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Background
An osteochondral defect is a lesion of the cartilage and the underlying subchondral 
bone of a joint (Fig. 1.1). It was first described for the ankle joint in 1922 [46], 
though the pathology itself has been studied in literature as early as 1738 [62].

Osteochondral defects of the talus (OCDT) are often caused by a traumatic event, 
such as a distortion [6] or an ankle fracture [41]. They are reported in more than 
6% of the acute ankle sprains [9], up to 25% in chronic lateral ankle instability [23] 
and up to 50-73% of the acute ankle fractures [53, 75]. Secondary causes include 
degenerative disease, joint mal-alignment, metabolic abnormalities and avascular 
necrosis [63].

A typical OCDT patient is a 20-40 year old male reporting a traumatic event in the 
last year with complaints of deep ankle pain and swelling of the joint [101]. Ankle 
instability and locking are also often reported in literature [56]. In due time these 
OCDT can progress to ankle joint osteoarthritis with prolonged symptoms of pain 
and loss of joint function [59, 74].

The majority of the lesions in the talus involve both the superficial cartilage as well 
as the underlying bone [51]. Purely chondral lesions are less common. OCDT occur 
more often on the medial side of the talar dome where they are larger and deeper 
compared to their lateral counterpart [29].

Understanding difficulties in cartilage healing and repair
The ankle joint is covered by hyaline cartilage. This specific type of cartilage allows 
low-friction articulation and transmission of loads because of unique mechanical 
properties provided by a complex composition and structure (Fig.1.2)[80]. It is 
composed of chondrocytes in a dense extra-cellular matrix consisting mainly of 

Figure 1.1. Schematic and arthroscopic 
image of an osteochondral defect of the 
medial talar dome
Damage of the cartilage layer and the underlying 
bone can be seen clearly on the right.
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water, type II collagen and proteoglycans. Throughout the cartilage the composition 
and alignment of these various components is different, which creates three distinct 
zones: a superficial zone protecting against shear stresses, a transitional zone and a 
deep zone to resist major compression forces. When this structure is damaged, its 
complexity is not easily rebuilt which compromises the biomechanical properties.

Additionally, cartilage is an avascular tissue. It is supplied with nutrients through 
diffusion from the synovial fluid. This implies that, in case of cartilage damage, there 
is limited access to nutrients and the proliferating cells necessary for repair, such as 
mesenchymal stem cells [13, 77].

Figure 1.2. Graphic  representation of the general structure of adult human articular 
cartilage.
It is composed of chondrocytes in a dense extra-cellular matrix consisting mainly of water, type II 
collagen and proteoglycans. There are three distinct zones: a superficial zone protecting against shear 
stresses, a transitional zone and a deep zone to resist major compression forces. The deep zone is 
connected to subchondral bone through a calcified layer. The insets show the differences in organization 
of collagen macrofibrils in the respective zones. Some special features of molecular content or 
properties also are indicated. Re-printed with permission from Poole et al. (2001) [69].
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The combination of disabling complaints in an often active patient population and 
the limited intrinsic self-healing capacity make OCDT a challenging medical condi-
tion. Small defects show some spontaneous repair, in which the defect is covered 
with a fibrous like tissue. This fibrocartilage has inferior mechanical qualities due to 
its simpler structure and lower glycosaminoglycan content [13]. In larger defects, 
the repair tissue can become unstable and fails to fill the defect leading to prolonged 
pain, inflammatory reaction and possibly osteoarthritis.

The therapeutic challenge lies in developing strategies that either produce optimal 
repair tissue or near normal reconstruction of the defect using graft tissue with the 
aim to restore its original properties and provide pain relief. The last decade has 
known an exponential rise in publications on alternative treatment strategies rang-
ing froxm various adaptions of existing techniques to entirely new treatments with 
tissue engineered products (Fig. 1.3, [21]). However, robust clinical studies showing 
consistent results are often lacking [56, 100]. Extensive knowledge of the cartilage 
repair process in vivo is essential to understand treatment outcome and optimize 
treatment algorithms for specific patient groups.

This thesis addresses a number of challenges in imaging, staging and treatment 
techniques that significantly contribute to our understanding of cartilage repair and 
the optimization of diagnostics and treatment of OCDT. In the next paragraphs the 
current practices and their specific challenges are discussed and subsequently the 
contents of this thesis is outlined further.

Figure 1.3. Growth in published articles on cartilage repair published (1966-2017)
*the article search for 2016-2017 was calculated from january 2016 to august 2017.
Source: PubMed and MedLine trend 
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Current practice in imaging patients with OCDT
The current diagnostic work-up for a patient starts with patient history and physical 
examination, distinguishing impingement from deep ankle pain due to an OCDT. 
Stability and ankle alignment are also noted. Thereafter, anteroposterior, mortise 
and lateral conventional radiographs of the ankle to determine the presence of an 
OCDT (Fig. 1.4 A,B)[5]. It also serves to identify both concomitant degenerative 
changes and the alignment of the ankle.

However, approximately 50% of OCDT are not identified on conventional radio-
graphs and the defect size is often underestimated compared to CT [5, 92]. When a 
posterior defect is suspected an additional heel rise view improves detection [5, 84].

Additional imaging can provide better visualization of the dimensions and location 
of a lesion. In clinical practice, MRI and CT imaging are used with a good to excel-
lent sensitivity and specificity for detecting OCDT (0.81 and 0.99 vs. 0.96 and 0.96 
respectively) [5, 92]. CT and MRI image different aspects of a lesion.

Computed tomography (CT) uses three-dimensional X-ray imaging to create cross-
sectional images of the ankle. Traditionally, is not able to image cartilage directly 
without additional intra-articular contrast [49]. It does accurately show the bony 
dimensions of a lesion, the integrity of the subchondral bone plate and presence of 
subchondral cysts (Fig 1.4 C,D) [55, 71]. This makes it particularly suited for lesions 
in the talus, which predominantly involve both cartilage and subchondral bone as 
compared to relative high prevalence of chondral lesions in other joints, such as the 
knee [51]. Also, it is argued that a painful OCDT inherently indicates bony involve-
ment since the nerve endings are situated in the bone and not in the cartilage [24], 
making the subchondral bone an important structure to image. Finally, CT has been 
shown to be a useful pre-operative planning tool because surgeons can assess the 
available bone stock and plan the accessibility with an anterior arthroscopy [4].

Magnetic resonance imaging (MRI) uses a magnetic field and radio wave energy to 
compile cross-sectional images without radiation. MRI is suited for detecting bone 
bruises and gives detailed information on soft tissues, cartilage and the stability of 
a lesion (Fig. 1.4 C,D,E,F)[58]. MRI is also able to image small disruptions in the 
cartilage such as fissures. Traditionally, MRI does tend to overestimate the lesion size 
due to oedema [28]. Improvements in imaging resolution, dedicated ankle coils and 
additional sequences using T2- or PD-weighted fat suppression have improved these 
issues [3, 94]. Also, morphological features (such as integrity of the subchondral 
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lamina or fibrillations) are more difficult to image compared to other joints because 
the cartilage in the ankle is very thin [76].

Imaging of longitudinal follow up of cartilage repair
To increase our understanding the effect treatments have on the repair tissue struc-
ture and cartilage quality we need to be able to meticulously monitor the repair 
process in vivo and over time.

The follow up of postoperative patients or those who are treated conservatively is 
routinely performed with the same modalities as discussed for diagnostics (radio-
graphs, MRI, or CT), preferably at the lowest frequency that is clinically relevant. 
These modalities have several disadvantages when considering them for more 
extensive follow-up in research. Radiographs provide too little information, while 
subsequent CT scans are expensive, not primarily suited for assessing the cartilage 
repair tissue and generally increase the radiation burden. MRI is also an expensive 
and lengthy procedure. Ultrasound imaging does not have these limitations, but is 
not used traditionally to image bone or cartilage because of the limited penetration 
depth in bone. However, studies in osteoarthritis and rheumatology research have 
shown that ultrasound enables imaging of bone erosion and pathological changes in 
cartilage (Fig1.4 D,E) [34, 47, 64].

Another issue is that standard clinical imaging techniques study only the morphology 
of the repair tissue, looking at aspects such as integration into the adjacent cartilage 
or fibrillations and fissures. This is an indirect measure of the quality of the repair 
tissue. The golden standard for quality assessment is histological assessment [64], 
which assesses tissue composition in addition to morphology. However, histology is 
often reserved for ex vivo or animal studies due to its invasive nature.

Several experimental adaptions to CT and MRI imaging have been proposed in 
literature to indirectly image cartilage quality in patients. For CT this is done using 
intra-articular contrast [49]. For MRI, techniques such as T2 mapping or delayed 
gadolinium-enhanced MRI of cartilage (dGEMRIC) were developed [5]. While T2 
mapping is related to water content and the reaction with collagen fibres in cartilage, 
dGEMRIC relies on glycosaminoglycan (GAG) content present in cartilage. Both water 
and GAG concentrations decrease with degeneration of cartilage. The advantage of 
T2 mapping over dGEMRIC and contrast CT is that it does not require intra-articular 
contrast and is performed in a single scanning session [36]. However, scanning times 
for T2 mapping are extensive and a standardized protocol is not yet available [26].
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Several other advanced imaging techniques are not yet routinely applied in OCDT 
research. This thesis uses two of these techniques to ascertain their contribution 
to in-depth insight of the composition and quality of OCDT repair. The first is equi-
librium partitioning of an ionizing contrast agent through a micro-CT (EPIC-micro 
CT). This technique using a negatively charged contrast agent, which distributes 
itself inversely between the negatively charged proteoglycan matrix, to estimate the 
GAG content of cartilage [65, 97]. By comparing attenuation ratios between healthy 
cartilage and repair tissue it is possible to determine the quality of cartilage repair 
tissue compared to healthy cartilage [98] (Fig 8.4). The second is Optical Coherence 
Tomography (OCT), which is a technique similar to ultrasound, but it uses near-
infrared light to detect signs of degeneration of cartilage with good correlations 
to histopathology [18, 19](Fig 3.1). These techniques are pre-dominantly used in 
pre-clinical research [10, 99], cadaveric studies [18, 86] or in small clinical trials [19, 
85]. Both techniques show good correlation with histology for osteoarthritis [18, 
85], but have not been validated for cartilage repair tissue assessment [15, 85].

Quantifying OCDT and cartilage repair 
In addition to visualization of OCDT and its repair process, measures are needed to 
compare treatment outcomes. This is facilitated by the use of classification systems. 
They can also aid in selecting the appropriate treatment for specific patients. There 
are multiple scoring systems available for each diagnostic technique to describe 
OCDT, which are briefly described in Table 1.1.

For postoperative imaging assessment of cartilage repair tissue using MRI and CT the 
presentation of results are generally mainly descriptive. Only one classification for 
MRI is broadly used: the Magnetic Resonance Observation of Cartilage Repair Tissue, 
MOCART [57]. There are two validated postoperative scores for arthroscopic assess-
ment of repair tissue: The International Cartilage Repair Society (ICRS) cartilage 
repair assessment score [11] and the Oswestry arthroscopy score [79]. By contrast, 
there are numerous scores available for histology, five of which are validated scoring 
systems (Fig. 1.5). Recommendations have been published in an attempt to provide 
a guideline for the use for assessment systems [12, 42]. However, there is no true 
consensus on the golden standard yet [64].
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Challenges in imaging and classification
Routine clinical imaging of OCDT is currently restricted to conventional X-ray, CT and 
MRI imaging. However, in vivo non-invasive advanced imaging techniques providing 
qualitative data could aid the physician in understanding treatment response. For 
research purposes, optimal imaging techniques for follow up and in-depth analysis 
are poorly defined. As noted above, there are numerous (experimental) suggestions 
for imaging and classification systems in literature. Many show overlapping items, 
but the complex nature of cartilage and cartilage repair creates just as much diversity 
in remaining parameters based on individual selection. Reproducible morphologic, 
quantitative and qualitative data is necessary that is comparable over time to explore 
the effect of new treatment techniques on repair. Uniform use of classification and 
scoring systems of the repair tissue is essential. Therefore, the challenge for clinical 
imaging lies in defining a minimal, non-invasive, set of useful imaging modalities and 
parameters that are clinically relevant, and a more extensive, ideally low-invasive, set 
for experimental research that include or correlate with histological quality.

Treatment patients with OCDT 
Conservative treatment is generally reserved for children and patients with minor, 
early-onset symptoms or those who are unable or unwilling to undergo surgery 
[101]. Also, small, undisplaced lesions can cover spontaneously with fibrocartilage 
given rest [78] or cast immobilisation [8, 14, 43, 67] to unload the lesion to allow 
healing and prevent necrosis [101]. In literature only one retrospective study in 
adults exists, consisting of 26 patients, where the success rate was 62% [CI 43-78%] 

Figure 1.5. Scoring systems for histological analysis after in vivo cartilage repair
Validated scores are presented in bold. Taken with permission from Rutgers et al. [73].
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[78]. Available retrospective studies in children found good results in 39-92% of 
patients [40, 54]. Another retrospective study of 36 children in an OCDT referral 
centre showed that, while 86% required surgery after initial conservative treatment, 
the results for surgical treatment after primary conservative treatment are good 
[72]. It is therefore suggested that all OCDT except acute Berndt and Harty type IV 
lesions should be allowed a period of conservative treatment [6].

OCDT healing can be supported by intra-articular injections. Several types of injec-
tions are available, mainly hyaluronic acid (“viscosupplementation”) [60], platelet 
rich plasma (PRP) [89], or mesenchymal stem cells [88]. The exact mechanisms 
of the beneficial effects are not completely clear. However, we will expand a little 
on the main mechanisms. Hyaluronic acid is a natural glycosaminoglycan that tem-
porarily serves as a shock absorbing lubricant and encourages the synovium of the 
joint to produce more viscoelastic synovial fluid that restores the natural function of 
the fluid [57]. It is believed to be chondro-protective and anti-inflamatory, as well as 
analgesic [33, 82]. PRP promotes cartilage matrix synthesis and cell growth, while 
inhibiting catabolic effect [1, 31]. Both PRP and mesenchymal stem cells are thought 
to enhance cartilage repair by stimulating chondrogenic differentiation [1, 66].

An important, yet underappreciated, factor in treatment success with intra-articular 
infiltrations is the actual technique of injection. Previous literature has shown the 
rate of extra-articular injections is even up to 33% [7, 45]. Extra-articular placement 
will result in lack of efficacy while exposing the patient to possible adverse events, 
such as additional pain or inflammation [96]. Intra-articular placement can be veri-
fied by first injecting a contrast agent under fluoroscopy (Fig. 1.6). However, this 

Figure 1.6. Intra-articular ankle infiltration
Left: Sterile infiltration into the joint. The use of a traction device is optional. Using a sterile band and 
the surgeons weight, the ankle joint can be put under traction [63]. Right: fluroscopy image of contrast 
agent being infiltrated into the ankle joint.
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introduces additional volume of fluid into the small joint and exposes the patient to 
a possible contrast-related reaction.

When non-operative treatment does not lead to satisfactory results, or when there 
is a symptomatic lesion with an unstable cartilage fragment, a number of surgical 
treatment options exist [32, 56, 91, 101]. Recent reviews for both primary and 
secondary defects have shown no true superior treatment for OCDT over others 
[21, 52]. The most predominant treatments are discussed below.

The mainstay of OCDT treatment in lesions smaller than 1.0-1.5 cm2 is bone marrow 
stimulation or “microfracture” [17, 21, 32, 52, 56, 91, 101]. During an arthroscopic 
procedure, the subchondral bone is drilled or punctured with an arthroscopic awl to 
create microfracture holes [81]. The subsequent bleeding introduces mesenchymal 
stem cells located in the bone marrow to the defect and produces fibrocartilage. For 
smaller defects this can be enough to alleviate symptoms by sealing of the underlying 
bone and its exposed nerve endings [24]. The results of bone marrow stimulation in 
OCDT have been satisfactory in 61% up to 86% of the patients [20–22, 32, 52, 56, 
91, 101].

In defects larger than 1,5 cm2, the fibrocartilage layer produced by microfracture 
will generally be unstable and biomechanically inferior. These larger defects require 
techniques that are restorative, rather than reparative, aimed at regenerating stable 
hyaline-like type II cartilage. There are two types of restorative techniques based on 
their underlying strategy: introduction of harvested chondrocytes and implantation 
of an entirely new osteochondral unit.

Predominant techniques in the former category are autologous chondrocyte implan-
tation, “ACI”, and matrix-associated chondrocyte implantation, “MACI” [44, 95]. 
Success rates range from 78-93%[CI 45-98%] and 80-100% [CI 38-100%] respec-
tively [21]. MACI has the advantage of not needing a donor site to harvest periosteal 
tissue to cover the defect because it uses a collagen membrane, unlike ACI. Both 
techniques require a two-stage treatment to harvest and replace the chondrocytes. 
Single step procedures include autologous matrix-induced chondrogenesis, “AMIC”, 
in which spongiosa bone is placed in the defect and sealed with a collagen matrix 
[87], or autologous collagen-induced chondrogenesis, “ACIC”, in which fibrin glue 
and a collagen matrix are used to fill the defect [93]. Success percentages range 
from 56-100% [CI 27-100%] [21].
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Techniques implanting a new osteochondral unit predominantly include osteochon-
dral autograft/allograft transfer system, “OATS” or “mosaicplasty” [37, 90], where 
osteochondral grafts are harvested and implanted into a debrided OCDT. Results 
show a 40-100% and 72-100% success rate respectively, with improvement on clini-
cal outcome scores [21, 22, 56]. Disadvantages are the costs, up to 32% donor site 
morbidity when a graft is used, or the need for a second surgery [56].

Lastly, for lesions that are mainly subchondral with relatively intact cartilage, two 
additional treatments exist. Retrograde drilling aims to revascularize the subchondral 
bone and promote defect fill with new bone formation by non-transarticular drilling 
of the defect [83]. It is also an alternative for OCDT that are hard to reach using 
conventional arthroscopy. Success rates vary between 68% and 100 % [CI 49-100%]
[21]. Secondly, a new surgical technique using a “lift, drill, fill and fix” concept stabi-
lizes the overlying cartilage and the subchondral bone with a bioabsorbable screw 
after debridement of the defect[48], which preserves the hyaline cartilage and the 
congruency of the subchondral bone plate. Performing the procedure arthroscopi-
cally renders an arthrotomy with or without a malleolar osteotomy unnecessary [48].

Challenges in treatment 
Similar to the analysis of current practice in imaging modalities, quite a large number 
of therapies are available. Many prognostic factors have been investigated to develop 
a treatment algorithm for OCDT. However, the results are often contradictory [50]. 
Possible explanations are the low level of evidence of the available studies [68] and 
the lack of consensus on diagnostic and scoring systems already mentioned earlier. 
However, it is also plausible that differences in operative technique execution, which 
is often underreported in literature, result in diversity in outcome. Or, formulated 
more positively: changing the technique could improve outcome.

Aim and outline of this thesis
This thesis aims to improve the chain of care for patients with OCDT. Firstly, by 
improving the imaging techniques to diagnose OCDT and to monitor ankle cartilage 
repair; secondly by optimizing currently used treatments. As mentioned throughout 
the introduction, the challenges are vast and large. This makes it impossible to 
address all issues in one thesis. Hence a number of specific issues have been selected 
that build on previous research and experience within our research group.
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Part I: Improving pre-clinical imaging
It is imperative to have an in-depth understanding of the ankle cartilage healing 
process and the effects of specific interventions to cartilage tissue regeneration. The 
start is made in a pre-clinical research setting with establishing reliable, reproducible 
and representative methods to image and grade cartilage repair tissue.

An interesting question in this respect that remains to be answered is whether 
arthroscopic assessment of the repair tissue is related to the actual histological 
quality of the cartilage. This could allow intra-operative assessment without the 
need for a biopsy. Therefore, Chapter 2 compares the ICRS arthroscopic cartilage 
repair assessment score, which is a conveniently concise scoring system, to the 
golden standard of histological analysis in a goat model. In Chapter 3 we also use 
histology as reference, but compare it to Optical Coherence Tomography imaging to 
determine the usefulness of this advanced but relatively uninvasive pre-clinical imag-
ing technique in gaining more extensive insight into the composition and quality of 
repair tissue of OCDT.

Part II: Improving clinical imaging
Continuing the quest to understand cartilage repair in vivo, the need arises to inten-
sify clinical imaging for longitudinal monitoring at shorter intervals in time. This could 
provide new insights into the healing process and treatment response. As current 
diagnostic methods are unsuitable, we studied ultrasound imaging as a non-invasive, 
fast and affordable alternative. In Chapter 4 the accuracy of ultrasound imaging of 
OCDT is first determined in a cadaveric study, followed by Chapter 5, which contains 
the assessment of the feasibility of using ultrasound imaging in patients with OCDT.

Part III: Optimizing treatment
While success rates of the predominant and established cartilage repair techniques 
are good, prognostic factors and reasons for failure are often unclear and contradic-
tory. Descriptions of technique execution are underreported and under-investigated 
in literature. Critically examining the execution of these techniques could lead to a 
better understanding their failure and ways to adapt them for better results. Chapter 
6 presents a patient study comparing intra-articular infiltration with hyaluronic acid 
using a traction device to a conventional injection without traction to determine 
which method is more reliable.

Lastly, we study the effect of alterations in the first-line surgical therapy of bone mar-
row stimulation. This technique was chosen because of its wide spread popularity as 
a cheap, fast technique without donor site morbidity or need for two-stage surgery. 
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Chapter 7 contains a systematic review of the current literature on the variation in 
technique execution of bone marrow stimulation and whether it influences outcome. 
Finally, Chapter 8 presents the results of an animal study that determined whether 
changing the geometry of microfracture holes influences healing of OCDT using a 
goat model.
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ABSTRACT

Background
The purpose of this research was to evaluate whether the macroscopic assessment 
of repair cartilage quality of talar osteochondral defects in a goat model using the 
ICRS score is in correspondence with histological assessment using the O’Driscoll 
histology score.

Materials and methods
32 caprine samples with 6 mm osteochondral defects treated with microfracture 
were analysed six months postoperatively using high-resolution digital images. Two 
observers independently scored the defects using the ICRS (0-12 points). Histologi-
cal analysis was performed by one expert histologist using the O’Driscoll Score (0-24 
points) on 5 µm slices stained with Masson Goldner and Safranin O. Total ICRS and 
O’Driscoll scores as well as sub items were compared using a Spearman correlation 
coefficient (p<0.05).

Results
The median ICRS for Observer 1 and 2 were 6.5 (range: 4-11) and 6.5 (range: 3-11). 
The median O’Driscoll score was 11.5 (range: 3-20). The correlation of the total 
ICRS scores and the O’Driscoll score was not significant, nor was the correlation of 
sub items (p>0.05).

Conclusion
This animal study suggests that isolated macroscopic ICRS assessment of cartilage 
repair tissue does not correlate well with histological assessment. Possible explana-
tions may be limitations of surface assessment compared to analysis deeper into 
the tissue and the necessity of more elaborate macroscopic assessment including 
hypertrophy, colour, lesion size, location and degenerative status of the joint. Tech-
niques that are more accurate, precise and reliable, such as histology, dGEMERIC and 
T2 mapping MRI, contrast enhanced CT or optical coherence tomography (OCT), 
should be considered as alternatives or at least as complimentary methods.
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Introduction
Histological evaluation of cartilage repair tissue of after treatment of osteochondral 
defects is a longstanding and proven method for quality assessment with both 
qualitative and quantitative parameters [20]. Experimental animal studies often use 
histological analysis of the repair tissue after sacrifice of the animals [2, 6, 12, 14, 
20, 21, 27, 33, 36]. In the case of clinical studies, a biopsy can be taken for histology 
[1, 16, 18]. Even though considered to be the gold standard, biopsies are usually 
not performed in a clinical setting because it destroys part of the repair tissue. In 
addition, the histological processing and subsequent analyses take time. This makes 
surgical intervention in 1 session with the assessment of the quality of repair based 
on the biopsy results not possible, necessitating a two-step procedure. Moreover, 
biopsies can only show the characteristics of that particular part of the lesion of 
which the biopsy was taken. Locational differences within the repair area are not 
detected. Furthermore, the quality of biopsy and the moment in follow-up of the 
acquisition affect the quality and result of the biopsy [10]. Therefore, histology of in 
vivo repaired tissue is generally restricted to a research setting, while in clinical prac-
tice, cartilage quality is assessed through imaging and intraoperative macroscopic 
evaluation by the surgeon [28].

Macroscopic assessment of the repair tissue during (second look) arthroscopy 
is used to assess the degree of defect fill, the aspect of repair tissue as well as its 
integration with adjacent cartilage after treatment [9]. It has shown to be associ-
ated with the clinical failure rate [22]. There are two validated grading systems in 
the literature that assess repair tissue quality during arthroscopy or open surgery, 
the Oswestry Arthroscopy Score (OAS) [34] and the International Cartilage Repair 
Society Cartilage Repair Assessment System (ICRS) [8]. Main components of both 
scores are the nature of the tissue (macroscopic appearance of the cartilage surface) 
and whether the repair tissue is satisfactory (the extent to which the original defect 
is filled with repair tissue and the integration of the repair tissue into the border 
zone). Both scores are used in the evaluation of human as well as animal repair tissue 
[26, 27, 30]. Other studies have reported satisfactory interobserver reliability and 
repeatability for both the ICRS and the OAS arthroscopic score with an ICC>0.7 and 
good correlation (Pearson’s correlation coefficient, r=0.88; P<0.001). Cronbach’s 
alpha was slightly better for the ICRS: 0.91 vs. 0.82 for the OAS [7, 34].

There is no data that compares the macroscopic scores and findings from the his-
tological quality assessment scores. Therefore, it is unknown to which extent these 
macroscopic scores correlate with the histological reference standard. A good corre-
lation would strengthen diagnosis and evaluation based on arthroscopic assessment 
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instead of histology, whereas a poor correlation would indicate that the score is 
insufficient for objective cartilage repair tissue assessment. The aim of this study 
was to evaluate the correlation of the macroscopic ICRS score to a histological score 
of repaired cartilage. The hypothesis was that the ICRS corresponds moderately 
with histological analysis, because the ICRS evaluates the surface of osteochondral 
defects whereas histology also assesses deeper tissue layers.

Materials and methods

Materials
32 caprine samples of treated osteochondral defects treated were analysed six 
months postoperatively. The samples were retrieved from a study investigating the 
healing response of artificially created talar osteochondral defects of sixteen goats 
treated with microfracture [23]. The study protocol was approved by the local Ani-
mal Welfare Committee (protocol number ORCA102287). A 6 mm diameter osteo-
chondral defect was drilled in the tali of both hind legs using a posterolateral surgical 
approach. In the same surgical session, the goats received microfracture treatment 
using microfracture awls. The animals were allowed to directly bear weight postop-
eratively. The goats were sacrificed after a follow-up of 24 weeks, after which the 
tali were extracted and photographed in multiple directions using a high resolution 
digital camera (Panasonic Lumix, Kadoma, Japan).

The tali were cut into 20 mm × 20 mm blocks around the defect over the entire depth 
of the talus. The samples were embedded in Methylmetacrylate and 5 µm sections 
were cut at approximately a quarter and at the centre of each defect. Haematoxylin 
and Eosin (general staining), Safranin-O (GAG content) and Masson Goldner (Colla-
gen) staining were performed on multiple sections for each location. Representative 
slices of both locations were selected for cartilage quality assessment. Macroscopic 
scoring: The photographs of the samples were collected, blinded and randomized 
using a computer program. Two orthopaedic surgeons skilled in ankle arthroscopy 
(GK,MK) scored the high-resolution photographs individually using the ICRS score. 
The ICRS score consists of three items: degree of defect repair, integration of the 
border zone and macroscopic appearance that are each scored 0 to 4 (Table 1). 
The total score (ranging from 0-12) is categorized in 1 of 4 grades (normal, nearly 
normal, abnormal and severely abnormal) [8].
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Histologic scoring
Thirty histological sections were available per sample. All were scanned for quality 
of processing and staining. Selected histological sections were scored by one expert 
histologist (RvN) using the O’Driscoll histology score [31]. A recent review provides 
an overview of the existing histological scoring systems [14]. Both the O’Driscoll 
score [31] and the Pineda score [32] met our requirements of applicability for the 
assessment of cartilage repair and available validation for animal studies [29]. The 
O’Driscoll score was used because of its extensiveness. The score by O’Driscoll con-
tains 4 main categories and sub items, which gives a total score of a maximum of 24 
points [31].

Statistical analysis
To test our hypothesis, the validity of the ICRS was determined by calculating the 
interobserver variability and the correlation between the O’Driscoll score and the 
ICRS. A sample size of 32 had 80% power to detect a minimum level of correlation of 
0.4 (moderate correlation based on the definition of Landis and Koch [25]) with a 
0.05 two-sided significance. A correlation above 0.4 was considered to be of possible 
significance, since both Landis c.s. and Fleiss c.s. define a correlation below 0.4 as 
only poor to fair [15, 25]. For the ICRS to be a reliable tool for cartilage repair assess-
ment a less than moderate correlation coefficient is not desired. Due to skewed 
distributions and outliers, non-parametric Spearman’s correlation coefficients were 
calculated between the total O’Driscoll and ICRS scores, as well as between specific 
subsets. The subsets were chosen selected on the basis of the related themes of 
the scored items: Macroscopic appearance (ICRS) and Surface regularity (O’Driscoll 
score); and Integration to border zone (IRCS) and Bonding to the adjacent cartilage 
(O’Driscoll score). A p<0.05 was considered significant.

Results

ICRS
The median ICRS score was 6.5 (range 4-11) for Observer 1 and 6.5 (range (3-11) 
for Observer 2 (Table 2.1). The defects were classified mainly as a grade II (nearly 
normal, n=10 and n=15 for Observer 1 and 2, respectively), or a grade III (abnormal, 
n=22 and n=16 for Observer 1 and 2, respectively). Only Observer 2 classified one 
defect as grave IV (severely abnormal). The inter-observer agreement was 50% with 
a к of 0.4 (p<0.001) for the total ICRS score. The agreement for the sub items was 
higher.
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Histology
The median O’Driscoll score of the samples was 11.5 (range 3-20, Table 2.2). All 
defects were predominantly filled with fibrous tissue, with diminished Safranin-O 
staining and with large collagen structures visible using polarized light microscopy. 
The variety in surface appearance and structural integrity was substantial (Table 2.2 
and Figure 2.1).

Table 2.1: Summary of the ICRS score.
Observer 1

(n=)
Observer 2

(n=)

Degree of defect 
repair

In level with surrounding cartilage 16 14

75% repair of defects depth 14 14

50% repair of defects depth 2 3

25% repair of defects depth 0 1

0% repair of defects depth 0 0

Integration to 
border zone

Complete integration with surrounding cartilage 0 0

Demarcating border < 1mm 5 7

3/4 of graft integrated, 1/4 with a notable border 
>1mm 

5 8

1/2 of graft integrated with surrounding cartilage, 
1/2 with a notable border > 1mm

22 17

No contact to 1/4 of graft integrated with 
surrounding cartilage 

0 0

Macroscopic 
appearance

Intact smooth surface 2 2

Fibrillated surface 5 6

Small, scattered fissures or cracks 9 8

Several small, or few but large fissures 16 16

Total degeneration of grafted area 0 0

Median total ICRS score (range)
6.5 

(4-11)
6.5 

(3-11)

ICRS Grade

Grade I (normal) 0 0

Grade II (nearly normal) 10 15

Grade III (abnormal) 22 16

Grade IV (severely abnormal) 0 1

Sub item scores, total score and grading according to the ICRS are given.
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Table. 2.2: Summary and dispersion of the O’Driscoll score per sub item and total score.
Characteristics Number of samples

Nature of predominant tissue

Cellular morphology

Hyaline articular cartilage 0

Incompletely differentiated mesenchyme 17

Fibrous tissue or bone 15

Safranin-O staining of the matrix

Normal or nearly normal 1

Moderate 11

Slight 14

None 6

Structural characteristics

Surface regularity

Smooth and intact 3

Superficial horizontal lamination 12

Fissures 25-100 % of the thickness 13

Severe disruption, including fibrillation 4

Structural integrity

Normal 0

Slight disruption, including cysts 16

Severe disintegration 16

Cartilage Thickness

100 % of adjacent cartilage 6

50-100% of adjacent cartilage 12

0-50% of adjacent cartilage 14

Bonding to the adjacent cartilage

Bonded at both ends of graft 23

Bonded at one end, or partially at both ends 7

Not bonded 2

Freedom from cellular changes of degeneration

Hypocellularity

Normal cellularity 9

Slight hypocellularity 13

Moderate hypocellularity 19

Severe hypocellularity 1

Chondrocyte clustering

No clusters 23

<25 % of the cells 8

25-100 % of the cells 1

Freedom from degenerative changes in adjacent cartilage

Normal cellularity, no clusters, normal staining 14

Normal cellularity, mild clusters, moderate staining 6

Mild or moderate hypocellularity, slight staining 12

Severe hypocellularity, poor or no staining 0

Median total O’Driscoll score
11.5 

(range 3-20)
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Correlations
The Spearman’s rank correlation coefficient of the average total ICRS score for either 
observers or the O’Driscoll score was not significant (Observer 1: ρ=-0.004, p=0.98, 
95% CI=0.40-0.37, Observer 2: ρ=-0.132, p=0.47, 95% CI=0.53-0.29, Figure 2.3). 
Likewise, the correlations were not statistically significant for the specific subsets 
of macroscopic appearance (ICRS) and surface regularity (O’Driscoll score) or for 
the subset integration to border zone (IRCS) and bonding to the adjacent cartilage 
(O’Driscoll score) (Table 2.3).

Figure 2.1: correlation between macroscopy and histology.
Two different situations are shown demonstrating the clear correlation between the macroscopic image 
(left) and the corresponding histological slice (right) when there is a large superficial disturbance, and 
the difficulty with assessing cartilage repair tissue in a sample with a smooth surface. A. Sample with 
an evident large cleft visible both macroscopically (left) and on the Safranin-O histological slice (right, 
50x magnification). B. Sample that was scored as “nearly normal” by the ICRS (left), but that shows 
hypocellularity and structural irregularities on the Masson Goldner slice causing much lower O’Driscoll 
histological score (right, 100x magnification).
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Discussion
The aim of this study was to assess the correlation between the macroscopic cartilage 
repair tissue assessment using the ICRS score and the histological assessment using 
the O’Driscoll score after microfracture treatment of talar osteochondral defects 
in a goat model. Our hypothesis was that the scores would correlate moderately, 
however, no significant correlation was found between both scores.

Figure 2.2: Scatter plot of the O’Driscoll score and the ICRS score.
Results from Observer 1 and Observer 2 show the lack of correlation (r:-0.004, p=0.98, 95% CI -0,40 - 
0,37 and r:-0.132, p=0.547, 95% CI -0,53 - 0,29, respectively).

Table 2.3: Interobserver agreement for the 2 observers of the ICRS score and correlations 
between the O’Driscoll score and the IRCS.

Interobserver agreement

Subitem ICRS % k p-value

Degree of defect repair 0.84 0.73 <0.001

Integration to border zone 0.81 0.66 <0.001

Macroscopic appearance 0.71 0.57 <0.001

Total ICRS score 0.50 0.39 <0.001

Correlations (Spearman’s rho)

Observer 1 Observer 2

Total O’Driscoll score vs.
total ICRS score

-0.004 p=0.98
95% CI:

-0.40 – 0.37
-0.132 p=0.47

95% CI:
-0.53 – 0.29

“Bonding to the adjacent cartilage” (ODS) vs.
“Integration to border zone” (ICRS)

-0.61 p=0.74
95% CI:

-0.44 – 0.31
-0.38 p=0.83

95% CI: 
-0.34 – 0.35

“Surface regularity” (ODS) vs. “Macroscopic 
appearance” (ICRS)

-0.22 p=0.22
95% CI:

-0.53 - 0.14
-0.33 p=0.86

95% CI: 
-0.39 – 0.34
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Strengths of this study are the use of a validated goat model, two surgeons with 
extensive clinical experience with arthroscopic cartilage repair, as well as an expert 
histologist familiar with cartilage repair histology. However, the number of samples 
was limited and the average quality of the fibrous repair tissue did not cover the full 
range of the O’Driscoll score (range 3-20 vs. 0-24). These two factors may at least in 
part have contributed the absence of a correlation. Also, the macroscopic scoring was 
not performed in vivo, but by means of post mortem photographs. Although this is a 
method that is frequently used in a variety of studies for macroscopic scoring of car-
tilage [3, 7, 19], it does not allow the freedom of assessment from all angles as in vivo 
arthroscopy does. Lastly, the study was designed to detect a correlation larger than 
0.4, because a correlation smaller than this was considered to be clinically irrelevant. 
A more subtle correlation could be present between the scores or sub items.

Apart from limitations in the study design, several characteristics of the ICRS score 
may also have affected the lack of correlation. Firstly, only extreme structural disor-
ganizations such as large clefts can be registered by the macroscopic score (Figure 
2.1A), whereas subtle structural differences, such as smaller fissures or cysts hidden 
from the macroscopic surface (Figure 2.1B), are not detected. This leads to over-
estimation of the quality of repair tissue by macroscopic assessment compared to 
histological measures (Figure 2.2).

Secondly, the lack of correlation could be explained by the introduction of individual 
judgement in the ICRS score, because both the degree of defect fill and measurement 
of the demarcating border require the observer to determine quantitative values 
based on individual estimations. It could be possible that repeated individual scoring 
results in a different score. Previous articles did not specify the degree of experience 
with the ICRS scoring of the observers, but one article did show a significant increase 
in inter observer agreement after two months training [30]. Whether this also influ-
ences the correlation to histology remains to be investigated.

Thirdly, the ICRS does not allow the observer to report graft hypertrophy, nor does it 
include the colour aspect of the defect. Both items have been discussed in literature 
to be of relative importance and are included in the Oswestry Arthroscopy scale. 
However, we were not able to detect a colour difference as used by the OAS (pearly 
hyaline like, white fibrous tissue, yellow bone) between our samples with a good or 
a poor O’Driscoll score, since all were more or less white fibrous tissue. Moreover, 
the O’Driscoll score assesses the borders in one plane and is location dependent, 
while the ICRS score takes the entire defect rim into consideration and judges the 
percentage of the rim that is attached. This explanation is supported by the fact 
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that no correlation was found between the sub item scores for the integration of the 
repair tissue into the border zone.

The results indicate that despite the satisfactory inter observer reliability found 
previously, ICRS scoring may not be an accurate manner to determine cartilage or 
repair quality during arthroscopy. Arthroscopy also allows for assessment of multiple 
domains such as the size of the lesion and the general state of degeneration of the 
joint. Since these are all features that influence the healing or possible deterioration 
of cartilage defects, these items could be added in the score to make the ICRS scor-
ing more accurate [4, 13, 17].

For research purposes, alternatives of histology that are more accurate, precise and 
reliable should be considered, such as dGEMERIC and T2 mapping MRI, contrast 
enhanced CT or optical coherence tomography (OCT) [24]. These techniques 
are also applied more and more in clinical practice and according to the increas-
ing amount of literature of these advanced techniques image parameters correlate 
highly with cartilage quality [5, 11, 35, 37].

In conclusion, this animal study suggests that isolated macroscopic assessment of 
the quality of cartilage repair tissue of talar osteochondral defects treated with micro 
fracture using the ICRS score has a poor correlation with histological analysis. Pos-
sible explanations may be found in the limitations of surface assessment compared 
to analysis deeper into the tissue and the necessity of more elaborate macroscopic 
assessment including hypertrophy, colour, lesion size, location and degenerative 
status of the joint.
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Abstract

Background
Optical coherence tomography (OCT) is a light-based imaging technique suitable 
for depiction of thin tissue layers such as articular cartilage. Quantification of results 
and direct comparison with a reference standard is needed to confirm the role of 
OCT in cartilage evaluation.

Materials and methods
Goat talus articular cartilage repair was assessed quantitatively with OCT and com-
pared with histopathology using semi-automated analysis software. Osteochondral 
defects were created centrally in goat tali with subsequent healing over 24 weeks. 
After sacrifice, the tali were analysed using OCT and processed into histopathology 
slides. Cartilage thickness, repair tissue area, and surface roughness were measured. 
Also, light attenuation coefficient measurements were performed to assess differ-
ences in the properties of healthy tissue and repair tissue.

Results
Intra-class correlation coefficients for resemblance between the two techniques 
were 0.95 (p < 0.001) for thickness, 0.73 (p = 0.002) for repair tissue area, and 0.63 
(p = 0.015) for surface roughness. Light attenuation differed significantly between 
healthy cartilage (8.2 (SD 3.9) mm-1) and repair tissue (2.8 (SD 1.5) mm-1) (p < 
0.001).

Conclusion
Compared to histopathology as the standard reference method, OCT is a reproduc-
ible technique in quantitative analysis of goat talus articular cartilage, especially 
when assessing cartilage thickness and to a lesser extent when measuring repair 
tissue area and surface roughness. Moreover, differences in local light attenuation 
suggest measurable variation in tissue structure, enhancing the clinical applicability 
of quantitative measurements from cartilage OCT images.
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Introduction
Within the diagnostic work-up of degenerative disease in small joints, imaging 
techniques such as conventional radiographs, computed tomography (CT), and 
magnetic resonance imaging (MRI) are unable to accurately depict thin cartilage 
layers in clinical diagnostics.

Optical coherence tomography (OCT) can detect damage to articular cartilage [6, 
10], and at an earlier stage compared to macroscopic evaluation during arthros-
copy [8, 24]. OCT is analogous to ultrasound, but uses near-infrared light rather 
than sound to produce high-resolution, cross-sectional images with limited depth 
penetration (typically up to 2 mm). Relatively recently, the use of OCT in cartilage 
imaging in large joints such as the knee has been reported [8, 24]. Also, animal 
models [1, 2, 13, 15, 17, 19, 21, 23] and in vitro studies [3, 11] have been used to 
assess the feasibility of OCT in imaging of osteoarthritic cartilage. A strong correla-
tion was found between the grade of degenerative changes seen on OCT and results 
of macroscopic evaluation during knee arthroscopy in humans (r = 0.85) [10]. This 
correlation was also seen when using a histopathology grading scale (r = 0.98) [8].

In contrast to imaging of the relatively thick cartilage layers of the knee joint (> 2 
mm) [2, 9, 10, 24], OCT of thin cartilage layers in small joints [1, 2, 6, 13, 15, 17, 
19, 21, 23] allows the possibility of depicting the cartilage-bone interface, enabling 
cartilage thickness measurements. Also, the use of the OCT signal attenuation as 
a function of depth (µOCT) has discriminative capabilities when assessing tissue 
structure in urology [5]and gynaecology [22]. The application of similar param-
eters using the back reflection of light was demonstrated in OCT of horse articular 
cartilage [21]. Recently, the use of fiber-optic OCT was demonstrated in minimally 
invasive imaging of trapeziometacarpal articular cartilage [6], paving the way for 
clinical application during arthroscopy. Thus, OCT remains a promising technique for 
in situ evaluation of cartilage damage in patients with osteoarthritis in small joints of 
the wrist or ankle.

Using a goat model in this study, we optimized conditions for the best achievable 
one-to-one co-localization between 3D OCT images and histopathology, which has 
not been described before. Here we describe a direct comparison between OCT and 
histopathology in assessment of the clinically valuable parameters cartilage thick-
ness, repair tissue area, and surface roughness. To reliably assess these parameters 
simultaneously, we developed custom-made semi-automated analysis software. In 
addition, quantification of the OCT signal using µoct was performed on all cartilage 
OCT samples to assess differences between healthy cartilage and repair tissue.
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Materials and methods

Subjects and surgical procedure
The study protocol was approved by the animal welfare committee of the Academic 
Medical Center, University of Amsterdam (ORCA102287). Eleven female Dutch milk 
goats were used. All goats were four years of age with a mean weight of 71 (SD 
11) kg. To ensure assessment of both healthy tissue and cartilage-like repair tissue 
during quantitative analysis, osteochondral defects with a diameter of 6.0 mm and a 
depth of 3.0 mm were created in the tali of the hind legs. Under general anaesthesia, 
an incision was made on the lateral side of the Achilles tendon, exposing the talus [3, 
11]. Using a cannulated drill guide, the osteochondral defects were drilled centrally 
in the surface of the talus under continuous rinsing with 0.9% NaCl. The joint capsule, 
subcutaneous tissue, and skin were closed with absorbable sutures. Postoperatively 
the goats were allowed normal weight bearing and were followed up daily without 
any restrictions on food or exercise. The goats were killed after 24 weeks. The tali 
were cut into 20 × 20 mm blocks, marking the ventral side of the saw plane. Samples 
were fixed in 4% formaldehyde and dehydrated in ethanol in preparation for further 
histological processing.

Optical coherence tomography
OCT images were acquired with a commercially available 50-kHz swept source OCT 
system (Santec Inner Vision 2000) with an optical depth (z-axis) resolution of ~10 
µm and lateral (x/y-axis) resolution of ~40 µm, operating at a central wavelength of 
1.300 nm with a bandwidth of 120 nm. Cartilage samples were placed on a translation 
platform in a small petri dish. The OCT scan unit was vertically mounted and focused 
by moving it towards and from the sample, in order to optimize OCT imaging depth 
sensitivity. Conceding that there were height differences in the talar articular surface, 
care was taken to place the surface of the samples at a perpendicular overall angle 
to the OCT signal beam. Then, 3D OCT datasets were acquired, focusing on the 
centre of the osteochondral defect, producing cross-sectional images perpendicular 
to the labelled ventral saw plane. Dimensions of the datasets were 400 (z, depth) × 
300 (x, length) pixels over 300 (y, width) slices, distributed over a 2.7 (z, refractive 
index = 1.4 for cartilage) × 12 (x) × 12 (y) mm3 scanned area, resulting in a digital 
sampling resolution of 10 × 40 × 40 µm3, equivalent to the optical resolution of the 
system. Raw data were converted to TIFF stacks and calibrated to the appropriate 
scale. Amira software (version 4.5; Visage Imaging, San Diego, CA) was used for 3D 
visualization of the datasets.
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Histopathology
After OCT scanning, the fixed and dehydrated samples were embedded in methyl 
methacrylate (MMA). Before sectioning into slices, the previously marked ventral saw 
plane was re-identified. Samples were placed in the microtome with the marked saw 
plane perpendicular to the cutting blade. The (regenerated) osteochondral defect 
was visually located and 5-µm slices were produced halfway through the defect. The 
slices were stained with hematoxylin and eosin for general cell morphology and iden-
tification of cartilage tissue, and visually inspected using light microscopy. Then the 
slices were scanned using a slide scanner at 4× magnification. Images from scanned 
slices were converted to TIFF format and calibrated to the appropriate scale.

Matching of OCT with histology
From each talus, one histopathology slide clearly depicting the central part of the 
osteochondral defect was selected for analysis. Where possible, slides with distinct 
features were selected in order to facilitate matching with corresponding OCT 
images. From a 300-slice 3D OCT dataset, one OCT B-scan was selected for analysis 
after agreement on matching of structural visual parameters with similar visual 
parameters in previously selected histopathology slides (Figure 3.1).

Analysis of OCT and histological data
For quantitative analysis, the parameters cartilage thickness, repair tissue area, and 
surface roughness were chosen since they provide distinct and (clinically) relevant 
information about the condition of the articular cartilage. For reproducible measure-
ments, custom-made image analysis software was developed, written as a Java plugin 
for the open-source image processing software package Fiji. The software incorpo-
rates edge detection for identification of the articular surface and assisted drawing of 
auxiliary lines used for calculation of the three descriptive parameters (Figure 3.2). 
For edge detection in both the OCT images and the histopathology images, a median 
filter was applied. Then a starting (z-) coordinate was chosen, after which the next 
x-point was found as the maximum of the first derivative of the intensity versus 
depth in a band around the previous z-value. After smoothing in the x-direction, 
the final edge was constructed. Auxiliary lines were constructed by manually placing 
five points (in orange) on the normal-appearing cartilage interface, top and bottom, 
on both sides of the defect. The points were fitted with a fourth-degree polynomial 
to extrapolate the expected cartilage layer through the osteochondral defect. The 
top line (in blue) represented the expected trajectory of the articular cartilage top 
surface when disregarding the osteochondral defect. The bottom auxiliary line (in 
green) represented the expected transitional zone between cartilage and subchon-
dral bone when disregarding the osteochondral defect. Measured cartilage thickness 
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was defined as the mean thickness of the articular cartilage layer outside the bound-
aries of the osteochondral defect identified, representing a measurement of healthy 
articular cartilage thickness in mm. Cartilage repair tissue area was defined as the 
area marked by the bottom auxiliary line (in green), the detected edge (in pink), and 
the lateral boundaries of the osteochondral defect (in red), in mm2. Surface rough-
ness was defined as the root mean square of the distance between the top auxiliary 
line (in blue) and the detected edge (in pink), restricted by the lateral boundaries of 
the osteochondral defect (in red). For determination of intra-observer variability, all 
semi-automated analyses were repeated five times by the same observer for every 
OCT and histopathology image, at intervals of at least one week.

To correct for learning effects of the observer, the last three measurements for 
each image were used for analysis. Agreement between these measurements was 
calculated using Spearman’s correlation. OCT signal attenuation measurements 
were performed as described previously [12]. The attenuation per mm-1 (µoct) was 
calculated using an exponential decay model on the OCT signal amplitude curve as 
a function of depth after correction for setup-specific calibration parameters [4]. 
These corrections are needed in order to take into account the effects of the point-
spread function of the optics in the sample arm [14] and the roll-off of the OCT sen-
sitivity with depth. The “healthy cartilage” and “repair tissue” regions were readily 
identified for analysis of the other quantitative parameters (thickness, repair tissue 
area, and surface roughness). A region with vertical boundaries at least 400–600 µm 
apart (10–15 A-lines), to ensure averaging over enough data points, was therefore 
chosen for attenuation measurements from each predefined region. For the horizon-
tal boundaries, in healthy cartilage, measurements were taken from the air-to-tissue 
interface (blue lines in Figure 3.2) to the cartilage-bone interface (green lines in Fig-
ure 3.2). In repair tissue, measurements were taken from the air-to-tissue interface 
(pink lines in Figure 3.2) to the location of the lower fitted boundary line (green 
lines in Figure 3.2). In all cases, care was taken to select a measurement area with an 
apparently homogeneous OCT signal to give the most reliable attenuation fit.

Statistics
2D plots with linear correlation fit were constructed for direct comparison of OCT 
values and histopathology values regarding the three parameters measured. The 
slope and goodness of fit (r) of the correlation lines were determined. Since two 
different methods of measurement (OCT and histopathology) were used, Bland-
Altman plots were constructed to show the differences between measurements. 
To determine agreement between measurements in the OCT and histopathology 
groups, the intra-class correlation coefficient (ICC) was calculated.
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An ICC value of 0 indicated poor agreement, between 0 and 0.20 slight agreement, 
between 0.20 and 0.40 fair agreement, between 0.40 and 0.60 moderate agree-
ment, between 0.60 and 0.80 substantial agreement, and between 0.80 and 1.00 
indicated near-perfect agreement. Paired t-tests were used to assess the differences 
in attenuation measurements between healthy cartilage and repair tissue. Any 
p-values < 0.05 were considered statistically significant. Statistical analyses were 
performed using GraphPad Prism 5 and SPSS 19.

Results
22 tali were scanned using the Santec OCT system. The 3D OCT datasets acquired 
clearly showed the osteochondral defect, located centrally in the scans (Figure 3.1). 
On all OCT scans, similar image characteristics were observed and identification of the 
cartilage layer and the transitional zone between articular cartilage and subchondral 
bone was achieved. A distinct dark banding pattern on the cartilage-bone interface 
was discerned in normal-appearing cartilage; this was not visible in the OCT sections 
containing the osteochondral defect (indicated by green arrows in Figure 3.1).

Regarding the histopathology, hematoxylin and eosin stained slides were obtained 
from all 22 tali. Visual inspection of the articular surface and the site of the osteo-
chondral defect was performed using light microscopy. Care was taken to achieve 
an accurate match between OCT and histopathology. By visual inspection, a good 
match was achieved in thirteen cases (Figure 3.2A). However, in nine cases only 
a fair match was found between OCT and histopathology, resulting in differences 
between the parameters measured (Figure 3.2B). For all the measurements taken 
into account for analysis, both on OCT and histopathology, inter-observer corre-
lation coefficients were > 0.97, showing reproducibility of measurements. All the 
results obtained for the three parameters (cartilage thickness, repair tissue area, 
and surface roughness) by the two modalities are depicted in Figure 3.3 (scatter 
plots) and Figure 3.4 (Bland-Altman plots). Exemplary measurements from a good 
match and a fair match are highlighted in green and red, respectively. When assess-
ing cartilage thickness in the x-y plots, the slope of the regression line was 0.71 (r = 
0.93, Pearson’s correlation).

Attenuation coefficients were measured for all 22 samples, in both healthy cartilage 
and repair tissue. A difference in attenuation coefficient was observed between the 
healthy cartilage group (8.2 (SD 3.9) mm-1) and the repair tissue group (2.8 (SD 
1.5) mm-1) (p < 0.001). The difference in attenuation denotes a local difference in 
tissue characteristics and structure.
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Figure 3.1: View of a typical matched 
OCT and histology slice dataset
A 3D overview of the 300 slice single OCT 
slice is shown (top). A single OCT slice and the 
matched histopathology slide are also shown 
(bottom). The site of the osteochondral defect 
is marked in red and the location of the OCT 
slide is marked with a green frame. Landmark 
properties such as small fissures (white arrow) 
and the transitional zone between cartilage and 
subchondral zone (green arrows) are identified 
in both modalities.

Figure 3.2: examples of matches between histopathology and OCT
A. Good match between histopathology and OCT. Auxiliary lines were created by the analysis software. 
The pink line represents edge detection. The top and bottom boundaries of the cartilage layer with 
extrapolation through the osteochondral defect are shown with the blue and green lines, respectively. 
The vertical red lines mark the location of healthy cartilage and the (start of the) osteochondral defect. 
Thickness is defined as the average distance between the blue and green line in healthy tissue regions. 
Area is computed from the area bounded by the pink line and green line in the defect region. Roughness 
is defined as the root-mean-square distance between the pink line and the blue line in the defect region.
B. Fair match between OCT and histopathology. This produces noticeable differences in the parameters 
repair tissue area and surface roughness. Definitions of the parameters are explained above and in the 
text.
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With a calculated ICC of 0.95 (95% CI: 0.87–0.98, p < 0.001), agreement between 
OCT and histopathology regarding thickness measurement was considered to be 
near-perfect. For repair tissue area, the slope of the regression fit was 0.55 (r = 0.57). 
With a calculated ICC of 0.73 (95% CI: 0.34–0.87, p = 0.002), agreement between 
OCT and histopathology when assessing repair tissue area was deemed substantial. 
For surface roughness, the slope of the regression line was 0.69 (r = 0.48). With a 
calculated ICC of 0.63 (95% CI: 0.10–0.84, p = 0.02), agreement between OCT and 
histopathology when assessing surface roughness was substantial.

Figure 3.3: Graphical comparison between OCT and histopathology (x-y plot).
The figure depicts measurements of the quantitative parameters cartilage thickness, repair tissue area, 
and surface roughness, with fitted linear regression lines. Measurements from a good match between 
OCT and histopathology (A) and a fair match (B) are shown in green and red, respectively.

Figure 3.4: Bland-Altman plots showing the differences between the two methods of 
measurement.
The dashed lines represent the 95% limits of agreement. The good match from Figure 3.3A is shown in 
green and the fair match from Figure 3.2B is shown in red.



62

C
H

A
PT

ER
 3

 |
 C

om
pa

ri
so

n 
of

 o
pt

ic
al

 c
oh

er
en

ce
 to

m
og

ra
ph

y 
an

d 
hi

st
op

at
ho

lo
gy

 in
 q

ua
nt

it
at

iv
e 

as
se

ss
m

en
t o

f g
oa

t t
al

us
 a

rt
ic

ul
ar

 c
ar

ti
la

ge

Discussion
To our knowledge, this is the first report of a direct quantitative comparison of 3D 
OCT and histopathology in imaging of articular cartilage using semi-automated 
software with a surface detecting algorithm that calculates the three parameters 
cartilage thickness, repair tissue area, and surface roughness simultaneously. Identi-
fication of measurement parameters that are clinically relevant is important for the 
development of OCT as a clinical diagnostic technique when directed at degenera-
tive joint disease such as osteoarthritis. Since in osteoarthritis, loss of thickness and 
quality of cartilage are important diagnostic features, thickness appears to be an 
important parameter to be able to measure accurately. When considering cartilage 
quality, this is less straightforward since it is a parameter that is difficult to quantify. 
However, fibrillation of the cartilage surface is a known degenerative feature in the 
development of osteoarthritis, and was chosen as a relevant parameter to measure. 
Regarding repair tissue area, measurement of areas of distinct tissue types (for 
clinical purposes) can help to establish whether there is disease. Since osteochon-
dral defects were created in a standardized procedure, we considered it feasible to 
attempt to measure its area on a (2D) cross-sectional slice as a precursor to 3D 
cartilage volume measurements in future. Our findings show that OCT provided 
information similar to that from histopathology when we assessed selected quanti-
tative parameters in goat articular cartilage tissue. Previously, structural analysis of 
articular cartilage has been performed on histopathology alone [18] or OCT alone 
[8], and cartilage thickness has been compared between OCT and histopathology in 
a rabbit model [13]. Moreover, Han et al. found a near-perfect correlation in thick-
ness measurements between OCT and histopathology (r= 0.96). More recently, 
better intra- and inter-observer agreement was found when using OCT (69% and 
44%, respectively) than when using arthroscopy (57% and 32%, respectively) in 
assessment of cartilage damage based on the International Cartilage Repair Society 
(ICRS) grading system [16]. Comparisons have also been made between OCT and 
ultrasound using parameters such as roughness-, reflection-, and backscattering 
coefficients for both modalities [21], with similar levels of agreement. Also, OCT 
has shown to be an accurate imaging technique for thickness measurements in thin 
(tissue) layers [4].

Our custom-devised software enabled standardized and partially automated analysis 
that was applicable to the two different imaging modalities (OCT and histopathol-
ogy). Intra-observer agreement was measured to be more than 0.90 for all three 
parameters, showing the reliability of the measurement method and software. The 
ICC for comparison between the two groups showed at least substantial agreement 
in all parameters, and near-perfect agreement for the parameter thickness. Although 
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this means good agreement between OCT and histopathology for cartilage thick-
ness, it also shows to a certain extent the fallibility of the model for measurement of 
the parameters repair tissue area and surface roughness. Differences measured are 
partly attributable to a degree of tearing and wrinkling of the tissue slides that will 
occur during histological processing with a microtome. Moreover, the OCT-derived 
thickness is linearly dependent on the assumed refractive index, i.e. a lower refrac-
tive index would lead to greater measured thickness. Even though the refractive 
index of most highly scattering tissues is around 1.4 (SD 0.1) [20], the exact value 
for processed specimens such as those in our study is unknown, and it may well be 
slightly different.

A dark banding pattern was seen at the cartilage-bone interface on the OCT images. 
Banding patterns have been seen on cartilage OCT images, especially when using 
polarization sensitive OCT (PS-OCT) [11]. They may well be caused by birefrin-
gence due to differences in local collagen fiber orientation, which has been described 
before using polarized light [7]. Further studies using a PS-OCT system are needed 
to measure the polarization properties of cartilage tissue.

The present study revealed that a direct quantitative comparison between OCT and 
histopathology was not exemplary for the parameters repair tissue area and surface 
roughness. In general, when comparing tissue structures from 2D histopathology 
slides to a selected slice from a 3D OCT dataset, accurate matching is crucial for 
reliable measurements. Small changes in orientation of the slides compared to the 
OCT scans may have occurred during matching, mainly as a result of histological 
processing, inevitably leading to minor differences in measurement.

Clinical implications
The value of OCT compared to the information from histopathology slides suggests 
an important (clinical) advantage. Regions of interest are investigated more easily 
on OCT, since orientation of the images is no longer an issue that should be taken 
into account. Also, in our study, accurate perpendicular alignment of the OCT cam-
era with respect to the sample ensured the largest (3D) field of view possible. For 
clinical application and using fibre optic OCT, a flexible, sideward-looking OCT probe 
would permit easier (and more natural) perpendicular placement of the OCT beam 
in relation to the sample, automatically correcting for this alignment issue.

Previous reports have shown virtually perfect correlations between quantita-
tive measurements in 2D OCT and histopathology. Oddly, we did not succeed in 
replicating the same level of correlation using 3D OCT. Since small differences in 
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sub-millimetre measurements appear to be inevitable, an accurate description of the 
methods of matching between OCT and histopathology is important—as is extrac-
tion of quantitative parameters.

Modern, non-invasive imaging techniques such as highfield-strength MRI (HF-MRI) 
may provide new insights in the development of osteoarthritis. However, develop-
ment of dedicated HF-MRI cartilage sequences (at 5 or 7 Tesla) is slow— and to our 
knowledge, not yet fit for clinical practice. More conventional field strengths (1.5 
and 3 Tesla) lack signal-to-noise ratio and spatial resolution to accurately depict the 
thin cartilage layers that are the subject of the present study. While the development 
of HF-MRI is very inspiring and clinical application would be a major contribution 
to the field, until such time, the development of high-resolution optical techniques 
such as in situ OCT for clinical cartilage imaging may enhance our understanding 
of the aetiology and progression of disease. Moreover, in contrast to non-invasive 
imaging such as MRI, OCT can be used hands-on by the surgeon during operative 
procedures such as arthroscopy.

When light attenuation was assessed, a significant difference was found between 
healthy cartilage and repair tissue. This shows that healthy cartilage and repair tissue 
(as we defined it in this study) have distinct optical properties causing the observed 
differences in attenuation, although it is as yet unknown which (cellular) compo-
nents in cartilage tissue play the main role. Differences in light attenuation will have 
to be confirmed by morphological differences in local tissue structure in future stud-
ies. However, the attenuation coefficient as a quantifiable measure of pathology in 
degenerative joint disease greatly enhances the value of OCT as a non-destructive 
diagnostic technique.

Finally, OCT has already been shown to be able to monitor disease in an animal 
osteoarthritis model [1]. In addition, the feasibility of in situ cartilage measurements 
in a small wrist joint has been demonstrated [6], making quantification of structures 
from cartilage OCT images a valuable addition to clinical disease monitoring in 
osteoarthritis of small joints. In summary, the combination of high-resolution non-
destructive imaging, percutaneous access for in situ measurements using fibre optic 
OCT, hands-on use by the attending physician, and the quantitative information that 
the OCT signal can provide could make OCT a very promising technique for clinical 
imaging of small-joint osteoarthritis in the near future.
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Abstract

Background
The long-term prognosis of cartilage lesions evolving into an eroding subchondral 
bone defect is not known. Longitudinal monitoring using ultrasound could assist in 
overall understanding. The aim of the work described in this article was to determine 
the feasibility of using ultrasound to detect small (osteo-)chondral defects.

Materials and methods
On the anterior talar surface of ten human cadaveric ankles, at most four defects 
were arthroscopically created: two pure chondral defects 3 and 1.5 mm in diameter 
and two osteochondral defects 3 and 1.5 mm in diameter. All ankles were examined 
by two observers, and their ultrasound observations were validated using computed 
tomography scans and photographs.

Results
Overall sensitivity was 96% for observer 1 and 92% for observer 2, and specificity for 
both observers was 100%. 68% and 79% of defect sizes were within relevant limits 
of agreement (20.2 ± 1.0 mm), respectively.

Conclusion
Ultrasound imaging has the potential to detect small (osteo-)chondral defects 
located within visible areas.
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Introduction
A chondral or an osteochondral defect (OCD) is described as the separation of a 
fragment of cartilage without or with damage to the underlying subchondral bone 
[15]. OCDs of the talus (OCDT) can be the result of sustained trauma like ankle 
sprains, possibly with remaining lateral instability or ankle and distal fibular frac-
tures. These defects cause impairment because of deep joint pain, limited range of 
motion, stiffness, catching, locking and swelling [28]. Eventually they contribute to 
premature development of osteoarthritis [7, 19, 23], which is associated with dis-
ability. Systematic reviews have reported clinical success rates up to 86% for surgical 
treatment of OCDT [15, 28], achieved predominantly with arthroscopic debride-
ment and drilling. The therapy failures cannot be contributed solely to patient char-
acteristics, because the exact mechanism underlying the cartilage healing process 
after arthroscopic microfracturing is not fully understood [4, 26]. The long-term 
prognosis of untreated focal (osteo-)chondral defects is unknown.

Longitudinal monitoring of OCDT in patients at short intervals could contribute to 
the overall understanding of the mechanisms of cartilage pathogenesis and healing 
and eventually be used to optimize treatment. As normal radiographs are unsuitable 
for diagnosis of OCDT, additional scans are frequently obtained using magnetic reso-
nance imaging (MRI) [5, 18] or computed tomography CT [17]. Both modalities 
serve as gold standards for imaging OCDT in the ankle joint [27]. However, they 
are less suited for longitudinal monitoring of patients at short intervals, because of 
ionizing radiation (CT) or timely image acquisition and limited availability (MRI). 
On-going developments in ultrasound, its true non-invasiveness and its cost-
effectiveness [21] make it a valuable alternative candidate [14]. With respect to 
ultrasound imaging of cartilage and bony structures, recent studies have reported: 
(i) its clinical importance in detecting bone erosion [11, 20]; (ii) its potential to 
visualize an estimated minimum of 50% of the talar cartilage surface when the foot 
is in maximum plantar flexion [2] (approximately 80% of all OCDT are located in this 
area of the surface [8]; and (iii) guidelines to identify pathologic changes in cartilage 
and bone [10, 14].

In vitro studies on porcine and human knee specimens have indicated that ultra-
sound can be used to detect and grade OCDT from 4 mm in diameter accurately and 
reliably [6] also in a semi-clinical simulated setting [19]. The present study extended 
this research, focusing on the monitoring of patients suspected of having a talar 
OCD who do not receive surgical treatment in the acute phase of onset, as this could 
provide insight into the natural healing capacity of cartilage. This requires the detec-
tion of relatively small defects (smaller than 0.4 mm in diameter) in the ankle joint.
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The additional challenge is that talar cartilage is on average twice as thin as knee 
joint cartilage [24], which might hamper the visibility of small lesions. Thus, the aim 
of this feasibility study was to determine the diagnostic capacity of ultrasound in 
detecting the presence or absence of particularly small chondral and osteochondral 
defects in the talus using a human ankle cadaver model.

Methods

Defect preparation
The following considerations were used to determine which defect types and sizes 
were to be studied. The theoretically smallest detectable defect size was derived 
from the wavelength, which was calculated by dividing the speed of sound in soft 
tissue (1540 m/s [13]) by the scanning frequency (10 MHz or higher). This gives a 
rough theoretical estimate of ultrasound scanner resolution of 0.15 mm. If noise is 
accounted for, this implies that the smallest detectable size is around 0.5 mm. From 
a clinical point of view, the size of the smallest osteochondral defects (called fissure) 
is unknown [18]. On the basis of MRI findings that describe the presence of fissures 
running perpendicular through the cartilage surface [18] and a mean cartilage thick-
ness of approximately 1 mm [24], the smallest clinical fissure was estimated to be 1 
mm in diameter. In a pilot study, the number of defects that could be created on the 
anterior talar surface and the types and sizes of the defects were determined using 
ultrasound equipment (T3000, 12L5-V linear probe, Terason Ultrasound, Burling-
ton, MA, USA) and eight inexperienced observers. They were medical students who 
had no prior experience in ultrasound imaging. Before beginning the pilot study, the 
observers were allowed to practice for 5 minutes on a cadaver bone covered with 
muscle and skin. The observers were asked to detect six OCDT of 4 mm depth and 
three diameters (0.8, 1.7 and 4 mm) created on each talar surface of two cadaver 
ankles (12 OCD in total). This revealed that an OCD 4 mm in diameter could be 
detected with 90% sensitivity, which implied that 29 of 32 attempts indicated the 
presence of such an OCD.

Table 4.1: created conditions
Condition Type of defect Diameter Disler grade [6]

Condition 0 no defect

Condition 1 chondral 3 mm 2

Condition 2 osteochondral 3 mm 4

Condition 3 chondral 1.5 mm 2

Condition 4 osteochondral 1.5 mm 4



75

Sensitivity and specificity of ultrasound in detecting (osteo)chondral defects: a cadaveric study. | C
H

A
PT

ER
 4

The size of the OCD could be determined without systematic error and with signifi-
cant moderate reliability (ICC = 0.6, with a 95% confidence interval 0.4–0.8). On the 
basis of these estimations, and the fact that experienced observers would be used in 
this study, five conditions were defined (Table 4.1).

Defects were made via an anterior arthroscopic ankle approach (by G.M.M.J.K.) 
to mimic the clinical setting as closely as possible. This allowed normal ultrasound 
examination with intact soft tissue overlying the talus (Fig. 4.1). Ten fresh formerly 
frozen human cadaver ankles were accessed with routine arthroscopic equipment 
via the anteromedial and lateral portals [16]. Permission from the Medical Ethical 
Committee of the Academic Medical Centre in Amsterdam was not needed to use 
these cadavers. After inspection of the talar surface, up to four conditions were cre-
ated in random order. There were five ankles with four conditions, four with three 
conditions and one with two conditions, for a total of 34 conditions. The defects 
were drilled manually under arthroscopic vision in a more or less horizontal line run-
ning from medial to lateral. After irrigation of the joint, the portals were sutured to 
prevent air from flowing into the joint.

Study design
Two observers—one experienced skeletal radiologist (M.P.T.) and one orthopaedic 
resident trained in ultrasound imaging of the ankle joint (A.C.K.)— performed the 
ultrasound evaluation blinded for number, location and type of defect.

Figure. 4.1: study design
Left: Cadaver ankle positioned in plantar flexion with the ultrasound probe oriented in the sagittal 
plane. Middle: Frontal view of ankle joint showing the ligaments and tendons that form the three zones 
for localization on the anterior talar surface (Z1–Z3). Right: Ultrasound image recorded in the sagittal 
plane. C-B: cartilage-bone interface, C-S: cartilage-soft tissue interface, size: measurement of defect size 
between maximum interruptions of the C-B interface.
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A state-of-the-art scanner was used (iU22 x Matrix Ultrasound System, Philips, Eind-
hoven, The Netherlands) equipped with a 17-MHz linear array transducer (L17–5, 
Philips) and operated at standard musculoskeletal settings including a focus depth 
between 2.5 and 3.5 cm, a gain of 49% and a dynamic range of 70 dB. The observers 
were asked to determine the presence of defects and, on detection, to localize their 
position and grade (chondral vs. osteochondral) and size them. Each ankle was held 
in maximum plantar flexion to expose the anterior part of the talar surface (Fig. 4.1) 
[2]. As an aid in localization, the exposed ankle surface was divided into three zones 
as described in part by Elias et al. [8] (Fig. 4.1).

In practice, the three medial to lateral zones were identified by ligaments and ten-
dons overlying the talar surface: zone 1 running from the anterior deltoid ligament 
to the lateral border of the tibialis anterior tendon; zone 2 running from lateral 
border of the tibialis anterior tendon to the medial border of the extensor digitorum 
longus tendon; and zone 3 running from the medial border of the extensor digi-
torum longus tendon to the anterior talofibular ligament. The extensor digitorum 
longus tendon had not yet split into multiple branches at the level used to determine 
the zones. After identification of these anatomic landmarks, the actual observa-
tions started. The observer inspected the talar surface and, on detecting a defect, 
localized it guided by the landmarks. As not all ankles exhibited all four defects, the 
observers were instructed not to image a certain zone as defined above (Fig. 4.1). 
In this way they remained blind to the number and type of defects to expect in each 
ankle. Subsequently, the observer graded the defect as chondral or osteochondral 
according to the guidelines suggested by Disler et al. and Grassi et al. [1, 6]. A defect 
was graded chondral if the ultrasound image revealed only discontinuation at the 
cartilage-soft tissue interface and damaged underlying cartilage (Fig. 4.1). A defect 
was graded osteochondral if disruptions were present at the cartilage-soft tissue and 
cartilage-bone interfaces (Fig. 4.1). Finally, the size of the defect was measured in 
the sagittal plane with the probe placed at an angle perpendicular to the underlying 
bone surface (Fig. 4.1). The image plane exhibiting the maximum defect size was 
determined and stored. The measurement tool provided by the ultrasound scanner 
was used to measure the straight distance from the most posterior point where the 
cartilage–bone or cartilage–soft tissue interface was first interrupted to the most 
anterior point of the interruption (Fig. 4.1). The complete protocol was repeated for 
all defects found in all 10 ankles by both observers.

Data processing and statistical analysis
To confirm the location, grade and size of the defects, CT scans of the cadaveric 
ankles, as well as photographs of the dissected talar surfaces, were obtained. CT 
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images were acquired on a Philips Brilliance 64 scanner (collimation 64 x 0.625 mm, 
pitch 0.875, tube voltage 120 kV, tube charge 400 mAs, voxel size 0.5 x 0.5 x 0.33 
mm). Defect locations having a bony component were identified by an independent 
researcher (J.F.A.A.) on CT scans using the free software package ImageJ [22]. 
Defects were graded osteochondral if the CT scan revealed the slightest damage 
to bone; all other defects were graded chondral. Defect size was measured in the 
sagittal CT slice. A similar protocol was used to confirm the location of the chondral 
defect in photographs of dissected tali and to measure defect sizes vertically in the 
frontal plane.

The main outcome measures were the sensitivity and specificity of ultrasound in 
detecting the presence or absence of defects. These consisted of the percentage 
of conditions 1–4 correctly identified and the percentage of condition 0 correctly 
identified, respectively. For each observer, the percentage of correctly graded 
defects—osteochondral defects (conditions 2 and 4) and chondral defects (condi-
tions 1 and 3)—and the percentage of correctly localized defects were determined 
as fractions of the total number of defects detected per observer. Agreement 
between defect size measurements made using ultrasound and measurements made 
from references values derived from CT scans and photographs, per observer, was 
visualized by constructing a Bland–Altman plot [3]. This rather strict method tends 
to reject rather than falsely accept the new clinical measurement method. To qualify 
for this analysis, only measurements of correctly identified and graded defects 
were included. We stated that ultrasound measurements are clinically as suitable as 
reference measurements if the differences are within the limits of agreement, cdiff 
±2SDdiff (-0.2 x 1.0 mm), as reported by Mathiesen et al. [19]. Finally, the intra-class 
correlation coefficient (ICC) was determined to reflect inter-observer variation using 
the classification of Fleiss et al. [9], and a paired t-test was performed to identify the 
presence or absence of a systematic error between observers.

Results
Of the 40 conditions planned, 34 could be created, because in four ankles significant 
deterioration or lesions were found on arthroscopic inspection; in one ankle a defect 
of condition 3 could not be found on inspection of the dissected talus; and in one 
ankle a defect of condition 4 was accidentally created underneath another condition 
and was excluded.

After verification with CT scans and photographs, this resulted in 16 osteochondral 
defects, ten chondral defects and eight instances of no defect. Figures 4.2 and 4.3 
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are representative images of an osteochondral defect (condition 4) and a chondral 
defect (condition 1) that were correctly identified, graded, localized and sized with 
their corresponding reference images for comparison. Note the close resemblance 
of the bony contours in the CT slice and ultrasound images. The cartilage-soft tis-
sue and cartilage-bone interfaces are both clearly disrupted in Figure 4.2, which 
indicates the presence of an osteochondral defect, whereas only the cartilage-soft 
tissue interface is disrupted in Figure 4.3, which indicates the presence of a chondral 
defect.

Sensitivity was 96% and 92% for observers 1 and 2, respectively, and specificity was 
100% for both (Table 4.2). Both observers missed chondral defects (one vs. two). 
Overall correct grading of the defects was 92% for observer 1 and 79% for observer 
2. Both observers graded two osteochondral defects incorrectly as chondral, one 
of which was the same defect (Table 4.3). Note that observer 2 tended to grade 

Figure 4.2: Representative example of a 1.5-mm-diameter grade 4 osteochondral defect 
(OD) as described by Disler et al. (2000) (condition 4)
Top: Reference CT slice in the sagittal plane. Centre: Ultrasound image of observer 1 (“obs 1”) indicating 
the presence (white arrow) and size (#) of the defect. Bottom: Ultrasound image of observer 2 (“obs 2”) 
indicating the presence (white arrow) and size (#) of the defect. The asterisk indicates the distal part of 
the tibia in all images.

Figure 4.3: Representative example of a pure 3-mm-diameter grade 2 chondral defect 
(CD) as described by Disler et al. (2000) (condition 1)
Top: Reference digital photograph of dissected in the frontal plane. This talus had two regions where 
cartilage had already deteriorated (ovals). Chondral damage is indicated by the small circle. Centre: 
Ultrasound image of observer 1 (“obs 1”) indicating the presence (white arrow) and size (#) of the 
defect. Bottom: Ultrasound image of observer 2 (“obs 2”) indicating the presence (white arrow) and size 
(#) of the defect.
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chondral defects as osteochondral, which is expressed as a lower percentage of cor-
rect grading (Table 4.3). Both observers correctly localized all but one identified 
defect, which was the same one for both observers (Table 4.3). The mean size of 
all identified defects measured by observer 1 was 3.6 mm (SD = 1.2 mm), and that 
by observer 2 was 3.4 mm (SD = 1.0 mm). The mean for reference measurements 
was 3.6 mm (SD = 1.4 mm). The t-test indicated the absence of a systematic error 
between the observers (mean: -0.1 mm, 95% CI: -0.6 to 0.5 mm).

According to the Bland–Altman plot for observer 1, the limits of agreement ranged 
from -2.5 to 2.8 mm (Fig. 4.4), with two measurements outside this range. In the 
plot for observer 2, the limits of agreement ranged from -2.4 to 0.9 mm, with one 
measurement outside this range (Fig. 4.4). Subanalysis of osteochondral defects 
alone indicated a decrease in the limits of agreement: -1.4 to 2.0 mm for observer 
1 and -1.5 to 1.5 mm for observer 2. Compared with the clinically accepted limits 
of agreement (-0.2 ±1.0 mm), one-third (observer 1) and one-fifth (observer 2) 
of all measurements fell outside this range (Fig. 4.4). Inter-observer variation for a 
single measurement was moderate (ICC 0.5), but the ICC increased to 0.7 when only 
osteochondral defects were analysed.

Table 4.2. Sensitivity and specificity for all conditions per observer
Item Total number Observer 1 Observer 2

Sensitivity

Conditions 1–4 26 25 (96%) 24 (92%)

Specificity

Condition 0 8 8 (100%) 8 (100%)

Table 4.3. Number and percentage of correct grading of defects for all conditions 
identified*

Condition
Number of conditions identified Number of conditions graded correctly

Observer 1 Observer 2 Observer 1 Observer 2

Conditions 1–4 25 24 23 (92%) 19 (79%)

Conditions 2 and 4 16 16 14 (88%) 14 (88%)

Conditions 1 and 3 9 8 9 (100%) 5 (63%)

Number of conditions located correctly

Conditions 1–4 24 (96%) 23 (96%)

* Grading was either osteochondral (conditions 2 and 4, total = 16) or chondral (conditions 1 and 
3, total = 10). Additionally, the number and percentage of correct localizations of a defect were 
determined using the three zones (Fig. 4.1).
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Discussion
This study found that ultrasound is capable of identifying the presence or absence 
of small cartilage defects with or without bony involvement (Tables 4.2 and 4.3). 
Sensitivity and specificity are equally high, as described by Disler et al. [6], and the 
two observers disagreed on the presence versus absence of only one defect. This 
result is promising, because compared with that in Disler et al. [6], the defect size in 
this study was smaller, the talar cartilage surface was almost twice as thin as that of 
the knee and ultrasound observations were performed on cadaveric human ankles 
having intact overlying tissue to mimic a realistic clinical setting.

Apparently, disruption of the cartilage-soft tissue and cartilage–bone interfaces is 
a strong indicator of damage (Figures 4.2 and 4.3) and is minimally influenced by 
cartilage thickness and defect size.

The use of overlying tendons and ligaments to divide the cartilage surface into 
three zones was useful both for the observers to orient themselves and to prevent 
double identification of defects and for the researchers to match the reference 
images to the ultrasound images (Figures 4.2 and 4.3). Overall this resulted in 96% 
correct localizations. The defect grading was good, but less consistent than that 
reported by Mathiesen et al. [19]. In particular, observer 2 was challenged to grade 
chondral defects correctly. This can be partially explained by the method of defect 
creation, which did not allow for precise depth control of the defects as presented 

Figure 4.4: Bland–Altman plots of the difference between observer and reference values 
for defect size versus mean of defect sizes measured by observer on ultrasound images 
and references values measured on CT scans and photographs. 
The limits of agreement (cdiff ±2SDdiff) for observer 1 are 0.1 ± 2.6 mm, and those for observer 2 are 
20.8 ± 1.6 mm as indicated by the continuous lines. The clinically acceptable limits of agreement, as 
reported by Mathiesen et al. (2004), range from 21.2 to 0.8 mm (dotted lines).
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by Mathiesen et al. [19]. This resulted in grade 3 (Disler et al. [6]) lesions running up 
to the cartilage-bone interface.

Defects were measured without systematic error and exhibited reasonable limits of 
agreement. Our reliability is moderate in comparison to other studies in which mea-
surement of defect size or cartilage thickness was performed on ultrasound images 
[6, 11, 25]. However, our overall limits of agreement were twice as large as those 
reported by Mathiesen et al. [19].

For ultrasound to qualify for longitudinal monitoring, defect grading and accuracy 
and reliability of sizing should be high so that changes can be detected over time. As 
there is no indication of the actual accuracy required, the first step would to improve 
the method to achieve the highest accuracy possible, which can be achieved, as our 
study protocol had limitations. First, the defects created under the arthroscopic 
approach were slightly larger than the original drill head diameter, and in some cases, 
their alignment was slightly angulated to the bone surface. This increased resem-
blance to actual clinical practice, where patients do not present with perfect circular 
defects. For comparative analysis, the defect sizes measured on the reference images 
were taken. Second, sub-analysis of the osteochondral defect measurements alone 
revealed a higher ICC and smaller limits of agreement approaching those of Mathiesen 
et al. [19]. This indicates that measurements of talar defects in ultrasound images 
correspond highly to measurements in sagittal CT slices. As positioning the bones 
in the photographs in a sagittal plane would not allow defect size measurement, 
their orientation differed, which possibly introduced variation in the measurements. 
The use of MRI or CT arthrography could increase the accuracy of measurement of 
chondral defects, as these modalities can visualize cartilage surfaces, whereas CT 
cannot. Third, the total number of samples in this study was smaller than those in 
the other studies, which possibly increased the influence of outliers. The number of 
conditions was further decreased by the failure to create six conditions. Addition-
ally, the cadavers were elderly persons, who, in general, have thinner cartilage than 
the intended patient group of relatively young and active adults. Fourth, our study 
protocol differed in essential aspects from those of the other studies [6, 19, 25], 
so an adequate power analysis could not be done. Finally, as this is a relatively new 
indication, the observers could benefit from intensive training. Evidence exists that 
intensive training results in high inter-observer agreement rates for the detection of 
bone erosions in patients with rheumatoid arthritis [11].

This study is of clinical importance, because it encourages further research on the 
applicability of ultrasound to longitudinal monitoring of OCDT. Of course, it must be 
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noted that ultrasound still has the major drawback of not being able to visualize the 
complete talar surface [10, 14, 21]. This requires careful selection of patients who 
have a defect in the visible talar surface area. In addition to the proposed measures to 
increase accuracy and reliability, image processing tools can be applied complemen-
tarily to discriminate subtle change in the course of time. An example is the image 
filter that is based on 2-D Log-Gabor filters and phase symmetry, results for which 
have been promising in small bony fractures [12].

Ultrasound imaging is said to be highly user dependent and to provide images that 
are more difficult to interpret compared with radiography, CT or MRI [10, 14, 21]. 
This feasibility study supports earlier findings [6, 11, 19, 25] that high observer 
reliability can be achieved for imaging pathology of cartilage and bone contours. 
Additionally, Figures 4.2 and 4.3 indicate high resemblance between ultrasound 
and CT images, which suggests that proper choice of recognizable imaging planes 
could decrease the difficulty of interpretation. In conclusion, this feasibility study has 
yielded the first results supporting the development of a protocol for longitudinal 
monitoring of patients at short intervals.
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Abstract

Background
Talar osteochondral defects (OCDT) are imaged using magnetic resonance imaging 
(MRI) or computed tomography (CT). For extensive follow-up, ultrasound might be 
a fast, non-invasive alternative that images both bone and cartilage.

Aim
In this study the potential of ultrasound, as compared with CT, in the imaging and 
grading of OCDT is explored.

Methods
On the basis of prior CT scans, nine ankles of patients without OCDT and nine ankles 
of patients with anterocentral OCDT were selected and classified using the Loomer 
CT classification. A blinded expert skeletal radiologist imaged all ankles with ultra-
sound and recorded the presence of OCDT.

Results
Similar to CT, ultrasound revealed typical morphologic OCDT features, for example, 
cortex irregularities and loose fragments. Cartilage disruptions, Loomer grades IV 
(displaced fragment) and V (cyst with fibrous roof), were visible as well.

Conclusion
This study encourages further research on the use of ultrasound as a follow-up imag-
ing modality for OCDT located anteriorly or centrally on the talar dome.
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Introduction
The ankle is the second most predominant joint vulnerable to osteochondral defects 
(OCDT), exceeded only by the knee in prevalence [34]. Compared with defects seen 
in the knee, talar OCDT are usually smaller and more commonly involve bone [15, 
30]. In general, OCDT have poor intrinsic healing potential because of the lack of 
vascularization of the cartilage, which leads to early development of osteoarthritis 
[11, 33].

Although there has been substantial research on cartilage regeneration in vitro [14, 
21, 38], few studies have investigated cartilage tissue regeneration in vivo. Longitu-
dinal monitoring of patients with OCDT at short intervals could contribute to this 
knowledge and assist in the formulation of patient-specific treatment algorithms.

The diagnostic techniques currently used for localization, sizing, grading and follow-
up of OCDT are computed tomography (CT) [29, 31], magnetic resonance imaging 
(MRI) [20, 40] and arthroscopy [18, 27]. The suitability of these modalities for 
longitudinal follow-up varies, because of either the ionizing load (CT), the lengthy 
acquisition times (MRI) or the invasive nature of the procedure (intra-articular con-
trast is required to image cartilage with CT and arthroscopy).

Although ultrasound (US) has not been the preferred imaging modality for diagnosis 
of OCDT, its inherent characteristics qualify it for longitudinal monitoring. It is a non-
invasive, cost-effective, fast and easily accessible technique in both experimental 
and clinical settings [37]. Recent studies have reported the ability of ultrasound to 
image abnormalities involving cartilage and the bony cortex in early and late-stage 
rheumatoid arthritis [4, 5, 16, 22, 23, 26]. Also, in vitro and in vivo US studies have 
been performed to determine structural bone quality, osteoporosis and nasal frac-
tures [1, 28, 32].

The visibility of talar OCDT within reach of ultrasound is dictated by the over-
projection of the tibia. Previous research on the suitability of lesions for anterior 
ankle arthroscopy has indicated that lesions in the posterior half of the talus do not 
appear in plantar flexion [3]. Therefore, only anterior and central lesions are within 
the scope of ultrasound examination, representing 70%–90% of all OCDT in the 
ankle [6, 12, 29, 34].

The goal of our study was to determine the feasibility of ultrasound for the visualiza-
tion and grading of talar OCDT. To our knowledge, this is the first study to investigate 
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the feasibility of using ultrasound to image OCDT in a clinical setting and to image a 
group representative of patients with talar OCDT.

Methods
This study was approved by the medical ethics committee of the Academic Medi-
cal Centre (METC 2011_276). Eighteen patients were included. General inclusion 
criteria were: age below 18, single-ankle pathology without surgical treatment for 
OCDT and a CT scan of the ankle joint in the preceding two years. For each patient, 
we had a CT scan acquired either in full plantar flexion or in a neutral position. Nine 
patients were included with an osteochondral defect in the anterior or central 
zone, expected to be visualized using ultrasound. This was either determined by 
protrusion of the defect from beneath the tibia either in the full plantar flexion CT 
scan or in the neutral position CT scan using the guideline that the anterior 50% of 
the talar dome will protrude from beneath the tibia in full plantar flexion [3]. Nine 
additional patients who did not have an OCDT in the anterior talar dome served as 
negative controls. After receipt of a signed informed consent, the patient underwent 
a short physical examination to measure the degree of ankle flexion and to deter-
mine whether there were visible signs of ankle pathology, such as swelling and scars. 
The patient was instructed to fully plantarflex the ankle by placing the foot on the 
examination bench and moving backward while keeping the sole of the foot on the 
bench. The maximum degree of plantarflexion was measured and recorded using a 
goniometer. Patients were instructed not to discuss any specifics concerning their 
complaints or disease.

Computed tomography protocol
Computed tomography scans were acquired during regular clinical assessment of 
ankle complaints according to the clinical protocol of our institution (Table 5.1) 
with a Philips MX8000 Multidetector scanner (Philips Medical Systems Eindhoven, 
The Netherlands). Presence or absence of an OCDT was determined by different 
clinical radiologists unaware of the study, as part of routine clinical care. The defects 
were scored according to the classification of Loomer et al. [29]. This is a validated 
classification that uses bony aspects of a lesion to divide it into one of five grades: 
sub-chondral compression (grade I), partial osteochondral fracture (grade II), un-
displaced complete osteochondral fracture (grade III), complete fracture with a 
displaced fragment (grade IV) and radiolucent defect with an intact roof (grade V). 
To estimate the location of the defect, the talus was divided into three equal zones: 
medial, central and lateral [12].
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Ultrasound protocol
After ensuring the ankle was in full plantar flexion and a neutral in-eversion posi-
tion, an experienced musculoskeletal radiologist (M.T.) performed the ultrasound 
investigation using an iU22 xMatrix scanner (Philips Medical Systems) with a 17-5 
MHz broadband linear array transducer (Philips Medical Systems) (Table 5.1).

The presence or absence of an OCDT was recorded based on the 2-D US images 
during the examination. Relevant US images were stored on digital video to allow 
comparison with the CT images. On detection, OCDT were localized and classified 
as osteochondral or chondral. In our study, chondral lesions at ultrasonography 
were defined as having a poorly visualized and blurred outer border of the cartilage, 
loss of cartilage transparency and/or increased echogenicity reflecting structural 
modification (Fig. 5.1, II). An osteochondral lesion was defined as a chondral lesion 
with subchondral flattening and/or disruption of the subchondral margin (Fig. 5.1, 
IV). Although chondral lesions cannot be observed with CT, their presence was 
documented to verify if the morphologic aspects described in ex vivo results are 
comparable to these in vivo results and whether ultrasound is able to image any 
type of defect [7, 10, 13, 16, 26, 37]. The osteochondral defects were used for 
comparison to the CT scan. Details on this protocol were presented earlier [39]. The 
talus was divided into three zones using the ankle tendons as an anatomic reference 
(Fig. 5.2).

Table 5.1. Ultrasound and computed tomography settings*
Ultrasound Computed tomography

Parameter Setting Parameter Setting

Frequency 17 MHz Gantry tilt (degrees) 0

Depth 3.0 cm Field of view (mm) 120

Gain 49% Slice thickness (mm) 0.6

Frame rate High Increment (mm/rotation) 0.3

Frames per second 30 Image matrix 
 (row x column, isotrope volume) 512 x 512

Dynamic range 70 dB

Persistence 2 Pitch 1.400

Clarity High Rotation time 1 s

Resolution High

Radiation dose (mAs/slice) 160

Reconstruction filter setting E

* For the investigations, an iU22 xMatrix ultrasound scanner with a 17-5 MHz broadband linear array 
medical transducer and a MX8000 Multidetector computed tomography scanner were used (all Philips 
Medical Systems Eindhoven, The Netherlands).
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Data analysis
The ability to detect OCDT with ultrasound was determined with CT diagnosis as 
the reference standard. Detection of an OCDT with ultrasound was considered cor-
rect if it was indicated as such in the same zone as on the CT scan. Because of the 
lack of an ultrasound classification system for OCDT, we considered as correct all 
ultrasound images that revealed a visible OCDT in the positive patient group with 
Loomer grades II–V. Loomer grade I was excluded, as this type of lesion has no 
superficial signs of disruption and, therefore, is not visible with ultrasound because 
of the limited penetration of ultrasound into bone [36]. Subsequently, a one on-one 
descriptive sub-analysis of the positive patient group was performed to describe the 
morphologic features on ultrasound images that are characteristic of the different 
Loomer grades of OCDT.

Results 
One patient in the anterior OCDT group did not appear for the exam and was 
excluded. The eight remaining patients had a primary anterior or central OCDT as 
confirmed by CT. Patient characteristics were similar for both groups (Table 5.2). 
Ultrasound revealed the presence of an OCDT in seven patients (Table 5.3). Two 
chondral lesions were seen during the ultrasound exam. Five of the eight possibly 
detectable defects were detected with ultrasound (Fig. 5.1). Six of nine negative 
control patients were diagnosed by ultrasound as negative. Two of the false-positive 
ultrasound diagnoses were described as chondral lesions, which we were unable 
to objectify with the CT scans because they were acquired without intra-articular 
contrast and therefore not able to image cartilage.

Table 5.2. Patient characteristics
OCD group Negative control group

Sex (male:female) 4:4 3:6 ns

Age (years) 41 (32–58) 47 (33–65) ns

Side (right:left) 5:3 6:3 ns

Plantar flexion (degrees) 35 (20–45) 30 (15–45) ns

Nature of pathology Primary lesion (n = 8) Subtalar OCD (n = 1)

Lateral (n = 1 Posterior OCD (n = 3)

Medial (n=7) Talonavicualr arthrosis (n = 1)

Peroneus longus rupture (n = 1)

Retrocalcaneal bursitis (n = 1)

No pathology on CT (n = 2)

OCD: osteochondral defect; ns: no significant difference between groups.
All averages are presented as median (range).
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Figure 5.1. Comparison between computed tomography (CT) and ultrasound (US) images 
sorted on the basis of the Loomer classification. 
I. Grade I (subchondral impression, arrowhead) was not visible on US. II. Grade II (incomplete fracture) 
was visualized as a disruption of the cartilage. III. Grade III (complete un-displaced fracture) was not 
visible. IV. Grade IV (complete displaced fracture) appeared as disruption of both cartilage and bone. V. 
Grade V (cyst with a fibrous roof) appeared as disruption of the cartilage with a pronounced shadow in 
the talar bone. Ti: tibia, Ta: talus.
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Figure 5.2 (left): Three zones are used to 
identify the location of the defects on 
ultrasound 
The medial zone is defined by the anterior 
deltoid ligament medially and the lateral 
border of the tibialis anterior. The central zone 
is defined by the lateral border of the tibialis 
anterior and the medial border of the extensor 
digitorum longus tendon. The lateral zone is 
defined by the lateral border of the extensor 
digitorum longus tendon and the anterior 
talofibular ligament. DL: deltoid ligament, TA: 
tibialis anterior, EXD: extensor digitorum, TFL: 
talofibular ligament.

Figure 5.3 (below): Representative ultrasound image of the talus with the cartilage 
The cartilage is represented by a hypo-echoic band (*) between the hyper-echoic line representing the 
osteochondral junction of the talus (arrowheads) below and the soft tissue above.



95

Feasibility of ultrasound im
aging of osteochondral defects in the ankle: a clinical pilot study. | C

H
A

PT
ER

 5

Discussion
This article describes the findings of our clinical pilot study set up to determine 
the ability of ultrasound to image OCDT for future use in longitudinal follow-up of 
surgically treated OCDT. It was found that healthy and smooth cartilage, as well as 
chondral disruption and bone loss, were identified, indicating that ultrasound can 
differentiate between healthy cartilage and chondral and osteochondral defects.

On ultrasound images, cartilage was seen as a hypo-echoic band between the hyper-
echoic line (osteochondral junction) below and the soft tissue above (Fig. 5.3). This 
band exhibits sharp margins when the probe is placed perpendicular to the talar 
surface. Damage to the cartilage had aspects similar to those previously reported 
in the knee in earlier ex vivo studies [7, 10, 13, 16, 26, 37]: narrowing of the hypo-
echoic band with disruptions in the sharp edges and more hyper-echoic patches with 
blurring.

For osteochondral defects, the hyper-echoic line beneath the cartilage representing 
the osteochondral junction is disrupted (Fig. 5.1, IV). Cartilage thinning could also be 
detected as an indicator of degenerative arthropathy [25]. Talar cartilage is thinner 
than knee cartilage and the joint is more congruent [35], but the hyper-echoic zone 
and its relation to the surrounding bone and soft tissue appear similar to those of the 
femoral condyles as described by Iagnocco et al. [24] and Hammer and Terslev [17].

When ultrasound images were compared with CT images, the typical features of 
OCDT were recognizable in both modalities, such as an irregular bone cortex and 
loose fragments (Fig. 5.1). Also, for orientation purposes, it is convenient that the 
US images can be recorded in the sagittal plane, similar to sagittal CT images.

Table 5.3. Results of computed tomography and ultrasound examinations
CT scan Corresponding ultrasound exam

n=
Positive 

(n=)
Negative

(n=)

Osteochondral defects 8 5 3

Loomer grade

I Sub-chondral compression 1 - 1

II Incomplete fracture 1 1 -

III Un-displaced OCD 1 - 1

IV Displaced OCD 3 2 1

V Fibrous roof 2 2 -

No osteochondral defect 9 4* 6

* Of which two chondral defects were undetectable with CT
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Our present results suggest that specific defect types are more suitable for follow-up 
with ultrasound than others. Subchondral depression and bone oedema (Loomer 
grade I) were not detected (Fig. 5.1, I). This is due to the limited penetration of 
ultrasound into bone [36]. An additional difficulty with these lesions is that the 
overlying cartilage is not affected, unlike more advanced stages of chondral pathol-
ogy that could raise the suspicion of a lesion. Additional patients with depression of 
the subchondral bone would have to be imaged in future studies to determine the 
use of ultrasound for this type of lesion. In grade II incomplete fractures, ultrasound 
might not reveal very clear disruption of the osteochondral junction yet, because it 
is partially intact. But chondral disruptions in the cartilage above might indicate a 
defect, as was the case with the included lesion in this category (Fig. 5.1, II). Loomer 
grade III lesions with a partially resorbed un-displaced fragment were expected to 
exhibit a fissure between the stable rim of the adjacent cartilage and the fragment.

Based on the theoretical resolution that is achieved by ultrasound, such a fissure 
should be detectable if larger than 1.5 mm [39]. However, this was not seen in the 
one un-displaced fragment included in our study. Further research should explore 
the feasibility of using US to image these un-displaced fractures, focusing special 
attention on subtle differences of the osteochondral junction at the rim of the defect 
where the fissure can be expected. Displaced osteochondral fractures (Loomer 
grade IV) in the anterior half of the talus were visible on ultrasound in two of three 
patients (Fig. 5.1, IV). Fibrous defects with an intact roof were detected in both 
included cases (grade V) (Fig. 5.1, V). The last two types of lesions are indicated 
for surgery in both the acute and chronic phases [9, 29]. In pre-operative follow-
up, it is clinically important to know when a smaller defect progresses into these 
operable stages or remains stable. Postoperatively, it is desirable to assess the fill 
grade of these defects with repair tissue [2]. Based on the results of the present 
study, we expect ultrasound to be able to provide suitable imaging for longitudinal 
monitoring of anterior OCDT. Because both chondral disruptions and disruptions 
of the osteochondral junction are visualized, ultrasound is also expected to detect 
progression of a chondral lesion into a deeper osteochondral lesion over time based 
on the presence or absence of disruption of the osteochondral junction.

A strength of this study was that a blinded observer diagnosed and recorded the 
defects following a standard protocol tested in a previous study [39]. Also, in addi-
tion to the initial exam, videos of the diagnostic process allowed in-depth post hoc 
analyses of the localization of the proposed defects and comparison of the ultra-
sound images with the CT scans.
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The study also had limitations. Because of the small sample size in this feasibility 
study, our results are descriptive in nature. We were not able to calculate a reli-
able sensitivity or specificity. However, in our previous human cadaveric study, we 
obtained high sensitivity, specificity and inter-observer agreement for detection of 
artificially created ø 3to 15-mm cartilage defects [39]. The accuracy that can be 
achieved and which factors influence this accuracy remain to be investigated in a 
larger clinical study. For example, in one study the minimal cartilage thickness in the 
lateral femoral condyle was significantly over-estimated because the lateralization of 
the patella in flexion limited the field of view. Also, measurements made on transverse 
ultrasound scans that revealed a smaller part of the cartilage than the longitudinal 
scans agreed less with MRI than the longitudinal scans (Yoon et al. 2008). Which 
part of the talar surface is visualized using ultrasound and whether this surface area 
influences measurements as in the knee remain unknown.

The present study allowed us to examine different types of natural osteochondral 
defects, but we were not able to establish any differences in appearance based on 
aetiology. A study using ultrasound during arthroscopy did reveal differences in 
ultrasound magnitude between traumatic and atraumatic defects [19].

Another issue arose from using CT as the reference standard; in our centre, we prefer 
CT scans to MRI in the diagnostic and pre-operative workup of talar OCDT, because 
the cause of the symptomatic deep ankle pain in OCDT lies in the defect in the sub-
chondral bone layer, not the aneural cartilage. This subchondral layer is visualized 
by CT [8], but it also implies that chondral disruptions seen on the ultrasound exam 
could not be validated. For this, MRI would be the appropriate reference.

A general limitation of using ultrasound to image the talar dome lies in the fact that 
not the entire talar dome can be imaged, making ultrasound unsuitable as a primary 
diagnostic tool. However, for easily accessible (post-operative) longitudinal follow-
up, anterior and central defects could be followed at short intervals using the initial 
diagnostic CT or MRI scan as a reference.

In summary, this clinical pilot study indicates that cartilage disruptions, OCDT with a 
displaced fragment and lesions with a fibrous aspect should be visible on ultrasound 
when located in the anterior or central part of the talar dome, with a similarity in 
visualization to CT.
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Abstract

Background
To optimize the injection technique for the osteoarthritic ankle in order to enhance 
the effect of intra-articular injections and minimize adverse events.

Methods
Randomized cross-over trial. Comparing two injection techniques in patients with 
symptomatic ankle osteoarthritis. Patients received an injection with hyaluronic acid 
using either one of the techniques. Four weeks later the second injection was given 
using the other technique. Primary outcome was the failure rate of the injection.

Results
Seventy patients fulfilled the study. The failure rate for both injection techniques 
was 24%. Forty-one patients in the traction group and thirty-nine in the group with-
out traction experienced treatment related local adverse events. Other secondary 
outcomes did not show any difference between injection techniques.

Conclusions
There is no significant difference comparing the two injection methods regarding 
any of our formulated outcome measures. The use of contrast-aided fluoroscopy for 
injecting the severe osteoarthritic ankle can be advised at all times.
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Introduction 
Hyaluronic acid and steroid injections are nowadays frequently used as part of the 
conservative treatment for the osteo-arthritic joint [12]. Adverse reactions besides 
poor efficacy of hyaluronic acid are mainly contributed to extra-articular placements 
[1, 5, 20]

Osteoarthritis might stiffen the joint and osteophytes might block the way of the 
needle, which will make injecting the joint even more difficult. We treat patients 
with hyaluronic acid injections for more than ten years now. Patients experienced a 
lot of different adverse events and a variable result in efficacy of hyaluronic acid [20, 
21]. This made us curious about how effective we are, injecting our patients intra-
articularly. Two methods of injecting are used in our clinic; one using the injection 
technique that is commonly used for the ankle joint and one using a traction device 
that is commonly used for ankle arthroscopy [15, 18]. The traction device is believed 
to open up the joint, which might facilitate the injection [15]

An optimization of the injection technique could possibly enhance the efficacy 
of our intra articular injections and minimize the amount of adverse events. The 
primary aim of this study was to investigate the accuracy of intra-articular injections 
in the osteo-arthritic ankle joint using the traction device compared to the injection 
technique that is commonly used for the ankle joint [15, 18]. The secondary aim 
was to investigate the differences in the ease of the procedure, adverse events and 
patient reported outcomes.

Methods 

Study design 
This study was designed as a randomized cross-over trial with two treatment 
moments. Patients were recruited from our outpatient clinic. The patient’s suit-
ability was assessed and they were informed about the study. Written, informed 
consent was obtained from each patient prior to enrolment in the study. After sign-
ing the informed consent, patients were randomized to one of two groups: group I 
first received an injection using the traction device, followed by an injection without 
traction a month later. Group II received the injection without traction followed by 
the injection with the traction device. The dosing schedule was based on our study 
of the safety and efficacy of hylan G-F 20 (Synvisc®) in patients with symptomatic 
ankle (talo-crural) osteoarthritis [20]. This study showed it is safe and effective to 
repeat the injection, in case of insufficient pain relief, after 1, 2 or 3 months. It was 
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therefore decided, in order to test both injection techniques, to offer each patient 
two injections with one month interval.

Injections were placed by one of the orthopaedic surgeons (AW) according to a 
standardized protocol. For randomization, an online randomization program (www.
randomizer.org) was used. Due to the clear differences in treatment modalities, nei-
ther patients nor the treating surgeon (AW) could be blinded. The study protocol, 
patient information and patient consent form were approved by the internal review 
board (Medical Ethical Committee of the Academic Medical Center, Amsterdam).

Patient population 
The study was open to patients of either gender presenting with osteoarthritic pain in 
the ankle (‘study ankle’) at our outpatient clinic, above 18 years of age in a general good 
health. Criteria for inclusion were: a clinical diagnosis of primary or secondary ankle OA 
confirmed by X-ray. Each X-ray was scored for the severity of osteoarthritis according to 
the van Dijk et al. scale [8]. An indication for a hyaluronic acid injection was made at clinic 
visit by the orthopaedic surgeon. Exclusion criteria were: no knowledge of the Dutch lan-
guage or not able to understand the study protocol; patients who were allergic to con-
trast (Visipaque®); oral or parenteral anticoagulant therapy; clinically significant venous 
or lymphatic stasis in the study leg (oedema); patients with related hypersensitivities to 
avian protein or any components of hyaluronan-based injection devices; concomitant 
inflammatory arthropathy; any history of, or active skin infection at the injection site; any 
significant chronic skin disorder at the injection site; symptomatic peripheral vascular 
disease; women who were pregnant or nursing, or women of childbearing potential not 
using a medically acceptable form of birth control.

Treatment 
Both injections (with and without the traction device) were placed through the 
anteromedial portal of the ankle joint as described for ankle arthroscopy using strict 
aseptic administration technique [17] Before the HA injection was performed, 0.5–1 
ml of lidocaine (1%) was used subcutaneous as local analgesic. Intra-articular place-
ment of the needle was assumed if no resistance was felt when injecting some local 
anaesthetic into the joint. A small amount (0.5–1 ml) of contrast fluid (Visipaque®) 
was injected by switching the syringe while holding the needle in place to determine 
the position of the needle on fluoroscopy. The X-ray beam was directed laterally. If 
the position was correct any fluid or effusion present in the joint was removed prior 
to the injection of 2 ml of hyaluronic acid (Fermathron®). If the position was not 
correct the needle was relocated and a small amount of additional contrast fluid 
injected until the position was found to be correct on X-ray.
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In case of an injection with traction, the non-invasive ankle distraction device was 
applied after marking the injection site on the skin. Traction was applied after initial 
insertion of the needle after which the injection protocol was followed as would be 
in the injection without traction. The amount of traction was the same as in normal 
ankle arthroscopy and was applied for less than 1 minute. The second injection was 
performed by the same experienced physician who had administered the first injec-
tion (AW). This was done in the same manner using the other technique. Patients 
were allowed immediate full weight bearing when tolerated, but were advised not to 
perform any sport activities within two days after the injection.

Outcome measures 
The primary outcome was the intra-articular needle positioning. The accuracy of the 
injection was determined by fluoroscope. The location of the injected contrast was 
registered as either inside (success) or outside (failure) the joint (Fig. 6.1).

Secondary outcomes were: 
- Ease of procedure defined as the amount of relocations of the needle needed by 

the orthopaedic surgeon to assume that the needle was in the joint.
- The surgeon was asked how she experienced the injection procedure; this was 

registered in smooth, normal, difficult, extremely difficult.
- Adverse events (AEs), for each injection procedure the type, location and dura-

tion of each local adverse event was recorded together with the amount and type 
of rescue medication used by the patient to resolve these events. All patients 
were contacted by telephone one week after each injection to make inquiries for 
adverse events. In case of an adverse event this was repeated weekly until the 
adverse event resolved.

Figure 6.1. Intra- and extra-articular infiltration of the ankle in a lateral X ray 
(A) Contrast fluid inside the joint (success); (B) contrast fluid outside the joint (failure).
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- The severity of any side effect experienced was registered using the 4-point scale, 
labelled as no side effects, mild (easily tolerated, caused minimal discomfort and 
did not interfere with everyday activities), moderate (caused sufficient discom-
fort to interfere with normal everyday activities), or severe (incapacitating and 
prevented normal everyday activities).

- Patient reported outcomes: pain during the injection; after each injection pro-
cedure each patient was asked to express the pain during the injection on a VAS 
score (0–100, 0 mm being no pain and 100 being extreme pain).

- Preference of injection technique; after the two injections each patient was asked 
which method he/she preferred and the reason why.

Statistical analysis 
Sample size calculation was based on the primary end point (success rate). A dif-
ference of 20% of failure rates between the two methods was considered clinical 
relevant. Based on a power of 80% a two-sided alpha of 0.05, a sample size of 70 
patients was needed. Statistical analysis was performed using SPSS 19.0 (IBM, 
Illinois, 2011). Due to skewed distributions, data were described as medians and 
ranges for continuous variables. Categorical outcomes were described as frequen-
cies and percentages.

Prior to the main analysis in which the difference between the two injection 
modalities was evaluated, the presence of a carryover effect and a period effect was 
assessed. A carry-over effect implies that the effect of the first injection was still 
present when the patient received the second injection. This was assessed by analys-
ing the difference in success rate between the two moments by use of a McNemar 
test. The sequence (period) effects consider whether the impact of the injection 
was different when the order of the injections was changed. The period effect was 
assessed by comparing the difference in success rate between the two injection 
modalities in group I to the difference in success rate between the two injection 
modalities in group II, by use of a Mann–Whitney U test.

For the secondary continuous or ordinal outcomes (VAS, degree of difficulty, 
amount of injections), the carry-over effect was assessed by analysing the difference 
between the first and the second injection using a Wilcoxon signed ranks test. The 
period effect was assessed by analysing the absolute difference between injections 
with and without traction between group I and II using Mann–Whitney U test. If a 
carry-over effect or period effect was present, the results of the second injection 
period were discarded from the analysis and only described per period.
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For the main comparison of the two injection techniques, the difference in success 
rate between the two injection modalities was analysed using a McNemar test. 
Continuous and ordinal outcomes were analysed using a Wilcoxon signed ranks test. 
In case of period and carry over effects, non-paired chi-squared and Mann–Whitney 
U tests were performed for only the first injection group. Correlations between con-
tinuous and ordinal outcome measures were calculated by use of Spearman correla-
tion coefficients. Significance level of <0.05 was considered statistically significant.

Results 

Patient population 
Seventy from 72 randomized patients fulfilled the study (Fig. 6.2). This group 
consisted of 40 male and 30 female patients (Table 6.1). Due to logistic reasons 
eight patients received the injection in inverse order and therefore changed injection 
groups (Fig. 6.2). Finally, 27 (38%) patients had a primary injection with traction 
first and 43 (62%) without traction.

Two patients in each group withdrew, both had a grade 2 Osteoarthritis (OA) (Fig. 
6.2). One female patient withdrew after an easy intra-articular injection with trac-
tion, due to persisting pain after the injection, which lasted 14 days. This was graded 
as a severe adverse event. The other, male patient had an injection without trac-
tion, which ended up being extra-articular. This patient sustained a possible allergic 
reaction after the injection (swelling and severe pain), lasting a couple of days and 
resolving with pain medication. It was graded as a moderate adverse event. This 
patient was advised not to receive a second injection.

Since this is a cross-over study only patients that received both injections could be 
analysed statistically, therefore the results of these two patients were discarded from 
the analysis. However, since these patients had to withdraw because of the occur-
rence of adverse events, their first injections were analysed for these events. Table 
6.2 shows the success rate of the injections in both techniques. The success rate in 
both the traction group and the group without traction was 76%. An analysis was 
carried out of the first and last 15 patients to estimate the effect of a learning curve. 
Of the first 15 patients who were injected, 2/15 (13%) injections with traction were 
extra-articular compared to 5/15 (33%) without traction. Of the last 15 patients 
who were subjected to both injections, 2/15 (13%) of the injections in both the 
traction group and the group without traction were extra-articular. No significant 
learning curve was found (p = 0.32).
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Ease of procedure 
No significant difference was found in the amount of attempts to place the needle 
into the joint between both techniques (p = 0.18) (Table 6.2). There was no signifi-
cant difference in how either injection procedure was perceived by the orthopaedic 
surgeon (p = 0.57) (Table 6.2). No significant relationship was found between the 
grade of osteoarthritis, the amount of attempts to get into the joint and how the 
injection was perceived by the surgeon with and without traction (0.24 < p < 0.94).

Adverse events 
Forty-one patients (58%) experienced one or more adverse events after an injection 
with traction (Table 6.3). Ten injections were extra-articular, there was no difference 
between the type of adverse events between the extra-articular group and the intra-
articular group. Most adverse events were mild or moderate in severity and resolved by 
itself or by walking on crutches for several days or taking pain medication (acetamino-
phen or NSAIDs) for a short period of time (less than three days). Thirty-nine patients 
(55%) experienced one or more adverse events after the injection without traction, 
eight were extra-articular. There was no difference between the type of adverse 
events between the extra-articular group and the intra-articular group (Table 6.3).

All adverse events resolved in a similar manner as mentioned above. Both groups had 
five patients that experienced severe adverse events. One of them was the patient 
that had to withdraw, as reported earlier. These adverse events consisted of the 
same type of events as the mild and moderate group and they resolved in the same 
way as mentioned above (Table 6.3).

Table 6.1. Baseline demographics of included patients

Total population
Group I Group II

traction-without traction without traction-traction

N=70 N=27 N=43

Gender

Male 40 (57%) 16 (59%) 24 (56%)

Female 30 (43%) 11 (49%) 19 (44%)

Age, median (range) 45.0 (18-68 years) 43.7 (18-68 years) 48.0 (19-68 years)

Side 

Right 38 (54%) 13 (48%) 25 (58%)

Left 32 (46%) 14 (52%) 18 (42%)

Osteoarthritis grade (Van Dijk)

Grade 1 1 (1%) 1 (4%) 0 (0%)

Grade 2 58 (83%) 21 (78%) 37 (86%)

Grade 3 11 (16%) 5 (18%) 6 (14%)
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Patient reported outcomes 

Pain during the injection
Due to the presence of a significant period effect and carry over effect (p < 0.01) 
concerning the VAS pain score of the patients, the results of the second injection 
were discarded from the analysis. The pain caused by the first injection was not 
significantly different between the injections with traction (median 7, range 0–80) 
and without traction (median 12, range 0– 64, p = 0.88) (Table 6.4). Grade 2 scored 

Figure 6.2. Composition of the two injection groups.
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a significantly lower median VAS score of 9.5 (range: 0–64) compared to median 
49 (2–60) for grade 3 concerning the injections without traction (p = 0.03). For 
the injections with traction the difference between grade 2 (median 5 (0–80)) and 
grade 3 (median 21 (5–75) was not statistically significant (p = 0.18).

Preference for either technique
Patients were asked if they had a preference for either technique. Twenty-one (30%) 
answered no, twenty-six (37%) preferred without traction and twenty-three (33%) 
preferred traction.

Discussion 
The present study evaluated the accuracy, the ease of the procedure, adverse events 
and patient reported outcomes of intra-articular injections in the osteo-arthritic 
ankle joint using a traction device compared to the injection technique without 

Table 6.2. Success rate, ease of procedure and number of attempts until the surgeon was 
satisfied with the needle position.

Injection with traction Injection without traction

N=70 N=70

Success rate of injections  53/70 (76%) 53/70 (76%))

Ease of procedure

Smooth 13 16

Normal 40 36

Difficult 12 14

Extremely difficult 5 4

Number of attempts  2 (1–8) 2 (1–8)

Table 6.3. Types and severity of adverse events perceived after the injection.

Severity of AE

Injection with traction Injection without traction

41/71 patients (58%) 39/71 patients (55%)

Mild
N=20

Moderate 
N=16

Severe 
N=5

Mild
N=25

Moderate
N=9

Severe
N=5

Types of adverse events and their frequency

Pain 8 12 5 15 5 4

Swelling 7 9 3 11 5 3

Stiffness 0 2 0 0 1 1

Redness 1 3 0 0 0 0

Other (cold, warm, instability) 5 2 0 2 3 0

Total 21 28 8 28 14 8
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traction that is commonly used in the ankle joint. No optimal technique could be 
identified. Both injection techniques showed the same amount of failure rates (Table 
6.2), 17/70 patients (24%). Due to the fact that joint opening could facilitate the 
intra-articular positioning of the needle we expected a higher success rate using the 
traction method. Different kinds of traction devices (invasive and non-invasive) are 
known to open up the ankle joint in patients under general and spinal anaesthesia. 
Joint opening up to 4.7 mm was described using an invasive distractor, a non-invasive 
distractor (the same as we used) created a joint opening of 4.3 mm in patients under 
anaesthesia [3, 15]. Most of these were not suffering from osteoarthritis. Dowdy 
used a non-invasive distractor to examine 7 healthy volunteers, with 14 ankles. He 
measured, under permanent direct lateral fluoroscopically imaging, an increase from 
3.1 ± 0.5 mm to a mean of 4.2 ± 0.6 mm [9]. We did not examine the joint space 
opening in this study. The arthritic joint might open up less, which is a possible 
explanation for the same amount of failure rate.

The same five patients were initially injected extra-articular in both groups. Four had 
a grade 2 ankle OA (van Dijk scale) and one a grade 3. One of these grade 2 patients 
had a large osteophyte in the front of his ankle, which was clearly visible on the 
lateral X-ray. The grade 3 patients had a very stiff ankle with a fixed plantar flexion of 
10°. A lot of these injections would have been placed extra-articular, if not for con-
trast aided fluoroscopic control. Taking into account that patients in our study suffer 
from osteoarthritis, our failure rate is somewhat more positive than the failure rate 
Jones et al. showed; 24% vs. 33% [11]. However, our failure rate is still substantial 
and it seems advisable, in order to prevent failure of the injection in clinical practice, 
that more successful injection techniques will be investigated. Several suggestions 
have been made in literature to test placement of intra-articular injections using 
some alternative form of additional imaging. Bliddal et al. suggested fluoroscopically 

Table 6.4. Patient reported outcome: pain (VAS 0-100 mm) perceived during the injection
Group I Group II

Injection 1 
traction

Injection 2 
without traction

 Injection 1 
without traction

Injection 2 
traction

N
VAS, median 

(range)
N

VAS, median 
(range)

N
VAS, median 

(range)
N

VAS, median 
(range)

Total N=28 7 (0–80) N=27 16 (0–70) N= 44 12 (0–64) N=43 32 (0–81)

Van Dijk osteoarthritis grade

Grade 1 N=1 0

n/a*

N=0 n/a

n/a*Grade 2 N=22 5 (0–80) N=38 9.5 (0–64)

Grade 3 N=5 21 (5–75) N=6 49 (2–60)

*Due to the presence of a significant period effect and carry over effect (p < 0.01) concerning the VAS 
pain score of the patients, the results of the second injection were discarded from the analysis.
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controlled mini-air arthrography [5], Glattes et al. hypothesized that a small amount 
of air added to an intra-articular knee injection can confirm accurate placement by 
a squishing sound when moving the knee [10]. In both studies the placement was 
also verified by post-injection radiographs. Secondly, ultrasound guided injections 
are suggested in literature, however these injections have only been evaluated on 
cadaver feet without osteoarthritis [13, 16]. The added value of these alternative 
modalities remains to be investigated. At this moment, the best way to inject the 
ankle joint is still with the aid of fluoroscopy. If fluoroscopy is not available, the use 
of a traction device can potentially increase the success rate. The results of our small 
sub analysis showed an improvement of 20% (33% to 13%) of the amount of intra 
articular injections in the last 15 patients compared to the first 15 patients whereas 
the amount remained the same for the injections with traction (13%). However, this 
difference was not significant (p = 0.32).

Despite the fact we know all our injections ended up being intra-articular, we still 
have a considerable amount of adverse events (Table 6.3). Hyaluronic acid was only 
injected after we proved that the contrast fluid was intra-articular. We certainly were 
critical and decided to register every unwanted side effect, which might not be the 
case in other studies. Hyaluronic acid in itself is known to induce temporary benign 
side effects like pain, swelling, warmth [2, 6, 7, 19]. We have seen this before during 
our own research as well [20, 21]. Possibly higher molecular weight hyaluronic acid 
induces more side effects [6]. Fermathron, which we used, is a long chain molecule 
with a weight between 0.5 and 1.8 x 106 Da, this is considered a low molecular 
weight. At this point no clear explanation has been found for the relatively high 
incidence of adverse events [2, 14, 19, 22].

As for patient reported outcomes, patients were more painful at the second injection 
than at the first, hence the carry-over effect. This is a phenomenon we frequently 
observe in our daily practice. Possibly this is created by the injected hyaluronic 
acid at the first time-point. An injection of hyaluronic acid stimulates hyalocytes 
to produce larger chains of hyaluronic acid. These hyalocytes are synovial-lining 
cells. The stimulated synovial membrane might be painful on injection [4]. Patients 
with severe osteoarthritis (grade 3) seem to tolerate traction better, however it is 
only a small group of 11 patients (Table 6.4), so no real conclusions can be drawn. 
They indicated less pain compared to an injection without traction. However, these 
patients perceived more pain during either injection compared to the patients with 
grade 2 osteoarthritis (58 patients). An explanation for the preference for traction in 
severe osteoarthritis can be sought in the discomfort that will be created compress-
ing osteophytes and irritated synovium by dorsiflexion of the ankle in the case of an 
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injection without traction, but again since this is just a small amount of patients no 
absolute recommendations can be made.

Conclusions 
There is no significant difference between the two injection methods regarding any 
of our formulated outcome measures. Considering the substantial amount of pos-
sible extra articular injections prior to fluoroscopic control with both techniques, the 
use of contrast-aided fluoroscopy for injecting the ankle with severe osteoarthritis, 
anterolateral or anteromedial osteophytes is advisable.
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Abstract

Background
Although results of bone marrow stimulation in osteochondral defects of the talus 
(OCDT) have been satisfactory, the technique performance has not yet been sub-
jected to review as a prognostic factor.

Aim
The aim of this systematic review is to determine whether variation within technique 
influences outcome of bone marrow stimulation for OCDT.

Methods
Electronic databases were searched for articles on OCDT treated with bone marrow 
stimulation techniques, providing a technique description. Six articles on microfrac-
ture were included (198 patients). Lesion size averaged 0.9 cm2 to 4.5 cm2, and 
follow-up varied from 2 to 6 years.

Results
Key elements were removal of unstable cartilage, hole depth variation between 2 
and 4 mm until bleeding or fat droplets occurred, and a distance between the created 
holes of 3 to 4 mm. The success rate (excellent/good results by any clinical outcome 
score) was 81%. There is a vast similarity in the technique with similar outcomes as 
in previous general reviews; therefore, variation in technique as currently described 
in the literature does not seem to influence the outcome of bone marrow stimulation 
for OCDT.

Conclusion
Whether the instruments used or the hole depth and geometry influence clinical 
outcome remains to be determined. Microfracture is safe and effective for OCDTs 
smaller than 15 mm. However, in this review, only 81% of patients obtained satis-
factory results. Larger clinical trials are needed with clearly defined patient groups, 
technique descriptions, and reproducible outcome measures to provide insight in 
the specific indications and the preferred technique of bone marrow stimulation.
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Introduction 
An osteochondral defect is a lesion involving articular cartilage and subchondral bone 
often caused by a traumatic event. Osteochondral lesions of the talus (OCDT) are 
reported in more than 6% of acute ankle sprains [8, 40], up to 25% in chronic lateral 
ankle instability [15], and up to 50% of acute ankle fractures [41]. Symptoms are deep 
ankle pain on weight bearing and prolonged joint swelling. When conservative treat-
ment does not lead to satisfactory results, arthroscopic debridement and bone marrow 
stimulation are simple and cost-effective operative treatments with a lower morbidity 
rate and a faster return to activity than open surgery [9, 14, 19, 41, 49]. Bone marrow 
stimulation is performed during arthroscopy by drilling the subchondral bone [1, 31, 
38] or by using an arthroscopic awl to create microfracture holes [2, 46]. The subse-
quent bleeding induces an intrinsic healing process involving mesenchymal stem cells 
located in bone marrow, which results in fibrocartilage formation in the defect [44].

The results of bone marrow stimulation in OCDT have been satisfactory in 61% and 
up to 86% of patients [48, 49]. Recent studies in both the talus and the knee joint 
have analysed the influence of possible prognostic factors, such as lesion size [14, 20], 
location [14, 43], age [14, 30, 46], or body weight [20, 25] to account for the rate of 
therapy failure, but many results are contradictory and remain inconclusive [14, 33].

To our knowledge, there are no studies or reviews that have taken the specific 
operative technique of bone marrow stimulation into account. Because it is an 
invasive procedure, it is important to investigate the execution of the technique 
and the possible effects of its variation on the outcome [12, 45]. This includes the 
choice for either drilling or using an awl, because differences in biological reaction 
between drilling and the use of an awl have been observed in animal studies because 
of heat necrosis and impacted bone fragments [10, 12]. Also, we believe that paying 
greater attention to each separate step in the bone marrow stimulation procedure 
is important because each step has a different biological significance. This will be 
discussed in greater detail in the methods section.

The primary aim of this systematic review was to analyse the technique variation 
of bone marrow stimulation for treatment of osteochondral defects of the talus. 
Our hypothesis was that there is variation in the key steps of the technique per-
formance with the key steps defined as debridement, introduction of the holes, 
and confirmation of adequate bleeding. We expected variation in the extent of 
debridement, instruments used, and dimensions and dispersion of the holes, as well 
as introduction of additional steps to the procedure. This allowed us to determine 
whether the technique itself is a prognostic factor for treatment outcome.
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Materials and Methods
Electronic databases (Cochrane Central Register of Controlled Trials, MEDLINE, 
EMBASE [classic]) were used for searching for clinical studies on microfracture or 
debridement and drilling published between 1946 and September 2010. Search 
terms for title and abstract were “microfracture,” “subchondral drilling,” “subchon-
dral arthroplasty,” (also as MeSH term), or “Pridie drilling.” The references of eligible 
articles were screened by hand for additional articles.

 Full-text articles with original patient groups were included when a clear description of 
the type of bone marrow stimulation treatment and details on the technique were given. 
Descriptive articles without patient groups, animal studies, articles on microfracture 
outcomes without a clear description of the technique, and case reports were excluded. 
All English, Dutch, German, French, and Italian articles were included (Fig. 7.1).

All articles were independently screened by two reviewers (A.K. and S.D.) by title and 
abstract. If the article was possibly eligible or the nature of the article was unclear, 
the full text was consulted. Any disagreement on inclusion or exclusion between the 
reviewers was resolved by discussion. Third-party adjudication was not necessary.

The level of evidence was assessed by both reviewers using the Levels of Evidence 
for Primary Research Question Chart of the Centre for Evidence-Based Medicine 

Inclusion criteria
•  Osteochondral lesions of the talus
•  ≥ one patient group treated with 

microfracture
•  ≥ two items of the details on technique
•  English, Dutch, German, French and 

Italian articles

Exclusion criteria
•  Animal studies
•  Case reports
•  Descriptive articles
•  Alternative treatments: abrasion 

chondroplasty, subchondral drilling, 
transmalleolar approach

Figure 7.1. Flow chart outlining the article selection process
From the 664 identified articles, 50 articles remained after screening the title and abstract for eligibility 
and duplicate removal. In 42 articles the bone marrow stimulation was performed on other joints (the 
knee, the hip, the shoulder or the hallux). Six studies used awls to perform bone marrow stimulation. 
The remaining two studies used drilling with K wires. We excluded these two studies from further review 
because of a large risk of selection bias.
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(Oxford, UK) as adapted by the Journal of Bone and Joint Surgery [3]. Included 
articles were scored on each of the items displayed in Table 7.2.

The included articles were scored on the key elements of the technique, which were 
taken from the original article by Steadman et al [46], based on the key features to 
elicit the biological reaction that should take place. Sufficient debridement of the 
lesion is the first of the essential steps in this technique, first described by Magnuson 
[34]. Debridement of loose flaps prevents residual tissue to hamper the development 
of repair tissue. In addition to this mechanical factor, the removal can also decrease the 
inflammatory response within the joint that is caused by the damaged tissue. Debride-
ment can decrease symptoms, but will not prevent the deterioration of the lesion 
[28]. Additional procedures at this stage are first the removal of the calcified tissue, 
if the base of the lesion has calcified. Removing this calcified layer first will improve 
the bonding of the repair tissue [18]. The preparation of a perpendicular rim creates 
a stable and defined defect that is surrounded by healthy cartilage as a solid scaffold 
for the repair tissue. The formation of repair tissue is induced by the introduction of 
pluripotent mesenchymal stem cells from the subchondral vascular bone marrow. 
Defects that do not involve the subchondral bone plate and the boundary between 
the cartilage and the bone are secluded from this pool. This is the reason that abrasion 
of the base of the lesion alone is likely to not induce healing of the lesion [26, 36]. Also, 
it is known that pure chondral defects do not show intrinsic healing, because the sub-
chondral bone plate is still intact. By penetrating the subchondral bone plate, an access 
is created, whether this is with an awl or by drilling. Too extensive debridement of the 
subchondral bone creates a risk of bone overgrowth and a thinner repair cartilage.

When placing the holes, it is important to leave sufficient space between the holes to 
prevent the intermediate bone from becoming unstable [35]. Also, the depth of the 
holes should be ample because shallow holes will not bleed and thus do not cause an 
influx of mesenchymal stem cells.

PASW Statistics 18.0.5 (IBM Corporation, Somers, NY) was used for data collection 
and analysis. Participants were patients with osteochondral defects of the talus who 
were treated by means of debridement and subsequent microfracture or subchondral 
drilling after failure of conservative therapy. Diagnosis was made by clinical evalua-
tion and confirmed by conventional radiograph, MRI, and/or CT scan. The ankle joint 
was free of concomitant diseases, such as osteoarthritis, rheumatic arthritis, and 
associated injuries. Failure rate was defined as the necessity of reoperation because 
of persistent complaints, and/or a score below 70 points using the American Ortho-
paedic Foot and Ankle Society’s Ankle Hindfoot Score (AOFAS-AHS). When there 
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were different therapies performed in one study, data were extracted of the bone 
marrow stimulation groups only. In the event that articles did not provide the data 
necessary for our analysis, the missing data were requested by correspondence with 
the authors.

A total of 664 articles were found (Fig. 7.1). Four hundred thirty-one articles 
were excluded for the following reasons: the article was not about microfracture 
in the sense of a therapy for osteochondritis dissecans (N=217), did not contain 
a technique description (N=52), was an abstract or congress report (N=20), was 
a descriptive article (N=116), was an animal study (N=16), or was an additional 
duplicate (N=10). Fifty articles on bone marrow stimulation met the inclusion crite-
ria for further review. Forty-two articles concerned joints other than the ankle. The 
eight articles concerning osteochondral defects of the talus are reviewed here (Table 
7.1). Six studies used awls to perform bone marrow stimulation. The remaining two 
studies used drilling with Kirschner wires [24]. We excluded these two studies from 
further review because we felt the results would run a large risk of bias because of 
the small number of studies.

Results
One randomized controlled trial, two prospective, and three retrospective case 
series were included (Table 7.1). The six included articles summarize the outcome 
of a total of 198 patients (199 ankles). Study size varied from 9 (10 ankles) to 51 
patients, with a weighted average age of 34 (range: 13 to 74) years. The average 
follow-up varied from 2 to 6 years. The average of lesion size per study varied from 
0.9 cm2 to 4.5 cm2. Two studies only included patients with either lesions smaller 
[32] or larger than 1.5 cm2 [21]. In total, medial lesions were more prevalent than 
lateral lesions (70% and 27%, respectively). The remaining lesions were either cen-
trally located or “kissing” lesions running from medial to lateral.

Technique
Technique descriptions in the different articles showed much similarity on the pro-
vided details of the bone marrow stimulation technique (Table 7.2). In all studies, 
synovectomy or debridement was performed. Hole depth was either 2 to 4 mm deep 
or not specified [17, 24, 41]. The distance between the holes, mentioned in three 
studies [5, 21, 32], was consistently between 3 and 4 mm.

Authors from four studies visualized bleeding or fat droplets from the subchondral 
bone to confirm adequate treatment of the defect [5, 21, 22, 32]. Several additional 
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recommendations were made: the preparation of a perpendicular rim to prevent 
the blood clot from detaching [32], complete and careful removal of the calcified 
layer on top of the subchondral plate [21] without damaging it [5], making holes 
perpendicular to the surface [13, 21], and the sequence of the holes [32]. Two stud-
ies referred directly to the original article by Steadman et al [46] in the technique 
description [13, 21].

Clinical Outcome
Because of the heterogeneity of the studies, meta-analysis was not performed. 
Weighted averages were calculated from the clinical outcome scores and failure 
rates with respect to the number of procedures performed in the studies. The most 
prevalent outcome scale was the AOFAS-AHS [29], which was used in five studies 
[13, 21, 22, 32, 41]. The improvement on the last follow-up was significant in all 
studies (weighted average preoperative: 63, range 34 to 72; weighted average post-
operative: 89, range 84 to 94). The visual analogue scale (VAS) [39] scores were 
used in three studies [5, 22, 32] (Table 7.3). VAS score for pain decreased from 6.8 
(range 6.5 to 7) to 2.3 (range 2 to 2.51). Five studies divided the primary outcome 
into categories (excellent, good, moderate, poor) to evaluate the success rate of the 
procedure (4,32,34–36) (Table 7.3).

In total, 81% of the patients reached excellent to good results (range 66% to 96%), 
13% retrieved a moderate result (range 2% to 29%), and the remaining 6% (range 
0% to 10%) were considered a poor result. In the case of the AOFAS-AHS, “excellent” 
corresponded with an end score of > 90, “good” corresponded with a score between 
80 and 90, “moderate” (or “fair”) corresponded with a score between 70 and 80, 
and a “poor” outcome was defined as a score below 70 or a failure of the therapy.

Failure Rate and Complications
The weighted average failure rate was 6% (range 0% to 19%, 13 out of 193 proce-
dures; Table 7.3). In case of failure, bone marrow stimulation was performed again 
or a secondary therapeutic procedure was used, such as cartilage grafts, an ankle 
arthrodesis, or ankle prosthesis. Failure occurred on average 2 to 3 years after the 
initial surgery. The only reported complication was persistent pain after 24 months 
in one bilateral case [21]. Five studies reported no complications [5, 13, 22, 32, 41].

Prognostic Factors
Age or sex did influence the treatment outcome significantly in four and two stud-
ies, respectively. Anterior lesions had better clinical results in two studies when 
compared with central or posterior lesions [22, 41]. Anterior-medial lesions resulted 
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in better AOFAS-AHS scores when compared with lateral lesions (44 vs. 56) and a 
faster return to activities (14 vs. 18 to 20 weeks). This was not seen with lesions 
located on the medial side of the talus [41]. Two studies show two separate prog-
nostic factors that are not mentioned in the other four studies. Becher et al [5] 
found that degenerative chondral defects result in lower Hannover Scoring System 
(HSS) scores than traumatic osteochondral defects (60 vs. 86, p < .001) and VAS 
scores. The explanation would be that in osteochondral defects without signs of 
joint degeneration the cartilage around the defect is intact, whereas in degenerative 
lesions caused by posttraumatic loss of joint cartilage thickness in the presence of 
existing degenerative joint disease, the condition of the surrounding cartilage will 
also be inferior.

There are several prognostic factors that show conflicting results. Body mass index 
(BMI) was found to have a lower clinical outcome in patients with a BMI above 25 
kg/m2 on the HSS (84 vs. 75) and the VAS scores for pain (1.6 vs. 3.0), with 18 
patients below and 27 patients above 25 kg/m2 [5]. Lee et al found no difference 
with 21 patients below 25 kg/m2, but a smaller amount of patients above 25 kg/
m2 (N=14).

Lastly, symptoms present more than one year resulted in lower scores for clinical 
outcome (AOFAS 86 vs. 93, p < .05) [32]. However, another study showed no 
significant influence of symptom duration [13].

Discussion
The aim of this systematic review was to determine whether variation in the tech-
nique influences the outcome of bone marrow stimulation in OCDT. It is shown that 
there is a high level of similarity in the descriptions of the technique performance. 
Unstable cartilage is removed; 2 to 4 mm deep holes are made with a distance of 
3 to 4 mm between the holes and perpendicular to the surface in a spiral pattern 
from the outer rim to the centre of the defect. Additionally, a perpendicular rim is 
prepared to prevent the blood clot from detaching, and the calcified layer on top of 
the subchondral plate is completely but carefully removed.

An important difference between our study and that of previous reviews is that we 
selected articles specifically based on the description of the essential steps of the 
bone marrow stimulation technique. The high level of consistency in the disclosed 
details of the technique in our review does not allow for further analysis of the 
effect of different surgical techniques as a prognostic factor for outcome. However, 
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it does show the clinical outcome of a consistent treatment strategy that is per-
formed with specific attention drawn to the correct dimensions and placement of 
the microfracture holes. It provides insight into the possible influence of the correct 
effectuation of the microfracture technique on the variability of outcome with bone 
marrow stimulation. The characteristics of the study population are similar to those 
of studies that did not use this inclusion criterion (age, male/female ratio, length of 
follow-up, lesion size and location [16], aetiology [4, 31, 37, 40]. Also, the 81% suc-
cess rate in our review was comparable with the success rates reported in previous 
reviews and studies: 81% [4, 42], 87% [48], and 85% [47, 49], although obviously 
the experience and skills of the surgeon would influence outcome.

Because of the nature of the technique and the biological response it aims to elicit, 
it is vital that the key elements of the technique are accurately executed. However, 
recent literature suggests that the nature of the key elements as defined in the 
method section might be more delicate than the current guidelines advise, for 
example, 2 vs. 4 mm drill holes resulted in a different outcome in a recent animal 
study [11]. This has yet to be investigated in clinical studies.

Also, there is a difference in mechanism between the use of a microfracture awl and 
the drilling of a Kirschner wire. Both methods are arthroscopic procedures and are 
therefore relatively minimally invasive. The flexible Kirschner wire allows for drilling 
in different angles in a high congruent joint like the ankle. The rigid, angled awls 
allow for treatment “around the corner” and a better control for creating holes at the 
desired depth and perpendicular to the surface [6, 7], but these are difficult to use in 
posterior defects and hold the risk of damaging the tibial edge by wedging the instru-
ment if used with too much force. There are no large comparative clinical studies 
available that compare drilling with microfracture. In the initial eligible studies, two 
different bone marrow stimulation techniques were used: the drilling of Kirschner 
wires or the use of an awl to puncture the subchondral plate. The first was described 
in only two studies and was excluded because of the risk of selection bias [17, 24]. 
However, both studies on drilling did indicate less satisfactory results compared with 
the included microfracture studies. This might be explained by the small amount of 
studies and the use of different outcome questionnaires. Both drilling studies used 
several different scoring systems and were not comparable. In Ferkel et al [17], the 
AOFAS postoperative score was 84 (range 34 to 100) and lesions were evaluated 
according to the grading on arthroscopy. This resulted in significant differences in 
clinical outcome between the lesions with intact cartilage (Cheng-Ferkel grade A-C) 
and those with (partially) detached cartilage (Cheng-Ferkel grade D-E).
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Aside from microfracture and drilling, there is a vast amount of other surgical treat-
ment options that use a different approach (retrograde drilling, bone marrow stimu-
lation using a transmalleolar approach), or a different technique to elicit bleeding 
(abrasion arthroplasty) or that use grafts (osteochondral autograft transplantation, 
autologous chondrocyte implementation). It was not within the scope of this review 
to investigate the technique of these other treatment modalities for primary OCDT. 
Bone marrow stimulation is still the preferred treatment for primary OCDT [49], and 
although several attempts have been made to provide an algorithm for the choice 
of treatment, there is a lack of high-quality comparative studies to determine the 
appropriate treatment for each individual patient based on patient characteristics, 
lesion type, and other prognostic factors. When synthesizing these possible prog-
nostic factors, we were confronted with several conflicting results in the current 
literature. A BMI < 25 kg/m2 [5, 32], anterior lesions [13, 22, 41], duration of symp-
toms less than one year [13, 32], and traumatic aetiology [5, 13] showed better 
clinical results in some articles, but were insignificant in others.

Also, because we needed to exclude many articles based on the lack of a technique 
description, the number of studies that investigate a particular prognostic factor is 
very limited. Hence, we were unable to formulate any strong conclusions because of 
a lack of power.

However, there were two results that followed from our analysis. First, in two studies 
a larger lesion size negatively influenced outcome in the patient cohort, but did not 
provide data on the microfracture group only [13, 22]. However, Choi et al did report 
that in the patient cohort receiving either microfracture or abrasion arthroplasty, 
lesions smaller than 1.5 cm2 showed significantly higher AOFAS scores at 48-month 
follow-up and a 90% good to excellent result, compared with 20% in lesions with a 
larger surface area. Two studies included only patients with lesions either smaller or 
larger than 1.5 cm2 [21, 32]. Outcome was not comparable, but failure rates were 
0% and 10%, respectively. Considering that lesion size is often overestimated or 
underestimated [42], the use of a grading system is a valid alternative. Adequate 
measurement of lesion dimensions is important to determine the appropriate thera-
peutic intervention for OCDT [23, 27].

Second, it has been previously suggested that advanced age is considered a relative 
contraindication [46] because of the diminished quality of bone and limited revalida-
tion possibilities [30]. This review contains five articles with patients more than 50 
years of age and up into the seventh decade, with four showing no differences in 
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clinical outcome between patients younger than 50 years of age and those older [5, 
13, 22, 32].

This review has limitations. Because of the selection criteria, only 6 studies were 
included, with a relatively small number of patients. The majority of articles were 
retrospective case series with limited statistical analysis. The articles that were 
excluded for this review showed a similar quality. The lack of strong evidence is a 
known problem in the literature for treatment osteochondral defects in the talus 
[33]. In our opinion, this not only shows the need for higher quality studies, but 
also underlines the necessity to supply more information on the exact nature of the 
intervention to improve reproducibility and allow for in-depth comparison of study 
groups in surgical interventions.

In conclusion, there is a large degree of similarity described in the literature in regard 
to bone marrow stimulation in the treatment of osteochondral lesions of the talus. 
Microfracture is a safe and effective therapy for OCDT with a diameter smaller than 
15 mm. The percentage of total success of bone marrow stimulation of this defined 
and homogenous treatment procedure as defined by any clinical outcome score was 
81%, which shows persistent improvement on an average follow-up of 70 months 
up to 14 years in one study. The failure rate was 6%. However, whether the instru-
ments used or the hole depth and geometry influence clinical outcome remains to be 
determined in clinical studies because these have not yet been investigated.

Larger, randomized clinical trials with homogeneous patient groups, an adequate 
description of the surgical intervention(s), elaborate lesion description and grading, 
and reproducible outcome measures would provide the opportunity to construct a 
founded theory for the indication for the use of bone marrow stimulation and prog-
nostic factors. This would be valuable in the pre-selection of patients, which would 
increase the success rate by referring patients who have a high risk of treatment 
failure with another therapy regimen.
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Abstract

Background 
Debridement and bone marrow stimulation is an effective treatment option for 
patients with talar osteochondral defects. However, whether surgical factors affect 
the success of microfracture treatment of talar osteochondral defects is not well 
characterized.

Aim
We hypothesized (i) holes that reach deeper into the bone marrow-filled trabecular 
bone allow for more hyaline-like repair; and (ii) a larger number of holes with a 
smaller diameter result in more solid integration of the repair tissue, less need for 
new bone formation, and higher fill of the defect.

Methods 
Talar osteochondral defects that were 6 mm in diameter were drilled bilaterally in 16 
goats (32 samples). In eight goats, one defect was treated by drilling six 0.45 mm 
diameter holes in the defect 2 mm deep; in the remaining eight goats, six 0.45 mm 
diameter holes were punctured to a depth of 4 mm. All contralateral defects were 
treated with three 1.1 mm diameter holes 3 mm deep, mimicking the clinical situa-
tion, as internal controls. After 24 weeks, histologic analyses were performed using 
Masson-Goldner/Safranin-O sections scored using a modified O’Driscoll histologic 
score (scale 0–22) and analysed for osteoid deposition. Before histology, repair tis-
sue quality and defect fill were assessed by calculating the mean attenuation repair/
healthy cartilage ratio on Equilibrium Partitioning of an Ionic Contrast agent (EPIC) 
micro CT (µCT) scans. Differences were analysed by paired comparison and Mann-
Whitney U tests.

Results 
Significant differences were not present between the 2 mm and 4 mm deep hole 
groups for the median O’Driscoll score (p = 0.31) and the median of the µCT 
attenuation repair/healthy cartilage ratios (p = 0.61), nor between the 0.45-mm 
diameter and the 1.1-mm diameter holes in defect fill (p = 0.33), osteoid (p = 0.89), 
or structural integrity (p = 0.80).

Conclusions 
The results indicate that the geometry of microfracture holes does not influence 
cartilage healing in the caprine talus. Bone marrow stimulation technique does not 
appear to be improved by changing the depth or diameter of the holes.
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Introduction
Debridement and bone marrow stimulation is a simple, cost-effective operative 
treatment for osteochondral defects with lower morbidity and faster return to activ-
ity than open cartilage restoration surgery [7, 8, 14, 16, 44, 53]. Systematic reviews 
have shown a current clinical success percentage of 86%. The affect of patient and 
defect specific prognostic factors such as lesion size [14, 16], location [14, 45], age 
[14, 24, 48], or body weight [15, 22] is inconclusive owing to the absence of well-
designed prospective studies [22, 23]. The exact mechanisms of the healing process 
are unknown, which makes prediction of clinical outcome difficult [41, 51].

There is little, and only experimental, research on whether improvements in surgi-
cal technique can enhance the healing process of damaged cartilage surfaces. One 
animal study suggests that the depth of subchondral perforation influences the 
degree of fill and quality of repair tissue [9]. Other research indicates that there 
is a difference in bone structure and degree of bone necrosis between drilling and 
microfracture [11, 34].

A recent systematic literature review showed a large degree of similarity in current 
surgical techniques for microfracture [23], including use of K-wires [2, 26, 36] or 
awls [48], removal of unstable cartilage, hole depth between 2 and 4 mm until 
bleeding or fat droplets occur, and hole spread with a distance of 3 to 4 mm. These 
recommendations are similar to the originally presented technique by Steadman et 
al. [48]. Additional recommendations are creation of a stable rim, placement of the 
holes perpendicular to the surface, and removal of the calcified layer at the base of 
the defect [12, 17, 27]. To the best of our knowledge, there are no published studies 
regarding whether hole size or distance between the defects influences the degree 
and quality of the repair tissue.

The aim of our study was to determine the influence of hole geometry, when per-
forming microfracture treatment in the talus, on the quality of the repair cartilage 
and the filling grade of the defect in a goat model. We formulated two hypotheses: 
(i) holes that reach deeper into the bone marrow-filled trabecular bone result in 
better quality repair tissue; and (ii) a larger number of holes with a smaller diameter 
result in a more solid integration of the repair tissue, less need for new bone forma-
tion, and higher fill of the defect.
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Materials and Methods
Sixteen female Dutch milk goats (Capra hircus sana), 4 years of age, with an 
average weight of 69 kg (range 44–86 kg), were used in this study. Screening for 
pregnancy and disease was performed before entering the trial. The goats were 
kept in group-housing starting one week before and continuing until one week after 
surgery to minimize stress. The number of goats was determined from a sample 
size calculation performed using a power of 90% and two-sided significance level of 
5% between groups. A 10% SD of the histology score was described by O’Driscoll 
et al. [32]; therefore, a minimal effect of 15% was considered clinically significant 
[4, 25]. Our study protocol was approved by the local animal welfare committees 
(ORCA102287).

Talar defects are predominantly osteochondral defects, unlike the knee where 
chondral defects most often are seen [3, 12, 14, 19, 50]. The primary surgical treat-
ment for both is microfracture [7, 53]. To best represent the clinical situation, we 
created an osteochondral talar defect. The dimensions of the created defect depth 
and diameter and the distance between the microfracture holes in this study were 
scaled down using the respective ratio between a critical-size osteochondral defect 
in the human (15 mm diameter) and in the smaller goat talus (6 mm diameter) [12, 
21]. Therefore, defect depth was 3 mm, reaching just underneath the sub chondral 
bone plate [13] but sufficiently shallow to avoid pre-emptive spontaneous bleeding 
(Fig. 8.1). One defect in each goat served as a reference mimicking standard clinical 
microfracture dimensions: three holes of 1.1 mm diameter and 3 mm deep (Table 
8.1). The contralateral defect served to test our hypotheses. To investigate the 
effect of microfracture hole depth, this defect was treated with microfracture awls 
penetrating only the subchondral bone plate (2 mm) in half of the goats, whereas 
in the other half, the holes reached the centre of the talus (4 mm) (Table 8.1). To 
determine the effect of the microfracture hole diameter and number, the contralat-
eral defects of the goats were treated with six holes of 0.45-mm diameter, keeping 
the total treatment surface area constant (Table 8.1).

All operative procedures were performed in a standardized manner by the first author 
(ACK), one experienced orthopaedic surgeon (GMK), and an assistant (Appendix 
8A.1). A posterolateral surgical approach was used to access the talus [6]. Through 
a 6 mm diameter cannulated drill guide, the osteochondral defect was drilled in the 
tali of both hind legs perpendicular to the talar surface under continuous cooling 
with saline. The defect was placed at the centre of the talar dome as designated by 
one surgeon for all goats. After debridement, the goats were treated according to a 
randomization scheme (Table 8.1; Fig. 8.1) using custom-made surgical templates.
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The joint capsule and subcutaneous tissue were closed with interrupted 2-O absorb-
able sutures and the skin was closed with an absorbable continuous intracutane-
ous suture. The animals were encouraged to perform immediate weight bearing 
and were transferred to a farm off-site after primary wound closure to complete 
follow-up under daily observation with neither food nor exercise restriction. After 
24 weeks, the goats were euthanized. All tali were collected, photographed, and 
stored at 4o C in phosphate-buffered saline 1% with aspartic, serine, and cysteine 
proteases inhibitors (complete ULTRA Mini Tablets; Roche Diagnostics Corporation, 
Indianapolis, IN, USA).

To compare the microscopic quality of the repair tissue between the 2 mm and the 4 
mm groups, histologic analysis was performed. Second, osteoid formation and repair 
tissue integration were compared in the 1.1 mm and 0.45 mm diameter groups to 
establish any differences in integration and bone formation between these groups. 
All tali were cut into 20 9 20-mm blocks around the defect, leaving the entire depth 
of the talus intact. The blocks were fixed in 4% formaldehyde in a 0.1 mol/L phos-
phate buffer, dehydrated, and embedded in methylmethacrylate. At a quarter into 

Table 8.1. Treatment group specifications
Number of specimens Talus Number of holes Diameter Depth

8 goats (16 defects) Randomized talus (8 defects) 6 0.45 mm 2 mm

Contralateral talus (8 defects) 3 1.1. mm 3 mm

8 goats (16 defects) Randomized talus (8 defects) 6 0.45 mm 4 mm

Contralateral talus (8 defects) 3 1.1. mm 3 mm

Figure 8.1A–E: Surgical technique
A 6-mm diameter osteochondral defect was drilled in the talus of both hind legs. In the same session, 
one defect subsequently was treated with six 0.45-mm diameter puncture holes of either 2 mm or 4 
mm depth. The contralateral defect was treated with three puncture holes made by a 0.045- (1.1 mm 
diameter) K-wire capped to a depth of 3 mm to simulate the dimensions of the current clinically applied 
microfracture awls. A. The customized drill guide was designed to create a 3-mm deep defect. B. The 
microfracture tools used to standardize the diameter and distance between the holes are shown. C. 
The 6-mm diameter, 3-mm depth created defect was made without bleeding from the defect before 
treatment. D. The defect was treated with six 0.45-mm diameter holes with punctuate bleeding from 
the holes. E. The contralateral defect was treated with three holes of 0.045 K-wires (1.1 mm diameter).
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and at the centre of the defect, 5 µm slices were sectioned and stained alternately 
with hematoxylin and eosin, Safranin-O, and Masson-Goldner trichrome. Collagen 
fibres were examined using polarized light to assess the structure of the repair tis-
sue. Hyaline cartilage will show organization of the fibres, whereas fibrous tissue 
does not.

To quantify our cartilage quality assessment, a modified form of the score described 
by O’Driscoll et al. was used (Appendix 8A.2) [32]. The original score by O’Driscoll 
et al. contains four main categories: nature of predominant tis sue, structural 
characteristics, freedom from cellular changes of degeneration, and freedom from 
degenerative changes of the adjacent cartilage, which give a maximum total score of 
24 points. The subitem cartilage thickness was not scored, because the repair tissue 
in the defects was never thinner than the healthy cartilage surrounding the defects. 
Therefore, a maximum of 22 points could be scored in this study. Each sample was 
scored twice with a one month interval by one blinded observer (ACK). Differences 
between the scores at the two times were resolved by an experienced histologist 
(VE). The entire defect was represented by an average O’Driscoll score, which was 
calculated using the values at a quarter and at the centre of the defect.

To quantitatively assess glycosaminoglycan (GAG) content [37], sections from the 
centre of the defect were stained with Safranin-O without any counterstaining and 
digitally analysed using a Leica microscope (Leica, Wetzlar, Germany) with a 518-nm 
wavelength filter and evaluated using imaging software [40]. The normalized aver-
age Safranin-O intensity (SOI) ratio of the repair tissue compared with the healthy 
reference cartilage region in the same sections then was calculated. A ratio close to 
one suggests a cartilage quality of the repair tissue close to that of healthy cartilage.

Osteoid formation was assessed on regular slices using the Masson-Goldner sections 
from the centre and categorized into three groups: (1) no osteoid formation; (2) 
slight, less than 20% of the defect; or (3) substantial osteoid formation, greater than 
20% of the defect.

Repair tissue integrity was quantified by a subitem of the O’Driscoll score into three 
categories: (1) full integration; (2) slight disruptions including cysts; or (3) severe 
disruptions.

To compare the quality of the repair tissue between the 2-mm and 4-mm deep 
groups, a non contrast-enhanced micro-CT scan (µCT) and an equilibrium partition-
ing of an ionic contrast agent (EPIC) through µCT (EPIC-µCT) scan were acquired 
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of each entire talus using an µCT scanner (Skyscan1076; Skyscan, Kontich, Belgium) 
[35, 52] before histologic analysis. The EPIC-µCTwas acquired after the tali had been 
saturated for 24 hours in a 40% Hexabrix 360 dilution (Guebet BV, Gorinchem, The 
Netherlands) [52]. The following scan settings were used: isotropic voxel size of 18 
µm; voltage of 70 kV; current of 111 µA; 0.5-mm aluminium filter; and 198° with a 
0.4° rotation step. Using Skyscan analysis software (Skyscan), a normalized attenu-
ation (grey value) ratio was calculated between a region of cartilage repair tissue 
and a region of healthy cartilage on the opposite side of the talus. A normalized 
attenuation ratio close to one indicates that the quality of the repair tissue is close 
to that of healthy cartilage.

To compare the effect on repair tissue volume between the 4 mm and 2 mm deep 
holes the cartilage repair tissue volume was determined as a percentage of the total 
tissue volume of a three-dimensional volume of 8 x 8 x 8-mm around the centre 
of the defect. Two observers (ACK, SdD) individually determined the repair tissue 
volume using image software [40], and disagreements between the observers were 
solved by discussion resulting in a single value per sample (Fig. 8.2).

All surgical wounds healed without infection. Two complications occurred after 
surgery: one temporary pressure neuropathy of the peroneal nerve, which sub sided 
completely within 12 hours, and one persistent swelling of both hind legs causing 
impeded mobilization. Supportive treatment was given using cooling gel. One goat 
was terminated early at 22 weeks follow-up for a bilateral front hoof problem causing 

Figure 8.2A-B: regions of interest for μCT and histological analysis
(A) A photograph of the talus with the treated defect is shown. (B) Schematic representations of the 
same talus in the cranial (left) and lateral (right) views show the two locations of histologic analysis 
(dotted lines) and the 8 x 8 x 8-mm region of interest in the µCT of which the percentage of repair 
tissue area was calculated.
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Figure 8.3A–L: Histological examples of a best (A-C), moderate (D-F) and poor result (G-I) 
including a moderate result with a large cleft (J-L).
Best case result with (A) moderate Safranin-O staining with evenly distributed GAG (original 
magnification, 9400x), (B) Masson-Goldner staining with little osteoid formation (original 
magnification, 9200x); and (C) Safranin-O without counterstains used for digital Safranin-O intensity 
with moderate staining and evenly distributed GAGs, and a smooth surface without disruptions or cysts 
in the repair tissue.
A moderate result is shown with (D) Safranin-O staining with patches of moderate staining and also 
unstained tissue (original magnification, 9400); (E) Masson-Goldner staining with several osteoid 
isles visible underneath the repair tissue (black arrows) (original magnification, 9200); (F) Safranin-O 
without counterstains showing patches of moderate staining and also unstained tissue for the same 
sample. Overall, the staining is less than the healthy tissue (* = repair tissue, white arrow = adjacent 
cartilage), and the repair tissue has not bonded to the healthy tissue (black arrow).
A worst case result is shown with (G) Safranin-O staining with a strong zonal distribution of Safranin-O 
and an irregular surface (original magnification, 9400x); (H) Masson-Goldner staining with large osteoid 
formations (original magnification, 9200x); and (I) Safranin-O without counterstains used for digital 
Safranin-O intensity (SOI), with a large difference in SOI between the repair tissue staining are shown 
(* = repair tissue; white arrow = adjacent cartilage). The repair tissue has not bonded to the adjacent 
cartilage (black arrow).
(J) Safranin-O staining of a sample with a cleft in the center shows similar results to the moderate 
case with moderate Safranin-O staining (original magnification, 9400x). (K) A few osteoid isles can 
be seen on the sample with Masson-Goldner staining (original magnification, 9200x). (L) There was 
uneven Safranin-O distribution and detachment of the healthy cartilage on the Safranin-O without 
counterstains digital analysis.

Figure 8.4A–B: Two samples of EPIC-μCT images 
The arrows indicate the repair tissue site in the cartilage. (A) The contrast influx is close to that of the 
adjacent cartilage, indicating a relatively similar GAG content. This results in an attenuation ratio (repair 
tissue: healthy reference) close to 1. (B) In this sample the attenuation ratio is lower owing to the low 
attenuation in the repair tissue caused by the lower negative change density.
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walking difficulty and pain. There were no apparent problems with the hind legs. The 
last two weeks at the end of the follow-up period were expected to have had minimal 
influence on the overall healing tendency. Therefore, these tali were included for 
analysis. All other 15 goats completed follow-up without difficulty.

The modified O’Driscoll scores including subitems, attenuation ratios, and repair tis-
sue volume percentages from the EPIC-µCT, the Safranin-O intensity ratios, and the 
osteoid formation categories were analysed nonparametrically as a result of skewed 
distribution of the data and the small sample sizes. Paired analysis between the 
experimental and control sides of each goat was performed to decrease the influence 
of repair variability between the goats. In addition, the differences between the talus 
treated with the experimental treatment and the contralateral talus were calculated 
per goat using Mann-Whitney U tests (p = 0.05). The EPIC-µCT attenuation ratios 
correlated significantly with the SOI ratio for the experimental groups (r2 = 0.5; p = 
0.05) and the control defects (r2 = 0.7; p = 0.006). In one µCTof the 2 mm group, an 
artefact was seen on the defect. This sample and its matching control were excluded 
for this specific analysis.

Results
We found no clinically significant relationship between repair tissue quality and the 
depth of microfracture holes. The median difference in the modified O’Driscoll score 
between the treatment and control legs per goat per group was 1.3 (range: -1.3 to 
4.3) for the 2 mm group and -0.9 (range: -4.3 to 2.0) for the 4 mm group (Table 
8.2). This difference was statistically significant (p = 0.04). All sections contained 
predominantly fibrous cartilage repair tissue with diminished Safranin-O staining 

Table 8.2. Results per depth group
Results are presented as median values with ranges between brackets.

2 mm 4 mm Difference 
between 
groups

Randomized 
talus

Control Difference
Randomized 

talus
Control Difference

MODS 
12.5 

(10.8–15.3)
12.0 

(9.0–13.0)
1.3 

( -1.25–4.3)
11.5 

(9.8–16.0)
12.6 

(11.5–14.3)
-0.9 

(-4.3–2.0)
2.4*

(p = 0.04)

SOI ratio
1.8

(1.4–2.7)
1.7 

(1.1–4.7)
0.2 

( -3.0–1.3)
1.5 

(0.9–2.4)
1.4 

(1.0–2.3)
0.2 

(1.2–0.5)
0 

(NS)

µCT 
attenuation 

ratio 

1.6 
(1.5–1.8)

1.6 
(1.4–1.7)

0.01 
( -0.2–0.4)

1.6 
(1.3–2.1)

1.5 
(1.3–1.8)

0.03 
(0.3–0.8)

0.02 
(NS)

*Difference between 2-mm and 4-mm groups is significant (p = 0.04); MODS: modified O’Driscoll score; 
SOI: Safranin-O intensity ratio; NS: not significant (p>0.05).
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and disorganized collagen structures on polarized light microscopy. The majority 
of the defect surfaces showed smooth surfaces (18 samples; Fig. 8.3). One goat 
in the 2 mm group had large residual defects with a cleft in the centre in both tali 
(Fig. 8.3). No cause could be identified from the operation or the postoperative 
period. Thirteen samples showed progressive hypocellularity near the surface in a 
zonal distribution compared with deeper zones near the sub chondral bone plate 
(six controls, three in the 2 mm group and four in the 4 mm group; Fig. 8.3).

Digital analysis of the Safranin-O intensity showed five samples in the control group 
and two in the 4 mm experimental group with uniform Safranin-O distribution with 
moderate staining. The other defects showed only patches of staining (Fig. 8.3). 
The difference in SOI ratio per goat per group was the same, 0.2, for the 2 mm and 
the 4 mm groups. This was not significant (Table 8.2). No significant difference was 
present between the attenuation ratio of the 2 mm group (range: -0.2 to 0.4) or the 
4 mm group (range: 0.0 to 0.8) (Table 8.2). In all scans the repair tissue was largely 
saturated with the contrast agent (average grey value 84/255, 33%) indicating a 
relatively low GAG content, compared with the relatively low saturation (average 
grey value 53/255, 21%), indicating high GAG content for the healthy adjacent 
cartilage (Fig. 8.4).

We also found no relationship between defect fill or repair tissue integrity between 
the 2 mm and 4 mm groups. On histology, the O’Driscoll score subitem ‘‘structural 
integrity’’ was not significantly different between the 2 mm and 4 mm groups nor 
was the osteoid formation (Table 8.3). Six samples showed severe disruption of 
tissue integrity, evenly distributed over both experimental groups and the control 

Table 8.3. Results per diameter group
Diameter Ø 0.45 mm Ø 1.1 mm Difference

Structural integrity (O’Driscoll Score)

Normal 1 (6%) 4 (25%)

NSSlight disruption 10 (63%) 9 (36%)

Severe disruption 5 (31%) 3 (19%)

Osteoid formation

None 1 (6%) 2 (13%)

NSModerate 8 (50%) 8 (50%)

Severe 7 (44%) 6 (38%)

Repair tissue volume (%)

Median (Range) 23% (10-40%) 29% (10-75%) -3% (NS)

NS: not significant (p>0.05).
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groups (Fig. 8.3). No significant difference was present in repair tissue volume on 
the EPIC-µCT scans (range: 10%–75%; Table 8.3).

Discussion
The aim of our study was to determine the effect of depth and diameter of holes 
created with microfracture bone marrow stimulation on repair tissue quality and 
the filling grade of the defect. We found that hole depth and hole diameter did not 
influence the defect fill or the structural integrity of repair tissue. To our knowledge, 
there are no previous comparative studies that have investigated hole diameter to 
compare with these results.

Our study has some limitations. Despite the efforts to standardize the protocol, a 
large variation was present in quality of repair tissue and defect fill even though we 
used a sample size calculation that was based on previous studies [4, 6, 25, 31]. The 
variation might be because the goats were not restricted in mobilization causing 
some goats to mobilize at a different pace [1]. However, signs of disturbed healing 
resulting from too fast or hampered mobilization (e.g., limping, swelling) were not 
seen. In addition, there was a large range in weight in our animals (range: 47–90 
kg). However, this proved to be attributable to two outliers, whereas 14 of 16 goats 
weighed 60 to 80 kg.

The results of repair response compared with non-weight bearing locations (e.g., 
the trochlea), which correspond to less hyaline repair tissue [20]. Additionally, 
talar cartilage is known to be stiffer and denser with a higher GAG and lower water 
content [49]. This changes the physical properties of the cartilage and its response 
to cyclic loading. Further clinical research is needed to investigate whether the bio-
mechanical differences also might influence the healing response, clinical outcome, 
and controversial prognostic factors in the two most predominantly used joints for 
bone marrow stimulation [29, 46]. This should be taken into account when applying 
our results to the knee, especially because we used an animal model to answer our 
research question. Extrapolating results from an animal study to a clinical situation 
should be done cautiously.

In many cartilage studies smaller, mainly rabbit models have been used [8, 11, 13, 
46]. We chose a goat model because this allows creation of larger defects (6 mm in 
diameter) that do not heal spontaneously [21]j. In addition, the two outliers were 
similar to those of the other goats. We do not expect this to have influenced our 
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results, because the literature is controversial regarding the effect of weight on the 
outcome of microfracture [5, 23, 27].

Another limitation is the use of the smaller joint (the ankle) rather than the knee. 
This limited the extremes in microfracture hole depth between the treatment groups 
in the current study. All other animal studies used the knee [11, 21, 28, 46, 47]. The 
maximum depth for the microfracture holes in the talus was 4 mm when using a 
3 mm deep osteochondral defect and without penetrating the centre of the talus. 
Other studies used depths between 2 and 6 mm [10, 11, 28]. In addition, the knee is 
connected to a shaft bone containing a large reserve of bone marrow [38], whereas 
the talus is dependent on the external vascular supply and the cells present in the 
trabecular bone [39]. These differences might have limited the number of cells that 
could be recruited from deeper areas. However, the talus is a more congruent joint 
and such a confined space might protect the blood clot from detaching during initial 
weight bearing. Immediate weight bearing on the defects also could have enhanced 
cortical and trabecular bone structure of the goat is similar to human bone and the 
proportion of cartilage to subchondral bone [13, 47]. In addition, some studies had 
a shorter follow-up (range: 1–56 days) [10, 11, 47], which is less analogous to the 
clinical situation. Clinical studies of the ankle use a follow-up period that generally 
ranges from several months to years [5, 12, 18, 26, 27, 29, 44, 53].

Concerning our first hypothesis, the differences we observed in terms of the 
O’Driscoll score for cartilage repair were on the border of statistical significance 
favouring 2 mm deep holes over 4 mm deep holes, but did not reach the threshold of 
15% defined elsewhere as clinically significant [43, 47]. A study using a rabbit model 
indicated that deeper compared with shallower drilling (6 mm versus 2 mm) elicited a 
cartilage repair tissue with a more hyaline character in the repair matrix [10]. We did 
not find this in our study. The predominantly fibrous repair tissue that we observed 
was similar to that in other cartilage repair studies using the microfracture technique 
[8, 28, 53]. This also caused a considerable saturation level of the repair tissue in the 
EPIC-µCT of the repair tissue, resulting from the relatively low GAG content. More 
subtle zonal differences in the repair tissue as seen in the Safranin-O slices remained 
undetected. Further research is needed to determine the right saturation protocol of 
fibrous tissue to enhance the potential of EPIC-µCT analysis of cartilage repair tissue.

Concerning our second hypothesis, no differences were found between 0.45 mm 
diameter microfracture holes and 1.1 mm diameter holes in the ‘‘structural integrity’’ 
subitem of the O’Driscoll score, repair tissue volume, or osteoid formation (Table 
8.3). Another study also used the O’Driscoll score to assess 6-mm diameter defects 
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in goats treated with subchondral drilling (mean score: 11.3; SD 8.7) [28]. A couple 
studies reported limited bonding to the subchondral bone and adjacent cartilage 
and only 30% to 50% defect fill [8, 28]. The modified O’Driscoll score in our study 
was higher and all samples showed good bonding to the subchondral bone, bonding 
to the adjacent cartilage on at least one side, and higher overall defect fill (Fig. 8.3; 
Table 8.3).

The study has several strengths. First, a high level of standardization was achieved 
by the use of specifically designed surgical templates to minimize variation in hole 
diameter, depth, and hole dispersion. Second, the minimally invasive approach 
decreased the operative burden on the animal and reduced the chance of postopera-
tive complications. Third, the animals were used as their own controls to compensate 
for the high variability between goats. A control group with an untreated defect 
was deemed an unnecessary increase of used animals, because previous studies have 
shown the significant lack of healing of these defects [6, 28]. Fourth, samples were 
analysed according to the guidelines for cartilage assessment in animal studies [20]. 
For cartilage assessment, the modified O’Driscoll score was used [32] because it is 
validated in animal models [30, 42]. Supporting the modified O’Driscoll score, two 
semiautomatic quantitative techniques were used as an internal reference: µCT and 
digital Safranin-O analysis. The use of µCT also offered a three-dimensional volume 
in which bone and cartilage repair could be assessed in the entire defect.

Using these tools and approaches, we found no clinically significant difference in the 
cartilage repair tissue quality or degree of defect fill of talar osteochondral defects 
treated with different sized microfracture holes or holes with different depths.
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Appendix 8A.1.
Substances used during operative treatment and euthanasia

1. General anesthesia
10 mg/kg ketamine (Alfasan International BV, Woerden, The Netherlands)
1.5 mg atropine (Centrafarm Services BV, Etten-Leur, The Netherlands)
10–20 mg etomidate intravenously (B. Braun Melsungen AG, Melsungen, Germany) 
on effect per goat
250 µg fentanyl bolus intravenous injection (Hameln pharmaceuticals gmbh, 
Hameln, Germany) and repetition based on heart rate
15 mg midazolam bolus injection intravenously (Dormicum; Roche Nederland BV, 
Woerden, The Netherlands) and repetition on heart rate
1%–2.0% isoflurane (Nicholas Piramal Limited, London, UK) per inhalation

2. Epidural injection
0.1 mg/kg morphine in 4 mL NaCl 0.9%

3. Postoperative pain medication
One 75-µg/hour Duragesic patch (Janssen Cilag BV, Tilburg, The Netherlands)
0.02 mg/kg meloxicam subcutaneously once daily, 5 days maximum

4. Euthanasia
10 mg/kg ketamine (Alfasan International BV)
1.5 mg atropine (Centrafarm Services BV)
10 mg xylazine intramuscularly (Sedazine1; ASTfarma, Oudewater, The Nether-
lands)
20 mg/kg pentobarbital natrium intravenously (Euthasol 20%; ASTfarma)
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Appendix 8A.2
Modified O’Driscoll score as used in this article

Characteristics Points

Nature of predominant tissue

Cellular morphology

Hyaline articular cartilage 4

Incompletely differentiated mesenchyme 2

Fibrous tissue or bone 0

Safranin-O staining of the matrix

Normal or nearly normal 3

Moderate 2

Slight 1

None 0

Structural characteristics*

Surface regularity

Smooth and intact 3

Superficial horizontal lamination 2

Fissures 25 to 100 % of the thickness 1

Severe disruption, including fibrillation 0

Structural integrity

Normal 2

Slight disruption, including cysts 1

Severe disintegration 0

Bonding to the adjacent cartilage

Bonded at both ends of graft 2

Bonded at one end, or partially at both ends 1

Not bonded 0

Freedom from cellular changes of degeneration

Hypocellularity

Normal cellularity 3

Slight hypocellularity 2

Moderate hypocellularity 1

Severe hypocellularity 0

Chondrocyte clustering

No clusters 2

<25 % of the cells 1

25-100 % of the cells 0

Freedom from degenerative changes in adjacent cartilage

Normal cellularity, no clusters, normal staining 3

Normal cellularity, mild clusters, moderate staining 2

Mild or moderate hypocellularity, slight staining 1

Severe hypocellularity, poor or no staining 0

* The subitem ‘‘Thickness of repair tissue’’ was left out because all repair tissue was always thicker than 
the adjacent cartilage and therefore could not be scored accurately (published with permission from 
O’Driscoll et al [33]





PART IV
GENERAL DISCUSSION AND SUMMARY
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General discussion
Cartilage repair is a complex process, which still is not fully understood [31, 50]. 
Meticulous monitoring of treatment effects on the repair process will aid our under-
standing. Important prerequisites in this respect are reliable imaging modalities for 
both diagnostics and monitoring, as well as uniform scoring systems to compare 
results. To date, there is no consensus in literature with respect to the use of imaging 
or scoring systems [46]. This thesis addresses relevant issues in imaging, staging and 
therapeutic techniques to improve the diagnostics and treatment of OCDT.

Part I: Optimizing pre-clinical imaging
Optimizing the pre-clinical imaging of repair tissue will contribute to more reliable, 
comparable research data. To reach a consensus on pre-clinical imaging modalities 
and scoring systems in the future, the controversies in this field as well as alterna-
tives were explored.

Macroscopic vs. structural assessment
The theoretical advantage of macroscopic assessment of repair cartilage quality is 
obvious: its non-invasive easy use allows a surgeon performing an arthroscopy to 
instantly judge the quality of tissue without the need for a biopsy. However, it is 
shown in chapter 2 that macroscopic scoring of cartilage repair provides an insuf-
ficient representation of the repair tissue quality because it is solely dependent on 
superficial morphological data whereas the golden standard, histological assess-
ment, allows qualitative and structural in-depth assessment as well. Currently, it is 
unclear whether macroscopic scoring alone can achieve equally reliable assessment 
as histology [4]. Possibly the accuracy of macroscopic assessment can be improved 
by a more elaborate analysis including additional parameters such as hypertrophy, 
colour, response to palpation, lesion size, location and degenerative status of the 
joint [42].

Until we establish whether a reliable macroscopic scoring system can be achieved, 
advanced imaging techniques such as Optical Coherence Tomography (OCT), as 
studied in chapter 3, could bridge the gap. OCT is a fibre optically based imaging 
technique suited for arthroscopy [43] and has been used in imaging meniscal tears 
and cartilage degeneration [9, 40]. The imaging depth is limited to approximately 2 
mm [5], which is sufficient to reach the subchondral bone plate in the talus since the 
talar cartilage thickness is around 1.4 mm [6]. Since OCT can be applied arthroscopi-
cally and without the need for a biopsy it allows relatively non-invasive measurement 
of more in-depth parameters, such as repair tissue depth and fissures or surface 
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indentations, which are known to be relevant in repair tissue assessment [4]. Based 
on validated microscopic scoring systems, other interesting characteristics to study 
are structural integrity (including subchondral cysts) and bonding of the repair tis-
sue to the adjacent cartilage [38, 51]. To our knowledge OCT has not been used 
in assessment of OCDT imaging, OCDT repair or even the ankle in general. Future 
research should investigate whether OCT is suitable for this purpose and then used 
to aid in the development of a non-invasive score. When comparing OCT imaging 
to histology it should be taken into consideration that our ex vivo study has shown 
the importance of accurate co-localisation of OCT and histological slices for reliable 
matching and comparison. Other studies have shown good results with 3D histology, 
which uses a reference cutting plane and dense histological sampling [1].

Sample size and quantification
This thesis touches several sensitive points in the development of a validated assess-
ment scheme. There are two essential conclusions. Firstly, in order to include the 
entire spectrum of possible results of repair tissue quality, an extensive number of 
samples is needed. Especially in in-vivo studies where not all confounding factors can 
be controlled, such as weight bearing in goats for example, study methods should 
be designed specifically to achieve a large variety in results (chapter 2). However, 
in concordance with the 3R principles of animal studies (replacement, reduction, 
refinement) it might prove impossible to design a prospective study with sufficient 
subjects and the use of retrospective data from other studies should be considered 
(chapter 3). Perhaps the rise of big data analysis techniques can play a role in facili-
tating this process.

Secondly, semi-quantitative scoring will benefit from automated assessment, such 
as in our studies in chapter 3 and 8. Though semi-quantitative scoring suggests a 
higher degree of accuracy (e.g. as more or less than 50%) than non-quantitative 
scoring, it is highly dependent on the interpretation of the observer and thereby 
subject to a significant learning curve [38]. In other fields automated assessment 
is used for objectification with higher correlations than visual assessment [37]. It 
would be incredibly valuable to explore the possibilities of complete automated 
assessment, since many current scoring items allow quantification. The challenge 
lies in correlating those results with clinically relevant differences.

Part II: Improving clinical imaging
Chapters 4 and 5 have shown that ultrasound is a viable imaging technique for 
longitudinal follow up of anterior and centrally located OCDT in patients at short 
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intervals in time [19, 26]. Several practical directions and recommendations for the 
future can be made based on this thesis.

In full plantar flexion the tibial bone still covers the posterior part of the talus; the 
tibial bone inhibits ultrasound waves and thereby imaging of the posterior talar car-
tilage surface. Therefore, ultrasound is not suited for defects on the posterior aspect 
of talar dome [3]. Similarly, the tibial superposition also limits the area of the talar 
dome that can be accessed with anterior ankle arthroscopy. Current pre-operative 
planning uses a plantar CT scan to determine whether a central OCDT clears the 
tibial bone in plantar flexion to determine the accessibility with anterior ankle 
arthroscopy. Recent studies have shown that the visible anterocentral area of the 
talus with ultrasound coincides with the area accessible with anterior ankle arthros-
copy [2]. This could make ultrasound a useful tool in the pre-operative planning to 
determine whether a lesion can be treated using anterior arthroscopy without the 
need of an additional plantar CT scan.

The results of our studies also justify further steps to explore the use of ultrasound 
to gain more in-vivo insight in the cartilage repair process. Based on the combined 
experience from our studies and literature, we expect ultrasound to be able to 
detect every predominant morphological feature presented in various OCDT and 
repair tissue classification systems for other imaging modalities such as defect 
fill, surface regularity, and integration into the adjacent cartilage [22, 35]. Future 
research will have to determine to what degree cartilage repair tissue changes are 
detectable before we consider ultrasound for post-operative follow up. There are 
two possible applications of ultrasound in this respect: non-invasive morphological 
ultrasound imaging using the conventional probes and a more invasive ultrasound 
imaging of acoustic properties of cartilage using experimental probes which require 
direct contact with the cartilage.

As for non-invasive use in clinical practice, we propose using a standardized protocol. 
Since ultrasound is highly observer dependent this will be essential when considering 
it for comparative longitudinal follow up [6,7,20]. An adapted imaging protocol is 
presented in the appendix based on our experience (Appendix 9A.1). Also, the use 
of 3D tracked imaging (as used in chapter 5, fig. 9.1) would be a significant contribu-
tion to the reproducibility because of read-back options and one-on-one location 
retrieval between different exams [21].
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As for quantitative ultrasonic assessment of cartilage, it has been shown in previous 
literature that the ultrasound signal correlates with cartilage thickness and structural 
properties including cartilage integrity in osteoarthritis [21, 29, 33, 34].

Converting ultrasonic echoes into wavelet maps allows analysis of the maximum 
magnitude and echo duration, which in turn have been shown to correlate with quan-
titative cartilage indices. This allows successful detection of microscopic changes 
[17, 21]. Ultrasonic palpation gives information on cartilage stiffness and relaxation 
times in case of compression and indentation to allow in vivo biomechanical testing 
[48].

The invasive nature of this technique currently puts quantitative ultrasound more 
in the realm of pre-clinical imaging. The challenge lies in developing a non-invasive 
system what will allow in vivo assessment. Our study group is currently designing 
this by combining acoustic wave generation, mechanical loading and ultrasonic 
sensing to quantify cartilage damage within the Vibrant Vision project under a new 
STW grant. Current testing of biomechanical behaviour of cartilage requires require 
complex ex vivo set ups with cylindrical samples made to fit the testing machine, 
taken from their surrounding articular cartilage potentially changing the water flow 

Figure 9.1 Location retrieval of ultrasound images using 3D tracking 
3D tracking is used to co-localise CT images (blue) and ultrasound images (black and white) using 
Custus X. Left: ultrasound probe projection on the reconstructed 3D ultrasound volume, Top right: 
sagittal CT image (blue) with ultrasound image overlay after registration of both volumes, Bottom right: 
original ultrasound image of the talar dome.
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and collagen fibre structure and therefore the biomechanical behaviour. Proving a 
tool for in vivo mechanical assessment could change this for both joint and vertebral 
disc research.

Maybe this degree of detail will prove too advanced for routine clinical practice. 
However, in case of thin cartilage such as the ankle where cartilage stiffness dif-
ferences are less outspoken, it could aid the surgeon with an objective measure of 
cartilage quality and locate subchondral defects with an intact cartilage surface.

Part III: Optimizing treatment
In literature, clinical results and prognostic factors of OCDT treatment techniques 
are often contradictory and inconclusive due to factors such as low level of evidence, 
small patient groups and heterogeneity of the study methods and patient populations 
[11, 45]. This thesis has shown that the effect of technique detail is underreported 
and we implore researchers to investigate adaptations of existing treatment options 
and aid in designing a patient and defect specific treatment algorithm.

Infiltration technique
In chapter 6 we presented a cross-over patient study that investigates the accuracy 
of intra-articular injections in the osteo-arthritic ankle joint with or without the use 
of a traction device. While the study was performed on patients with arthritis and not 
OCDT, infiltrations with hyaluronic acid are often used in patients with OCDT with 
or without concomitant arthritis as well [36]. No significant differences were found 
between the two techniques, but it should be noted that the substantial amount 
of possible extra-articular injections corresponds with previous literature [24]. It 
is advisable to use imaging during injection, especially with severe osteoarthritis, 
anterior osteophytes or less experienced surgeons. Traditionally, contrast-aided 
fluoroscopy is used for this type of imaging. However, considering the results pre-
sented in previous research [27, 52], and chapters 4 and 5, ultrasound could serve 
as an alternative without the burden of radiation or the use of a contrast-agent. 
This could significantly reduce the amount of extra-articular injections and increase 
successful therapeutic agent delivery while preventing exposure to unnecessary 
adverse events.

If adequate infiltration is safeguarded, the next research question to be answered 
is which agent to use, both as solitary treatments and as supplemental agents to 
surgical treatment. Recently several high level clinical studies have been published 
providing positive results for microfracture with the addition hyaluronic acid [49] 
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and platelet rich plasma [18] with lower pain scores and higher functional outcome. 
Further research will need to provide long term follow up in larger cohorts to estab-
lish whether these augmentations prove useful in the long term.

Microfracture technique
In chapter 7 it was shown that specific technique descriptions were often lacking in 
current literature. If a description was given, it often was comparable to the tech-
nique as presented in the original article by Steadman [53]. The majority of included 
articles were retrospective case series with limited statistical analysis and a relatively 
small number of patients. The articles that were excluded for this review showed a 
similar quality. A recent review concluded there has been no improvement in level of 
evidence based medicine practice for microfracture in recent years and results have 
remained highly variable [16].

In our opinion, essential improvements would have to be established to improve this 
current impasse. Future studies should not only include precise information on their 
methods, but also data on possible prognostic factors (such as lesion size, patient 
related factors and postoperative regimen), use a sound methodology and uniform 
grading systems, and provide standardized outcome measurements. A validated 
imaging and scoring evaluation guideline for OCDT is therefore warranted. Such a 
scheme is already available for the knee in the form of the ICRS cartilage evalua-
tion package for the knee [22], which holds a standardized work-up using validated 
questionnaires, defect type, location and treatment registration, and postoperative 
assessment scores. This could serve as an example for a similar package for the ankle. 
However, the selection of imaging modalities and matching scoring systems would 
have to be made from the many available options (as illustrated in the introduction 
of this thesis) in a way that carries broad consensus.

The necessity of more high-level therapeutic studies with standardized homo-
geneous methods including detailed technique descriptions is evident. However, 
designing clinical studies using a more standardized approach can be challenging. 
We expect technique variation to be unavoidable to some extent due to factors such 
as limited access to central-posterior defects using the current rigid instruments 
[14] or irregular defects. This could result in cartilage damage due to wedging of 
the instruments and unstandardized distribution of the microfracture holes. Possible 
ways to improve these problems are the adaption of the current surgical tools or the 
use of an animal model in which practical factors can be controlled more (such as 
choosing an easily accessible defect location). This thesis utilizes both these strate-
gies.
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To improve the current rigid surgical tools for microfracture our research group 
initiated the “hydrochipper’ project. Its aim is to create a more flexible arthroscopic 
microfracture tool that at the same time could provide a standardized microfracture 
pattern. Water jet cutting is used instead of the conventional microfracture awls 
or drills to achieve more control over the distribution of the holes while using a 
flexible device. Water jet has been used in various surgical fields for cutting, such 
as in tonsillectomies [32] and hepatectomies [55]. It has also been suggested for 
peri-prosthetic interface cutting in revision surgery [28]. While straightforward 
cutting through cortical bone and accurate drilling to a limited depth in trabecular 
bone are very different in terms of device demands, the proof of concept ex vivo 
studies have shown promising results in terms of accuracy and reproducibility [13, 
14]. We expect a more standardized treatment using this technique because depth, 
geometry and direction perpendicular to the cartilage surface can be controlled by 
using one flexible water jet head that makes several holes in one jetting session. In 
addition, water jet is able to produce holes as small as 0.3 mm in diameter, which we 
hypothesised would cause less damage to the subchondral bone providing a better 
scaffold for the repair tissue.

However, our animal study in chapter 8 showed no difference between small diam-
eter and larger diameter holes using conventional tools (0.45 mm vs. 1.1 mm). 
Interestingly, another study published in two separate articles found a significantly 
better quality repair with smaller holes (1.0 mm vs. 1.8 mm) in full thickness 
chondral defects in sheep femoral defects [15, 41]. But these results are not truly 
comparable considering the established differences between various animal mod-
els, as well as between the ankle and the knee joint [10, 23]. Also, our model used 
osteochondral defects and our large holes were about the same size as the small 
holes in the aforementioned study by Eldracher et al. and Orth et al. [15, 41]. Our 
study used the conventional microfracture awls, because a suitable water jet device 
was not yet available. It would be interesting to compare water jet microfracture 
to the conventional awls to see whether this produces a different repair tissue. Still 
unpublished data of a second animal study using water jet in chondral defects of the 
goat talus has shown no significant adverse events, but since animal studies are not 
directly applicable to human pathology, patient studies are imperative in the future.

Based on the best available evidence, microfracture is an established, simple and 
financially favourable technique with low morbidity for patients. The current indica-
tions for microfracture are relatively narrow since it is generally accepted that it only 
produces a stable tissue in small OCDT [7, 11]. It is also broadly stated that since it 
does not produce hyaline like cartilage the long-term results could deteriorate and 
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show progression to osteoarthritis [30, 31]. However, using microfracture combined 
with other techniques to improve the stability and quality of the repair tissue, such 
as with additives or a biomimetic scaffold gel, has not been explored extensively yet. 
Herein lies another possible option for optimization.

There are several prospective RCTs available on the use of hyaluronic acid and PRP 
with microfracture. Görmeli et al. compared a single injection with hyaluronic acid, 
PRP and saline after microfracture treatment in 40 patients with OCDT smaller 
than 15 mm. Follow-up up to two years showed significantly better VAS and AOFAS 
scores in the PRP and hyaluronic acid group compared to the control saline group 
[18]. The overall satisfaction rate at one year however was still rather low: fully or 
partially satisfied total scores were 85% for PRP, 86% for hyaluronic acid, and 77% 
in the control group. Several other prospective RCT studies compared either PRP or 
hyaluronic acid to microfracture alone with similar results [12, 20]. So, while either 
PRP or hyaluronic acid might improve results of microfracture, a number of patients 
remain with complaints. This could be due to insufficient effect of the compound, 
wrong infiltration technique or inadequate selection of patient and lesion character-
istics.

We firmly believe that it is imperative to design patient specific treatment algorithm 
with careful consideration of defect characteristics. Possibly suitable alternatives 
for one indication should be investigated in comparable patient groups. Currently, 
there does not seem to be a difference between chondral and osteochondral defects 
in terms of treatment outcome [25, 44, 47]. However, in our opinion OCDT treat-
ment should not be differentiated for affected tissue, but by affected structural 
component and size. Also, the primary or secondary nature should be established 
and treated as a different entity due to the differences in mechanism of injury and 
healing potential [39]. Following this reasoning, it should be determined whether 
small, superficial defects benefit from injected additives, such as hyaluronic acid or 
PRP. More substantial defects involving different structural components (such as 
deep defects) or that are inherently unstable (larger defects) could benefit from 
guided regeneration. Relatively superficial but larger defects could be treated using 
biomimetic scaffolds [8, 54] to improve repair tissue integration and stability, while 
large deep defects could be reconstructed using directly implanted substitutes (such 
as TOPIC). The challenge lies in defining if and where simple additives suffice, and 
where extensive reconstructive treatment is necessary.
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Proposed treatment algorithm for future research 
on treatment of osteochondral defects of the talus

HYALURONIC ACID
PLATELET RICH PLASMA
MESENCHYMAL STEM CELLS

Superficial lesions < 15 mm

Deep lesions > 15 mm

Large lesions 
with intact cartilage

Superficial lesions > 15 mm

MICROFRACTURE +/-
INFILTRATED ADDITIVE

RESTORATIVE TREATMENT

REPARATIVE TREATMENT 

CARTILAGE IMPLANTATION ((M)ACI),
CHONDROGENESIS INDUCING 
TECHNIQUES (ACIC, AMIC) 

              

or

or

OSTEOCHONDRAL IMPLANTATION 
(OATS, TOPIC)

REPARATIVE TREATMENT 

MICROFRACTURE +/-
BIOMEMETIC SCAFFOLD

LIFT-DRILL-FILL-FIX

Fig. 9.2 Suggested treatment algorithm as a guideline for future research and treatment
This algorithm takes into consideration OCDT size, structural nature of a defect, previous treatment 
and patient characteristics. Possibly suitable alternatives for one indication should be investigated in 
comparable patient groups using methodically sound research methods.
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Conclusion
This thesis contains various research modalities such as basic science, literature 
review, cadaveric experiments, and in vivo animal and patient studies dedicated to 
optimizing existing imaging and treatment techniques for OCD of the talus.

Based on the results of these studies presented in this thesis we conclude the fol-
lowing: 
- There is need for a guideline outlining which imaging techniques and validated 

imaging scoring systems can be used in diagnostic assessment of OCDT and 
repair tissue after treatment.

- Advanced techniques that have proven useful in other fields can be considered 
for imaging OCDT repair to increase our understanding of the cartilage repair 
process. Optical Coherence Tomography for example can assess cartilage thick-
ness and surface morphology without biopsy with good correlation with histol-
ogy.

- Ultrasound imaging is feasible as a cheaper, less invasive alternative for extensive 
follow up for anterior and central OCLT. Future research will concentrate on 
its usefulness in clinical imaging of repair tissue and on quantitative ultrasonic 
assessment of cartilage quality.

- Intra-articular infiltration in the ankle benefits from imaging using either con-
ventional fluoroscopy or ultrasound by decreasing the amount of unintended 
extra-articular injections.

- Detailed descriptions of the microfracture technique are often lacking from 
literature. There is a need for larger high-quality studies with explicit description 
of patient groups and technique, sound methodology and uniform scoring and 
outcome measures.

- Changes in microfracture depth or diameter do not affect repair tissue quality 
in OCDT in the goat. Using water jet cutting could provide a more standardized 
treatment, but the “hydrochipper” is yet to be developed further into a clinically 
usable device.

- It is imperative to design a patient specific treatment algorithm. This can also 
guide future research and treatment with careful consideration of size, structural 
nature of a defect, previous treatment and patient characteristics.
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Appendix 9A.1
Adapted imaging protocol for ultrasound examination of (osteo-)chondral defects 
in the talus.

Ultrasound settings
High-resolution ultrasound is able to detect cartilage and underlying bony disrup-
tions. Appropriate settings are required for optimal imaging. Table 9.A1 displays the 
settings used in our protocol.

Table 9A.1. Ultrasound settings
Parameter Setting

Frequency 17 MHz

Depth 3.0 cm

Gain 49%

Frame rate High

Frames per second 30

Dynamic range 70 dB

Persistence 2

Clarity High

Positioning
Plantar flexion of the foot is vital for imaging the maximal talar surface due to over-
projection of the tibia. At the start of the examination the foot is placed in maximal 
plantar flexion using the following technique (Fig. 9A.1). The patient is seated on 
the examination bench with the knee flexed and the dorsum of the foot completely 
flat on the bench. The patient is moved backwards on the examination bench (or 
the foot is moved forward) while keeping the dorsum of the foot flat on the table 

Figure 9A.1. Optimal positioning for ultrasound examination of OCDT
Left: Patient sitting on examination bench with knee flexed and foot with plantar surface on the table. 
Right: Patient moved backwards on the examination bench while keeping plantar surface of the foot on 
the table.
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(Fig. 9A.1). The foot will be in maximal plantar flexion when the patixent cannot 
move further backwards while keeping his/her foot flat on the examination bench. 
One can consider using weights on the toes or sitting on the toes (as is done in knee 
examination tests) to ensure maximal plantar flexion.

Structured examination
The observer should perform a scan of the talus in a consistent and standardized 
manner using landmarks for guidance. We recommend performing two motions 
(Fig. 9A.2, centre).

The first motion starts at the medial ankle with the probe placed perpendicular on 
the foot on the deltoid ligament. The joint line is positioned in the centre of the 
probe, visualizing the tibial rim and the proximal surface of the talus at all times while 
moving the probe to lateral (Figure 9A.2, right). The lateral rim is reached where the 
lateral malleolus begins and when the anterior talofibular ligament is visualized.

The probe is then moved distally to perform the second motion back to medial in 
order to display the more distal surface of the talus that might not have been visible 
during the first motion (Figure 9A, left). The main landmarks here are the frontal 
cartilaginous rim of the talus, the transition of the talar neck to the body and the 
prominence on the medial part of the talus.

Figure 9A.2. Structured ultrasound examination of the talar surface with landmarks.
Centre: showing the two motions during the exam, medial to lateral and back. Right: Ultrasound image 
of the proximal sweep with the joint line (*) centred in the image. Left: Ultrasound image of the distal 
sweep showing the more distal articular cartilage up to its frontal rim (^). Ti: tibia; ta=talus
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   Recording (osteo)chondral defects.
When a (osteo)chondral defect is detected, several characteristics can be noted.

Location
To identify the location of a (osteo)chondral defect, the talus can be divided into 
three zones (Fig. 9A.3). This can be done in two ways: either by using a coronal 
overview of the talus and dividing this image into three equal zones, or by using 
the ankle tendons as an anatomical reference as used in previous literature [4]. The 
medial zone was defined by the anterior deltoid ligament medially and the lateral 
border of the tibialis anterior tendon; the central zone by the tibialis anterior and 
the medial border of the extensor digitorum longus tendon; the lateral zone by the 
extensor digitorum longus and the anterior talofibular ligament.

Figure 9A.3. three zones used to identify the location of 
the defects on ultrasound.
Top: using a coronal ultrasound overview to determine in which 
third of the talus the defect is located. Right: using ankle tendons 
as landmarks. The medial zone defined by the anterior deltoid 
ligament medially and the lateral border of the tibialis anterior. The 
central zone by the lateral border of the tibialis anterior and the 
medial border of the extensor digitorum longus tendon. The lateral 
zone by the lateral border of the extensor digitorum longus tendon 
and the anterior talofibular ligament. TA: tiabialis anterior; EDL: 
extensor digitorum longus; lat: lateral zone; cen: central zone; med: 
medial zone.
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Figure 9A.4. Different aspects of a chondral defect, left, and an osteochondral defect, 
right. Disruptions within the defect are visible within the marked area.

Nature of the lesion
The defect should be categorized into an osteochondral or solely chondral lesion 
based on characteristics previously described [2] (Fig 9A.4). Irregularities in the 
hypoechoic, generally homogenous, cartilage layer suggest a chondral defect (Fig. 
9A.4, left), while concurrent disruption of the hyperechoic bone-cartilage interface 
is a sign of an osteochondral defect (Fig. 9A.4, right).

Size
Coronal and sagittal measurements can be taken and recorded together with the 
location and lesion characteristics. Based on previous research both chondral and 
osteochondral defects as small as 3 mm should be detectable reliably [1, 3, 4].

Postoperative imaging of cartilage repair tissue
Future research will have to determine the feasibility for ultrasound imaging of 
postoperative cartilage repair tissue, before a guideline for such imaging can be 
composed.
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English summary

Background
An osteochondral defect of the talus (OCDT) is a lesion of the cartilage and the 
underlying subchondral bone of a joint causing deep ankle pain, swelling, ankle 
instability and locking. In due time these OCDT can progress to ankle joint osteo-
arthritis with prolonged symptoms of pain and loss of joint function. The complex 
structure of hyaline cartilage has limited self-healing capacities and complicated 
healing mechanisms. Extensive knowledge of the cartilage repair process is essen-
tial to understand why treatments might be successful and to enable their further 
development. This thesis addresses a number of challenges in imaging, staging and 
treatment techniques that contribute significantly to our understanding of cartilage 
repair and the optimization of diagnostics and treatment of OCDT in the ankle.

Part I: Optimizing pre-clinical imaging
In-depth understanding of the cartilage healing process starts with pre-clinical 
research. We need reproducible morphologic, quantitative and qualitative data 
that is comparable over time to understand the effect of treatment techniques on 
cartilage repair. However, there is no true consensus on the preferred assessment 
modalities yet yet.

Chapter 2: Macroscopic cartilage repair tissue assessment using the ICRS compared 
to histological assessment for talar osteochondral defects treated with microfrac-
ture.

Currently, it is unclear whether macroscopic scoring during arthroscopy can achieve 
reliable assessment of cartilage repair tissue. We used 32 samples from an OCDT goat 
model to evaluate whether assessment of repair cartilage quality using macroscopic 
scoring (ICRS score) was comparable to the golden standard: histological scoring 
(O’Driscoll score). The average scores were similar, but the interobserver correlation 
for the ICRS score was poor and the correlation of the average total ICRS score and 
the O’Driscoll score was not significant. This lack of correlation might be related to 
the samples not displaying the entire range of possible histological outcome, but also 
due to the fact that the ICRS is a semi-quantitative score that only uses superficial 
morphological data. Possibly the accuracy can be improved by more elaborate or 
automated assessment.
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Chapter 3: Comparison of optical coherence tomography and histopathology in 
quantitative assessment of goat talus articular cartilage

We explored the use of Optical Coherence Tomography (OCT) as an alternative to 
histology and arthroscopic assessment in a similar model as presented in Chapter 2. 
A representative histological slice was compared to the corresponding OCT image.

The ICC for histology and OCT matches on cartilage thickness were near-perfect for 
healthy cartilage, but less for repair tissue area and surface roughness. Differences 
were attributable to wrinkling of the histological slices, inaccuracy of the assumed 
refractive index and difficulty to achieve accurate matching of the exact location of 
histology and OCT slices. Possible future improvements include better co-localisation 
of OCT and histological slices using 3D histology and using 3D arthroscopic OCT in 
vivo.

Part II: Optimizing clinical imaging
For OCDT imaging in clinical practice both MRI and CT show good to excellent sensi-
tivity and specificity. However, these modalities have disadvantages for use in more 
extensive follow-up of cartilage repair mechanisms in patients. Studies in osteoar-
thritis and rheumatology research have shown that ultrasound enables imaging of 
bone erosion and pathological changes in cartilage, making it a possible alternative 
for longitudinal follow-up of patients with an anterior or centrally located OCDT.

Chapter 4: Sensitivity and specificity of ultrasound in detecting (osteo)chondral 
defects: a cadaveric study. We first determined the accuracy of ultrasound for 
detection of OCDT in a cadaveric study using ten fresh formerly frozen human 
cadaver ankles with arthroscopically created osteochondral and chondral defects. 
Ultrasound exams by two blinded observers were compared to CT and photographs. 
Overall sensitivity was 96% for observer 1 and 92% for observer 2, with chondral 
defects being more difficult to detect. The specificity for both observers was 100%. 
Defect measurements were accurate, with 68% and 79% of the defect sizes within 
relevant limits of agreement (20.2 ± 1.0 mm).

Chapter 5: feasibility of ultrasound imaging of osteochondral defects in the ankle: 
a clinical pilot study. Eight patients with a CT confirmed anterior or central OCDT 
were imaged by an experienced musculoskeletal radiologist. Nine additional patients 
who did not have an OCDT in the anterior talar dome served as negative controls. 
Five OCDT were detected with ultrasound. Six negative control patients were also 
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diagnosed by ultrasound as negative. Two of the false-positive ultrasound diagnoses 
were described as chondral lesions, which we were unable to objectify with the CT 
scans. Similar to CT, ultrasound revealed typical morphologic OCDT features, such 
as cortex irregularities, cartilage disruptions, displaced fragments (Loomer grade 
IV) and cysts with a fibrous roof (Loomer grade V). Ultrasound could also be a 
useful future tool in the pre-operative planning to determine whether a lesion can 
be treated using anterior arthroscopy without the need of an additional plantar CT 
scan. Future research will consider ultrasound for post-operative follow up, using 
3D tracked imaging enabling read-back and one-on-one location retrieval between 
different exams.

Another future application involves more invasive ultrasound imaging of acoustic 
properties of cartilage and using cartilage stiffness and relaxation times to detect 
microscopic changes and in vivo biomechanical testing.

Part III: Optimizing treatment
Studies on the effect of the actual execution of treatment techniques are scarce. 
In part III of this thesis we critically examine the technique of two widely used, less 
invasive treatments to understand whether changes in the technique performance 
could optimize results.

Chapter 6: The optimal injection technique for the osteoarthritic ankle: A random-
ized, cross-over trial. This randomized cross-over patient study investigates the 
accuracy of two methods for intra-articular injection in 72 patients: with or without 
using the traction device that is commonly used for ankle arthroscopy. Both meth-
ods were used on each patient one month apart. The success rate was 76% for both 
techniques. Following the infiltration with traction, 41 patients (58%) experienced 
mainly moderate adverse events versus 39 patients (55%) without traction. No 
significant difference was found in the number of attempts to place the needle into 
the joint, experienced pain or patient preference for either technique. Considering 
the high failure rate, which is in correspondence with previous literature, it is advis-
able to use of imaging (traditional contrast-aided fluoroscopy or ultrasound) dur-
ing injection using either technique, especially with severe osteoarthritis, anterior 
osteophytes or less experienced surgeons.

Chapter 7: Is technique performance a prognostic factor in bone marrow stimula-
tion of the talus? This literature review includes six articles (198 patients) that pres-
ent a technique description in their method section to discover whether differences 
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in technique performance are recorded and whether these influence outcome. The 
majority of included articles were retrospective case series with limited statistical 
analysis and a relatively small number of patients. Key elements were similar and 
in concordance with the original technique by Steadman et al: removal of unstable 
cartilage, hole depth variation between 2 and 4 mm until bleeding or fat droplets 
occurred, and a distance between the created holes of 3 to 4 mm.

Chapter 8: No effect of hole geometry in microfracture for talar osteochondral 
defects. Since there is little technique variation for microfracture in literature, we 
tested two hypotheses in an animal study: (1) holes that reach deeper into the bone 
marrow-filled trabecular bone allow for more hyaline-like repair; and (2) a larger 
number of holes with a smaller diameter result in more solid integration of the repair 
tissue, less need for new bone formation and higher fill of the defect. In eight goats 
an osteochondral defect was created in the talus and treated by drilling six 0.45 mm 
diameter holes in the defect 2 mm deep; in eight more goats, six 0.45 mm diameter 
holes were punctured to a depth of 4 mm. All contralateral defects were treated with 
three 1.1 mm diameter holes 3 mm deep, mimicking the clinical situation, as internal 
controls. Analysis after 24 weeks showed a statistically significant median difference 
between the treatment and control legs per goat per group in histological quality 
(modified O’Driscoll score). However, we found no clinically significant relation-
ship between repair tissue quality and the depth or the size of microfracture holes 
compared to the controls. Safranin-O intensity on digital imaging and repair tissue 
volume on EPIC micro CT scans were also similar. We did witness a large variation 
in quality of repair tissue and defect fill within groups and goats, despite adequate 
sample size and standardized protocols. A possible improvement to the current rigid 
microfracture tools that create unstandardized and therefore variable distribution of 
holes could be using flexible arthroscopic water jet cutting creating several holes at 
once in a standardized pattern.

Conclusion
Based on the results of these studies presented in this thesis we conclude the fol-
lowing: 
- There is need for a guideline outlining which imaging techniques and validated 

imaging scoring systems can be used in diagnostic assessment of OCDT and 
repair tissue after treatment. Such a scheme is already available for the knee in 
the form of the ICRS cartilage evaluation package. This could serve as an example 
for a similar package for the ankle.
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- Advanced techniques that have proven useful in other fields can be considered 
for imaging OCDT repair to increase our understanding of the cartilage repair 
process. Optical Coherence Tomography for example can assess cartilage thick-
ness and surface morphology without biopsy with good correlation with histol-
ogy.

- Ultrasound imaging is feasible as a cheaper, less invasive alternative for extensive 
follow up for anterior and central OCDT. Future research will concentrate on 
its usefulness in clinical imaging of repair tissue and on quantitative ultrasonic 
assessment of cartilage quality.

- Intra-articular infiltration in the ankle benefits from imaging using either con-
ventional fluoroscopy or ultrasound by decreasing the amount of unintended 
extra-articular injections.

- Detailed descriptions of the microfracture technique are often lacking from 
literature. There is a need for larger high-quality studies with explicit description 
of patient groups and technique, sound methodology and uniform scoring and 
outcome measures. Future studies should not only include precise information on 
their methods, but also data on possible prognostic factors (such as lesion size, 
patient related factors and postoperative regimen), use a sound methodology 
and uniform grading systems, and provide standardized outcome measurements.

- Changes in microfracture depth or diameter do not affect repair tissue quality 
in OCDT in the goat. Using water jet cutting could provide a more standardized 
treatment, but the “hydrochipper” is yet to be developed further into a clinically 
usable device.

- It is imperative to design a patient specific treatment algorithm. In our opinion 
OCDT treatment should not be differentiated for affected tissue, but by affected 
structural component and size. Also, the primary or secondary nature should be 
established and treated as a different entity. This can also guide future research 
and treatment with careful consideration of size, structural nature of a defect, 
previous treatment and patient characteristics. The challenge lies in defining if 
and where simple additives suffice, and where extensive reconstructive treat-
ment is necessary.
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Nederlandse samenvatting

Achtergrond en doel
Een osteochondraal defect van de talus (OCDT) is een letsel van kraakbeen en 
het onderliggende subchondrale bot. Het veroorzaakt diepe enkelpijn, zwelling, 
enkelinstabiliteit en slotklachten. Uiteindelijk kunnen deze OCDT zich ontwikkelen 
tot artrose met chronische symptomen van pijn en verlies van de gewrichtsfunctie. 
De complexe structuur van het hyalien kraakbeen maakt dat het een beperkte zelf-
helende capaciteit heeft met complexe herstelmechanismen. Uitgebreide kennis van 
het kraakbeen herstelproces is essentieel om te begrijpen waarom behandelingen 
succesvol zouden kunnen zijn en hun verdere ontwikkeling mogelijk te maken. Dit 
proefschrift richt zich op een aantal uitdagingen in de beeldvorming, stadiering en 
behandeltechnieken die een belangrijke bijdrage leveren aan ons begrip van het 
herstel van kraakbeen en de optimalisatie van de diagnostiek en behandeling van 
OCDT in de enkel.

Deel I: Optimalisatie van preklinische beeldvorming
Diepgaande kennis van het genezingsproces van kraakbeen begint met preklinisch 
onderzoek. We moeten reproduceerbare morfologische, kwantitatieve en kwalitatieve 
gegevens verzamelen, die vergelijkbaar zijn over de tijd om het effect van de behan-
deltechnieken op het herstel van kraakbeen te begrijpen. Echter, er is nog geen echte 
consensus over de gouden standaard ten aanzien van de te gebruiken methoden.

Hoofdstuk 2: Macroscopische evaluatie van herstelweefsel middels de ICRS score 
vergeleken met histologische analyse bij osteochondraal defecten in de enkel 
behandeld met microfracture. Op dit moment is het onduidelijk of evaluatie op 
basis van macroscopische beoordeling vergelijkbaar kan zijn met histologie. We 
gebruikten 32 tali van een OCDT geitmodel om te evalueren of een macroscopische 
score (ICRS score) vergelijkbaar is met de gouden standaard: histologische scoring 
(O’Driscoll score). De gemiddelde macroscopische scores waren vergelijkbaar, maar 
de interobserver correlatie voor de ICRS score was slecht (50% met een к van 0,4, 
p <0,001) en de correlatie tussen de gemiddelde totale ICRS score en de O’Driscoll 
score was niet significant. Dit gebrek aan correlatie kan verband houden met het feit 
dat de defecten niet het gehele bereik van het mogelijk histologisch resultaat tonen, 
maar ook doordat de ICRS een semi-kwantitatieve score is die alleen oppervlakkige 
morfologische gegevens gebruikt. Mogelijk kan de nauwkeurigheid worden verbe-
terd door een uitgebreidere of geautomatiseerde beoordeling.
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Hoofdstuk 3: Vergelijking van optische coherentie tomografie en histologie voor 
kwantitatieve beoordeling van gewrichtskraakbeen in de geiten talus. In dit 
hoofdstuk maakten we gebruik van Optische Coherentie Tomografie (OCT) als 
alternatief voor histologie en arthroscopische beoordeling in een model vergelijk-
baar met Hoofdstuk 2. Een histologische coupe werd vergeleken met een OCT beeld 
van dezelfde locatie. De ICC voor histologie en OCT voor kraakbeendikte waren 
bijna perfect voor gezond kraakbeen, maar minder bij herstelweefsel oppervlakte 
en oppervlakte gladheid. De gemeten verschillen zijn mede te wijten aan rimpels in 
de histologische coupes, de deels onbekende brekingsindex en een toch complexe 
bepaling van de exact gelijke locatie van de histologische en OCT coupes. Optimale 
co-lokalisatie met behulp van 3D histologie zou deze resultaten in de toekomst kun-
nen verbeteren, eventueel in combinatie met 3D arthroscopische OCT in vivo.

Deel II: Verbeteren van klinische beeldvorming
Voor de klinische praktijk hebben MRI en CT scans een goede tot uitstekende sensi-
tiviteit en specificiteit. Echter, deze modaliteiten hebben een aantal nadelen indien 
ze overwogen worden voor meer uitgebreide follow-up in het kader van studie naar 
kraakbeen herstelmechanismen bij patiënten. Diverse studies naar artrose binnen de 
reumatologie hebben aangetoond dat echografie boterosie en pathologische veran-
deringen in kraakbeen kan laten zien. Dit proefschrift onderzoekt of echografie een 
mogelijk niet-invasief, dynamisch en financieel gunstig alternatief kan zijn binnen 
het longitudinaal follow-up onderzoek van patiënten met een anterieur of centraal 
gelegen OCDT.

Hoofdstuk 4: sensitiviteit en specificiteit van echografie bij het detecteren van 
(osteo-) chondraal defecten: een kadaver onderzoek. In tien fresh frozen mense-
lijke kadaver enkels werden arthroscopisch osteochondraal en chondrale defecten 
gemaakt. Twee geblindeerde onderzoekers maakten echografische beelden, die 
werden vergeleken met CT scans en digitale foto’s. De sensitiviteit bedroeg 96% 
voor onderzoeker 1 en 92% voor onderzoeker 2. De specificiteit bedroeg bij beiden 
100%. Chondraal defecten waren moeilijker te detecteren. Grootte berekeningen 
waren accuraat: 68% en 79% van het defectafmetingen waren binnen de relevante 
grenzen van overeenkomst (20,2 ± 1,0 mm).

Hoofdstuk 5: haalbaarheid van echografische beeldvorming van osteochondraal 
defecten in de enkel: een klinische pilotstudie. Op basis van CT scans werden acht 
patiënten geïncludeerd met een anterieure of centrale OCDT, welke potentieel 
zichtbaar zou kunnen zijn op echografie. Negen extra patiënten zonder OCDT 
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dienden als negatieve controles. Een ervaren radioloog beoordeelde de aanwezigheid 
of afwezigheid van een OCDT op basis van 2D echografie beelden, welke werden 
vergeleken met het beeld op CT. Vijf van de acht eventueel detecteerbare defecten 
werden gedetecteerd met echografie. Zes van negen negatieve controlepatiënten 
werden door middel van echografie als negatief gediagnosticeerd. Twee van de vals-
positieve diagnoses werden beschreven als chondrale laesies, welke niet te objective-
ren waren met de CT-scans. Echografie toonde typische morfologische kenmerken 
vergelijkbaar met CT, bijvoorbeeld cortex onregelmatigheden en losse fragmenten. 
Kraakbeen verstoringen, evenals Loomer graad IV (losliggend fragment) en graad 
V (cyste met een fibreuze bedekking), waren ook zichtbaar. Ook zou echografie 
een handig hulpmiddel kunnen zijn in de preoperatieve planning om te bepalen of 
een letsel kan worden behandeld met behulp van anterieure artroscopie zonder de 
noodzaak van een extra plantair flexie CT-scan. Toekomstig onderzoek zal moeten 
bepalen in welke mate veranderingen in kraakbeen herstelweefsel zichtbaar is met 
echografie, voordat we dit overwegen voor postoperatieve follow-up. Het gebruik 
van 3D-tracked imaging kan hierbij een belangrijke bijdrage leveren door read back 
opties en een-op-een locatieherkenning tussen onderzoeken op verschillende tijd-
stippen. Een andere toekomstige toepassing omvat echografisch akoestisch onder-
zoek naar kraakbeenstijfheid en relaxatietijden, waardoor in vivo biomechanische 
eigenschappen kunnen worden bestudeerd.

Deel III: Optimalisatie van de behandeling
Onderzoek naar de daadwerkelijke uitvoering van behandeltechnieken is schaars. In 
deel III van dit proefschrift kijken we kritisch naar de techniek van twee belangrijke 
behandelingen om te begrijpen of veranderingen in de techniek de resultaten kun-
nen verbeteren.

Hoofdstuk 6: optimale injectietechniek voor de enkel met artrose: een gerandomi-
seerd cross-over onderzoek.In dit hoofdstuk wordt een patiëntenonderzoek gepre-
senteerd met 72 patiënten om de nauwkeurigheid van twee infiltratiemethoden te 
vergelijken: met of zonder behulp van een tractie instrument dat gewoonlijk wordt 
gebruikt voor enkelartroscopie. Iedere patiënt werd met beide methoden behandeld 
met een maand tussenpoze. De positie van de injectie werd gecontroleerd onder 
röntgendoorlichting. Het succespercentage was 76% voor beide technieken. Er was 
geen significant verschil tussen beide technieken in een hoeveelheid repositiepo-
gingen van de naald, ervaren pijn of techniekvoorkeur. De aanzienlijke hoeveelheid 
extra-articulaire injecties, welke overeenkomt met eerdere literatuur, rechtvaardigt 
standaard controle van de naaldpositie met beeldvorming, conventionele röntgen 
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of echografie, in het bijzonder bij ernstige artrose, anterieure osteofyten of minder 
ervaren chirurgen.

Hoofdstuk 7: Is techniekuitvoering een voorspellende factor voor microfracture 
van de talus? Hoofdstuk 7 is een literatuurstudie van zes artikelen (198 patiënten) 
die een techniekomschrijving van microfracture in hun methodesectie hadden 
opgenomen om te constateren of er verschillen zijn en of deze invloed hebben op 
de uitkomst. De meerderheid waren retrospectieve case series met een beperkte 
statistische analyse en een relatief klein aantal patiënten. De techniekbeschrijving 
was vaak vergelijkbaar met de techniek zoals beschreven in het oorspronkelijke 
artikel door Steadman et al.: debridement van instabiel kraakbeen, microfracture 
diepte tussen de 2 en 4 mm tot zich puntbloedingen of vetdruppeltjes voordeden, 
en een afstand tussen de gecreëerde gaten van 3-4 mm. De resultaten zijn verge-
lijkbaar met vorige algemene reviews. Derhalve lijkt variatie in techniek, zoals deze 
momenteel in de literatuur wordt beschreven, niet van invloed op de uitkomst van 
microfracture voor OCDT.

Hoofdstuk 8: Geen effect van variatie in geometrie van microfacture bij de behan-
deling van osteochondraal defecten in de geiten talus. Deze studie onderzoekt 
twee mogelijke aanpassingen van de microfracturetechniek in een geitenmodel: (1) 
gaten die dieper in het trabeculaire bot reiken produceren meer hyalien kraakbeen 
herstelweefsel; en (2) een groter aantal gaten met een kleinere diameter leidt tot 
stevigere integratie van weefselherstel, minder nieuwe botvorming en hogere vul-
ling van het defect. Hiervoor werden bilateraal osteochondraal defecten gemaakt 
bij 16 geiten. In acht geiten werd één defect behandeld met microfracture met zes 
gaten van 0,45 mm diameter van 2 mm diep; in de overige acht geiten werden zes 
0,45 mm diameter gaten gemaakt tot een diepte van 4 mm. Alle contralaterale 
defecten werden behandeld met drie 1,1 mm diameter gaten 3 mm diep, om de 
huidige klinische situatie na te bootsen als interne controles. Analyse na 24 weken 
toonde geen klinisch significante relatie tussen herstelweefselkwaliteit en de diepte 
of diameter van microfracture gaten bij histologie (O’Driscoll histologische score), 
Safranine-O-intensiteit of herstelweefselvolume op de EPIC micro CT scans. Wel 
zagen wel grote variatie in de kwaliteit van reparatieweefsel en opvulling binnen de 
groepen en ook binnen de geiten, ondanks voldoende sample size en gestandaardi-
seerde protocollen.

Een mogelijke verbetering ligt in het huidige rigide microfracture instrumentarium, 
dat een niet gestandaardiseerde en dus variabele verdeling van de gaten creëert. 
Een toekomstige optie is het gebruik maken van flexibel arthroscopisch waterstraal 
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snijden, waardoor meerdere gaten tegelijkertijd in een gestandaardiseerd patroon 
worden gevormd.

Conclusie
Op basis van de resultaten van de studies in dit proefschrift hebben we het volgende 
kunnen concluderen:
- Momenteel is er geen richtlijn voor beeldvorming van kraakbeen herstelweef-

sel en scoringssystemen. Een gevalideerde leidraad voor beeldvorming en 
gevalideerde scoringssystemen voor de diagnostiek en de postoperatieve fase is 
daarom nodig.

- Geavanceerde technieken die op andere gebieden nuttig zijn gebleken moeten 
overwogen worden in het kader van onderzoek om ons begrip van het kraakbeen 
herstelproces van OCDT in de enkel te vergroten. Optical Coherence Tomografie 
bijvoorbeeld kan kraakbeendikte en oppervlaktemorfologie beoordelen zonder 
biopsie met een goede correlatie met histologie.

- Echografische beeldvorming is een goedkoop, minder invasief alternatief voor 
intensieve follow-up van anterieure en centrale OCDT. Toekomstig onderzoek 
zal zich concentreren op het nut hiervan in de klinische beeldvorming van weef-
selherstel en kwantitatieve echografie van kraakbeenkwaliteit.

- Intra-articulaire infiltratie in de enkel is gebaat bij beeldvorming door middel van 
conventionele röntgendoorlichting of echografie om het aantal onbedoeld extra-
articulaire injecties te verkleinen.

- Gedetailleerde beschrijvingen van de microfracture techniek ontbreken vaak in 
de literatuur. Toekomstige studies ten aanzien van de behandeltechnieken die-
nen niet alleen nauwkeurige informatie over hun techniek en methoden te bevat-
ten, maar ook gegevens te verschaffen over mogelijke prognostische factoren, 
gebruik te maken van een degelijke methodologie en uniforme scoringssystemen 
en gestandaardiseerde uitkomstmaten.

- Veranderingen in microfracture diepte of diameter hebben geen invloed op de 
kwaliteit van het kraakbeen herstelweefsel van OCDT in de geit. Het gebruik van 
waterstraalsnijden kan bijdragen aan een gestandaardiseerde behandeling, maar 
de “hydrochipper” moet nog worden verder ontwikkeld worden tot een klinisch 
apparaat.

- De behandeling van OCDT dient te gebeuren met een zorgvuldige afweging 
van de grootte en het structurele karakter van een defect, eerder ondergane 
behandelingen en kenmerken van de patiënt.
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Gabrielle, jij breekt ijzer met handen. Wat een respect heb ik voor jouw doorzet-
tingsvermogen en kritische blik. Soms met harde hand, maar altijd met een visie. Je 
bent eigenhandig verantwoordelijk voor één van mijn grootste wapenfeiten van deze 
periode: aandacht voor details, waardoor ik dat (figuurlijke) keukenschort steeds 
minder nodig heb. Ik hoop in de toekomst iets terug te geven voor al je onmisbare 
input in de afgelopen periode.

Gino, ik ben je dankbaar voor je aanstekelijke enthousiasme vanaf dat eerste gesprek 
op de poli, waar ik kwam vragen of ik onderzoek mocht komen doen. Stiekem zijn 
we toch al een hoop jaren en life events verder, maar ik kom nog steeds iedere keer 
supercharged uit zo’n gesprek met jou. Dank voor je geduld, je interesse en je voor-
beeld. Allora, forza! 

Beste Prof. van Dijk, beste Niek, ook u ken ik al zo lang als dat ik de orthopedie ken. 
Dank voor de mogelijkheid om bij de ORCA twee jaar onderzoek te doen. Het is de 
begin geweest van een prachtige tijd en mijn keuze voor de orthopedie. Hoe kan het 
ook anders. Dank voor de waardevolle aanwijzingen voor mijn wetenschappelijke 
carriere en de coulance voor het schrille contrast in onze motorische vaardigheden 
op de squashbaan.

Lieve mede cubicle en G4-genoten met wie ik het gebrek aan daglicht mocht 
delen over de jaren heen: altijd adrem binnen en buiten de wetenschap met een 
onnavolgbaar uithoudingsvermogen voor het sociale programma. Ondanks al mijn 
gereis tussen de VU, ACTA, het Erasmus, TU Delft en de kelder van de Fysiologie was 
het fijn om aan te kunnen schuiven bij de gezellige basis daar. Leendert, dank voor je 
inhoudelijk advies. Lieve Inger, wat waren die statistiek sessies op je kamer goed en 
ontzettend gezellig. Ik ben jaloers op iedereen die nu ergens anders bij je binnen mag 
lopen. Stagestudenten, Juri, Johan, Daniel, dank voor jullie tijd en hulp.

TU Delft! Nooit durven dromen dat ik nog zoveel met fietsenmakers zou mogen 
optrekken na mijn switch van Bouwkunde naar de Geneeskunst. Ik ken nergens 
anders zoveel mensen die ogenschijnlijk onoverkomelijke tegenslagen simpelweg 
herdefinieren tot een hobbeltje in de weg. Steven, je rustige positiviteit is een feestje 
om mee samen te werken. Ik hoop dat je snel weer vol kan genieten van alles en een 
killer van een verdediging neer kan zetten. Nazli, my savior for everything with a 
motherboard: you rock. I am so going to miss you and your superpowers... Marjon, 
Bente, Reinier, dank voor al jullie hulp.
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Dank aan alle mensen vanuit andere specialismen met wie ik het genoegen heb gehad 
om onderzoek mee te doen, zowel binnen als buiten het AMC. Maaike, wat waren 
we blij om jou aan boord te hebben. Mario, Geert, Iwan dank voor alle know how. 
Klaas, Paul, en Ger, het is niet heel 3R van me, maar ik zou graag langer onderzoek 
met jullie hebben gedaan. Wellicht ooit nog een 3e ronde? Dames en heren van de 
ACTA, menig zonsop- en ondergang heb ik versleten in jullie prachtige lab uitkijkend 
over Amsterdam. Dank dat jullie deze orthopedie dame van die andere universiteit 
tijdelijk hebben geadopteerd.

My supervisors at SINTEF, Toril, Christian and Sebastien, and all the other boys and 
girls there, Marta, Palli, Sinara, Inger: my time in Norway was one of the best foreign 
experiences I’ve had. Everything about you was just so relaxed and positive. Tusend 
takk og jeg savner deg!

Pap. De dag dat jij je met het ochtendgloren bij het dieren OK complex gemeld hebt 
om een dagje met je dochter mee te opereren, was echt een van de leukste dagen 
van mijn onderzoekstijd. Ik ben jullie zo dankbaar dat ik altijd mag komen aanwaaien 
met wie dan ook, wanneer dan ook, voor hoe lang dan ook. En mam, je bent mijn 
voorbeeld voor hoe je als vrouw onvoorwaardelijk lief, begaan én sterk kunt zijn.

Last but not least, Roy. Je houdt deze dame met je eerlijke en soms ongezouten 
mening met beide benen op de grond. Oprecht begaan, maar je laat me vrij in mijn 
keuzes. En dat kan niet altijd makkelijk zijn geweest. Dit boekje is ook zeker een deel 
jouw bloed, zweet en tranen: dank voor het om 01u00 ’s nachts ophalen na een dag 
kadavervoeten echoën, OK foto’s maken, tirades over publicatie frustraties aanho-
ren en eindeloos kaftontwerpen reviewen. Mijn liefste, ik kijk zo uit naar al die mooie 
grote (en kleine) avonturen in onze toekomst. Ik houd van je om duizend redenen.
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2010 Systematic reviews course, AMC Amsterdam
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Amphia Ziekenhuis, Breda
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04/2014 Current concepts of bone marrow simulation: current 
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09/2013 No effect of hole geometry in microfracture for talar 
osteochondral defects
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European Orthopaedic Research Society (EORS) congress, 
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stem cell research

11/2011 Lecture on animal studies in cartilage repair research
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Miscellaneous
Foreign languages 
English, Dutch and German: fluent
French and Italian:  conversant

Interests 
Orthopaedic surgery (Upper Extremity, Spine, Oncology).
Medical business management (e.g. taskforces on same day admission, EMR intro-
duction, various courses).
Conflict dynamics, European integration, cultural differences.

Leisure activities
Sports: endurance sports (triathlon), motorcycling, hiking.
Travel and cooking.
Volunteer and neighbourhood coordinator for Burennetwerk Amsterdam.
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