and purpose. Journal of the American Association for Laboratory Animal Science: JAALAS. 2015; 54

(2):120–32. PMID: 25836957; PubMed Central PMCID: PMC4382615.

25. Cohen J. Statistical power analysis for the behavioral sciences (2nd edition). Hillsdale NJ: Lawrence

Erlbaum associates; 1988.

26. Cohen J. A power primer. Psychological bulletin. 1992; 112(1):155–9. https://doi.org/10.1037//0033-

2909.112.1.155 PMID: 19565683.

27. Christensen BB. Autologous tissue transplantations for osteochondral repair. Danish medical journal.

2016; 63(4). Epub 2016/04/02. PMID: 27034191.

28. Allen MJ, Houlton JE, Adams SB, Rushton N. The surgical anatomy of the stifle joint in sheep. Veteri-

nary surgery: VS. 1998; 27(6):596–605. https://doi.org/10.1111/j.1532-950x.1998.tb00536.x PMID:

9845224.

29. Parvizi J, Shohat N, Gehrke T. Prevention of periprosthetic joint infection: new guidelines. Bone Joint J.

2017; 99-B(4 Supple B):3–10. https://doi.org/10.1302/0301-620X.99B4.BJJ-2016-1212.R1 PMID:

28363888.

Standardization of a large animal model for analyses of regenerative therapies of articular cartilage

PLOS ONE | https://doi.org/10.1371/journal.pone.0224996 December 26, 2019 36 / 40

https://doi.org/10.1007/s00132-013-2074-4
http://www.ncbi.nlm.nih.gov/pubmed/23575558
https://doi.org/10.1016/j.jbiomech.2015.04.010
https://doi.org/10.1016/j.jbiomech.2015.04.010
http://www.ncbi.nlm.nih.gov/pubmed/25920896
https://doi.org/10.1089/ten.tea.2015.0150
http://www.ncbi.nlm.nih.gov/pubmed/26401910
https://doi.org/10.1258/la.2007.06029e
http://www.ncbi.nlm.nih.gov/pubmed/18348768
https://doi.org/10.1007/s00223-009-9288-9
http://www.ncbi.nlm.nih.gov/pubmed/19763370
https://doi.org/10.1053/joca.2001.0438
http://www.ncbi.nlm.nih.gov/pubmed/11680690
https://doi.org/10.1186/s13018-015-0257-x
http://www.ncbi.nlm.nih.gov/pubmed/26215154
https://doi.org/10.1002/jor.21521
https://doi.org/10.1002/jor.21521
http://www.ncbi.nlm.nih.gov/pubmed/21818770
https://doi.org/10.1177/0363546505275487
http://www.ncbi.nlm.nih.gov/pubmed/16093540
https://doi.org/10.1002/jor.21404
http://www.ncbi.nlm.nih.gov/pubmed/21387397
https://doi.org/10.1016/j.joca.2012.02.010
http://www.ncbi.nlm.nih.gov/pubmed/22424462
http://www.ncbi.nlm.nih.gov/pubmed/25836957
https://doi.org/10.1037//0033-2909.112.1.155
https://doi.org/10.1037//0033-2909.112.1.155
http://www.ncbi.nlm.nih.gov/pubmed/19565683
http://www.ncbi.nlm.nih.gov/pubmed/27034191
https://doi.org/10.1111/j.1532-950x.1998.tb00536.x
http://www.ncbi.nlm.nih.gov/pubmed/9845224
https://doi.org/10.1302/0301-620X.99B4.BJJ-2016-1212.R1
http://www.ncbi.nlm.nih.gov/pubmed/28363888
https://doi.org/10.1371/journal.pone.0224996


30. Caminal M, Fonseca C, Peris D, Moll X, Rabanal RM, Barrachina J, et al. Use of a chronic model of

articular cartilage and meniscal injury for the assessment of long-term effects after autologous mesen-

chymal stromal cell treatment in sheep. New biotechnology. 2014; 31(5):492–8. https://doi.org/10.1016/

j.nbt.2014.07.004 PMID: 25063342.

31. Sharma A, Swan KG. Franz Weitlaner: the great spreader of surgery. The Journal of trauma. 2009; 67

(6):1431–4. https://doi.org/10.1097/TA.0b013e3181b2fe3e PMID: 20009698.

32. Redman SN, Oldfield SF, Archer CW. Current strategies for articular cartilage repair. European cells &

materials. 2005; 9:23–32; discussion 23–32. https://doi.org/10.22203/ecm.v009a04 PMID: 15830323.

33. Schneider U, Schmidt-Rohlfing B, Gavenis K, Maus U, Mueller-Rath R, Andereya S. A comparative

study of 3 different cartilage repair techniques. Knee surgery, sports traumatology, arthroscopy: official

journal of the ESSKA. 2011; 19(12):2145–52. https://doi.org/10.1007/s00167-011-1460-x PMID:

21409471.

34. O’Driscoll SW, Keeley FW, Salter RB. The chondrogenic potential of free autogenous periosteal grafts

for biological resurfacing of major full-thickness defects in joint surfaces under the influence of continu-

ous passive motion. An experimental investigation in the rabbit. The Journal of bone and joint surgery

American volume. 1986; 68(7):1017–35. PMID: 3745239.

35. Little CB, Smith MM, Cake MA, Read RA, Murphy MJ, Barry FP. The OARSI histopathology initiative—

recommendations for histological assessments of osteoarthritis in sheep and goats. Osteoarthritis and

cartilage. 2010; 18 Suppl 3:S80–92. https://doi.org/10.1016/j.joca.2010.04.016 PMID: 20864026.
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