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Abstract
Muder, D. 2022. Finger Joint Reconstruction with Rib Perichondrium. Digital Comprehensive
Summaries of Uppsala Dissertations from the Faculty of Medicine 1820. 83 pp. Uppsala: Acta
Universitatis Upsaliensis. ISBN 978-91-513-1442-6.

Difficulties in repairing and reconstructing articular cartilage damaged by trauma or disease
remain unsolved and are one of the major challenges confronting orthopedic and hand surgeons
in their clinical work. Relevant research has not adequately described the long-term clinical
results, nor has it made a direct comparison to implant surgery after finger joint reconstruction
with rib perichondrium. The role of the transplanted perichondrium and the resulting tissue's
quality after transplantation have not been detailed with methods investigating gene and protein
expression. Therefore, the overall aim of this thesis was to investigate the role and suitability
of perichondrium transplants for finger joint reconstruction of cartilage defects and its potential
for the field of tissue engineering.

Study I is a longitudinal cohort study to evaluate the long-term clinical outcome of finger
joint reconstruction with perichondrium transplants. The study cohort included all 11 traceable
and alive patients after a median follow-up of 37 (range 34-41) years. The clinical results
regarding range of motion, grip strength, pain and scores on the disability of the arm, shoulder,
and hand (DASH) were good to excellent without any donor site morbidity. Study II is
a retrospective cohort study evaluating 163 joints in 124 patients, divided into 138 surface
replacement (SR) implants in 102 patients and 25 perichondrium transplants in 22 patients.
The median follow-up was 6 years for the SR group and 26 years for the transplant group.
Revision rates and 10-year survival favored patients treated with perichondrium transplants, but
below the threshold of statistical significance. Study III is an in vitro study to develop highly
sensitive and specific protocols for immunohistochemistry, immunofluorescence, and in situ
hybridization on bone tissue. The protocol modifications in this study represent critical steps
that can empower highly sensitive and specific mRNA and protein localization in formalin-
fixed and decalcified skeletal tissues needed for study IV. In Study IV, an experimental animal
study, perichondrium transplants from enhanced green fluorescent protein (EGFP) positive rats
were transplanted to wild type recipients. The reconstructed cartilage's cellular contribution and
quality were assessed by immunohistochemistry, immunofluorescence, confocal microscopy
and in situ hybridization at different times after surgery. The study showed that perichondrium
transplants differentiated into a cartilage structure that filled out the defects with chondrocytes
expressing elevated levels of Col2a1 and producing a matrix rich in proteoglycans. Study V
is a case series of four patients with a mean age of 40 (range 37-47) years with osteoarthritis
in the distal radioulnar joint. Our retrospective clinical follow-up is presented and discussed
in relation to more traditional techniques. Pain, range of motion, strength, and patient-rated
outcome measures improved and were stable at the mid-term follow-up 7.5 years after surgery.

In conclusion, perichondrium seems to be a suitable tissue for joint reconstruction and tissue
engineering.
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Prologue 

‘If we consult the standard Chirurgical Writers from Hippocrates down to 

the present Age, we shall find, that an ulcerated Cartilage is universally 

allowed to be a very troublesome Disease; that it admits of a Cure with more 

Difficulty than a carious Bone; and that, when destroyed, it is never 

recovered.’ 

William Hunter 1743 

To the present day we can state that Hunter’s observation is still valid. 
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Overview 

Introduction 

The skeletal system, composed of cartilage and bones forming articular joints, 

is one hallmark distinguishing the vertebrate from the invertebrate. The 

function of the hand and the existence of the thumb have made the evolution 

of humankind possible. Both ‘manual’ and ‘manner’ derive from the Latin 

word ‘manus’ (hand) for a good reason. This list could be continued and 

illustrates the central role of the human hand in different aspects. 

We know that the biomechanics of the distal radioulnar joint (DRUJ), the 

wrist, and the finger joints belong to the more complex ones in the human 

body. From a biomechanical point of view, the wrist and the hand are exposed 

to high forces in three axes: extension and flexion, ulna and radial deviation, 

and translation combined with high dexterity. Interestingly, Littler found the 

Fibonacci ratio of 1:1.618034 in the lengths of the forearm, wrist and hand as 

well as in the lengths of the of the metacarpal, proximal phalanx, middle 

phalanx, and distal phalanx bones (1) (Fig. 1+2).  

 

Figure 1. Diagram of the Fibonacci sequence. The 
sides of each successive square follow the 
Fibonacci relationship, as do the diagonals of the 
squares defined by connecting points A through H. 
For example, I3 I2 I1, I2 I1 I0, and so forth. 
(Reprinted from Park et al. 2003 (2) with 
permission from Elsevier). 
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Other investigators have noted that the functional lengths of these bones using 

the centre of rotation about the joints fit the ratio better than absolute bone 

lengths (3) while others have supported the mathematical analysis of Littler 

(4). Moreover, the Fibonacci ratio is found in the nautilus shell, sunflowers, 

eggshells, spiral galaxies of outer space, the Parthenon in Greece, and 

deoxyribonucleic acid (DNA). One theory about this phenomenon is that 

designs in nature follow this ratio to achieve the maximum output with the 

least amount of energy and resources (5). 

 

Figure 2. Human hand in relation to the Fibonacci spiral from figure 1 (Reprinted 
from Park et al. 2003 (2) with permission from Elsevier). 
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Another example supporting this theory is that Falcons approach their prey by 

flying in a spiral formed like the Fibonacci ratio. An energy-effective hunting 

tactic is mandatory for survival in those animals and has evolved over an 

extended period (6). These observations might at least partly explain the 

unique function of the hand. This geometric design, in this ratio, and the bony 

structures of the hand, make an equiangular spiral of joint motion arcs. And 

all movements in between the bones are enabled by the articular cartilage 

being part of the crucial link between all bones.  

Considering the highly specialized function of the hand, it is 

understandable that cartilage injuries in finger joints may cause significant 

problems in this fine-tuned tool. Reduced hand function due to pain, stiffness, 

and reduced strength often causes impairment in a work-related context and 

daily activities. A joint with normal function should have a full range of 

motion (ROM), no instability, and should be free of pain. It is difficult to meet 

all three parameters and fulfill this ideal situation surgically. Another crucial 

aspect is achieving satisfying results that are persistent in the long term. Thus, 

an approach to finding a joint reconstruction that can provide pain free and 

stable joints with no need for additional surgery is warranted. 

Epidemiology 

Osteoarthritis (OA) is the most common chronic joint disease (7). Reliable 

numbers have been worked out for OA in the knee, showing that the risk for 

developing symptomatic OA is 40% for men and 47% for women (8). When 

standardized for age and sex, the incidence rate for symptomatic OA of the 

hand is 100 cases per 100.000 person-years. The incidence rate for the knee 

and hip in the same study are 240 and 80, respectively. Until the age of 50, the 

incidence rates rise and decrease after age 70 (9). The Framingham OA study, 

that particularly investigated OA of the hand, estimated the radiological 

incidence to 35% and the symptomatic incidence to 4% in men and 9% in 

women (10). 

According to the Swedish National Quality Registry for Hand Surgery 

(HAKIR), the number of implant surgeries for the metacarpophalangeal 

(MCP) and proximal interphalangeal (PIP) joints was 155 in 2017 (MCP 88, 

PIP 67) and 94 in 2019 (MCP 64, PIP 30). 

Synovial Joint Formation 

The first step of synovial joint formation is the formation of the limbs in the 

embryonic period and is initiated by Hox genes. Mesenchymal cells migrate 

from the lateral plate mesoderm to the outgrowing limbs (11). Axial 

condensation of mesenchymal stem cells, initiated by Sox9, forms the 
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chondrified bone primordia comprising chondrocytes expressing type II 

collagen. It can be seen as the first template for what later will be bone (12,13). 

Synovial joints emerge from the chondrified bone primordia in the embryonic 

stage. The first sign is the appearance of three cell-layered interzones where 

two adjacent cartilaginous elements are separated by hypertrophic cells, with 

the center forming the new cavity. The cavitation process progresses by filling 

up the cavity with dense connective tissue first and fluidic hyaluronan later, 

which is initiated and maintained from the interzone forming the definite joint 

(14,15). Those condensated cells express Sox9 in the early stage, regulating 

Col2 and RunX2 in the later stage for cartilage development and can be seen 

as key players for chondrogenic differentiation at this stage. 

Articular Cartilage 

Structure and function 

In general, cartilage is classified into three types: elastic, fibro and hyaline 

cartilage. It comprises chondrocytes and a specialized extracellular matrix rich 

in proteoglycans, collagens, especially type II, and elastin fibres. The amount 

and ratio of proteoglycan and collagen type define the three sorts of cartilage. 

Elastic cartilage is located in the ear, the larynx, and the epiglottis. 

Fibrocartilage can be found as a labrum in the shoulder, hip, knee joints, and 

intervertebral discs. Hyaline cartilage, also called articular cartilage, is in the 

synovial joints. Articular cartilage is an aneural (without nerves) and avascular 

(without vessels) tissue found in many parts of the body. It can typically be 

seen in synovial joints but even in the cartilage part of the ribcage and is an 

outstanding tissue in several respects. It caps the epiphysis of the bones, and 

its shape and smooth surface, lubricated with synovial fluid, enables friction-

free movement between the two surfaces. Articular cartilage acts as a 

conjunction between bones and, together with the action of muscles and 

tendons, promotes the function of the human body. The ancient Greek term 

‘biomechanics’ refers to ‘life’ (bio) and ‘mechanics’ and, in those terms, the 

cartilage in the living joint is exposed to complex mechanical burdens. The 

different components, structure, and spatial architecture determine strength 

and capacity. 

Along the perpendicular axis to the joint surface articular cartilage is divided 

into three zones based on cellular morphology (16): the superficial zone (SZ), 

the intermediate zone (IMZ), and the deep zone (DZ) (Fig. 3). 
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Figure 3. Morphology of articular cartilage. Masson’s Trichrome stain of the distal 
femur of a 1-month-old New Zealand white rabbit (Michael Chau’s thesis 2014 
ISBN 978-91-7549-508-8, with permission from the Author). 

The superficial zone represents 10-20% of the articular cartilage, which is 

characterized by flattened chondrocytes with a parallel orientation to the 

surface and a relatively low production of proteoglycans and a preferential 

secretion of lubricating proteoglycan 4 (Prg4) (17). Prg4 had thus been used 

as a marker for the superficial zone, as lubricin reduces friction between the 

superficial zones of the joint components (18,19). The IMZ refers to 40-60% 

of the articular cartilage and is characterized by a thicker and more oblique 

orientated collagen with chondrocytes that have more of a round shape. In the 

DZ, which accounts for 30% of the articular cartilage, the collagen type II and 

chondrocytes have a parallel and vertical alignment.  

Synovial fluid 

Synovial fluid is found in the cavity of synovial joints to reduce friction and 

enable a smooth movement between the articular parts. It is viscous and 

originates from the synovial membrane, which is the inner layer of the 

synovial joint. It has rheopectic qualities that help reduce pressure applied on 

the joint before it reaches the articular cartilage. Because articular cartilage is 

avascular, its nutrition depends on the synovial fluid. Osmosis and phagocytes 

provide oxygen and nutrition in the synovial fluid and help to remove debris 

that occurs by regular joint movement. Besides these characteristics, synovial 

fluid seems to contain chondrogenic factors that can induce cartilage 

formation (20). Animal experiments showed cartilage formation when 

perichondrium was exposed to synovial fluid (21,22). Additional evidence 

Superficial 
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shows that synovial fluid promotes and influences the perichondrium to 

differentiate into cartilage. In a rabbit model pieces of perichondrium were 

placed in a dialysis bag to avoid contact with other cells. The bag was then 

implanted in the suprapatellar pouch of rabbit knees for 2 months. A 

substantial formation of new cartilage was found when the perichondrium was 

recovered from the knee. In the same rabbits perichondrium in dialysis bags 

implanted intra-abdominally showed slight or insignificant chondrogenesis 

(20). Synovial fluid seems to contain factors that promote and enhance 

cartilage development from perichondrium (20,23). However, the identity of 

this synovial factor (or factors) is still unknown. 

Articular cartilage defects 

Cartilage defects can occur as primary or secondary (post-traumatic) OA in 

basically any joint. Pain and stiffness are common symptoms and can result 

in severe limitations and reduced function. OA is one of the most common 

diseases of the elderly in western countries and can appear throughout all ages 

with enormous socioeconomic consequences (24–26). In primary OA, the 

aetiology is multifactorial, but its origin is still not fully understood (27). 

Genes seem to have an important impact, and more than 100 have been 

identified as putative effector genes (28). Disordered genes can cause 

monogenic skeletal disorders, malfunction in the extracellular matrix, or the 

formation of collagen, which may induce OA. With obesity and age being two 

of the most important risk factors, the upward trend in life expectancy and 

youth overweight, an increased prevalence of OA is expected. 

The avascular and aneural constitution of articular cartilage with a low 

number of chondrocytes and a slow turnover makes it a tissue of poor capacity 

for spontaneous repair (27,29). Full-thickness cartilage injuries down to 

bleeding subchondral bone may induce a limited healing response through 

diverse chondroprogenitor cells and fibrin from the blood from the 

subchondral bone (27). This regenerative tissue usually has a fibrocartilage-

like structure and is not stable over time (30,31). Moreover, if this tissue 

remains over time, its functional competence is insufficient (32,33). 

Therefore, cartilage defects still represent a challenge for health care 

professionals involved in these patients. Consequently, any current treatment 

option will typically fail to restore articular cartilage. When conservative 

treatment with physiotherapy and medication is unsuccessful, operative 

treatment should be considered a viable option. Several methods are available, 

including implant surgery, interposition arthroplasty, and joint fusion. In the 

hip and knee joint, implant arthroplasty provides high survival rates with good 

clinical outcomes and is accepted as the gold standard for treating patients 

with end-stage OA in these joints (34). Numerous research groups have 

studied transplantation of autologous cartilage or methods to stimulate healing 

of cartilage defects. 
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Historically, most surgical attempts for reconstructive purposes did not 

cause any significant cartilage formation or were clinically not applicable, 

leaving non-operative treatment or implant surgery as the standard options. A 

number of leading researchers and surgeons see tissue engineering as the most 

promising approach to heal and restore articular cartilage in the future (27,35). 

Articular cartilage repair  

Surgical 

Diverse surgical methods have been used clinically, such as Pridie drilling and 

microfracturing (27,36), autologous osteochondral transplants (mosaicplasty) 

(37–39), osteochondral allografting (27), periosteal transplants (40), and 

perichondrium transplants (41). 

Another approach employed is autologous chondrocyte implantation (42). 

In this method chondrocytes are extracted from a healthy non-load-bearing 

area. After being expanded, they are re-implanted into the defected cartilage 

using a porcine collagen membrane. This approach has evolved over the past 

decades and is widely applied to treat cartilage defects in the knee (43). 

Potential drawbacks with this technique are the two-stage approach, the 

damaging of healthy articular joint cartilage, high costs, and the 

dedifferentiating of chondrocytes on monolayers that affects the potential for 

cartilage-specific matrix synthesis (44). 

Stem Cells and Gene Therapy 

The unsatisfactory results of the current methods have led to an increased 

interest in stem cell therapy in the past 10 years (45). Recent publications have 

identified cartilage stem and progenitor cells in mice located in the superficial 

zone (46–48).These cells might generate chondrocytes formulating articular 

cartilage, even though the potential for treatment is not yet thoroughly 

investigated. In addition, viral and non-viral transfer routes for OA treatment 

have been studied (49). Using the common vectors such as adenovirus, 

retroviruses, and lentiviruses, the non-virus route drew more attention 

regarding handling, safety, and cost-effectiveness (49). In these methods stem 

cell populations and Sox5/6/9 plasmid DNA are seeded into scaffold models 

for pursued chondrogenesis in vivo (50). 

However, none of these methods has been proven to be superior, and the 

structural improvement of the resulting tissue is still limited. Thus, none of the 

methods achieved a clinical breakthrough for reconstruction of finger joints. 
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Perichondrium 

Perichondrium is mainly located on the surfaces of elastic and hyaline cartilage. 

It can thus be found in multiple locations of the body, including the ears, nose, 

and ribs but is not present in the articulating surfaces of joints. During 

embryogenesis, perichondrium is formed at the edge of the condensed 

templates, where mesenchymal cells proliferate and differentiate into 

chondrocytes for future cartilage formation (51). Perichondrium cells can 

differentiate into most skeletal elements (e.g., growth plate and articular 

cartilage, periosteum, cortical bone, trabecular bone, and bone marrow) (51). 

Further on, the perichondrium comprises a highly vascularized fibrous layer 

providing skeletal stem cells for bone development (52). In this thesis 

perichondrium from the rib was investigated, which is a dense connective tissue 

consisting of two separate layers: an inner cambium layer containing 

osteochondro progenitor cells (53) and an outer fibrous layer important for 

mechanical and structural support. The regenerative characteristics of 

perichondrium and its potential for chondrogenesis of articular cartilage were 

first investigated in the 1970s (22,54,55). For example, these cells contribute to 

longitudinal bone growth by undergoing proliferation, hypertrophy, and column 

formation in the cartilaginous bone templates of long bones. At the same time, 

perichondrium can differentiate into periosteum and serve as a source for both 

cortical and trabecular osteoblasts (56–58). A chondrogenic potential was found 

when experimental studies investigated early and encouraging clinical findings 

(59–61). Further studies have shown that perichondrium cells respond to signals 

from underlying chondrocytes and play a role in regulating chondrocyte 

differentiation (62–64). 

Periosteum 

Periosteum covers the outer surface of bones as a membrane. In analogy with 

perichondrium periosteum comprises an outer fibrous layer and an inner 

cambium layer containing osteoblasts and their precursor (65,66). Studies 

have investigated whether periosteal cells derive from the fetal perichondrium, 

but the relationship between fetal perichondrium and periosteum remains 

unclear (58,67,68). Knowledge about the perichondrium-cartilage relationship 

was relatively limited in the early 1970s, whereas the analogous periosteum-

bone relationship was better understood (69,70). The osteogenic capacity of 

free periosteum had been extensively studied in Skoog’s laboratory in the 

1960s. From clinical experience, it was known that subperiosteal hematoma 

of facial bones might cause local bone formation. The osteogenic potential of 

the periosteum was used clinically for reconstructive purposes. Skoog 

achieved bone formation in congenital clefts of the maxilla by rearranging 

local periosteal membranes (71–73). The cambium layer of the periosteum not 

https://www.osmosis.org/learn/Anatomy_and_physiology_of_the_ear
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only induces bone formation, but it also contains chondrocyte precursors able 

to differentiate and form cartilage (74,75). O’Driscoll and Fitzsimmons 

further investigated the chondrogenic potential, finding that periosteum might 

be a suitable tissue for cartilage repair (40). Brittberg et al. further investigated 

the role of periosteum and its ability to induce chondrogenesis but could not 

identify the crucial factors determining chondrogenesis (76).  

Reconstruction of finger joints 

The aims of finger joint reconstruction are usually in the following order: 

 

- Absence of pain 

- Stability 

- Maximize ROM 

- Minimize risk of revision surgery 

It is quite challenging to achieve all of these aims simultaneously when 

handling OA in the small joints of the hand and wrist surgically. The anatomy 

is complex, with fine-tuned interactions between tendons, ligaments, and 

joints. In addition, various motions are required in different joints, such as 

extension and flexion, radial and ulnar deviation, and some degree of 

translation. An impaired hand function often has devastating consequences on 

working life and independence in daily activities. 

To evaluate successful joint reconstruction a consistent terminology 

regarding follow-up time is essential. 

The expressions short-, mid-, and long-term follow-up have been used in 

this thesis and refer to the following time frames (77): 

 

- Short-term: minimum mean follow-up of 2.5 years/30 months 

- Mid-term: minimum mean follow-up of 5 years/60 months 

- Long-term: minimum mean follow-up of 12.5 years/150 months  

Anatomy and biomechanics 

Metacarpophalangeal joints 

The MCP joints connect the distal part of the metacarpals with the proximal 

part of the proximal phalanx and are asymmetric and of ellipsoid shape (Fig. 

4). The proximal part comprises the head of the metacarpal, which is wider in 

its volar part than in its dorsal region. The corresponding concave parts at the 

base of the proximal phalanxes are oval, and the ulno-radial expansion is 

wider than the dorso-palmar one. Volarly, the capsule comprises a relatively 

thin and elastic volar plate enabling some overextension of the joint. Dorsally, 

the joint capsule, in contrast to the PIP joints, is uncoupled to the extensor 

tendons. The capsule is reinforced on both sides by collateral ligaments 
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consisting of a proper (regular) part and a fan-shaped accessory part, which 

attaches volar to the proper part of the ligament. The radial collateral 

ligaments of the index and long finger are thicker and more stable than their 

ulnar counterparts. This anatomical asymmetry is less pronounced in the ring 

and little finger. The asymmetric shape of the metacarpal head causes a “cam” 

effect, which makes the collateral ligaments tauter in flexion than in extension. 

The collateral ligaments are tight and provide stability sideways when the joint 

flexes and are loose with the joint extended, enabling ab- and adduction to 

reach and grasp objects. The normal ROM can vary but is about 30° in 

extension and 100° in flexion or 30-0-100° as expressed in the neutral zero 

method (78). 

Proximal interphalangeal joints 

The PIP joints of the finger are a hinged connection formed by the proximal 

phalanx, the middle phalanx, and the surrounding soft tissue (Fig. 4). The PIP 

mainly provides motion in the sagittal plane and only small movements in the 

coronal and axial plane. The proximal part comprises the distal part of the 

proximal phalanx that forms a trapezoidal-shaped head with two concentric 

condyles. The index and long fingers have a more prominent ulnar condyle 

than the ring and little fingers. The distal part of the articular surface is formed 

by the middle phalanx and comprises the condylar recesses divided by a ridge. 

The distal part of the joint has a larger radius than the proximal part, resulting 

in additional motion outside the sagittal plane (79). Volarly, the joint is 

stabilized by a thick and robust volar plate, which inhibits overextension. 

Dorsally, the joint capsule is mostly made up of fibers of the extensor tendon 

(78). Stability in the coronal plane derives from the bony anatomy and the 

strong collateral ligaments. The collateral ligaments can be divided into the 

proper collateral ligament (PCL), providing the most lateral stability, and the 

accessory collateral ligament (ACL). Both collateral ligaments originate in 

pits on either side of the proximal phalanx head and are inserted into the 

middle phalanx. The ACL attaches volar to the PCL (79). In contrast to the 

MCP joint, the collateral ligaments in the PIP joint are taut, regardless of the 

position of the joint. The normal ROM can vary but is about 0° in extension 

and 100° in flexion or expressed in the neutral zero method 0-0-100° (78). 
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Figure 4. Schematic drawing of the hand, lateral view. A MCP joint B PIP joint.   
Illustration by Rakhsha Razani (with permission). 

Implants 

The first attempts to reconstruct finger joints with implants were made in the 

1940s by Burman using Vitallium caps (an alloy of cobalt, chromium, and 

molybdenum) (80). The first total finger joint replacement was developed and 

reported in 1959 by Brannon and Klein (81). The early results were 

discouraging because of poor implant design and inadequate understanding of 

biomechanics. Thus, until the 1960s and 1970s, joint fusion or amputation was 

the most common choice when non-operative treatment failed. Based on these 

shortcomings, the evolution of implant design, operative technique, and 

rehabilitation protocols has dramatically transformed. Today, a wide variety 

of implants are available on the market, providing different advantages and 

disadvantages. Compared to hips and knees, finger joints have a less sufficient 

bone stock to support the implant. Regarding finger joints, the two most 

common types of prosthesis are silicon spacers and two-component surface 

replacement (SR) implants. Both implant types require resection of bone to 

create enough space for the implant and cannot yet mirror the results of knee 

and hip replacement (35,82).  

Silicone implants 

Swanson introduced the first generation of silicon spacer for PIP joint 

reconstruction in the early 1960s, and the implant design today is almost 

identical. It comprises a single unit with a tapered stem both proximally and 

distally with a dorsal offset flexion region. These implants are constrained. 

The middle part of the implant acts as a spacer in the former joint, and the 

stems function as pistons in the surrounding bone stock. The most common 

problems with silicon spacers are dislocation and implant fractures, which 

may be as high as 63% after 14 years (83). Only 27% of the patients in the 

same study reported an absence of pain at the final follow-up in MCP joints 

(83). A review on finger joint replacement by Adkinson and Chung (35) 

reported 2013 decreased ROM and resorption of the bone in 43-78% of the 

A B 
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patients (84,85). Fracture rates of up to 30% have been reported for silicone 

implants in the PIP joint (86). 

However, despite these drawbacks, pain relief in some studies has been 

reported to vary between 70 and 90%, still making it a popular implant 

(87,88). Silicon spacers are mostly used for rheumatoid patients, but the 

indication has become wider during the past few decades due to problems with 

SR implants (89–91). 

Two-Component SR implants 

In 1979, Linscheid and Dobyns introduced a new implant (92). It comprised a 

cobalt chrome component on its proximal part and a high molecular weight 

polyethylene (HMWPE) on its distal part. The aim was to create a more 

physiological articulation and stability (Fig. 5). Several refinements have been 

made, with improved osseointegration being the most important. 

Today, it is a commonly used type of prosthesis in young non-rheumatoid 

patients (82). However, this implant is hampered by several problems (e.g., 

loosening, subsidence, and bony overgrowth), with reoperation rates of 34% 

within 6 years, including implant revision in 21% of the cases (90). To address 

the problem with implant loosening, cementing of SR implants has been tried 

as an alternative. However, higher loosening rates have been reported with 

cement (57,93). In addition, and because revision surgery has become 

immensely more difficult, many surgeons avoid the cementing of SR implants 

(94). 

 
 

 
 

Figure 5. A Sbi PIP joint prosthesis, lateral view, B Sbi PIP joint prosthesis, 
anterolateral view. (Image by Luther et al 2010 (95), reprinted with permission from 
Sage). 

A

B
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Pyrocarbon implants 

Because of the problems with two-component implants and silicon 

arthroplasty, a new implant was developed to meet these challenges around 

the year 2000. Using pyrolytic carbon, a synthetic and biocompatible material, 

the hazards of loosening and luxation were supposed to be resolved. Formed 

by pyrolysis (thermochemical decomposition) of a hydrocarbon gas at 

approximately 1300° C, Pyrocarbon is chemically stable and biocompatible 

and stimulates the formation of sclerotic bone for higher stabilization (89). 

The outcome after pyrocarbon arthroplasty varies considerably, with reports 

about slightly increased or decreased ROM and slightly better ROM when 

used in the PIP joints but never over 30-40° in the total ROM (89,96–98). For 

pain relief, the literature is inconsistent: improvements have been reported by 

Chung and Wijk (99,100) and no improvement by Nunley (101). In a 

prospective, randomized controlled trial comparing titanium-polyethylene, 

pyrocarbon, and silicone PIP joint arthroplasties, Daecke et al. reported 

pyrocarbon implant dislocation in 17% and subsidence in 33% (102). Because 

changes in motion are minimal, a lack of osseointegration (103), and relatively 

high complication rates, some authors have abandoned pyrocarbon 

arthroplasty altogether (89). Neither of these complications occurred in the 

silicone arthroplasty patient cohort (102).  

Resection and Interposition arthroplasty 

Until the late 1950s, joint resection was a popular procedure, especially in 

patients with rheumatoid changes. The procedure aims to maintain motion and 

function in the joint (104). Several refinements to the simple joint resection 

were introduced in the following decades. Millesi interposed corium (skin) in 

the joint (105) while Vainio interposed a piece of the extensor tendon (106) 

and Tupper used the volar plate as an interposition membrane in the MCP joint 

(107). Diverse kinds of tendon stabilizations have been introduced using the 

extensor tendon (108) or the intrinsic tendons according to Straub and 

Tillmann (109). Joint resection later declined in popularity, and silicon 

arthroplasty became the gold standard in patients with rheumatoid arthritis 

(35). 

Autologous joint transplantation 

To reconstruct finger joints using autologous small joint transplantation offers 

several advantages: complete biocompatibility, the potential for future growth 

in paediatric patients, and an anatomic design. The first joint transplantation 

in 1913 by Goebell was non-vascularized and struggled with cartilage 

necrosis. Buncke contributed to vascularized joint transplantation in the 

1960s, and Foucher introduced the first free-toe-to-finger transplantation in 

the 1970s (110,111). Usually, the PIP or metatarsophalangeal joint of the foot 

is used to reconstruct its counterpart in the hand. Today, this technique is used 
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primarily in patients with immature skeletal structures. According to a review 

by Chung, the ROM after joint transplantation is not superior to silicon or 

pyrocarbon arthroplasty (112). The procedure is technically demanding, and 

major complication rates as high as 29% have been reported (112,113). 

Moreover, reoperations have been reported to occur in >50% of the cases 

(114). On the other hand, donor site morbidity seems acceptable in the long 

term, with 92% of the patients reporting no or only minor complaints after a 

median of 16 years (115). Thus, autologous joint transplantation is almost 

exclusively used when growing reconstruction is required. 

Perichondrium transplantation 

The possibility of transplanting cartilage and restoring a damaged joint using 

the chondrogenic potential of autologous tissue is an appealing approach to 

meet all the requirements for joint reconstruction. The search for alternative 

methods to fulfil these requirements includes identifying a suitable tissue to 

transplant and solving problems with attachment of the graft to the recipient 

site. Attempts in the first half of the past century to transplant autologous 

cartilage for reconstructive purposes to the ear, nose, or joints failed. In the 

first attempts cartilage was sliced or molded before transplantation but did not 

cause any significant formation of new cartilage or were not applicable 

clinically. The chondrogenic potential of perichondrium was observed early 

in the 20th century (59), but it took until the 1970s before investigations with 

acceptable results were published (116).  

That perichondrium might produce new cartilage originates from the 

“cauliflower ear” that wrestlers develop after bumping and twisting their ears 

towards the opponent’s head. The trauma causes a hemorrhage that lifts the 

perichondrium from the underlying cartilage. New cartilage is formed in the 

blood-filled space under the perichondrium (117). Repeated trauma adds more 

cartilage, and the wrestler develops typical malformation of the ears. 

In 1971, Professor Tord Skoog, Uppsala University, started a series of 

experiments to investigate the chondrogenic potential of perichondrium 

prompted by their observation that “the frail, seemingly unimportant 

perichondrium” might have been overlooked (118). 

In the first experiment 10 rabbits were used. The perichondrium was 

stripped off the ear cartilage and raised as a flap. A segment of the underlying 

cartilage was removed, and the perichondrial flap was sutured back over the 

defect. The other ear of the same rabbit served as control group, where the 

cartilage and the overlying perichondrium were resected. No cartilage 

formation was seen on the control side, whereas a progressive cartilage 

regeneration originating from the perichondrium was found in the first group 

(118).  

Encouraged by their initial results, further experiments were conducted. 

The size of the cartilage defect was increased with similar results as long as 

the defect was covered with perichondrium (55). Further on, a Teflon ring was 
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placed in the created cartilage defect to rule out that cartilage regeneration 

occurred from the cartilaginous edges of the defect. The ring was covered with 

a perichondrial flap, resulting in a cartilage disc inside the ring (117). If the 

ring were filled with blood, the amount of neo-cartilage increased (118) 

indicating that factors in the blood may influence the process. Next, the 

chondrogenic potential after transplantation was investigated to achieve a 

more clinically effective and applicable method. 

Transplanted perichondrium from the rabbit ear to the joint surface of the 

cavitas glenoidalis was shown to form new cartilage (54), confirming that the 

chondrogenic capacity of the perichondrium remained when it was transferred 

as a free autologous graft. This was the last missing piece needed to proceed 

and apply this approach to clinical use. Finally, in 1975, Skoog & Johansson 

reported the first total reconstruction of articular cartilage with a perichondrial 

graft in a human patient (54).  

A 20-year-old carpenter damaged the MCP joint to his long finger in a saw 

accident. Radiographs and clinical findings revealed a destroyed joint surface 

with severely impaired function on both parts of the joint (Fig. 7). The 

traditional surgical options were silicon arthroplasty, fusion, or amputation. 

As none of these options were considered acceptable in this setting and 

strengthened by their successful results in the laboratory, they conducted a 

free perichondrial graft from the 6th and 7th rib to the damaged joint. Both parts 

of the joint were resurfaced, and a thin silastic sheet was left as a spacer to 

prevent adhesion formation. The silastic sheet was removed after 4 months, 

and the researcher reported a macroscopic “glistering white cartilage” (119). 

A biopsy was taken from the joint surface where microscopy revealed 

morphology consistent with hyaline cartilage of normal thickness (119). 

Follow-up showed full ROM and a pain-free joint that functioned well under 

heavy manual load about 8 months after surgery. Skoog & Johansson 

concluded that “the new cartilage resembled articular cartilage in every 

aspect” (54). This first patient was then followed for >40 years (study I). The 

outcome was unchanged over time, and the long-term results revealed normal 

joint function (Fig. 8). Since then, the technique has been used to resurface the 

PIP joint, the MCP joint, the carpometacarpal joint, the elbow joint, and the 

metatarsophalangeal joint (41). The popularity of this procedure increased, 

and Pastacaldi used the method in patients with rheumatoid arthritis and 

severe radiocarpal destruction. The author reported excellent results in 17 

patients regarding pain and ROM after 6 months (120). Other clinics 

worldwide adapted the technique in the following decades (121,122). Seradge 

et al. reported on a series of 36 reconstructions (16 MCP, 20 PIP joints) and a 

minimum follow-up of 3 years. Most cases were described as excellent or fair; 

the revision rate was 19% for MCP reconstruction and 30% for PIP 

reconstruction (121). 

Nonetheless, the popularity of perichondrium transplantations has declined 

in the past decades. Reports on mid- and long-term results for perichondrium 
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transplantations are rarely available to advocate this method. Moreover, 

significant advances in implant design have been made. Costs, the need for a 

second surgical site at the rib cage, and notably revision rates in the short- and 

mid-term are additional factors that might explain the decline. 

Initially, the grafts were exclusively osteo-sutured to the recipient site. 

Using fibrin glue (TISSEEL, Baxter Healthcare Corporation, Westlake, CA, 

USA), the procedure to attach the graft to the recipient site was simplified in 

animal models (21). This modification made the surgery easier and enabled 

the shortening of the postoperative immobilization time (123). This 

refinement was soon applied to humans. Nowadays, the attachment technique 

comprises fibrin glue in addition to osteosuturing of the edges of the graft. 

When both parts are reconstructed, a thin silicone membrane is interposed 

temporarily in the joint. The rationale for this is to avoid adherences 

(chondrodesis) and also to mold the new joint surfaces. In clinical practice the 

membrane is removed about 2 months after the transplantation under local 

anesthesia.  

Perichondrium transplants has also been used to repair cartilage defects in 

the human knee (124). Good or excellent results were seen in patients under 

40 years of age with isolated traumatic defects of the medial femoral condyle 

of the knee. The long-term outcomes in these patients were later compared 

with subchondral drilling. After the debridement and drilling procedure, the 

outcomes were at least as good as those in the transplantation group (125).  

In 2014, the technique was successfully applied to the DRUJ (126). Today, 

perichondrium transplants are mainly used to reconstruct MCP and PIP 

joints in the hand using a standardized procedure. 

Other methods 

If the joint erosion is limited to the volar part of the middle phalanx at the PIP 

level, the Hemi-hamate procedure can be considered. The distal and dorsal 

parts of the hamate, including its joint surface at the carpometacarpal level, 

are used as a donor to reconstruct the damaged volar part of the middle 

phalanx at the PIP joint level. This method can be technically challenging 

because it requires a second surgical site for graft harvest and is only an 

acceptable option if the joint erosion is limited to the volar half of the joint 

surface. Because of OA and graft necrosis, failure rates as high as 50% have 

been reported after this procedure (127). Thus, the indication for using this 

technically demanding method is narrow and thus it is not suitable as a 

standard procedure for reconstructing finger joints. 
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Reconstruction of the distal radioulnar joint 

Anatomy and biomechanics 

The DRUJ, together with the proximal radioulnar joint (PRUJ), is one of the 

two joints connecting the two bones of the forearm (ulna and radius, Fig. 6). 

The primary function is to enable rotation between the two bones, with the 

ulna being the fixed part and the radius the moving, rotating part. Stabilization 

is secured by the ligaments and the capsule of the PRUJ, the interosseus 

membrane in between the diaphyseal part of the radius and the ulna, and in 

the distal part by the triangular fibrocartilage complex (TFCC). In addition, 

extraarticular components (e.g., the extensor carpi ulnaris and the flexor carpi 

ulnaris (FCU)) function as secondary stabilizers of the DRUJ. The rounded 

ulnar head forms the convex part of the joint, meeting the relatively shallow 

concavity of the sigmoid notch on the radius. The difference in curvature 

between the joint surfaces enables translational and axial movement while 

rotating the forearm. The relative incongruence between the joint surfaces is 

a unique feature of the joint (128). About two thirds of the ulnar head are 

covered with cartilage. The normal ROM can vary but is about 160° in pro- 

and supination or 70-0-90° according to the neutral zero method. 

Implants 

Implant arthroplasty of the DRUJ can be constrained (total implants) or non-

constrained (ulnar head implants). The most common type for partial 

reconstruction is the Herbert ulnar head prosthesis (129). Another option is 

the Eclipse implant (130). When reconstruction of both joint surfaces is 

needed, and soft tissue surrounding the joint is insufficient, the Scheker 

prothesis can be used as this implant offers stability by its constrained design 

(131). However, it allows for axial movement and may be better referred to as 

semi-constrained. The results after implant arthroplasty have improved over 

the past decades, but there are still problems with restricted ROM, persistent 

pain, implant loosening, and instability. Difficulties are reported concerning 

impaired grip strength (73% of the contralateral side) (132) and 29% 

reoperation rate (133). Survival rates as high as 90-100% for the Herbert 

prosthesis have been reported (134,135), but outcome scores in the same 

studies indicated substantial residual disability. Revision surgery secondary to 

the methods described above is challenging and the outcome unclear. 

Other techniques 

Several salvage procedures have been described when implant surgery has 

failed or is an unsuitable option. Most of them cause significant changes of 

the bony anatomy: for example, total (Darrach) or partial (Bowers) resection 

of the ulnar head and the Sauve-Kapandji procedure (arthrodesis of the DRUJ 

with segmental resection of the ulna more proximal) (136). A common 

postoperative complication with these procedures is painful impingement 
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between the distal ulnar stump and the radius during manual load (137). These 

traditional methods are mostly used in older individuals (>70 years) with 

rheumatoid changes and minimal manual demands (138). A potential 

complication in the Bowers procedure is the stylocarpal impingement, making 

sufficient soft tissue surrounding the joint mandatory (138). Complication 

rates vary considerably (from 14-44%) (138,139). Both for the Darrach (30%) 

and the Sauve-Kapandji procedure (50%), the complication rates need to be 

discussed with patients when considered as a treatment option (137,140). The 

significant physical impairment after a total DRUJ fusion (only) is not 

acceptable for most patients and therefore rarely used. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 6. Wrist radiographs. A normal DRUJ, B osteoarthritic DRUJ (Peter 
Axelsson’s thesis 2018 ISBN 978-91-629-0391-6, with permission from the author). 

Perichondrium transplantation 

In 2011, the technique of finger joint reconstruction with perichondrium was 

applied to the DRUJ for the first time (126). The initial results were 

encouraging, and three more cases followed. The outcomes were described in 

a midterm follow-up showing good to excellent clinical results with a 

preserved ROM and reduced pain at rest and under manual load. The mid-

term follow-up is part of this thesis (study V). 
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Knowledge gaps 

1. Encouraging short-term reports with 

well-functioning joints after 

perichondrium transplantation can occasionally be found in the literature. 

However, we do not know how the technique performs long term. An 

increased failure rate and poor function might occur after years of manual load 

and stress.  

Thus, we do not know the long-term function of finger joints reconstructed 

with perichondrium from the rib. 

2. Two-component SR implants have become increasingly popular for treating 

OA in the MCP and PIP joints in the past decades. The reported short-term 

outcomes have been relatively positive. However, in parallel with an 

increasing number of mid-term outcome reports, problems with loosening, 

subsidence, and stiffness have become more frequent. Long-term outcome 

reports after MCP and PIP joint reconstruction, with a follow-up of ≥20 years, 

are not available in the literature for any of these methods. Furthermore, we 

do not know how the long-term outcome after perichondrium transplantation 

compares to modern SR implants that are nowadays considered the gold 

standard for young, non-rheumatoid patients.  

Thus, we do not know which of the two methods is superior in the long term. 

3. Assessment of gene and protein expression in tissue sections is instrumental 

in medical research. However, this assessment is often challenging to perform 

on skeletal tissues requiring prolonged decalcification and struggling with 

poor adhesion to slides. 

Thus, we do not know if adjustments in the protocols can improve the results 

and increase the quality of the images warranted in study IV. 

4. Although good clinical outcomes might be seen after perichondrium 

transplantation, the role of transplanted perichondrium and its contribution to 

the healing of cartilage defects has not been studied in detail.  

By D. Muder 
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Therefore, we do not know if the resulting joint surface after perichondrium 

transplantation originates from the graft itself or if it represents ingrowth from 

surrounding tissues at the recipient site. We do not know how other potential 

donor tissues, such as the periosteum, compare to perichondrium. Moreover, 

after a perichondrium or periosteum transplantation, we do not know whether 

the resulting joint surface is hyaline cartilage or fibrocartilage. 

5. OA in the DRUJ is challenging with few reliable surgical options, especially 

in young individuals with high physical demands and a long life expectancy. 

Consequently, we do not know whether perichondrium transplants are suitable 

for reconstructing the DRUJ in young patients with OA.
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Aims 

This thesis aims to investigate if perichondrium from the rib is a suitable tissue 

for finger joint reconstruction.  

The specific study objectives include: 

 

I. To evaluate the long-term results of finger joint reconstruction 

using rib perichondrium transplants. 

 

II. To compare the long-term outcome after perichondrium 

transplantation and two-component SR implants to the MCP and 

PIP joints. 

 

III. To optimize the protocols for in situ hybridisation (ISH), 

immunohistochemistry (IHC), and immunofluorescence (IF) on 

skeletal tissue. 

 

IV. To investigate the contribution of perichondrium transplants to 

the repaired joint surfaces and the quality of the resulting articular 

cartilage. 

 

V. To study whether perichondrium transplantation is a suitable 

technique for DRUJ reconstruction and whether the method is 

useful in relatively young individuals (<50 years). 
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Methods  

Overview 

Table 1: Overview over the studies in this thesis. 

Study Study design Procedure Number of 

patients/animals 

Inclusion 

year 

 

Follow-up in 

years 

(median and 

range) 

I Longitudinal 

cohort study 

MCP and PIP joint 

reconstruction with 

perichondrium 

11 patients 

11 joints 

1974-1981 37 (34-41) 

II Retrospective 
cohort study 

MCP and PIP joint 
reconstruction with two-

component surface 

replacement compared to 

joint reconstruction with 

perichondrium 

163 patients 
124 joints 

1981-2018 6 (0-21) 
 

26 (1-37 

III Animal  

experimental 

study 

Protocol adjustments Not  

applicable 

2020-2021 Not  

applicable 

IV Animal  

experimental 
study 

Perichondrium 

transplantation from EGFP 
positive rats to wild type rats 

35 2020-2021 3, 14, 56, 112 

days 

V Retrospective 

cohort study 

DRUJ reconstruction with  

perichondrium 

4 patients 

4 joints 

2011- 2016 3.1 (1-5) 

 

7.5 (5.5-9.5) 

The clinical studies (I+II+V) 

Study I 

Study I is a longitudinal cohort study evaluating the clinical long-term 

outcome of joint reconstruction with perichondrium transplant. A 

retrospective chart review was performed and identified 14 living and 

traceable patients that underwent autologous perichondrium transplantation to 

the MCP and PIP joints between 1974 and 1981. The timeframe starts with 

the primary case in 1974 and ends in 1981 when the journal system was 

altered. All patients were contacted by letter, responded, and agreed to 

participate in the study by written informed consent (100%). All patients were 

assessed with plain radiographs and by measuring ROM with goniometer. 

Manual ability was assessed with DASH (The disabilities of the arm, shoulder 

and hand score), (scale: 0 (no disability) to 100 (most severe disability). 
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Manual strength was assessed by a JAMAR hand dynamometer (Patterson 

Medical Ltd., Nottinghamshire, UK) and pain was assessed with Visual 

Analog Scale (VAS), (scale: 0 (no pain) to 10 (most severe pain)). All 

measurements and examinations were performed by the same observer (DM). 

Statistical analysis 

The difference in grip strength between operated and non-operated hands was 

analyzed with paired t-tests and data were expressed as mean ± SD. All data 

were analyzed using the SPSS software version 23 of the International 

Business Machine Corporation (IBM Corp., Armonk, NY, USA).  

Study II 

Study II is a retrospective cohort study. We included all patients operated with 

either two-component SR implants or perichondrium transplantations to the 

MCP or PIP joints at Uppsala University Hospital between 1981 and 2018. 

The starting point for the timeframe was chosen in direct continuity to the 

cohort in study I. Medical records of all patients at the Department of Hand 

Surgery, Uppsala University Hospital, were searched digitally for any of the 

following codes in the Classification of Surgical Procedures, 1997 (Chapter X 

of NOMESCO version) and the 4th through 6th versions of the Classification 

of Surgical Procedures (valid until 1996): NDM89 (total joint implant in 

finger), NDB99 (other joint implants in hand or finger joint), NDG29 (other 

arthroplasties in hand or finger joint), NDN49 (transplantation of cartilage, 

periosteum, or fascia to wrist or hand), YNA20 (harvest of cartilage for 

transplantation), 8432 (arthroplasty), 8438 (other reconstructive joint 

surgery), and 8965 (cartilage transplantation). 1197 patients were identified as 

potentially eligible based on the above search criteria. All medical charts of 

these patients were subsequently searched for operations with either two-

component SR implants or perichondrium transplantation to the MCP or PIP 

joints. The resulting material was then assessed by reading all operative notes. 

All medical charts of the remaining cohorts were searched for any secondary 

surgery, including revision, implant extraction, or fusion of the joint. The date 

of the index surgery and, if performed, the date of the first revision procedure 

were registered. Follow-up ended on the day of revision, death, or February 

28, 2018, whichever came first. 

Statistical analysis 

Continuous data were described as medians with ranges or means with 

standard deviations (SDs). Estimation uncertainty was approximated by 95% 

confidence intervals (CIs). Categorical data were summarized in cross tables, 

and the chi-square test was used to investigate differences between groups. 

We calculated cumulative unadjusted component survival using the Kaplan–

Meier estimate, using endpoint extraction or conversion to joint fusion. P-
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values < 0.05 were considered statistically significant. All data were analyzed 

using the SPSS software version 23 (IBM). 

Study V 

Study V is a retrospective, longitudinal cohort study evaluating the mid-term 

clinical outcome of DRUJ reconstruction with perichondrium transplantation. 

We identified all patients who underwent surface reconstruction of the DRUJ 

with rib perichondrium transplants at Uppsala University Hospital between 

2011 and 2016. The outcome was assessed at a clinical follow-up in 2016, 

measuring the wrist and forearm ROM, grip strength (JAMAR, Sammons 

Preston Inc., Bolingbrook, IL, USA, average of three consecutive 

measurements), pain at rest and under manual load (VAS) and DASH score. 

The radiological examination was performed on various postoperative 

occasions. An additional follow-up by letter was conducted in 2021 using a 

patient-reported-outcome survey (PROS). The patients were asked to grade 

the present ROM and grip strength as changed or unchanged compared to the 

clinical follow-up in 2016. In addition, the DASH score and pain at rest and 

under manual load (VAS) were included in the survey. 

Statistical analysis 

Continuous data were described as medians with ranges or means with 

standard deviations (SD). All data were analyzed using the SPSS software 

version 23 (IBM). 

Perichondrium transplantation in the clinical studies 

Harvesting the graft 

The transplant is harvested through an incision in the sub-mammary crease, 

corresponding to the 6th or 7th thoracic rib between the pectoralis major and 

the abdominal muscles. By a transverse incision of the fascia and muscle 

fibers of the rectus abdominis muscle, the cartilaginous part of the rib is 

visualized. The osteochondral junction is identified by palpating the elevated 

rim at the mid-clavicular line. The perichondrium is incised transversely at the 

rim and longitudinally along the superior and inferior margin of the rib to the 

sternum. Subsequently, the perichondrium is peeled off the underlying 

cartilage using a blunt dissector from the rim towards the sternum. Finding the 

cleavage between the perichondrium and the cartilage is crucial, as the 

underlying cartilage should remain untouched. The transplant can be 

harvested from the osteochondral junction to the sternum if necessary, 

allowing an approximately 5 cm long and 1.5-2 cm wide graft with a thickness 

of about 1-2 mm. The donor site is closed after hemostasis. If the graft is large 

enough, it can be divided into two sections to resurface both sides of the 

recipient joint. The neighboring rib can be used similarly and through the same 
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skin incision if an additional graft is needed. The cambium layer (inner layer) 

of the perichondrium graft contains cells with chondrogenic potential. It 

should be placed facing the joint space while the fibrous (outer) layer is placed 

against the subchondral bone at the recipient site.  

Resurfacing the finger joints 

The MCP or PIP joint is approached through a curved dorsal incision. A 

central longitudinal split is performed in the extensor apparatus at the MCP 

level. At the PIP level, the most common technique is a Chamay opening (a 

distally based V-shaped incision) in the extensor tendon (141). The dorsal 

capsule is opened longitudinally, and the eroded joint surfaces are resected 

down to bleeding subchondral cortical bone. Care is taken to preserve the 

anatomical shape of the joint and stability of the bone; hence, the bone 

resection should not proceed into pure cancellous bone. The collateral 

ligaments are carefully preserved. Both sides of the joint are covered with the 

transplant, with the inner (cambium) layer facing towards the joint space. The 

graft is osteo-sutured with resorbable sutures both volarly and dorsally. The 

attachment is reinforced with fibrin glue (TISSEEL, Baxter Healthcare 

Corporation, Westlake, CA, USA) between the graft and the subchondral 

bone. Eventual excess of glue is removed. A thin Silicone sheet (0.5 mm, Atos 

Medical AB, Hörby, Sweden) is positioned between the opposing grafts to 

avoid adhesion formation. The sheet is temporarily secured with one or two 

sutures in the capsule to stay in place and minimize the risk of being rolled up. 

The silicone membrane is removed about 4-6 weeks later through a small 

incision under local anesthetics. If only one joint surface is to be reconstructed 

(e.g., hemi-reconstruction after a Bennett fracture), the silicone membrane is 

unnecessary given that the risk of chondrodesis is minimal. 
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Figure 7. Schematic illustration of the operative technique. Harvesting the graft from 

the rib and transplantation to the joint surface. Illustration by Daniel Muder. 

 

Resurfacing the DRUJ 

A dorsal and volar approach must be used to gain sufficient access to the 

DRUJ and facilitate proper attachment of the grafts. The volar approach is 

made by an incision just radial to, and in parallel with, the FCU. Dissection is 

made between the neurovascular structures (retracted ulnarly) and the flexor 

tendons (retracted radially). The joint capsule is incised longitudinally, with 

most of the pronator quadratus muscle left intact. The TFCC is identified and 

carefully protected. The dorsal approach is made through the fifth extensor 

compartment, which is incised longitudinally and the extensor digiti minimi 

tendon is retracted radially. The floor of the tendon sheet is incised 

longitudinally, while the sixth extensor compartment is retracted in an ulnar 

direction in a subperiosteal fashion to expose the DRUJ. Extreme caution is 

taken to avoid injury to the TFCC and leave the sixth extensor compartment 

intact. In the next step the eroded joint surfaces are removed, preserving the 

anatomical shape and curvature of the sigmoid notch and ulnar head. The 

resection can be made by an air-driven oscillating chisel or by hand with a 

curved chisel down to the bleeding subchondral cortex. A thin layer of the 

subchondral cortex should be left intact to provide a stable recipient site. 

Usually, one graft is sufficient to cover both parts of the DRUJ, using one third 

for the sigmoid notch and two thirds for the ulnar head. Similar to the 

technique used in finger joints, the inner layer of the perichondrium (the 

cambium layer), which has been in contact with the rib cartilage, should be 

placed facing the joint space. The grafts are secured by osteosutures both 

volarly and dorsally using drill holes and resorbable 3.0 sutures. The 

attachment is reinforced with a layer of fibrin glue (TISSEEL, Baxter 

Healthcare Corporation, Westlake, CA, USA) placed underneath the graft 

before tying the last osteosutures. Gentle pressure is applied over the joint for 

a few minutes, and any excess glue is removed. A thin Silicone sheet (0.5 mm, 

Atos Medical AB, Hörby, Sweden) is positioned in between the grafts to avoid 

adhesions. The sheet should be secured with sutures to either the dorsal or the 

volar capsule to stay in place and facilitate later removal. The connection 

between the sixth extensor compartment and the TFCC is reconstructed with 

resorbable sutures on the dorsal side. The fifth extensor compartment is 

restored with the extensor digiti minimi tendon in the anatomical position. 

Volarly, the capsule incision is closed with resorbable sutures. A long cast 

over the forearm and elbow is applied to restrict forearm rotation during the 

first four postoperative weeks. 
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The experimental studies (III+IV) 

Tissue Processing and Sectioning 

The first step in in situ targeting experiments is preserving the target molecules 

and tissue morphology. It starts with cutting the specimen to allow a proper 

fixation. 4%-Formaldehyde was used as a fixation reagent to create cross-links 

between proteins and between proteins and nuclear acids. As a next step, 

decalcification with ethylenediaminetetraacetic acid (EDTA) was used to 

enable subsequent sectioning of the specimen. The last step consisted of 

embedding the specimen by applying paraffin so that tissue could be further 

analyzed with histological staining, IHC or ISH essays as in this thesis.  

Sectioning the specimen is a critical factor as it directly (and indirectly) 

influences the outcome of each examination method. In this thesis Microtome 

HM355S from ThermoFisher was employed to section the paraffin-embedded 

tissues.  

Histological Staining 

One staining used in this thesis was Massons’s trichrome as it distinguishes 

hemoglobin, keratin, and muscle fiber (red color), cytoplasm, and adipose 

cells (light red or pink), cell nuclei (dark brown or black), and stain collagen 

fibers (blue). Another staining was Safranin O to quantify GAG and 

proteoglycan content within the cartilage. In addition, fast-

green/hematoxylin as a counterstaining was used to visualize collagens and 

nuclei to make them accessible for computerized image analyses.  

Immunohistochemistry 

In this thesis IHC was used to specifically trace the enhanced green fluorescent 

protein (EGFP) positive transplanted cells and their progenies in the samples 

of the recipients that were collected at the different time points. With IHC the 

principle of antibodies binding specifically to antigens in biological tissue is 

used. This method is widely used to identify and classify tumor cells.  But it 

can even be used to identify other proteins that are specific for hyaline 

cartilage. The technique development of the last decades has led to the use of 

peroxidase and alkaline phosphatase as labeling enzymes.  

The signals were amplified using a polyclonal rabbit anti-GFP primary 

antibody for direct targeting, followed by a secondary goat anti-rabbit 

antibody. The typical steps in IHC usually include pretreatment, primary 

antibody binding to targets of interest and detection of the antibody. 

Proteinase K was used for the proteolytic-induced epitope retrieval (PIER) in 

order to maintain a proper tissue morphology. 
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Immunofluorescence 

Immunofluorescence is based on the principle of IHC. The specific antibody 

is labelled by a fluorophore, which allows tracing by visualization. The 

fluorophore absorbs light energy at a particular wavelength. Emission follows 

at a different wavelength. Each fluorophore has its specific absorption 

wavelength, energy transmission time, and emission. Immunofluorescence 

can be primary (direct) using a single directly linked antibody or secondary 

(indirect) using two antibodies. The first antibody links to the specific epitope 

and the second antibody, which carries the fluorophore, links to the first 

antibody. Either heat-induced epitope retrieval (HIER) or proteolytic-induced 

epitope retrieval (PIER) can be used for antigen retrieval. Because HIER 

resulted in total detachment of the tissue sections, PIER was used in this thesis 

and was optimized during the process to expose the epitopes of the target in 

the best way. 

In situ Hybridization 

ISH enables the localization of specific RNA/DNA in tissues or 

chromosomes. This process is achieved using labelled, complementary 

RNA/DNA probes to bind specifically to the desired RNA/DNA strand. This 

process of complementary binding is called hybridization. The probe can be 

labelled with either a radio-, fluorescent- or antigen-based approach. For 

instance, distinct types of collagens can be identified by this method. In 

general, the ISH procedure includes tissue processing, embedding, sectioning, 

deparaffinization, permeabilization, prehybridization, hybridization with 

labelled probes, and detection of DIG-labeled hybrids. In some cases, 

radioactive isotypes had been extensively used to label riboprobes before the 

invention of non-radioactive labelling to increase target specificity. 

Optimizing ISH permeabilization is a crucial step. In this process the 

structural membranes surrounding the target are dissolved to enable binding 

of probes or antibodies to the RNA/DNA. We used Proteinase K for 

permeabilization as it is more stable and easier to handle than Pepsin.  

Each tissue and probe used requires careful optimization of each of the 

multiple steps to achieve the best results. In this thesis 20μm/mL RNase A was 

applied for targeting Col10a1 and Prg4 during post-hybridization, whereas 

2000μg/mL RNase A was used for targeting collagen type I alpha 1 (Col1a1) 

and collagen type II alpha 2 (Col2a1). We further experimented on the RNase 

A concentration, which is usually between 10-20μg/mL in other protocols. 

Study III 

The initial steps for sectioning and tissue processing were identical to the 

procedure in study IV and are described in detail above. Due to known 

problems with analyzing skeletal tissue as planned in study IV and to obtain 
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high quality images an improved and reliable protocol was warranted. Tissue 

blocks from study IV were used to enable these refinements.  The blocks 

reliably contained Bromodeoxyuridine (BrdU) incorporated cells and EGFP 

expression. Samples from days 14 and 56 were re-analyzed and the protocols 

for ISH, IHC, and IF were modified to optimize the results. As in study IV, 

ISH was used to detect chondrocyte markers Col1a1, Col2a1, Col10a1 and 

Prg4; IHC for GFP and BrdU and IF for green fluorescence protein (GFP). 

Immunohistochemistry 

Titration of proteinase K 0, 10, and 100 μg/mL was tested and the results were 

monitored. 

Immunofluorescences 

For IF, we tried different antibodies and several combinations of direct and 

indirect antibodies. Two primary anti-GFP antibodies (Ab6662 and Ab290, 

Abcam) were tested with secondary Alexa Fluor 488 conjugated Donkey anti-

Rabbit IgG (A- 21206, Thermo Fisher Scientific). In parallel, an Alexa Fluor 

488 conjugated GFP antibody (Ab6662, Abcam) was used. For double IF 

labelling, the primary and secondary antibody incubation steps were applied 

sequentially, i.e. primary Chicken anti-GFP (1:1000, ab13970, Abcam), 

followed by fluorophore-conjugated secondary goat anti-chicken (1:500, 

ab150171, Abcam), then primary rabbit anti-osteocalcin (1:50, ab198228, 

Abcam), followed by fluorophore-conjugated secondary Donkey anti-Rabbit 

(1:500, A-21207, Thermo Fisher Scientific) antibody.  

Different periods of 0, 3, and 15 minutes were tested for proteinase K 

digestion to optimize the protocol. 

In situ hybridization 

For ISH, we tested both HIER and PIER. The concentration of proteinase K 

was used with 0, 10, and 100 μg/mL. As the last step, we tested intensified 

RNase A digestion to remove background staining. 

Study IV 

Study IV investigates the role of perichondrium for the reconstruction of 

cartilage defects using an experimental animal study. Inbred transgenic Lewis 

rats expressing EGFP from the ubiquitous CAG promoter allowing for tracing 

transplanted cells and their progeny were used. Perichondrial tissue was 

harvested from rats hemizygous for the EGFP transgene and transplanted into 

full-thickness articular cartilage defects at the trochlear groove of distal 

femurs of wild type littermates (EGFP negative). Samples of the transplanted 

tissues were collected at 3, 14, 56, and 112 days after surgery. The grafts were 

then analyzed using histology, IF for GFP, confocal microscopy, and ISH for 

Col1a1, Col2a1, type X collagen (Col10a1), and lubricin (Prg4). As controls, 
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cartilage defects were left without a transplant (no transplant control), or 

periosteum from the tibia of EGFP-positive rats was transplanted. 

Statistical analysis 

Statistical analysis was conducted using Prism 8.0 software (GraphPad, San 

Diego, CA, USA). Two-way analyses of variance (ANOVAs) were computed 

with post-surgery time points and tissues (perichondrium vs. periosteum vs. 

no transplant) as the two independent variables followed by relevant pair-wise 

comparisons using Sidak’s/Tukey’s multiple comparisons tests to determine 

statistical significance between study groups. The threshold of statistical 

significance was set at p < 0.05 (two-sided).  

Animal Models 

Rodents are reliable models to investigate the safety and efficacy of cartilage 

repair. Full-size cartilage defects in the knee have been used and proven 

representative (142). This thesis used rats, which are cost-effective and have 

well-developed genetic modification techniques. Compared to larger animals, 

rats have a shorter life span (2 to 4 years) and faster development.  

A disadvantage in using rats is their size. The surgical procedures were 

challenging under the microscope and needed to be refined before study start. 

Another option would have been larger animals (e.g., rabbits). However, the 

remarkably high cartilage healing capacity, as well as the susceptibility for 

surgical stress in rabbits, prohibited the use of this animal model for our study.  

The three Rs of animal experimentation (animal replacement, reduction of 

animal numbers, and refinement of methodology) to minimize animal 

suffering were rigorously followed (143). When it comes to rats as animal 

models, the age of the animals relative to humans according to skeletal 

development remains controversial. It is important to consider that the 

relationship might not be linear depending on which life phase is investigated 

(144). Age might be an important factor when investigating the regeneration 

of cartilage and might directly affect anatomy, physiology and regenerating 

processes (144). Some consensus to count between 3.3 rat days (145) and 4.3 

rat days (144) for 1 human year is accepted for the period of prepubescent. 

The estimated age ratio based on this consensus is listed below (Table 2). 
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Table 2. The age of rats in weeks in relation to the age of humans according 
to Andreollo 2012 (145) and Sengupta 2013 (144). 

 

Age Rats (in weeks) Humans (in years) 
Andreollo/Sengupta 

 1 1.6/2.1 

 2 3.2/4.2 

 6 9.8/12.7 

 8 13/17 

 12 19.5/25 

Perichondrium transplantation in the experimental studies 

Perichondrium transplantation from EGFP-positive rats to wild 
type rats 

After euthanisation by CO2 inhalation of 6-week-old EGFP 

transgenic rats, a microsurgical technique was used to 

harvest perichondrium grafts from the cartilaginous part of 

the sternal ribs and periosteal grafts from the anterior 

medial part of the tibia. The ventral part of the rib cage was 

cut loose with scissors and, under 4.5x loupe magnification, two or three of 

the lower sternal ribs were detached from the sternum. Saline was used to keep 

the specimen and the grafts moist. Intercostal muscles were removed with 

scalpel and forceps. A microscope featuring 10-40x magnification (Carl Zeiss 

Stemi DV4 Series, Carl Zeiss, Oberkochen, Germany) was used when the 

cartilaginous part was distinguished from the osseous part of the rib. A 

longitudinal cut was made through the perichondrium only, and the graft was 

peeled off from the underlying cartilage. All transplants were inspected, and 

any residual cartilage was carefully removed without injuring the cambium 

(inner) layer of the perichondrium. Similarly, the periosteal grafts were peeled 

off the underlying medial part of the tibia. The most intact parts of the grafts 

were cut into suitable sizes before being transplanted. 

As recipients, EGFP-negative littermates were used. 

After sedation by inhaling isoflurane/oxygen in a cage, 

sedation was maintained on mask isoflurane/oxygen. A 

heating blanket was used to maintain a stable body 

temperature of the recipient animals during surgery. 

Knees were shaved and scrubbed with 70% isopropryl alcohol, petrolatum eye 

ointment was administered to each eye, and normal saline (5-10 ml) was 

managed subcutaneously. Next, knee joints were opened by a longitudinal 

incision lateral to the patella. The patella was dislocated in the medial 

direction, exposing the femoral condyles. At the intercondylar groove of the 

knee joint, two partly overlapping holes were punched out by using a 16-gauge 

By D. Muder 

By D. Muder 
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Jamshidi bone marrow biopsy needle (BD Biosciences., NJ, USA). When 

needed, the edges of the holes were trimmed with a surgical scalpel to create 

an approximately 2x5 mm large full-thickness articular cartilage injury. The 

EGFP-positive perichondrium or periosteum grafts were fitted to cover the 

defect and placed with the cambium layer facing outwards into the joint space. 

At each corner, the transplant was secured with 8-0 non-absorbable 

monofilament osteostures attached to the grafts. Two sutures were put in place 

and tied. The graft, only fixed at two of its four corners, was lifted carefully 

and fibrin glue (TISSEEL, Baxter Healthcare Corporation, Westlake, CA, 

USA) was placed underneath. For 60 seconds, a slight pressure was evenly 

applied to the graft before completing the attachment by placing sutures at the 

two remaining corners. Any excess glue was removed and the graft was 

trimmed if necessary. The joint capsule and skin were stitched in layers using 

7.0 braded, resorbable sutures. OPSITE Spray (Smith & Nephew, London, 

United Kingdom) was used for wound protection. Bupivacaine 2.5 mg/ml was 

injected subcutaneously around the incision for pain treatment. Meloxicam (1 

mg/kg) or buprenorphine (20-30 mcg/kg) was administered every 12 hours 

during the first 48 hours after surgery.  

Tracing of the transplanted cells 

The transplanted cells were traced and quantified using paraffin sections (6 

μm) for IHC, ISH, and histological staining. Frozen sections (10 μm) were 

used for IF analysis. To allow tracing 5-Bromo-2′-deoxyuridine (BrdU; 50 

mg/kg) was injected on days 3, 14, 56, and 112 after surgery. The animals 

were killed 4 hours later by CO2 inhalation, and the distal femoral epiphyses 

were rapidly excised, fixed (10% formalin) overnight, and decalcified (15% 

EDTA, 0.5% PFA) for 4 to 6 weeks. All samples were photographed and 

divided by a frontal cut in the center of the injury side. After that, all samples 

were embedded in paraffin. 

Ethics 

Studies I+II+V: The studies were conducted in accordance with the Helsinki 

declaration and approved by the Ethical Review Board at Uppsala University 

(Dnr. 2015/094). All patients in study I+II+V received written information 

about the study and participated voluntarily. If patients chose to participate, 

they signed an informed consent form. For the register-based parts of study II, 

written consent from each patient is not requested according to the Swedish 

Patient Law. 

The experimental studies (study III+IV) were conducted at the Karolinska 

Institute and approved by the Animal Ethical Review Board Stockholm 

(Permit no. N248/15, N118/16, 15635-2017). 
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Results  

The clinical studies (I+II+V) 

Study I 

In total, 40 patients could be identified that had been operated on with 

perichondrium transplants. Of these 40 patients,19 were deceased and 7 could 

not be located, resulting in a loss to follow-up of 65%. Three patients had an 

early revision to joint fusion. The remaining study cohort included 11 patients 

(3 MCP joints and 8 PIP joints).  

MCP joints 

On average, the total ROM was 78° (range 70–90°). The mean DASH score 

was 2.5 (range 1–3). All patients were pain free, both at rest (average VAS 0) 

and during activity (average VAS 0). The mean strength was similar in the 

operated hand to the contralateral hand (43 kg ± 8.9 vs. 53 kg ± 10.5; P = 0.16) 

(Fig. 8+9). 

PIP joints 

On average, the total ROM was 41° (range 5–80°). Three PIP joints had nearly 

full ROM (70–80°), and in three PIP joints the ROM was 20–40°. The 

remaining two PIP joints had 5–10°. The mean DASH score was 8.7 (range 

0–51). All patients were pain free at rest (average VAS 0) and nearly pain free 

during activity (average VAS 0.6). The mean strength was similar in the 

operated hand compared to the contralateral hand (41kg±21 vs. 44kg ±20; P 

= 0.24).  

None of the patients had any donor site morbidity or complaints. The resulting 

scars were effectively hidden in the sub-mammary crease in all patients (n = 

11).  
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Figure 8. The range of motion in the reconstructed third metacarpophalangeal joint 
in the primary case from 1974, 40 years after the surgery: A, Flexion (dorsal view); 
B, flexion (lateral view); C, extension (volar view) (Study 1, with permission from 
Springer). 

 
Figure 8. Radiographs (AP view) of the third metacarpophalangeal joint in the 
primary case from 1974 before (A), 6 months after (B), and 40 years after (C) 
perichondrial reconstruction of the joint. (Wilbrand 1979 (153) with permission 
from Sage). 

Study II 

We evaluated 163 joints in 124 patients, divided into 138 SR implants (16 

MCP and 122 PIP) in 102 patients and 25 perichondrium transplants (15 MCP 

and 10 PIP) in 22 patients. Our primary outcome was any revision surgery in 

the operated joint. The median follow-up time was 6 years for the SR group 

and 26 years for the transplant group. 
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MCP joints 

The revision rate was 25% (4 of 16 joints) for SR implants and 13% (2 of 15 

joints) for perichondrium transplants (p = 0.4). The 10-year joint survival rate 

was 75% (CI 53.8–96.1) in the SR implant group and 86.7% (CI 69.4–100.0) 

in the perichondrium group (p = 0.4) (Fig. 10).  

 
Figure 10. Cumulative joint survival at the metacarpophalangeal joint level. SR 
implants (grey) and Perichondrium transplants (black); x-axis shows numbers at risk 
(Study II). 

PIP joints 

The revision rate was 24% (29 of 122 joints) for SR implants and 20% (2 of 

10 joints) for perichondrium transplants (p = 0.7). The 10-year joint survival 

rate was 74.7% (CI 66.6–82.7) in the SR implant group and 80% (CI 55–

100.0) in the perichondrium implant group (p = 0.8) (Fig. 11).  
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Figure 11. Cumulative joint survival at the proximal interphalangeal joint level. SR 
implants (grey) and Perichondrium transplants (black); x-axis shows numbers at risk 
(Study II). 

Study V 

The mean follow-up time for the clinical assessment in 2016 was 3.1 (range 

1-5 years) years and the mean follow-up time for the additional PROS in 

2021 was 7.5 (range 5.5-9.5 years) years. No additional surgery or 

complications were recorded. None of the patients experienced any donor 

site morbidity (see table 3 for details). 
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Table 3. Results for study V. 
Case 

 
Year of 
surgery 

Motion/Strength/ 
Pain 

Pre- 
operative 

Follow-up 
1 

2012 

Follow-up 
2 

2016 

(clinical, 

mean 

3.1years) 

Follow-up 3 
2021 

(by letter, 

mean 

7.5years) 

Case 1  

 

 

2011 

Supination 70 90 90 Unchanged* 

Case 1 Pronation 50 75 90 Unchanged* 

Case 1 Flexion 70 75 75 Unchanged* 

Case 1 Extension 75 75 75 Unchanged* 

Case 1 JAMAR (KG) 36 38 33 Unchanged* 

Case 1 Pain (VAS) 9 0 0 1 

Case 1 DASH 77 4 0 6.7 

 

Case 2  

 
 

2013 

Supination 70 40 85 Unchanged* 

Case 2 Pronation 70 80 80 Unchanged* 

Case 2 Flexion 75 70 75 Unchanged* 

Case 2 Extension 60 75 75 Unchanged* 

Case 2 JAMAR (KG) 26 27 28 Unchanged* 

Case 2 Pain (VAS) 9 3 1 1 

Case 2 DASH 77 27 5 0 

 

Case 3  

 

 

2014 

Supination 30 ---- 50 Unchanged* 

Case 3 Pronation 25 ---- 50 Unchanged* 

Case 3 Flexion 60 ---- 60 Unchanged* 

Case 3 Extension 65 ---- 65 Unchanged* 

Case 3 JAMAR (KG) 13 ---- 21 Unchanged* 

Case 3 Pain (VAS) 7 ---- 5 5 

Case 3 DASH ---- ---- 45 23.3 

 

Case 4  

 

 

2016 

Supination 80 ---- 90 Unchanged* 

Case 4 Pronation 80 ---- 90 Unchanged* 

Case 4 Flexion 75 ---- 75 Unchanged* 

Case 4 Extension 75 ---- 75 Unchanged* 

Case 4 JAMAR (KG) 24 ---- 22 Unchanged* 

Case 4 Pain (VAS) 9 ---- 0 3 

Case 4 DASH ---- ---- 7.5 15 

 

Mean of all Cases Supination 62.5 ---- 79 Unchanged* 

Pronation 56 ---- 77.5 Unchanged* 

JAMAR (KG) 25 ---- 26 Unchanged* 

Pain (VAS) 8.5 ---- 1.5 2 

DASH ---- ---- 14.4 11.3 

*Follow-up 2021 by letter, Clinical values reported by the patients as changed/unchanged compared to 

the latest follow-up in 2016 
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The experimental studies (III+IV) 

Study III 

Immunohistochemistry 

IHC was used to identify EGFP. Similar to ISH, titration of proteinase K 10 

μg/mL gave the best results. In contrast, 0 and 100 μg/mL gave false-positive 

results. A problem with ≥50 μg/mL was impaired tissue morphology by 

depleting hypertrophic chondrocytes in the deep zone.  

To analyze IHC with BrdU in chondrocytes PIER and DNA denaturation 

with HCI are required (see table 4 for details). 

 

Table 4. Antigen retrieval conditions tested for GFP IHC. 

Antigen retrieval 

conditions 

Tissue 

morphology 

Signal distribution Signal intensity 

0 μg/mL proteinase K, 

RT* 15 minutes 

Good Partial articular cartilage Strong but uneven 

    

10 μg/mL proteinase K, 

RT* 15 minutes 

Good Whole tissue section Strong 

    

100 μg/mL proteinase 

K, RT 15 minutes 

loss of  

hypertrophic 

chondrocytes 

Partial articular and growth 

plate cartilage, partial bone 

marrow 

Strong 

    

HIER with sodium 

citric buffer (PH 6.0), 

95°C 15 minutes 

Damaged and 

detached 

NA NA 

*RT room temperature 

Immunofluorescences 

For IF, we tried different antibodies and various antibody combinations. 

Compared to the direct antibody, an indirect two-step targeting of GFP with 

the same primary antibody did not lead to better results. We reached the 

optimal result using two-step IF with the combination of primary anti-GFP 

antibody (Ab290, Abcam, Cambridge, UK) and the secondary donkey anti-

rabbit IgG (A-21206, Thermo Fisher Scientific, Waltham, MA, USA). 

The epitopes in stain-resistant cells could be detected by adding a 

proteinase K digestion step. Proteinase K digestion at the concentration used 

for PIER of Formalin-fixed Paraffin-embedded (FFPE) sections (10 μg/mL, 

15 minutes, RT) quickly destroyed the morphology, resulted in complete 

detachment of the tissue sections, or both.  
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Using a very brief (only 3 minutes) proteinase K digestion (10 μg/mL, RT), 

all cells, including periosteum cells of EGFP positive transplants, were 

positively stained (see table 5 for details). 

Table 5. Antibody combinations tested for GFP IF. 

Primary 

antibody 

Secondary 

antibody 

Signal distribution Signal intensity 

Negative ctrl Negative control Not observed Not observed 

    

Anti-GFP, 

Ab6662 

NA Proximal edge of transplant Strong 

    

Anti-GFP, 

Ab6662 

Alexa Fluor 488, 

A-21206 

Proximal edge of transplant Strong 

Anti-GFP, Ab290 Alexa Fluor 488, 

A-21206 

Full transplant area Strong 

 

In situ hybridization 

For ISH, we assessed both HIER and PIER. Because HIER caused total tissue 

detachment, we optimized the PIER protocol to maintain morphology. By 

testing different concentrations of proteinase K (0, 10, 100 μg/mL), different 

expression patterns emerged. Using 10 μg/mL gave the best results (0 and 100 

μg/mL resulted in false-negative results). We then used intensified RNase A 

digestion to remove background staining in Col1a1 and Col2a1, which proved 

more successful than increased stringency of post-hybridization washes (see 

table 6 for details).  
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Table 6. Antigen retrieval conditions tested on FFPE rat femoral sections 
during mRNA ISH. 

 
Antigen  

retrieval  

conditions 

Tissue  

morphology 

Signal distribution Signal intensity 

Prg4 Col10a1 Prg4 Col10a1 

0 μg/mL  

proteinase K, 

RT* 15 minutes 

Good Not 

 observed 

Not  

observed 

Not  

observed 

Not  

observed 

      

10 μg/mL  

proteinase K, 

RT* 15 minutes 

Good Expected  

expression 

area 

Expected  

expression 

area 

Strong Strong 

      

100 μg/mL  

proteinase K, 

RT* 15 minutes 

Some loss of 

hypertrophic 

chondrocytes 

Not  

observed 

Not  

observed 

Not  

observed 

Not  

observed 

*RT room temperature 

Study IV 

Specimens of the transplanted grafts were collected at 3, 14, 56, and 112 days 

after surgery. They were analyzed using histology, IF for GFP, confocal 

microscopy, and ISH for Col1a1, Col2a1, Col10a1, and Prg4. All samples 

analyzed at 14 days post-surgery showed fibrous tissue that had filled the 

defects. GFP-positive cells were detected in the perichondrium and 

periosteum transplanted animals but not in no-transplant controls (Fig. 12). 

Histology revealed that perichondrium transplants differentiated into a 

cartilage structure that filled out the defects and contained Col2a1-positive 

and Col1a1-negative chondrocytes and a matrix rich in proteoglycans at all 

time points, as assessed by safranin O staining. Although the findings in 

periosteum transplants were similar at the first two time points, those 

transplants were thinner, had a more fibrous appearance, were positive for 

Col1a1 at all time points, and with time lost Col2a1 expression and Safranin 

O stain. Thus, these transplants became more similar to the scar tissue filling 

the defects of no transplant controls over time.   

Interestingly, perichondrial progenies at the articular surface were positive 

for Prg4, whereas the perichondrium graft appeared to be remodeled into bone 

at the epiphyseal side. In addition, GFP-positive cells were detected in the 

subchondral bone and bone marrow, suggesting transdifferentiation into 

osteoblast/osteocytes and bone marrow cells.  

Sox9 expression was present at the beginning in both transplants but 

contained stable expression over time only in perichondrium transplants. 
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Col10a1-positive hypertrophic chondrocytes were detected in the 

perichondrium transplant but absent in the part close to the surface. 

 
Figure 12. Tracing of transplant derived cells. Visualized using EGFP 
immunofluorescence on frozen sections of distal epiphyses at post-surgery days 3, 
14, 56 and 112. Representative immunofluorescence images were aligned with 
corresponding Masson’s trichrome stained tissue sections. Scalebar represents 500 
μm (study IV, with permission from Elsevier). 
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Table 7a. Overview of study I-II with summarized findings. 

 
C

li
n

ic
a
l 

im
p

li
c
a
ti

o
n

  

o
f 

th
e
 m

a
in

 r
e
su

lt
s 

R
e
su

r
fa

c
in

g
 o

f 
in

ju
r
e
d

 f
in

g
e
r
 

jo
in

ts
 u

si
n

g
 t

r
a
n

sp
la

n
te

d
  

p
e
r
ic

h
o
n

d
r
iu

m
 c

a
n

 p
r
o
v
id

e
 

a
c
c
e
p

ta
b

le
 l

o
n

g
-t

e
r
m

 r
e
su

lt
s.

  

 L
o
n

g
-t

e
r
m

 o
u

tc
o
m

e
 a

ft
e
r
  

p
e
r
ic

h
o
n

d
r
iu

m
 

tr
a
n

sp
la

n
ta

ti
o
n

 i
s 

c
o
m

p
a
r
a
b

le
 

to
 t

h
e
  

r
e
su

lt
s 

o
f 

m
o
d

e
r
n

 t
w

o
-

c
o
m

p
o
n

e
n

t 
S

R
 i

m
p

la
n

ts
 i

n
 

su
r
v
iv

a
l.

 I
t 

p
r
o
v

id
e
s 

a
 v

ia
b

le
 

a
lt

e
r
n

a
ti

v
e
 t

o
 i

m
p

la
n

ts
. 

 

M
a
in

 r
e
su

lt
s 

1
1
 p

at
ie

n
ts

 (
8
 P

IP
 j

o
in

ts
 a

n
d
 3

 M
C

P
 

jo
in

ts
) 

w
er

e 
cl

in
ic

al
ly

 a
ss

es
se

d
. 

F
o
ll

o
w

-u
p
 w

as
 3

7
 y

ea
rs

. 
A

ll
 p

at
ie

n
ts

 

w
er

e 
b
as

ic
al

ly
 p

ai
n
 f

re
e.

 A
v
er

ag
e 

R
O

M
 w

as
 4

1
° 

(P
IP

) 
an

d
 7

8
° 

(M
C

P
).

 

D
A

S
H

 s
co

re
 8

.7
 (

P
IP

) 
an

d
 2

.5
 (

M
C

P
).

 

L
o
ss

 t
o
 f

o
ll

o
w

-u
p
 w

as
 6

5
%

 

M
C

P
: 

2
5
%

 r
ev

is
io

n
 f

o
r 

im
p
la

n
ts

 a
n
d
 

1
3
%

 f
o
r 

p
er

ic
h
o
n
d
ri

u
m

 (
p
 =

 0
.4

).
 1

0
-

y
ea

r 
su

rv
iv

al
 7

5
%

 (
C

I 
5
3
.8

–
9
6
.1

) 
fo

r 

im
p
la

n
ts

 a
n
d
 8

6
.7

%
 (

C
I 

6
9
.4

–
1
0
0
.0

) 

fo
r 

p
er

ic
h
o
n
d
ri

u
m

 (
p
 =

 0
.4

).
 P

IP
: 

2
4
%

 

re
v
is

io
n
 f

o
r 

im
p
la

n
ts

 a
n
d
 2

0
%

 f
o
r 

p
er

ic
h
o
n
d
ri

u
m

 (
p
 =

 0
.7

).
 1

0
-y

ea
r 

su
rv

iv
al

 7
4
.7

%
 (

C
I 

6
6
.6

–
8
2
.7

) 
fo

r 

im
p
la

n
ts

 a
n
d
 8

0
%

 (
C

I 
5
5

–
1
0
0
.0

) 
fo

r 

p
er

ic
h
o
n
d
ri

u
m

 (
p
=

0
.8

).
 F

o
ll

o
w

-u
p
 w

as
 

lo
n
g
er

 i
n
 t

h
e 

p
er

ic
h
o
n
d
ri

u
m

 g
ro

u
p
. 

R
e
se

a
rc

h
 a

im
s 

T
o
 e

v
al

u
at

e 
th

e 

lo
n
g

-t
er

m
 r

es
u
lt

s 

o
f 

fi
n
g
er

 j
o
in

t 

re
co

n
st

ru
ct

io
n
 

u
si

n
g
 r

ib
 

p
er

ic
h
o
n
d
ri

u
m

 

tr
an

sp
la

n
ta

ti
o
n
. 

 T
o
 c

o
m

p
ar

e 
th

e 

lo
n
g

-t
er

m
 o

u
tc

o
m

e 

af
te

r 
tw

o
-

co
m

p
o
n
en

t 
S

R
 

im
p
la

n
ts

 a
n

d
 

p
er

ic
h
o
n
d
ri

u
m

 

tr
an

sp
la

n
ta

ti
o
n
 t

o
 

th
e 

M
C

P
 a

n
d
 P

IP
 

jo
in

ts
. 

    

S
tu

d
y
 d

e
si

g
n

 

L
o
n
g
it

u
d
in

al
 

 c
o
h
o
rt

 s
tu

d
y

 

R
et

ro
sp

ec
ti

v
e 

 

co
h
o
rt

 s
tu

d
y

 

S
tu

d
y

 

I II
 

 



Finger Joint Reconstruction with Rib Perichondrium 

 55 

Table 7b. Overview of study III-V with summarized findings. 
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Discussion 

The clinical studies (I+II+V) 

Study I 

Study I showed good clinical results after perichondrium transplantation to the 

MCP and PIP joints. Moreover, the outcome was consistent over time. Several 

strengths and weaknesses of the study need to be addressed when interpreting 

or generalizing the results. The extensive observation period is a double-edged 

sword. A median follow-up of 37 years is extremely rare. This extended 

follow-up gave the unique opportunity to assess clinical outcomes several 

decades after surgery. However, the long follow-up is also associated with an 

inevitable and significant loss to clinical follow-up (65%). All patients lost to 

follow-up had either deceased or could not be located. In this context it is 

noteworthy that all patients who fulfilled the inclusion criteria (perichondrium 

transplantation to the PIP or MCP joints, being locatable, and alive) responded 

and agreed to participate in the study. 

Three of the PIP joints identified in the retrospective chart review had been 

converted to fusion shortly after the primary surgery. They were excluded 

from the study because they had no joint to assess. These three cases are 

tantamount, with 21% revisions in the accessible study group. The number of 

cases in the study is relatively small, especially in the MCP group, limiting 

the interpretation of the results. In addition, we did not have a suitable control 

group. Therefore, it is impossible to determine whether transplants of other 

tissues (such as periosteum or extensor retinaculum) would have produced 

comparable results. A variety of other donor tissues have been used for 

reconstructing and resurfacing finger joints, including periosteum (40), 

extensor retinaculum (146), and corium (dermis graft) (105). None of these 

autograft methods are superior to one another, and they are not widely used 

today. To our knowledge long-term results comparable to our study are not 

available. 

Modern implant surgery, the current gold standard, lacks consistent and 

reliable long-term results. This lack of reliable long-term results is especially 

troublesome for young individuals with symptomatic OA. Non-constrained 

SR implants, with a proximal and a distal component, have become 

increasingly popular over the past three decades. However, regardless of the 

type of implant, there is considerable risk for complications (e.g., loosening, 
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subsidence, joint instability, joint contracture, swan neck deformity, 

malalignment, and dislocation) (147,148). Such complications make SR 

implants a less favorable method for younger patients, as they most likely will 

need revision surgery relatively early in life.  

The situation is comparable to the silicone spacer, an alternative implant. 

In a long-term follow-up (14 years) of 52 rheumatoid patients implant fracture 

rate was as high as 63% (130/208 implants), and persistent pain ranging from 

occasional to constant was reported in up to 73% of the cases (83). In our study 

all patients but one were <40 years of age at the time of surgery. Some had 

been investigated earlier (41), enabling the comparison of results across time. 

Of note, in five of our cases the long-term results were almost identical to the 

short-term results from several decades earlier. Hence, our findings suggest 

that the function of the resurfaced joints will remain favorable in the long term 

in most patients with a good short-term outcome.  

Study II 

Long-term survival rates of techniques used to reconstruct joints are of vital 

importance and high interest. In study II we could show comparable long-term 

survival and revision surgery rates in the two study groups. There are two 

major strengths of study II: first, the relatively long follow-up periods of 6 and 

26 years. Our study showed that perichondrium transplants had low revision 

rates in the long-term and compared favorably to SR implants, although the 

difference was below the threshold of statistical significance. Second, a 

control group that includes patients treated with SR implants made it possible 

to rate the results after reconstruction with perichondrium relative to the gold 

standard. 

The main drawback of this study is to describe the results after two surgical 

techniques relying on revision surgery as the endpoint. Patient rated outcome 

measures (PROM) and clinical outcomes would have added important 

information in the rating and comparison of the different methods. The study 

design cannot identify unsatisfactory results where the threshold for revision 

is not met. Such results are probably concealed in both groups. 

Another potential limitation of the study design is selection bias. The study 

groups had a discernible difference in follow-up time (transplants 26 years vs. 

implants 6 years). Obviously, more equal follow-up times would have been 

preferable. However, SR implants are a relatively recent surgical procedure, 

whereas perichondrium transplants have been used for many years.  

The number of patients in the two MCP subgroups was almost identical but 

relatively low (perichondrium transplants: 15, SR implants: 16), making a 

reliable comparison difficult.  

The primary goal of this study was to evaluate the survival rate of SR 

implants in relation to perichondrium transplants. The perichondrium group 

included only 7 patients (10 joints) in the PIP joint group, whereas the SR 
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implant group comprised 86 patients (122 joints).  Although three different 

SR implants were used, they all have a similar design i.e., a proximal and a 

distal component (non-constrained). Assessing a surgical technique only by 

its survival rate can be controversial if the clinical results are missing. On the 

other hand, survival rate is a common endpoint in orthopedic research when 

studying implants and their outcome.  

Study V 

Our study showed promising clinical results for reconstruction of the DRUJ 

with a mean follow-up of 7.5 years. Current options for DRUJ reconstruction 

struggle with complications, especially in the long term and when the patient 

has high physical demands for hand function. Partial or total resection of the 

ulnar head is a reasonable treatment option for elderly patients with 

rheumatoid changes, but hardly for young, non-rheumatoid patients. The 

mean age in the present study is relatively young (40.5 years) compared to 

other studies on surgery towards OA in the DRUJ (56 years) (138,140,149). 

Also, all four were non-rheumatoid patients. 

In a recent patient-reported outcome study by Eberlin et al. complication 

and reoperation rates after the Darrach procedure (n=57) and the Sauve 

Kapandji procedure (n=28) were studied. The complication rate was 30% in 

the Darrach procedure and 50% in the Sauve Kapandji procedure. The 

corresponding reoperation rates were 18 and 36%. Overall, 52 patients (61%) 

in this study completed a PROS, and the authors did not find any significant 

difference in pain and satisfaction rate between the two groups (137). Because 

of the high reoperation rate in the long term after the Sauve-Kapandji 

procedure, mainly caused by instability of the ulna stump, this technique is 

only recommended for very selected cases by some authors (140). Another 

option, if the surrounding soft tissue is sufficient, is the Bowers procedure. It 

is also known as a matched or partial resection of the ulna head and often some 

kind of soft tissue is used as an interposition (e.g., extensor retinaculum). 

Several authors reported the clinical outcome to be reasonably good in both 

rheumatoid and none-rheumatoid patients (150–153). As described by Bowers 

in 1985, the method is considered a salvage procedure (151,154) where the 

main ambition is to reduce pain and improve ROM in the DRUJ, not to 

stabilize the joint (155). In this context the method is suitable for rheumatoid 

patients, as these patients usually have lower physical demands than non-

rheumatoid patients.  

After a Darrach or Sauve Kapandji procedure, the salvage options after a 

failure are mainly limited to implant surgery. The results after implant surgery 

to the DRUJ have generally improved during the past decade. However, 

implants often fail to achieve function suitable for heavy load in the long run. 

Restricted ROM, persistent pain, and implant loosening are common 

complications (132,133,135). Like in OA, it is often a contrast between the 
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clinical outcome and the radiological appearance after perichondrium 

transplantation (126,156). We observed comparable findings in our DRUJ 

study. In addition, we noted that the process in the reconstructed joints is 

active, as evidenced by radiographs showing signs of bony remodulation over 

time. In particular, the gap between the sigmoid notch and the ulnar head was 

wider than normal. This gap may be explained by hypertrophy and thickening 

of the grafts, filling the gap in the joint. The major limitations of this study are 

the small study cohort (only four patients) and the absence of a control group 

enabling comparison to other surgical methods. Thus, it is impossible to draw 

definitive conclusions whether this novel technique is to prefer to more 

traditional methods (e.g., the Bowers procedure or implant arthroplasty). 

The experimental studies (III+IV) 

Study III 

For decades, gene and protein expression techniques (such as IHC, IF and 

ISH) have been used and improved in different fields. One drawback is that 

false-positive or false-negative results can readily occur because of the 

vulnerability of the methods. Thus, correct and detailed described protocols 

are mandatory to secure reproducibility. The other main challenge is the 

tendency of skeletal tissue sections to loosen from glass slides during the 

process. Our experiments have shown optimized results when using RNase A 

to remove background staining, which may be caused by a miss annealed 

Col2a1 probe to Col1a1 mRNA and vice versa. That these genes share more 

than 70% similar sequences strengthen this theory.  

As to IHC detecting GFP, our data indicate PIER might be a suitable 

alternative when HIER cannot be used because of repeated tissue detachment 

or impaired morphology. In our opinion the PIER protocol must be optimized 

to obtain useful results for FFPE skeletal sections. In addition, we used HCl-

induced DNA-hydrolysis for BrdU IHC, which has been debated in previous 

reports concerning its usefulness. However, in our study we found HCl 

beneficial when using PIER. Those controversial reports might have been 

caused by differences in tissue, species, or using HIER instead of PIER. 

Either frozen or FFPE tissue can be used in IF. However, frozen tissue has 

shown inferior results in previous reports. The common reason is freezing 

artefacts that can impair tissue morphology in frozen samples. Even though 

frozen skeletal tissue can usually yield less satisfactory results when used for 

IF, it was our preferred sample section. Therefore, we did not use PIER during 

antibody optimization. 
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Study IV 

We used a rat model allowing for tracing transplanted cells and found that 

defects in articular cartilage repaired with perichondrium were exclusively 

made up of transplanted cells and their progenies even after 112 days. Thus, 

this finding addresses the long-standing question of whether perichondrium 

itself can regenerate a new joint surface. Because there is a lack of suitable 

tissues that can be used to resurface injured and eroded articular cartilage and 

produce equivalent characteristics, those findings add useful information. Rib 

perichondrium has been used clinically for this purpose, sometimes with good 

clinical results (study I). Yet, the quality of the resulting joint surfaces and the 

contribution of the transplanted tissues have not been thoroughly investigated. 

Several arguments have been raised against the method. The resulting joint 

surface has been suggested to originate from chondrogenic stem cells from the 

bone marrow, synovial membrane or other surrounding tissues or because of 

the attraction of chondrocytes from intact native cartilage neighboring the 

defect. Our study resolves this longstanding controversy by showing that 

perichondrium itself has the regenerative capacity to generate a new joint 

surface. 

In contrast, transplanted periosteum resulted in a thinning layer of 

fibrocartilage covering a crater-like defect that, with time, provided more cells 

into the underlying bone than the articular cartilage itself. These findings 

confirm and extend previous studies suggesting that the 

osteochondroprogenitor cells of the periosteum are less chondrogenic and 

more osteogenic than perichondrial osteochondroprogenitors when placed 

ectopically in the synovial microenvironment (20,157,158). This view is 

consistent with studies mainly demonstrating poor outcomes when periosteum 

is used as a tissue source for articular cartilage repair (159,160). The findings 

are also compatible with the physiological role of the periosteum during the 

appositional growth of bones and fracture repair (161). 

Our findings show that perichondrium, but not periosteum, is a suitable 

tissue source for repairing articular cartilage defects, resurfacing of injured 

joints, and tissue engineering of articular cartilage. In the non-transplant 

controls, thin fibrocartilage-like healing with inferior quality and durability 

was found. 

In an extended analysis of the transplants, we also found that 

perichondrium transplants formed durable hyaline cartilage tissue of high 

proteoglycan content that filled out the articular cartilage defects, including 

the area of active remodeling in the subchondral bone. What’s more, the 

transplants attained structure and chondrocyte marker expression patterns 

similar to the surrounding articular cartilage. This finding is consistent with 

the clinical observations that perichondrium transplants can often produce 

favorable long-term results if transplant detachment and other potential short-

term complications are prevented.  
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The strength of our study is that we could achieve an objective and precise 

evaluation when comparing perichondrium and periosteum transplants in 

articular cartilage repair. Specifically, we used experimental methods to reveal 

the quality of regenerated articular surfaces at different levels, i.e., 

biochemical staining to reveal histology and proteoglycan level and IHC to 

trace the localization of transplants. Non-radioactive ISHs are used to target 

cartilage and bone markers’ mRNA, which enables quantifying and 

comparing these marker expression profiles between different transplant 

groups during postoperative time points. 

The surgical part of this experimental study is technically demanding and 

the total number of animals included in our study is limited (n=3 in each group 

and time point). Transplant detachment occurred in one case in the 

perichondrium group and in three cases in the periosteum group. In summary, 

the number of biological replicates at each time point was limited. On the other 

hand, the experiment was performed in accordance with the three Rs of animal 

experimentation (143). We could meet this issue by investigating different 

time points and providing enough statistical power to answer our study 

questions. The results of 6-week-old rats cannot be directly translated into 

humans, as differences in species and age may affect the chondrogenic 

potential of the transplanted tissue. 

The maximum follow-up time was 16 weeks post-surgery. A prolonged 

follow-up time might provide additional information regarding subsequently 

degenerative changes in the three study groups. 

The detection of Col10a1 positive hypertrophic chondrocytes in the 

perichondrium transplant but not in its superficial part is consistent with the 

hypothesis that the synovial environment might suppress these hypertrophic 

changes. Taken together, our findings indicate that rib perichondrium is a 

suitable tissue to repair injured joints. Moreover, the synovial 

microenvironment seems to contain several factors that act on perichondral 

cells to induce chondrogenic differentiation. Further studies exploring the role 

of the synovial joint microenvironment and the potential use of perichondrium 

as a tissue source for articular cartilage repair, resurfacing, and articular 

cartilage tissue engineering are warranted. 
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Conclusions 

                                                                                           

I. Perichondrium transplants restored osteoarthritic MCP and PIP 

joints that remained essentially pain free and mostly well-

functioning with no need for additional surgery up to 41 years 

after the procedure.         

II. For revision and 10-year survival rates, perichondrium transplants 

and SR implants showed comparable results.  

III. The modifications tested in our protocol represent critical steps 

that contribute to the localization of mRNA and proteins in 

formalin-fixed and decalcified tissues. 

IV. Full-thickness articular cartilage defects in the rat knee treated 

with perichondrium transplants from the rib showed expanding 

neocartilage with Col2a1 positive chondrocytes and matrix with 

high proteoglycan content. Over time, this surface attained a 

structure and chondrocyte marker expression pattern similar to 

the surrounding articular cartilage. The whole defect was filled 

with a new joint surface and the resulting neocartilage originated 

from the donor tissue. 

V. Reconstruction of osteoarthritic DRUJ surfaces with rib 

perichondrium is a novel technique providing good clinical 
results at mid-term follow-up. It preserves the soft tissue and most 

of the bone stock, allowing eventual revision or implant surgery 

later in life. The method is worth consideration, especially in 

young non-rheumatoid patients with high physical demands and a 

long remaining life expectancy.  

VI. In summary, we conclude that the autologous perichondrium 

transplant from the rib is a suitable tissue for both reconstructive 

purposes in hand surgery and tissue engineering. 

  

By D. Muder 
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Future Research 

Clinical studies 

Further studies are desirable to determine whether perichondrium transplants 

can be developed into a safe and efficacious method, with comparable or 

favorable outcomes compared to other techniques. These studies should focus 

on factors that may improve short-term outcomes and evaluate the surgical 

procedure compared to modern implant surgery with a prospective study 

design, a larger cohort of patients, and an extended follow-up. 

Experimental studies 

Our experimental studies show that the synovial joint microenvironment 

inhibits hypertrophic differentiation and promotes differentiation towards the 

superficial chondrocyte phenotype. To further explore this finding and the role 

of the synovial joint microenvironment in chondrogenic differentiation of 

perichondrium, this could be investigated using in vitro studies. By exposing 

perichondrium to different environments and synovial factors, new knowledge 

about its capacity to produce hyaline cartilage can be revealed, which might 

lead us to the potential of perichondrium in the field of tissue engineering. The 

signaling pathway responsible for articular cartilage repair seems Sox9 driven, 

but this has not been proven and exhaustively investigated. Further studies 

might clarify the role of Sox9. 
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Epilogue 

‘Perichondrium transplants differentiated into a cartilage structure that filled 

out the defects with chondrocytes expressing elevated levels of Col2a1 and 

producing a matrix rich in proteoglycans with chondrocytes positive for Prg4 

in the superficial zone.’ 
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