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Abstract
Purpose  The autologous collagen-induced chondrogenesis technique is described, and the results of a 6-year follow-up 
clinical study using this technique are presented.
Methods  30 patients with International Cartilage Repair Society (ICRS) Grade III/IVa symptomatic chondral defects of the 
knee treated with enhanced microdrilling using atelocollagen were prospectively examined in this clinical series. The median 
age of the patients was 39.0 years (range 19–61 years). Patients were followed up to 72 months. Clinical evaluation was 
performed using functional knee scores and radiologically. Both quantitative and qualitative assessments were performed.
Results  Statistically significant and clinically relevant improvement was observed in 2 years and was sustained for the 6 years 
of the study observation. At 6 years, the mean Lysholm score was 79.7 (SD 6.8) compared to 52.6 (SD 10.7) pre-operatively 
(p < 0.05). The symptomatic Knee Injury and Osteoarthritis Outcome Score (KOOS) improved from 68.3 (SD 11.4) to 90.2 
(SD 4.3) (p < 0.05). The subjective International Knee Documentation Committee (IKDC) also showed improvement from 
39.1 (SD 4.1) to 81.6 (SD 7.8) (p  < 0.05). The calculated T2* relaxation times were 26.0 (SD 4.2) seconds and 30.3 (SD 
6.2) seconds for the repair tissue and native cartilage, respectively. The average magnetic resonance observation of cartilage 
repair tissue (MOCART) score was 78.5 (SD 9.6) for all lesions.
Conclusion  The enhanced microdrilling using atelocollagen is an enhancement of the traditional microfracture method using 
an off-the-shelf product. When used to treat moderate to severe chondral lesions, this enhancement produces hyaline-like 
cartilage with a corresponding improvement in symptoms.
Level of evidence  IV.

Keywords  Enhanced microdrilling · Collagen · Articular cartilage repair · Chondral defects

Introduction

The last 2 decades have seen growing amounts of research 
dedicated to the topic of articular cartilage defects, which 
continue to be of high prevalence and a significant source of 
disability worldwide. Full-thickness chondral lesions show 
a limited ability to regenerate and are a cause of symptoms 
such as pain, locking, and swelling. Untreated, the natural 
history of these defects may lead to progressive and irrevers-
ible architectural changes of osteoarthritis, thus considerably 
increasing the socioeconomic burden on the healthcare sys-
tem. Despite the development of numerous successful car-
tilage regenerative procedures, the microfracture approach 
remains the most popular technique among orthopaedic 
surgeons globally. Although it has been demonstrated 
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extensively in the literature that this technique produces infe-
rior fibrocartilage with shorter duration of clinical improve-
ment, it is the technical simplicity, cost-effectiveness, and 
all-arthroscopic approach of this procedure that make it 
appealing to clinicians [1, 2]

The challenge remains that of identifying a practical, 
minimally invasive technique that is sensitive to the health 
economic constraints in the provision of modern orthopaedic 
services, and most importantly, in the ability to regenerate 
normal hyaline cartilage. There is also a need to identify 
an off-the-shelf solution for the surgeon who identifies a 
potentially treatable lesion during other surgical procedures.

The development of an enhanced microdrilling technique 
using atelocollagen, autologous collagen-induced chondro-
genesis, progressing from in vitro analysis through to ani-
mal model pre-clinical trials has been previously described 
[3–6]. Atelocollagen, a purified type I collagen rendered 
non-immunogenic by the removal of telopeptides has been 
used as a scaffold [7]. Collagen is known to conduct chon-
drogenic cells and is naturally remodelled as opposed to syn-
thetic scaffolds, which degrade hydrolytically [8, 9]. The 
scaffold is rendered adherent using fibrin glue.

Further, the absence of a cellular component to the repair 
scaffold would allow for reduced complexity, cost, and infra-
structure requirements. The purpose of the study was to vali-
date a pragmatic off-the-shelf regenerative technique to man-
age the challenge of moderate to large chondral lesions. The 
hypothesis of the study was that the microfracture technique 
could be augmented by the atelocollagen scaffold through 
arthroscopic application with carbon dioxide (CO2) insuf-
flation of the joint to improve the quality of repair tissue.

Materials and methods

After obtaining National Research Ethics Committee 
approval (NREC 13/LO/1780), 30 patients were recruited 
with International Cartilage Repair Society (ICRS) Grade 
III and IVa chondral lesions identified by magnetic reso-
nance imaging (MRI) to undergo enhanced microdrilling 
using atelocollagen. Inclusion criteria comprised knees with 
a mechanical axis that did not deviate more than 5° from 
normal, no active inflammatory process, and intact cruci-
ate and collateral ligaments. No age or body mass index 
(BMI) restriction was imposed. Pre-operative symptom scor-
ing was assessed using the Knee Injury and Osteoarthritis 
Outcome Score (KOOS), International Knee Documentation 
Committee score (IKDC), and Lysholm scoring systems. A 
pre-operative MRI was obtained for all patients and the car-
tilage defect on MRI findings was correlated with physical 
examination by direct compression or rubbing the cartilage 
defect area. Notably, all of the patients showed considerable 
discomfort with this clinical examination.

Surgical technique

The surgical procedure began as a routine knee arthroscopy. 
The lesion was mapped according to ICRS guidelines. The 
lesion was then debrided to stable vertical margins with 
every attempt to ensure that the resulting defect was con-
tained (i.e. there was a rim of native cartilage surrounding 
the treatment area). The surface was lightly abraded with 
a burr to reduce the subchondral sclerosis without altering 
the contour. Microdrilling was carried out. The subchon-
dral bone of the medial femoral condyle was drilled with a 
3.5-mm-diameter drill up to a depth of 10 mm with a 3-mm 
interval. The subchondral bone of the patella was drilled 
with a 45° angled drill (PowerPick drill, Arthrex, UK). The 
drilling was performed under water. The joint was then 
washed out and insufflated with CO2. The surface was dried 
with cotton buds to promote adhesion. The gel was prepared 
and applied using a duel syringe (ratio—fibrin 1:thrombin 
0.2:atelocollagen 0.8) used in the application of fibrin glue, 
via a 20-gauge spinal needle (Fig. 1a, b). Once the gel was 
set and found to be stable to cycling, the instruments were 
removed and the portals were closed. A local anaesthetic 
was applied to the portals.

Post‑operative protocol

Patients were provided continuous passive motion (CPM) 
rehabilitation for 4 h post-operatively and were discharged 
on the same day. CPM was continued at home for 4–6 weeks. 
Patients were instructed by the physiotherapist on the initial 
knee exercises and the use of appropriate crutches along 
with partial weight bearing for 6 weeks. The cartilage repair 
for patellar and trochlear lesions was further protected with a 
knee brace locked at 0–20° movement, which was gradually 
increased to 90° over 6 weeks.

Follow-up was assessed by symptom scoring (KOOS, 
IKDC and Lysholm scoring systems) at 6 weeks, 6 months, 
1 year, and then yearly thereafter with the last follow-up 
occurring at 6 years. Radiological evaluation included mor-
phological MRI and quantitative assessment using T2* 
mapping and delayed gadolinium-enhanced MRI of carti-
lage (d-GEMRIC) scans. This was performed to assess the 
status of cartilage repair at 6 months, 1 year, and 3 years, 
while the subsequent yearly assessments were carried out 
using the magnetic resonance observation of cartilage repair 
tissue (MOCART) scoring system (Fig. 1c, d).

Statistical analysis

G*power software version 3.1.3 was used to estimate sam-
ple size, which was obtained based on repeated measure and 
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within-factor analysis. This study compared symptom scores 
obtained preoperatively to 6 years post-operatively. The large 
effect size of 0.40 was verified from a previous study indi-
cating that there was a statistically significant difference in 7 
variables among 12 variables in each group [10]. The sample 
size of eight patients was calculated based on a significance 
level of 0.05, power of 0.80, six repeated measures, the default 
value of correlation among repeated measures, and nonsphe-
ricity correlation.

Statistical analysis was performed using SAS software ver-
sion 9.2 (SAS Institute Inc., Cary, NC). All variables were 
summarized with standard descriptive statistics such as mean, 
standard deviation (SD), median, and range.

The Mann–Whitney test was used to compare improve-
ment between the groups. Statistical significance was defined 
as p < 0.05. Continuous data analysis was performed through 
descriptive statistics. The Wilcoxon signed rank test was used 
for the comparison of scores between pre-operative and post-
operative status.

Results

The median age of the patients was 39.0  years (range 
19–61 years) and they were followed up to 72 months. The 
mean lesion size was 4.6 cm2 (SD 2.0). At 6 years, the mean 
Lysholm score was 79.7 (SD 6.8), compared to 52.6 (SD 10.7) 
pre-operatively (p < 0.05). Symptomatic KOOS improved 
to 90.2 (SD 4.3) from 68.3 (SD 11.4) (p < 0.05). Subjective 
IKDC also showed improvement from 39.1 (SD 4.1) to 81.6 
(SD 7.8) (p< 0.05) (Fig. 2). The mean T2* relaxation times 
calculated were 26.0 (SD 4.2) and 30.3 (SD 6.2) for the repair 
tissue and native cartilage, respectively. The mean MOCART 
score was 78.5 (SD 9.6) for all lesions.

Fig. 1   Clinical case. a Grade 
IVa chondral defect of the 
medial femoral condyle. b 
Atelocollagen is applied to the 
defect site under CO2 insuffla-
tion after lesion preparation and 
microdrilling. c Second-look 
arthroscopy at 2-year follow-
up showing complete cartilage 
growth. d Trochlear defect with 
T2* values of 26 ms for the 
repair area and 26 ms for the 
surrounding healthy carti-
lage. This suggests a similar 
biochemical composition of the 
repair area and the native carti-
lage, which indicates hyaline-
like repair tissue
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Discussion

This study demonstrates sustained good clinical results from 
an enhancement of a standard microfracture technique that 
is reinforced with MRI evidence suggestive of successful 
chondral regeneration. The many diverse approaches used to 
regenerate lost articular cartilage can be broadly divided into 
techniques that may stimulate native tissue, deliver a scaf-
fold able to conduct chondrogenic tissue, deliver a cellular 
component that will transform into cartilage, and a combi-
nation of the above [6, 11–13]. Osteochondral transplanta-
tion using allografts or autografts aims to provide hyaline 
or hyaline-like repair for articular defects and has shown 
good long-term results in some papers [14, 15], but these 
techniques are restricted by limited donor site availability, 
incongruent grafts, and alteration of biomechanical proper-
ties of the joint [12, 16].

Many techniques are prohibitively expensive for the gen-
eral public health services [16, 17], while others require 
extensive arthrotomy with the associated morbidity [16]. 
The overhead of the application of cultured cells, whether 
chondrocytes or mesenchymal stem cells, adds yet another 
obstacle to progressing away from a microfracture technique 
known to produce inferior fibrocartilaginous regenerate defi-
cient in bound hydrophilic components [1, 18]. Thus, despite 
the numerous modern regenerative techniques available, the 
standard microfracture (or microdrilling) technique remains 
the mainstay of surgical therapy [19].

Currently, the majority of chondral lesions have been 
identified incidentally when performing arthroscopy for 
other conditions [20, 21]. In such cases, either the patient is 
given a microfracture or is brought back at a later date for 
definitive chondro-regenerative therapy in a second surgical 
procedure. The high costs of cartilage repair procedures, 

repeated surgeries, and waiting periods are all factors the 
surgeon should consider. Nonetheless, another barrier to 
adoption of more complex techniques is the associated learn-
ing curve, along with the motivation for their implementa-
tion. Thus, such techniques often fail to achieve widespread 
mainstream adoption. While most surgeons would not treat 
asymptomatic lesions, the natural history of moderate chon-
dral and osteochondral lesions found incidentally is a steady 
progression toward ones that are symptomatic and associated 
with structural subchondral changes. An incidental discov-
ery on MRI scan or at arthroscopy thus offers the oppor-
tunity of preventing this progression, yet there are clearly 
ethical issues in treating such lesions with procedures which 
themselves may have significant morbidity.

The enhanced microdrilling technique using atelocollagen 
followed in our series is an augmentation of the standard 
microfracture procedure with no appreciable increase in 
morbidity [3, 5]. It is an all-arthroscopic procedure unique 
in two aspects. First, the use of CO2 for joint insufflation is a 
major advantage because of its proven excellent safety pro-
file. It allows for gravity-independent application of the gel 
mixture and contributes to the technical simplicity. Second, 
the technique involves the use of atelocollagen, which is a 
nonantigenic and highly purified type I collagen. The advan-
tage of the atelocollagen–fibrin mixture is that it can be used 
irrespective of the depth or size of the defect. Furthermore, 
the clotting properties and mouldable nature of the mixture 
ensures a good and stable coverage of the defect.

The authors preferred microdrilling to the microfracture 
technique. The disadvantage of bone compaction associated 
with microfracture and the resulting reduced bone marrow, 
which can potentially affect cartilage repair, is avoided by 
microdrilling [22]. Furthermore, even the potential for heat 
necrosis reported to be associated with microdrilling has 

Fig. 2   Summary of clinical 
outcomes. All scores show 
significant improvement from 
pre-operative evaluation to 
72-month follow-up. KOOS, 
Knee Injury and Osteoarthritis 
Outcome Score; IKDC, Inter-
national Knee Documentation 
Committee
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been disproved by some studies [23]. It is possible that these 
changes in technique, however minor they may appear, may 
have a considerable impact on the long-term success of car-
tilage repair.

The significantly improved functional scores (IKDC, 
Lysholm and KOOS) noted at the 2-year mark were main-
tained at the 6-year follow-up. The results are comparable 
to similar studies with a medium term follow-up. Improved 
outcomes in younger patients and in patients with nor-
mal BMI were observed, but the small number of patients 
enrolled makes stratification by age or BMI difficult to inter-
pret. However, very few studies on regenerative neochondro-
genesis show results beyond the 5-year follow-up.

To assess the true nature of the regenerate, a non-inva-
sive system of evaluation including MRI was used, which 
compared signals from the regenerate against the normal 
native articular cartilage [24]. Quantitative T2* mapping at 
follow-up demonstrated identical values in the repair tissue 
and native cartilage. Because this modality has been shown 
to have low sensitivity for glycosaminoglycan content, an 
additional d-GEMRIC scan was performed. This scan per-
formed at the 1-year follow-up confirmed the hyaline-like 
properties of the enhanced microdrilling using atelocolla-
gen repair tissue. An average MOCART score of 78 was 
similar to other successful cartilage repair techniques like 
the matrix-induced autologous chondrocyte implantation 
(MACI) [25]. Patello-femoral chondral defects had similar 
MOCART scores as those for condylar lesions and there was 
no significant difference in outcome between the two groups.

A significant advantage of this technique is its cost-
effectiveness compared to the currently practised cell-based 
strategies. The enhanced microdrilling using atelocollagen 
procedure performed in the UK would cost around £5,168, 
which is less than one-third of the cost of the standard two-
stage MACI technique (£16,226) [16] and continues to 
remain the near gold standard. In addition to having dem-
onstrated good functional and clinical outcomes at the mid-
term follow-up, other advantages of this technique include 
its minimally invasive nature and off-the-shelf availability. In 
particular, a Human Tissue Authority license is not required 
for the use of atelocollagen.

The many recent innovations in management of chon-
dral lesions highlight the importance of the disease and the 
difficulties in identifying a management algorithm that is 
acceptable to the patient, clinician, and health service pro-
vider. This rules out the classical autologous chondrocyte 
implantation technique and its subsequent cell culture-
dependent variations by virtue of these techniques need-
ing an expensive intermediate stage. The goal of reversing 
the degenerative process for every patient is incompletely 
satisfied by most regenerative procedures; for this reason, 
a pragmatic approach is more desirable. The economic 
impracticality of most advanced chondro-regenerative 

procedures is highlighted by the fact that microfracture 
still remains the most common method of treating such 
lesions. To reach mainstream, a technique must have low 
barriers to adoption.

There are some limitations that should be mentioned. 
The study design was a prospective case series of a rela-
tively small sample size. While the results are positive and 
statistically significant for multiple observed parameters, 
the small cohort size makes it impossible to draw firm 
conclusions regarding the efficacy of this treatment.

Nevertheless, the overall results are very encouraging. 
Performing a randomized control trial (RCT) would be 
ideal but challenging at the same time. A study by Engen 
et al. published an RCT on cartilage repair and concluded 
that the results of published RCTs may not actually rep-
resent the entire cartilage population [26]. Another limi-
tation could be the lack of restrictions on age or BMI as 
inclusion criteria. Older age and higher BMI may have a 
negative influence on the overall scores, although there 
was no statistically significant difference observed in our 
series.

Conclusion

This arthroscopic method enhances a widely performed 
chondro-stimulation procedure using off-the-shelf prod-
ucts with minimal costs compared to cell-based methods. 
Extending the scope of this procedure to target patients with 
moderate to large symptomatic lesions who would conven-
tionally be offered implant arthroplasty benefits the patient 
with reduced morbidity and the health service with reduced 
cost. Further study with a larger cohort is required.
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