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Over the years, orthopedic surgeons have 
increasingly based much of their clinical practice 
on evidence. The emergence and rapid development 
of Evidence-Based Medicine (EBM) has in fact 
been applied and developed in wide and varied 
areas such as orthopedic surgery. As from this 
issue the Editorial Board considered it necessary to 
introduce the Levels of Evidence to date with EBM 
official sources. Levels of Evidence are a structured 
hierarchical system with the aim of objectively 
classifying the validity of a clinical trial according 
to the type of study. Therefore the instructions to 
authors will be amended and upon submission of 
the manuscript the authors should specify the level 
of evidence which will be verified by members 
of the Editorial Board. This choice has important 
outcomes in its application. In fact, the authors will 
be able to apply an objective methodology in order 
to critically evaluate the scientific validity of a study 
by establishing uniform and verifiable rules.

At the same time in the future we plan to develop a 
section dedicated to EBM with Systematic Review and 
Meta-Analysis that will encourage authors to make 
the extraction of evidence the aim of all clinical trials.  
We believe, however, that accepting the principles of 
evidence-based medicine represents something more 
than the simple application of a schematic system of 
levels. In orthopedic practice it is often difficult for 
topics to come within the Randomized Controlled 
Trial (RCT) due to the obvious ethical implications 
in patient management. Level III or IV evidence can 

still be a great value for some topic and practicing 
orthopedics.  Hence we will continue to judge a 
paper as a whole and within its context, even when 
classifying it according to the levels of methodology 
and extraction of evidence (1-6).
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Table I (1)
Levels of Evidence for Primary Research Questions

Types of Studies

Level Therapeutic Studies
Investigating the results of treatment

Prognostic Studies
Investigating the outcome of 
disease

Diagnostic Studies
Investigating a diagnostic 
test

Economic and Decision 
Analyses
Developing an economic or 
decision model

I

RCT
• Significant difference
• No significant difference but 
narrow confidence intervals

RS2 of Level I studies
• Homogeneous studies 

Prospective Study1

RS2 of Level I studies  

Testing of previously 
developed diagnostic 
criteria in series of 
consecutive patients 
(with universally applied 
reference “gold” standard)

RS2 of Level I studies  

Clinically sensible costs and 
alternatives: values obtained 
from many studies: multi-way 
sensitivity analyses

RS2 of Level I studies  

II

Prospective cohort study3

RCT (poor quality)
• < 80% follow-up

RS2 of Level II studies  

• Non homogneous studies of Level I 

Retrospective study4

Study of untreated controls 
from a previous randomized 
controlled trials 

RS2 of Level II studies  

Development of diagnostic 
criteria on basis of 
consecutive patients 
(with universally applied 
reference “gold standard”)

RS2 of Level II studies  

Clinically sensible cost 
alternatives: values obtained 
from limited studies: multi-
way sensitivity analyses

RS2 of Level II studies  

III

Case-control study5

Retrospective cohort study4

RS2 of Level III studies  

Study of nonconsecutive 
patients (no consistently 
applied reference “gold 
standard”)

RS2 of Level III studies  

Limited alternatives and 
costs: poor estimates 

RS2 of Level III studies  

IV Case series (no, or historical, control group) Case series Case control study
Poor reference standard No sensitivity analyses

V Expert opinion Expert opinion Expert opinion Expert opinion

RCT: Randomized Controlled Trial 
RS: Systematic Review (a study of results from two or more previous studies)
1 All patients were enrolled at the same point in their disease course (inception cohort) with ≥ 80% follow-up of enrolled 
patients
2 A study of results from two or more previous studies
3 Patients were compared with a control group of patients treated at the same time and institution
4 The study was initiated after treatment was performed
5 Patients with a particular outcome (i.e. “cases” with a failed total arthroplasty) were compared with those who did not 
have that outcome (i.e. “controls” with total hip arthroplasty that did not fail)
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Osteoarthritis of the knee is a common 
pathology. Etiologically, conditions that lead to 
stress on the articular cartilage of the knee cause its 
biomechanical breakdown. The interplay between 
osteoarthritis and biomechanical abnormalities is 
complex and self perpetuating. Factors like primary 
arthrosis, developmental deformities, post-traumatic 
deformities and fracture malunion often cause a 
vicious circle of progressive degeneration with 

associated deformity. This flexion deformity is 
due to soft tissue contractures around the knee as 
well as bony eburnation and the tethering effect of 
osteophytes on the ligaments and capsule of the knee 
joint. A flexion deformity of the knee reduces the area 
of tibiofemoral contact, accelerating the degenerative 
process by increasing the stresses across the knee as 
the forces are distributed over a smaller surface area. 
Patients requiring knee replacement who have a 

CLINICAL STUDY
KNEE REPLACEMENT IN SEVERE FLEXION DEFORMITY:

THE ROLE OF RELEASE AND CUT 

N. MUZAFFAR, J-R. YOON1 and Y.B. KIM1

Hospital for Bone and Joint Surgery, Barzalla, Srinagar, Kashmir, India; 1Seoul Veterans Hospital, 
Department of Orthopaedic Surgery, Seoul, South Korea

Received August 23, 2010 – Accepted May 16, 2011

Performing a total knee replacement in patients with severe flexion deformity is a challenging 
surgery. With proper planning this surgery can be performed to precision giving a good prognosis. Over 
sizing the femoral component may be required many times to balance the flexion and extension gap 
which is not achieved by standard soft tissue release. In our series, we performed 18 knee replacements 
in 12 patients, 8 of which were females and 4 were males. Of the 8 female patients 2 had rheumatoid 
arthritis. Our selection criteria included patients which a flexion deformity of > 30º. Our average flexion 
deformity was 58º (from 30º – 100º) and the average range of motion was 42º ( range 25 – 70º). Our 
mean follow up was for 32 months (18 – 48) and the average KSS score was 38. Five of these patients had 
become non ambulatory due to pain and deformity. After surgery, the deformity improved by 7º (range 5 
– 10º) and the average range of movements improved to 95º (range 65 – 120º). Seven knees required over 
sizing of the femoral component and all of them had a good range of motion. All the patients had good 
mobilization and the average KSS score improved to 84. One patient had deep infection and required a 
2- staged revision. One of the rheumatoid patients had laxity of the knee joint. She was comfortable in 
supporting knee brace and had a KSS of 82. One patient had a long stem tibial component due to poor 
tibial bone stock. She also had rheumatoid arthritis. None had any neurological problem. Thus with 
proper planning and controlled posterior release, we can perform TKA with precision. Preservation of 
tibia with increased distal cut and over sizing of the femoral component may occasionally be required to 
achieve proper balancing. Level of Evidence: II - Prospective Study.
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flexion deformity is not uncommon (1) especially in 
Asia (2-3). Most studies addressing this issue have 
an average deformity from 10º – 30º (1, 4). Most of 
these deformities can be adequately corrected with 
soft tissue release alone (1, 4-5). It requires better 
understanding of the deformity, controlled soft tissue 
release and appropriate bony cuts with occasional 
femoral over sizing (2, 4-5). Thus, replacement in 
severe flexion deformity is comparatively difficult 
(2, 6); a surgeon has to keep in mind several factors 
in order to get an excellent placement of prosthesis, 
correct balance and thus an excellent long term result 
(2, 7-8). The aim of this study was to explain the 
method of performing a knee replacement in patients 
with severe flexion deformity of > 30º.

MATERIALS AND METHODS

This is a prospective study of patients having a 
severe flexion deformity, who underwent a primary knee 
replacement. It was performed between Jan 2005 and 
March 2009. Our selection criteria included patients with a 
flexion deformity of over 30º having primary osteoarthritis 
or rheumatoid arthritis of the knee. Eighteen knees (six 
bilateral and six unilateral) in twelve patients satisfied 
this criterion. We calculated the pre-operative range of 
movement, pain score and the Knee Society Score for all 
these patients (Table I). The same surgeon operated on all 
the patients. All patients were regularly followed up at 1-
month, 3-months, 6-months, and then yearly. We assessed 
the patients both clinically and radiologically at each 
follow up and calculated the Knee Society Score, Pain 
Score, and range of movement and looked for prosthetic 
placement and evidence of osteolysis radiologically. Our 
follow up period ranged 18-48 months with an average of 
32 months.

Technique
All surgeries were performed through midline incision 

and medial parapatellar approach under tourniquet. We 
then performed adequate medial release before taking 
the tibial cut. The tibial cut was taken after preserving as 
much bone as possible. After placing the intramedullary 
guide rod, we took the standard 9-10 mm distal femoral 
cut. In most cases, this was found to be inadequate with 
the knee remaining tight in extension, to the extent that 
usually no gap was seen on extension. The distal femoral 
cut was then increased by 2 mm till adequate extension 
gap was seen, in order to reach the posterior soft tissue. 
The posterior osteophytes were then excised and the 
capsule erased, further increasing the extension gap. Due 
to flexion deformity, the tight posterior structure i.e. the 
posterior capsule and occasionally the popliteus tendon 
were released. The anterior and posterior cuts were then 
taken and the gaps balanced. This would correct the 
deformity in most cases. But in severe flexion deformities 
of > 50º, the gaps would still be unequal. To make these 
gaps equal, we devised an additional distal femoral 
cut taking care not to go beyond the attachment of the 
collateral ligaments which would be detrimental. In very 
severe deformity the discrepancy between the flexion 
and extension gap is so large that despite adequate soft 
tissue release and maximum possible distal femoral cut 
(just below the attachment of the collateral ligaments) the 
discrepancy remains. This was then corrected by using a 
femoral component of larger size. This maintained the 
extension gap but reduced the flexion gap due to the 
larger anteroposterior diameter of the implant. Increasing 
the size of the femoral component only changes the AP 
diameter and does not affect the height of the prosthesis. 
The components were cemented in the standard way 
and the wound closed in layers over a drain. A cruciate-
retaining device was used in 9 knees, a posterior stabilized 
design was used in 8 and a posterior stabilized constrained 
device was used in one knee (Fig 1, 2). One patient 

Table 1. Distribution of patients.

Deformity No. of 
knees

Av. flexion
Deformity 

A v . 
ROM Pain Score Knee Society 

Functional Score
No. of Upsized
Components

30’-50’ 5 30-100 30–70 46-54 40-75 1
50’–70’ 10 50–120 25–60 15–52 0-50 2
>70’ 3 70-130 40-60 18-63 -10-0 3
Average
Preop 58 42 44 38

Average 
Postop 7 95 64 84

N. MUZAFFAR ET AL.
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Fig. 1. Preoperative AP (A) and lateral (B) radiographs of the right knee of a 64-year-old man with osteoarthritis and a 
38° flexion contracture. Postoperative lateral (C) and AP (D) radiographs of the same knee show the Posterior Stabilized 
Knee prosthesis inserted. An additional 4-mm distal femoral cut was required to achieve a sufficient extension gap.

Fig. 2. Preoperative (A & B) and postoperative (C & D) AP and lateral radiographs of a patient with bilateral 
osteoarthritis of the knee having 30°/39° flexion contracture and correction achieved by soft tissue release only.
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regained full extension by an average of 15 days 
(range 7-32 days). In the patients with rheumatoid 
arthritis, 15-20º of deformity persisted which was 
gradually stretched out in 3 months. The patients 
were mobilized by full weight bearing walking 
with walker and a push knee splint on the 3rd  or 4th  
postoperative day. 

After an average follow up 32 months we found 
that the flexion deformity improved in all patients 
(-5 to + 7º). All the patients had good knee mobility 
with an average range of motion of 95º (min. 50º 
max. 120º).

The average pain score improved from 44 to 64 
and the average Knee Society Score improved from 
38 to 84.

All the patients in whom the femoral component 
was upsized had a good range of movement (50 
– 100º).

Complications
We did observe several complications. One 

patient suffered a deep infection which required a 
two-staged total knee replacement revision. One 
of the patients with rheumatoid arthritis developed 
laxity of the knee joint. This could be due to an 
excessive release of the posterior structures. Even 
though she had laxity, she was very comfortable and 
walked comfortably with a supporting knee brace. 
Her KSS score was 82. 

None of the patients developed any neurological 
deficit.

DISCUSSION

The importance and difficulties in performing a 
total knee replacement in a flexion contracture must 
not be underestimated. The planning and precision 
required is in fact the same as in any total knee 
replacement revision (4-5, 7). Our series of 18 knees 
in 12 patients with a flexion contracture of > 30º 
suggests that this surgery requires different planning 
from the routine primary knee replacement. To 
understand the planning one has to first understand 
the anatomy of the knee and the changes that have 
taken place in patients with a long standing flexion 
deformity (2, 8-9).

The normal distal femoral anatomy in Asians is 
different from that of the western population (2-3). 

required a long tibial stem due to poor bone stock. 
Six knees (including the rheumatoid ones) required 
upsizing of the femoral component to maintain the flexion 
– extension gap (Fig 3). 

RESULTS

Correction of deformity
In most patients, a small flexion deformity 

remained on the table, which was gradually 
stretched out using a push knee splint. Most patients 

Fig. 3. Preoperative AP and lateral radiographs of the 
knee showing a 73° flexion contracture. Postoperative AP 
and lateral radiographs of the same knee showing good 
correction. In addition to the increased distal femoral 
cut, upsizing of the femoral component was required to 
achieve a sufficient extension gap.

N. MUZAFFAR ET AL.
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The M-L diameter is larger than the A – P diameter. 
This allows us to use a larger femoral component 
without any overcrowding in the medio–lateral 
plane.

Following are the expected changes in a knee 
with flexion deformity (9-10):

Soft Tissue-
- Skin Tightness
- Tight posterior structures
- Lax anterior structures
- Fragile tissues
Bone Problems-
- Loss of posterior femoral condyles
- Loss of tibial condyles
- Thin patella
- Osteoporosis
The soft tissues are always addressed first (5, 

8, 11). One should always keep in mind that the 
preservation of the bone is of primary importance. 
Nonetheless there is a limit to the soft tissue release. 
Good soft-tissue balance in both extension and 
flexion enables long-term stability after TKA but 
in severely deformed knees, good intra-operative 
soft-tissue balance in both flexion and extension is 
difficult to achieve (12). An important aspect is the 
effect of posterior cruciate ligament (PCL) retention 
or sacrifice on the amount of deformity correction. 
Milhako (13) showed that retention of the posterior 
cruciate ligament was associated with less change 
seen with both medial and lateral release and more 
opening of the flexion gap was seen on the release 
side of the joint for all groups except those with 
lateral release with sacrifice of the posterior cruciate 
ligament. The advent of computer assisted navigation 
for balancing soft tissue and flexion-extension gaps 
in primary total knee arthroplasty has also helped in 
getting the optimal stability and alignment of the soft 
tissues and flexion-extension gaps (14-16). Once the 
soft tissue has been released including the posterior 
structures we look at the bone (2, 8). 

In a flexion deformity it is the posterior condyle 
that is deficient (11). This leads to an unequal flexion 
and an extension gap. The flexion gap is always 
larger than the extension gap. Traditionally to get 
these to equalize, we do soft tissue release of post 
structures and or take an extra distal femoral cut (5, 
9). We need to remember never to try and correct 
with only one procedure. There is also a limit to 

the distal that can be taken (9). We cannot take cuts 
beyond the attachment of the collaterals, for this 
would make the knee unstable.

In very severe deformities, even this combined 
release may not be enough (9). Therefore further 
correction can be done by upsizing the femoral 
component taking into consideration that the distal 
femur in the Asian population is larger medio–
laterally (3). This maintains the extension gap but 
decreases the flexion gap. The correction needs 
to be tailor made to the deformity and a stepwise 
release and cut procedure employed to achieve 
full correction (17). Any minimal residual flexion 
deformity may not affect long term functional results; 
Cheng et al (18) demonstrated that patients with a 
preoperative fixed flexion deformity show continued 
improvement in their fixed flexion up to ten years 
post arthroplasty and have similar outcomes to those 
with no preoperative fixed flexion.

CONCLUSIONS

In severe knee flexion deformities, arthroplasty 
needs precision with proper planning. To achieve 
good results, one should aim to preserve the tibia, 
do a controlled posterior release, sacrifice the 
distal femur and if required upsize the femoral 
component.
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Locked intramedullary nailing is a well accepted 
treatment for long bone fractures that expose both 
the patient and the surgical team to radiations (1-2). 
Although operation time and radiation exposure are 
strictly related to the surgeon’s experience and skill, 
fracture reduction, reaming and guided proximal 
locking are usually performed with a minimal use of 
fluoroscopy. Distal locking remains the most difficult 
part of the surgical procedure in intramedullary 
nailing.

Basically, four different approaches have been 
proposed to solve the problem:1) the free hand 
technique; 2) the use of nail mounted guides; 3) 
targeting devices attached to the image intensifier and 

4) computer assisted navigation (3). Unfortunately, 
the use of targeting devices increases costs, requires 
meticulous adhesion to the application technique and 
does not solve the problem of radiation exposure and 
screw misplacement. Mainly for these reasons the 
free hand technique still remains the predominant 
method used by orthopedic surgeons.

The traditional free hand technique requires a 
perfect alignment of the image intensifier with the 
nail so that the distal holes appear as perfect circles 
(4). Several attempts are usually made to gain this 
position and the radiation amount required usually 
depends more on the radiologist’s skill than the 
orthopaedic surgeon’s (3). An incision is made to 

SURGICAL TECHNIQUE
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The free hand technique is still the most widely used method to achieve distal fixation in intramedullary 
interlocking nails. The procedure can be time consuming and radiation exposure remains a matter of 
concern. Many modifications of the original technique, presented by Medoff, have been proposed to 
reduce the amount of radiographic exposures, but all of them base the aiming procedure on the need to 
obtain the “perfectly round” image of the nail holes in the lateral view and, usually, many radiographic 
exposures and a considerable amount of time are needed for this manoeuvre. We present a previously 
undescribed technique of free hand distal locking that uses two orthogonal radiographic views of the 
distal nail obtained with the C arm placed at an angle of 45 degrees in respect to the long axis of the 
operated limb. In a series of 57 intramedullary nails operated with this technique the mean operation 
time for distal fixation was 6 minutes and the mean exposure time to radiation was 7 seconds. We believe 
that the “45 degree” technique is easy to learn and effective in reducing operating and exposure time for 
distal fixation of interlocking nails. Level of Evidence: II - Prospective cohort study.
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by ORIF with plates.
All the patients included in the study were operated 

on under general anaesthesia, supine on a traction table 
with standard technique. Proximal locking was performed 
using the mounted aiming device.

Distal locking was undertaken using the “45 degree” 
free hand technique. Patients were operated on over a 3-
year period by five surgeons with different experience in 
nailing and different confidence with this technique. 

The “45 degree” technique
The patient is placed supine on a traction table, with 

the opposite limb elevated on a support. After the nail 
insertion according to the technique provided by the 
manufacturer, the fluoroscopic C arm is positioned with 
an orientation of 45 degrees in respect with the long 
axis of the operated limb (Fig 1 A-B). In the AP view 
the position of the chosen nail hole is identified. A sharp 
incision is made deep down to the bone. The tip of a long 
drill bit of the proper diameter is positioned in the centre 
of the hole and care is taken to align the shaft of the drill 
bit perpendicular to the long axis of the nail (Fig. 2 A-B). 
Now a lateral view is taken and attention is focused on the 
placement of the drill bit tip into the centre of the shadow 
of the nail and the alignment of the drill bit shaft with the 
long axis of the nail (Fig. 3 A-B and Fig 4). If alignment 
is certain, the hole can be drilled (Fig. 5), otherwise a 
second check can be made to control the correct position 
in the AP view before inserting the screw. The procedure 
is repeated for each screw.

For this study we used a Philips BV Pulsera C arm, 
with an intensity of 80 KW and a frequency of 2mAs. In 
order to reduce the amount of radiation required to obtain 
a clear view the AEC (Automatic Exposure Chamber) 
function was preferred.

In cases of persistence of a gap at the fracture site 
after nail insertion, the distal locking was undertaken 
beforehand and, after slight back hammering of the nail, a 
guided proximal locking was performed.

Surgical times and times for distal screw insertion 
were taken as well as total radiation exposure times and 
times for distal screw insertion. Precision of the technique 
was rated according to Rohilla et al as “successful” if one 
hole was made for a single distal interlocking, “successful 
with difficulty” if the drilling of two holes was needed and 
“failure” when more than two holes were needed (9).

RESULTS

Of the 57 nails inserted 31 were PFN long, 7 were 
CFN and 19 were Sirus nails. The most used nail 
diameter was 10 mm, 23 were reamed and 35 were 

the bone and the drill bit is positioned on the bone 
surface in the centre of the circular image. The hole 
is drilled and the screw inserted. The same procedure 
is repeated for a second screw when required. It is 
essential to identify exactly the entry point when 
drilling the hole, if not, it may be difficult to drill a 
new hole in the right position due to the drill sliding 
into the wrong one. Moreover, more than one hole 
in close proximity may reduce hold of the screw or 
weaken the bone (5).

Once the optimal alignment of the C arm is found, 
it is important not to change it until the end of the 
procedure in order to avoid a second fine tuning of 
the position; this can be a problem in stages such as 
the determination of the screw length, when shifting 
from the lateral to the AP position. 

Another cause of concern regarding this 
technique is that during the whole procedure the 
surgeon’s hands are directly placed under the 
fluoroscopic beams (2). Some authors suggest using 
longer handles or drills to keep the hands out of the 
beam (6-7) but these have the side effect of reducing 
the precision of the centring procedure (8) .

Many authors have proposed variations to the 
free hand technique to reduce the surgical times and 
exposure to radiations, but all these changes focus 
on the development of devices or tricks to better and 
more quickly drill a hole in the centre of the holes 
seen on a true lateral view of the image intensifier 
(9-12). 

We propose a novel technique of distal locking 
based mainly on a different position of the image 
intensifier, the so-called “45 degree” technique, 
allowing a relatively safe, precise and quick screw 
positioning in intramedullary nailing.

MATERIALS AND METHODS

We prospectively followed 57 patients operated on 
between January 2006 and January 2009 for a femoral 
fracture treated by using three different locking nails: the 
Synthes ® PFN long and CFN and the Zimmer ® Sirus 
nail. Indications for intramedullary locking nailing were 
patients presenting with a closed or an open Gustilo 1 or 2 
fracture of the subtrochanteric or diaphyseal region of the 
femur. Poly-injured patients or patients with Gustilo III 
open fractures were treated primarily by external fixation 
and were excluded from the study. Also patients with open 
physes or with a narrow canal were excluded and treated 
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unreamed. Over reaming was not performed in any 
of the cases. The mean duration of the procedure was 
59.8 minutes and the mean duration for distal locking 
was 6 min.

The mean radiation exposure time for distal 
locking was 7 seconds with an average of 16 
exposures taken.

A total of 114 interlocking screws (4.9 mm) were 
inserted: in 103 cases the technique proved to be 

successful, in 11 cases successful with difficulty and 
in two cases (one patient) the technique failed.

After drilling the distal holes with the described 
technique and inserting the screws, a length error of 
both screws was identified and the screws replaced 
without any further intraoperative control. At the 
postoperative control the wrong position of both 
screws was identified. The patient underwent a 
second procedure and the screws were changed. No 
further holes were needed, as the original ones were 
used.

No fracture at the insertion site during or after 
surgery was recorded.

CONCLUSIONS

The free hand technique still remains the most 
used method to achieve distal locking in femoral 
intramedullary nails. A main issue related to this 
technique is the exposure of both patient and 
surgeon to ionizing radiation (1-2). As there is no 
known threshold below which radiations cease to 
be potentially dangerous, it is mandatory to reduce 
the exposure to a minimum. In distal locking this 
can be accomplished by reducing the number of 
fluoroscopic exposures needed for the identification 
of the holes, alignment of the C arm with the nail and 
screw insertion, by reducing the time needed for the 
placement of distal screws and by avoiding to put the 
surgeon’s hands directly under the radiating beam.

Attempts have been made to achieve these goals. 
Some authors suggest that it is easier to pass a K 
wire or a Steinman pin through the screw hole before 
using the drill of the right diameter, others propose 
using a cannulated drill on a smaller guide wire (5, 
13-14). 

Several hand held aiming devices have been 
proposed for a quick and effective drilling of a 
hole through the lateral femoral cortex right into 
the nail holes, but most of these alternatives rely 
on the surgeon’s ability to centre the nail holes or 
to handle properly the aiming device and require a 
consistent learning curve (7, 12, 15-16). As a matter 
of fact the best results in terms of reduction of 
surgery and exposure time are achieved after several 
procedures. 

Some distal targeting devices for tibial nails 
have been presented with promising results (17-

Fig. 1. A) The 45 degree position of the C arm in the AP 
view.

Fig. 1. B) The 45 degree position of the C arm in the 
lateral view.
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All the above mentioned distal locking methods 
are based on the standard technique described 
by Medoff et al. that stresses the importance of 
obtaining, at the lateral view, a perfectly round 
image of the distal holes (4). This is accomplished by 
positioning the C arm at 90 degrees in respect to the 
major axis of the operated limb. This manoeuvre is 
time consuming and requires a number of exposures 

18) but during femoral nailing, the bigger implant 
deformation makes the success of a distal targeting 
device mounted to the nail less predictable and 
imposes procedures such as the over reaming of 
the canal to reduce stress on the nail and to improve 
the success rate of guided screw locking (19). As a 
consequence these mounted distal aiming devices 
are rarely used in femoral nailing. 

Fig. 2. A) In the AP view the tip of the drill bit is checked (B) until in line with the hole of the nail.

Fig. 3. A, B) In the lateral view the tip of the drill bit must be in line with the hole and the drill bit shaft in line with the 
shadow of the nail shaft
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depending more on the radiologist’s skill than the 
surgeon’s (12, 20). Moreover it is difficult to change 
position during the distal locking procedure without 
losing the round image of the holes (i.e. to check the 
proper screw length). This possibility exposes both 
surgeon and patient to a second centring procedure 
and more radiations. Finally during most part of the 
procedure the surgeon’s hands are directly under the 
fluoroscopic beam to maintain the drill bit in line 
with the holes shadow.

The “45 degree” technique bases the centring 
procedure on the identification of the hole in the AP 
and on the alignment of the shadow of the drill bit 
onto the nail on the lateral view. As there is no need 
to find the perfectly round image of the holes, several 
shots are saved and, moreover, it is easier to shift 
from the AP into the lateral view when required.

Gugala et al documented a mean exposure time 
of 36 seconds and a surgical time of 19 min. for free 
hand distal locking (21). In the series presented by 
Levine et al. the mean radiation time for tibial distal 
locking was 2.7 minutes while Sanders  reported a 
mean time of 3.4 minutes (2,22).

Our mean surgical (6 min.) and radiation exposure 
times (7 sec) for distal locking are consistently lower 
than that reported for the free hand technique and 
are more comparable to what other authors have 
reported when using distal aiming devices provided 
by the manufacturer of intramedullary nails (19) 
or custom made ones (15). This means that the 
technique is effective without the need to implement 
the instrumentation and without long learning 
curves.

It could be argued that the orientation at 45 
degrees of the C arm, in respect to the long axis 
of the limb, increases the thickness of the tissues 
crossed by the beam, compared to the standard, 
perpendicular position, and, as a consequence, the 
dose absorbed by the patient could be higher.  

Fig. 4. In this case the tip of the drill bit is not centred with 
the nail and its shaft is not in line with the nail. Changes 
of position can be made at the same time.

Fig. 5. Views of the screw in place.
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reduces the surgical times for distal locking and 
exposure for both the surgical team and the patient.
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Hyaluronic-acid (HA) is a naturally-occurring 
molecule,, present in all soft tissues, which plays 
an essential role in the maintenance of the normal 
extracellular matrix structure. During the last few 
years hyaluronan-based biodegradable polymers 
have been shown to provide successful cell scaffolds 

for tissue-engineered repair of cartilage (1-3). A 
lot of pre-clinical studies have shown its important 
characteristics. In particular, we previously 
demonstrated that this biomaterial enables the re-
expression of specific extracellular matrix molecules 
by chondrocytes (4), to down-regulate that of 
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the polymeric chain. The configuration used was a non-
woven mesh that is a pad composed of a random array of 
polymer fibers having a diameter of 40  µm and kindly 
provided by Fidia Advanced Biopolymers (Abano Terme, 
Padua, Italy)

Human chondrocytes isolation and seeding on the 
biomaterial

Human articular cartilage specimens were obtained 
from the knees of 4 patients (mean age 22 years) undergoing 
joint replacement surgery. Fragments of the excised 
cartilaginous tissues were put in Dulbecco’s Modified 
Eagle’s Medium (DMEM) (Gibco BRL, Grand Island, 
NY, USA) and chondrocytes were isolated by sequential 
enzymatic digestions: 30 min with 0.1 % hyaluronidase 
(Sigma, St. Louis, MO, USA), 1 hour with 0.5% pronase 
(Sigma) and 1 hour with 0.2% collagenase (Sigma) at 
37°C in DMEM with 25 mM HEPES (Sigma), 100 units/
ml penicillin (Biological Industries, Kibbutz, Israel), 100 
µg/ml streptomycin (Biological Industries), 50 µg/ml 
gentamicin (Flow Laboratoires, Biaggio, Switzerland), 
2.5 µg/ml amphotericin B (Biological Industries). The 
isolated chondrocytes were filtered by 100 µm and 70 µm 
nylon meshes, washed, and centrifuged. The cell number 
and viability were assessed by the Eosin dye exclusion 
method and the cells were cultured under conventional 
monolayer culture conditions. Once sufficient cells were 
available, usually after the 3rd to 4th passage, chondrocytes 
were seeded onto HYAFF-11 non-woven meshes at a 
density of 1x106 cells/cm2 in 35 mm Petri dishes. The 
time points evaluated were: at 0, 7, 14, 21 and 28 days for 
molecular biology analyses and  at day 0 and 28 days for 
immunohistochemical evaluations.

Human MSCs isolation and seeding on the biomaterial
Human bone marrow-derived mesenchymal stromal 

cells were obtained from 5 ml of marrow aspirate during 
hip surgery of 5 post-traumatic patient donors (mean age 
35 years). Bone marrow was collected in 15 ml tubes 
containing DMEM (low glucose) (Gibco) supplemented 
with 15% FBS (Sigma), gentamicin sulphate (Biological 
Industries), 50 mg/ml and antibiotics (pen-streptomycin, 
100 U/ml-100µg/ml) (Gibco) plus heparin (50 U/ml) 
(Sigma). Briefly, as previously described (26), MSCs 
were isolated using Ficoll Hypaque (Pharmacia, Biotech, 
Uppsala, Sweden) density gradient (d=1.077 gr/ml). Cells 
were washed twice, resuspended in DMEM low glucose 
with 15% FBS, counted and plated at a concentration of 
2x106 cells/T150 flask. After 1 week non-adherent cells 
were removed and the adherent MSCs expanded in vitro. 
The expression of haematopoietic and non-haematopoietic 
marker cells was analyzed using monoclonal antibodies 
anti CD34, CD14, CD45, CD105, CD44 to test the purity 

proteins involved in catabolic pathways (5) and to 
erase the differences between the cells derived from 
normal and osteoarthritic cartilages once they have 
grown into it (6). 

In an experimental animal model, we showed that 
this scaffold seeded with autologous chondrocytes 
is able to regenerate a cartilage tissue not only in 
presence of traumatic defects but also when the 
joint is affected by early degenerative lesions (7).            
Autologous chondrocyte transplantation by means 
of cell isolation, expansion and implantation with 
the support of hyaluronan scaffold has given good 
clinical results in recent years but the procedure is 
associated with several disadvantages, including 
donor-site morbidity and the use of two surgical 
interventions (8). Recent advances in cellular 
cultures have provided new and interesting strategies 
based on the use of mesenchymal stem cells (MSCs) 
(9-13). These cells represent a fascinating source 
for regenerative medicine since they can be easily 
isolated from bone marrow and/or from other tissues, 
expanded in vitro and differentiated with the use of 
suitable growth factors also in the chondrogenic 
sense (14). Moreover, as MSCs activity is not only 
due to the expression of one or more intrinsic cell 
capabilities but also depends on the surrounding 
microenvironment (or “niche”), recently it has been 
suggested to transplant bone marrow in toto. In 
fact, bone marrow contains not only stem cells and 
precursor cells as a source for regeneration of tissue 
but also accessory cells that support angiogenesis 
and vascuologenesis by producing several growth 
factors (15-18).

The aim of this paper is to describe the behavior 
of chondrocytes, mesenchymal stem cells and 
concentrated bone marrow cells once they have 
grown onto a hyaluronan-based scaffold already 
used in clinical practice. 

Different assays were performed to analyze 
the viability and phenotypical and functional 
characteristics of the three populations.

MATERIALS AND METHODS

Biomaterial
The scaffold used in this study was made of HYAFF®-

11, a polymer derived from the total esterification of 
sodium hyaluronate (80-200 kDa) with benzyl alcohol 
on the free carboxyl groups of glucoronic acid along 
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of the isolated cells (data not shown) 
After the expansion period, MSCs were seeded on 

non-woven HYAFF®-11 (2.5 x105 cells/0.5 cm2) and 
incubated in a 24-well non-adherent cell culture Petri 
dish for 4 hours at 37°C, and then analyzed under the 
inverted microscope to check cell adhesion to the polymer 
surface. 3 ml of chondrogenic medium (DMEM high 
glucose supplemented with ITS (Biosciences, Bedford, 
Ma, USA) + Premix: 6.25 µg/ml insulin (Sigma), 6.25 
µg/ml transferrin (Sigma), 5.33 µg/ml linoleic acid 
(Sigma), and 1.25 mg/ml bovine serum albumin (Sigma), 
10-7 dexamethasone (Sigma), 37.5 µg/ml ascorbate-2 
phosphate (Wako, Collingwood, Australia), 1 mM sodium 
pyruvate (Sigma), and pen-streptomycin 100 U/ml-100 
µg/ml (Gibco) was then added to the samples. 24 hours 
later (Day 0), the medium was substituted with complete 
chondrogenic medium with or without TGFβ-1 (R&D 
Systems, Minneapolis, MN, USA) at the concentration of 
10 ng/ml. Cell culture medium was changed twice a week. 
The molecular biology analyses were performed at 0, 7, 
14, 21 and 28 days; the immunohistological analyses were 
performed on day 7 and 28.

Human bone marrow concentrated cells (BMCc)
Bone marrow was obtained from the iliac crest of 4 

patients (mean age 25) surgically treated with autologous 
cell transplantation for osteochondral defects. It was 
harvested from the posterior iliac crest in a sterile setting, 
aspirated in small fractions from different points to 
maximize the harvesting of the marrow stromal cells 
and reduced in volume directly in the operating room, 
by removing most of the red cells and plasma by a cell 
separator (Smart PReP®, Harvest Technologies Corp., 
Plymouth, MA, USA) with a special sterile and disposable 
kit (BMAC®, Harvest Technologies Corp., Plymouth, 
MA, USA) (19). 250μl of total concentrated bone marrow 
were seeded onto the non-woven  HYAFF-11 scaffold 
(0.5x0.5 cm2. Constructs were maintained in culture with 
αMEM medium up to 28days. 

Cell Viability
Cell viability for chondrocytes, MSCs and BMCc 

grown within the biomaterial were determined at different 
experimental times (0, 14 and 28 days) in triplicate by 3-
4,5-dimethylthiazol-2yl-2,5-diphenyltetrazolium bromide 
(MTT) (Sigma, St. Louis, MO, USA)-mitochondrial 
reduction method, based on the original Mosmann 
protocol (20). The MTT assay is based on the production 
of purple formazan pigment from methyltetrazolium salt 
by the mitochondrial enzymes of viable cells.

Real Time PCR analyses
HYAFF-11 scaffolds seeded with the cells 

(chondrocytes and MSCs) were collected at the different 
experimental time points, placed in microcon 100 filtration 
devices and centrifuged at 1500xg for 5 min in order to 
remove the liquid medium. Cells were lysed directly in 
the culture scaffold by the addition of 0.5 ml of RNAWIZ 
(Ambion, Austin, TX, USA) reagent and total RNA was 
subsequently isolated using the single-step guanidinium 
thiocyanate-phenol-chloroform method. Complementary 
DNA was synthesized from 1µg of total RNA per sample 
with 45 min incubation at 42°C, using Moloney murine 
leukemia virus reverse transcriptase (Perkin Elmer, 
Norwalk, CT, USA) and oligo-(dT) priming. PCR primers 
for the housekeeping gene glyceraldehyde-3-phosphate 
dehydrogenase (GAPDH) used as an internal control 
were obtained from published references (21). PCR 
primers for: collagen type I, collagen type II and aggrecan 
were designed using LightCycler Probe design Software 
(Roche Molecular Biochemicals, Mannheim, Germany) 
and reported in Table 1. Real-time PCR was run in a 
LightCycler Instrument (Roche) using the QuantiTect 
SYBR Green PCR Kit (Qiagen, GmbH, Germany) with 
the following protocol: initial activation of HotStarTaq 
DNA Polymerase at 94°C for 15 min, 45 cycles of 94°C 
for 15 s, 56 ÷ 60°C for 20 s and 72° for 10 s. The increase 
in PCR product was monitored for each amplification 
cycle by measuring the increase in fluorescence caused 
by the binding of SYBR Green I dye to dsDNA. For each 
sample at the different experimental time the threshold 
cycle (CT) values (i.e. the cycle number at which the 
detected fluorescence exceeds background levels) were 
determined. Specificity of the amplicons was confirmed 
by melting curve analysis and agarose gel electrophoresis. 
For each target gene mRNA levels were normalized to 
GAPDH and expressed as relative gene expression.

Immunohistochemistry
Immunohistochemical staining for collagen type I, 

type II  and proteoglycans was performed in engineered 
tissues seeded with chondrocytes and MSCs. Specimens 
were embedded in OCT, snap-frozen in liquid nitrogen 
and stored at –80 °C. Engineered tissues were sectioned 
into 25 µm cryostat sections, air dried and stored at -80 
°C. Sections were transferred to room temperature, air 
dried for 15 minutes and fixed in acetone at 4 °C for 
10 minutes. Air dried fixed samples were rehydrated 
and incubated at room temperature for 30 minutes with 
monoclonal antibodies (MoAb) anti-human collagen type 
I, anti-human collagen type II and anti-proteoglycans 
(Chemicon International, Temecula, CA, USA) all diluted 
1:10, in 0.04M pH 7.6 TBS containing 2% bovine serum 
albumin (BSA) (Sigma). An enzymatic pre-treatment 
with hyaluronidase 0.1% (Sigma) at 37 °C for 5 minutes 
was performed only for the immunostaining of human 
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collagen type II. Slides were then rinsed and incubated for 
30 minutes at room temperature with secondary goat anti-
mouse/rabbit antibody (Dako, Glostrup, Denmark), rinsed 
again and treated with the new-fucsin substrate detection 
Kit (Dako). Finally, samples were counterstained with 
hematoxylin. Negative control sections were obtained by 
omitting the primary antibody.

RESULTS

Real-Time PCR analysis: chondrocytes
Fold changes in gene expression calculated on 

the basis of ∆CT values and evaluated at the different 
experimental times are shown in Fig.1. Type 1 
collagen expression increased up to day 7 and then 
decreased up to day 21; type II collagen mRNA 
was expressed at a very low level until day 7 and 
increased only from day 14. By day 21. Aggrecan 
expression did not show a regular trend, however 
its levels had increased gradually in comparison to 
day 1. 

Real-Time PCR analysis: MSCs
As shown in Fig.2, there is a biphasic variation 

in collagen type I gene expression level during time 
culture. Firstly, there is  approximately a ten-fold 
increase in collagen type I mRNA expression from 
day 0 to day 7, then expression starts to be down-
regulated until day 28. Conversely to collagen type I, 
collagen type II and aggrecan gene expression show 

a significant trend to increase during culture time, 
showing a high expression increases gradually from 
day 0 to day 28 and then very significantly in the 
last week of culture. Collagen type II was detectable 
from day 7 whereas aggrecan was already expressed 
on day 0. 

Immunohistochemistry: chondrocytes
Two different observers analyzed the slides. 

Collagen type II and proteglycans, which are the 
main markers of chondrocyte phenotype, was re-
expressed by the cells that had been grown first 
in monolayer cultures and then seeded and grown 
onto the biomaterial. On the contrary, collagen type 
I, which is the marker of fibroblastic phenotype 
became completely undetectable at the end of the 
culture period (Fig.3).

Immunohistochemistry: MSCs
As shown in Fig.4, collagen type I was positive 

at day 7, while at day 28 this marker  was negative 
on cells. Analysis of collagen type II showed that h-
MSCs were negative at day 7 and became positive to 
collagen type II and proteoglycans at day 28.

Cell Viability 
Human chondrocytes and MSCs cultured 

on HYAFF-11 grew during the culture period 
evaluated as previously reported (4, 22). This was 

B. GRIGOLO ET AL.

Table I. Real-Time RT-PCR primers description

RNA template Primer sequences Amplicon size
(base pairs)

Annealing 
temperature 

(°C)
References*

GAPDH 5’-TGG TAT CGT GGA AGG ACT CAT GAC
3’-ATG CCA GTG AGC TTC CCG TTC AGC 190 60 17

Type I collagen 5’-AGG TGC TGA TGG CTC TCC T
3’-GGA CCA CTT TCA CCC TTG T 105 58 LightCycler Probe 

design Software

Type II collagen 5’-GAC AAT CTG GCT CCC AAC
3’-ACA GTC TTG CCC CAC TTA C 257 58 LightCycler Probe 

design Software

Aggrecan 5’-TCG AGG ACA GCG AGG CC
3’-TCG AGG GTG TAG CGT GTA GAG A 85 60 LightCycler Probe 

design Software

 *Primer sequences were obtained from published references where indicated or designed using LightCycler Probe 
Design Software.
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confirmed by MTT testing, which is directly related 
to metabolic activity of the cells, and which showed 

increased OD values over time.  BMCc  grew inside 
the scaffold up to 28 days showing similar results 

Fig.1. Kinetics for collagen I, collagen II and aggrecan 
mRNAs expression in chondrocytes grown onto Hyaff®-
11 scaffolds at different experimental times. For each 
target gene mRNA levels were normalized to GAPDH and 
expressed as relative gene expression. Data are expressed 
as mean ± SD.

Fig.2. Kinetics for type I collagen, type II collagen and 
aggrecan mRNAs expression in MSCs grown onto Hyaff®-
11 scaffolds at different experimental times. For each 
target gene mRNA levels were normalized to GAPDH and 
expressed as relative gene expression. Data are expressed 
as mean ± SD.
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implantation. Secondly, it cannot be used when 
osteochondral defects are present as they require the 
regeneration of both cartilage and bone tissues (8).  
Mesenchymal stem cells (MSCs) have proven to be 
able to differentiate after appropriate induction, into 
several mesodermal tissues including cartilage and 
bone (29). Moreover, they provide tissue protection 
and repair by the release of paracrine molecules 
including cytokines and growth factors (30-31). 
They could represent an interesting solution for 
treating osteochondral lesions because they can be 
harvested in a less invasive manner and are easily 
obtainable and expandable in vitro. Recently, 
the opportunity of implanting concentrated bone 
marrow has became a valid alternative to the use 
of isolated cells, following the general opinion that 
the entire bone marrow “pool” is required for tissue 
regeneration (32-34).

The data reported in this study indicate that both 
human articular chondrocytes and MSCs grown 

compared to the other cell populations (Fig.5).

DISCUSSION

An important problem in orthopedics is 
represented by cartilage and bone lesions since 
these tissues have very limited intrinsic healing 
capabilities (23-25). Currently, there is no reliable 
reconstructive modality allowing anatomic repair of 
osteochondral articular defects (26). Cartilage and 
bone repair require a multistep controlled activation 
and silencing of genes producing extracellular 
matrix, growth factors, adhesion molecules involved 
in tissue formation (27). Current state of the art 
in cartilage repair technology refers to the use 
of autologous chondrocytes delivered in vivo in 
the injured tissue by means of tissue engineered 
products (28). However, this technique presents 
some limitations. First, it requires two surgical 
operations for healthy cartilage harvest and cell 

Fig.3. Collagen I, collagen II and proteoglycans immunostaining of chondrocytes grown on Hyaff-11 at day 1 and 30  
from seeding. The images are from one example patient. Extracellular matrix proteins were developed using new fucsin  
(red color is a positive stain). Hyaff®-11 fibers are indicated with arrows.
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onto HYAFF-11 scaffold may be used to regenerate 
hyaline cartilage. As far as cartilage-derived cells 
are concerned,  they are able to express specific 
molecules reverting their original phenotype lost in 
monolayer culture. This is demonstrated in our study 
by a gradual decrease  of collagen type I mRNA, 
which is mainly expressed by fibroblastic cells and 
usually found in monolayer cell cultures. On the 
contrary, collagen type II mRNA increases in the 
cells cultured for several weeks in the hyaluronan-
based scaffold. The expression of mRNA for 
aggrecan, as we have previously reported (4), is 
largely dependent on patient variability and do not 
show a constant increase. Our results from Real-
Time PCR on MSCs to evaluate the expression 
of specific extracellular markers confirm that 
HYAFF-11 is a biomaterial that also favours the 
chondrogenic differentiation of MSCs, allowing 
them to express collagen type II and aggrecan 
mRNAs, typical chondrogenic markers, and at the 

Fig.4. Collagen I, collagen II and proteoglycans immunostaining of MSCs grown on Hyaff-11 at  day 7 and 28 from 
seeding. The images are from one example patient. Extracellular matrix proteins were developed using new fucsin  (red 
color is a positive stain). HYAFF®-11 fibers are indicated with arrows.

Fig.5. Proliferation of BMCc (MTT test) on HYAFF-11 
scaffolds at all the experimental time points evaluated. 
Data are expressed as mean optical density (OD) ± SE 
of one representative patient.
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Med 2009; 37:81S-87S.
4. Grigolo B, Lisignoli G, Piacentini A, Fiorini M, 

Gobbi P,  Mazzotti G, Duca M, Pavesio A, Facchini A. 
Evidence for redifferentiation of human chondrocytes 
grown on a hyaluronan-based biomaterial (Hyaff�11): 
Molecular, Immunohistochemical and ultrastructural  
analysis. Biomaterials 2002; 23:1187-95.

5. Grigolo B, De Franceschi  L, Roseti L, Cattini 
L, Facchini A. Down regulation of degenerative 
cartilage molecules in chondrocytes grown on a 
hyluronan-based scaffold. Biomaterials 2005; 26/28:
5668-76.

6. Cavallo C. Desando G, Facchini Andrea, Grigolo B. 
Chondrocytes from osteoarthritis patients express 
typical extracellular matrix molecules once grown 
onto a three dimensional scaffold. J Biomed Mater 
Res A 2010; 93:86-95.

7. Grigolo B, Lisignoli G, Desando G, Cavallo 
C, Marconi E, Tschon M, Giavaresi G, Fini M, 
Giardino R, Facchini A. Osteoarthritis treated with 
mesenchymal stem cells on hyaluronan-based 
scaffold in rabbit.  Tissue Eng Part C Methods 2009; 
15:647-58.

8. Brittberg M, Lindahl A, Nilsson A, Ohlsson C, 
Isaksson O, Peterson L. Treatment of deep cartilage 
defects in the knee with autologous chondrocyte 
transplantation. N Engl J Med 1994; 331:889-95.

9. Koga H, Engebretsen L, Brinchmann JE, Muneta 
T, Sekiya I.Mesenchymal stem cell-based therapy 
for cartilage repair: a review. Knee Surg Sports 
Traumatol Arthrosc 2009; 17:1289-97. 

10. Richter W. Mesenchymal stem cells and cartilage in 
situ regeneration. J Intern Med 2009; 266:390-405. 

11. Vinatier C, Bouffi C, Merceron C, Gordeladze J, 
Brondello JM, Jorgensen C, Weiss P, Guicheux J, 
Noël D. Cartilage tissue engineering: towards a 
biomaterial-assisted mesenchymal stem cell therapy. 
Curr Stem Cell Res Ther 2009; 4:318-29. 

12. Peretti GM, Bonassar LJ, Gill TJ, Randolph MA, 
Mangiavini L, Zaleske DJ. Review on a research line 
for healing and regeneration of cartilage meniscus 
tissues, J of Orthopedics 2009; 1:1-14.

13. Verdonk P, Verdonk R, Almqvist F, Veys EM, 
Verbruggen G. Fibrochondrogenic differentiation 
of human mesenchymal stem cells. J of Orthopedics 
2009; 1:61-71.

same time down-regulate the expression of collagen 
type I. The histological and immunohistochemical 
analyses performed on the biomaterial seeded with 
both chondrocytes and MSCs reveal  that there is 
a production of extracellular proteins which follow 
the expression of the specific genes. However, from 
a clinical point of view it seems preferable to use  
MSCs rather than chondrocytes since these cells 
require a healthy cartilage sample to be  harvested as 
well as isolation and expansion phases in vitro. 

BMCc showed a  high viability similar to 
chondrocytes and MSCs during their culture on 
HYAFF-11. However,  a series of new experiments 
are in progress to further verify their  ability to 
differentiate in mature cells and thus their ability to 
regenerate cartilage and/or bone tissues.  

Once the required potentialities of BMCs are 
confirmed, the idea is  to transplant the entire bone 
marrow pool into the lesion site so the cells will be 
processed directly in the operating room  in a “one 
step” technique.
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The effects of muscle loads on knee kinematics 
and soft tissues are of scientific interest, but they 
have not been fully detailed yet in the loaded, 
extended knee. Previous studies have given insight 
on muscular action in the flexed knee, particularly 
related to quadriceps and hamstrings cocontraction 
(1-3). They have shown that cocontraction 
significantly changes tibial rotation and 
anteroposterior translation at flexion angles greater 
than 30°, compared to quadriceps action alone, but 

not at angles near full extension (4). Instead at low 
flexion these parameters may be mostly sensitive to 
the quadriceps.  Cocontraction at full knee extension 
still may occur in vivo, but then for many subjects or 
specimens, the hamstrings may lose their ability to 
resist anterior shear forces at the knee (5-6).  

The ability of the quadriceps to dictate knee 
kinematics in extension may have clinical 
implications. Quadriceps weakness in general has 
been associated with knee osteoarthritis, as well 
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as with lower functional outcomes following knee 
arthroplasty (7-8). One explanation for this may 
relate to the role of the quadriceps as protection 
for the knee against daily impacts. During motion 
such as walking and stair descent, the quadriceps 
typically activate just at the moment of heel strike 
when the knee is close to extension (on average at 
5° of flexion (9)). However, delayed quadriceps 
activation after heel strike is associated with higher 
ground reaction forces upon impact, which may 
contribute to knee pathology (10). Weak quadriceps 
could possibly have a similar effect as poor timing of 
muscle activation, if they both lead to higher impact 
velocities or forces.

In order to better understand the loading of 
the knee, in vitro studies can simulate the joint 
while directly measuring quadriceps loads. Many 
past studies of this nature specifically simulated 
the squat motion using previously validated 
mechanical knee simulators (3,11-14). Many 
of these studies measured quadriceps loads in a 
cadaver as a dependent variable, while controlling 
other parameters such as vertical ground reaction 
force, presence or absence of ligaments, or surgical 
procedure. They have described many aspects of 
average dynamic squat knee kinematics, but away 
from full extension, or greater than 15-30° flexion. 
This avoids some experimental problems related to 
dynamic instability, but it also leaves gaps in data.

The present study attempts to further detail knee 
function near full extension and circumvent the 
limitations of past studies. Although similar findings 
as in this study have been reported before by others, 
we believe that ours is the first study to quantify 
sensitivity of knee rotations and ligament lengths to 
quadriceps load close to extension. 

In dynamic knee simulators at full extension, 
forced movement of the specimen has the risk of 
destructive hyperextension. Alternatively, static 
or quasi-static experiments under quadriceps load 
control can lower risks to the specimen and machine. 
One static study found that knee kinematics and 
selected ligament lengths were linearly related to 
physiologic knee flexion moments or quadriceps 
loads, in a range of flexion angles including full 
extension (15). The present study adds to this data 
by investigating both the mean and interspecimen 
variability of knee sensitivity to quadriceps load, 

near full extension. Knee measurements included 
joint rotations, anteroposterior translations of the 
medial and lateral condyles separately, and a set of 
soft tissue lengths.  

Quantitative information from our study can be 
useful in several respects. First of all, the results 
of this study can help validate Finite Element 
models of the human knee. The importance of this 
is obvious. Secondly, characterizing the mechanical 
behavior of the human knee close to extension is 
also important from a clinical perspective. A basic 
understanding of how different soft tissues respond 
to increased quadriceps load close to extension can 
help to understand proprioception of the human 
knee, to understand how injuries occur to those 
ligaments (many injuries indeed occur with the knee 
extended) and might help in designing treatment of 
those injuries and setting up revalidation programs 
after treatment. Finally, this information might 
also be useful for implant designers. This becomes 
immediately clear even if we only look at wear 
performance of knee implants. Wear is determined to 
a large extent by the loads and stresses in the insert 
when the knee is in extension. Indeed, the contact 
stresses in the polyethylene are highest during the 
stance phase of gait, which is the functional task 
commonly simulated during wear testing. Only 
knowing where the medial and lateral contact points 
are located in this situation and how they change 
position as a function of quadriceps load can help 
engineers to design better insert shapes and reduce 
stress.

MATERIALS AND METHODS

Six fresh-frozen, full-leg cadaver knee specimens 
(donor age range: 78-87 years) underwent kinematic 
testing adapted from previously reported methods (3, 
13-15). Each specimen was prepared for passive optical 
motion analysis by rigidly fixing single lightweight retro-
reflective marker arrays separately to the femur, tibia, 
and patella with aluminum bone pins. Care was taken 
not to disrupt the arrays throughout testing. The intact 
specimen underwent a computer tomography (CT) scan 
with the arrays attached. The CT data were imported 
into MIMICS software (Materialise, Haasrode, Belgium) 
for segmentation and three-dimensional viewing. The 
Cartesian coordinates of femoral, tibial, fibular, and 
patellar landmarks and the array markers were identified 
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on the scan according to repeatable procedures previously 
detailed (16). The landmarks were meant for defining 
anatomical coordinate systems and estimating soft tissue 
bone insertion points.

The specimens were thawed for 12-24 hours at 
room temperature and then prepared for testing in an 
electromechanical knee kinematics simulator based on 
the previously described "Oxford rig" design (12) (Fig. 
1). The specimen femoral head and ankle were resected 
approximately 320 mm and 280 mm, respectively, from 
the knee joint line; 110 mm of the remaining soft tissues 
on both the proximal femur and distal tibia were removed 
to expose the bone. The exposed bones were rigidly set 
into aluminum fixtures with polymethylmethacrylate 
cement. Alignment of tibia and femur in the fixtures 
was checked by an orthopedic surgeon to approximate 
anatomic Q-angle and the angles between the bones 
and gravity. Screws were inserted in the bones below 
the potting level before cementing, to aid fixation and 
alignment. The fixtures were then attached to the rig to 
place the knee in the upright position.  

The distance between the ankle and hip was held 
constant during each trial, resulting in five degrees of 
freedom for the knee per quasi-static test. A linear actuator 
along the femur fixtures simulated quadriceps action and 
was linked to the quadriceps tendon. The tendon was 
surgically exposed, then wrapped and sutured around a 
steel bar 30 mm proximal to the patella (Fig. 2). A 4500 
N load cell (Transducer Techniques, Temecula, CA, USA) 
then was coupled to the bar, between the quadriceps 
tendon and the actuator, such that it read the simulated 
quadriceps load. A second 4500 N load cell (AMTI, 
Watertown, MA, USA) underneath the ankle fixture read 
the vertical ankle load to detect machine safety limits 
during testing. Although the ranges for the force sensors 
are quite large, compared to the forces used in this study, 
the sensors were sufficiently accurate and precise. This 
was checked using a calibrated dynamometer with a range 
of 500 N (Alluris, Freiburg, Germany). The discrepancy 
between sensors and dynamometer increased from 2 N at 
30 N up to 7 N at 230 N.

Each specimen was analyzed in the knee simulator 
at three positions targeting 0°,10° and 20° knee flexion. 
These angles were approximated by the surgeon during 
the experiment, but more precise kinematics were 
measured afterward based on the motion capture data. 
In each static trial, the applied quadriceps load (QL) 
increased from 0 N until the QL was 220 N over the course 
of one minute, or until the vertical ankle load was 130 N, 
whichever occurred first. These load limits were chosen 
to avoid damaging the specimen which might flip into 
hyperextension at low flexion angles, when the quadriceps 
force is too high.  Literature data about muscle forces 

during the stance phase of normal walking have shown 
that quadriceps forces reach almost 950 N at a flexion 
angle up to 20 degrees (17-19). At lower flexion angles, 
closer to extension, the force is lower. With a force of 220 
N we are not too far from the normal quadriceps force up 
to 10 degrees of flexion during walking. 

A 4-camera optical motion tracking system (Vicon, 
Oxford, UK) recorded the array marker trajectories. 
Marker tracking accuracy of a similar Vicon system had 
previously been shown to be 0.2mm (20), while accuracy 
for the present system was within 0.6 mm, based on pilot 
tests comparing it to 0.01 mm-accuracy hand calipers. 
Following the static trials the joint was fully exposed. 
The surgeon then fixed CT-visible metal markers into 
the proximal and distal tibial insertions of the superficial 
medial collateral ligament (sMCL), which were difficult 
to identify in the first CT scan. The specimen then 
underwent a second CT scan, to ensure that the arrays had 
remained fixed relative to the bone, and to identify the 
remaining and newly visible anatomic landmarks.

Marker trajectory data and CT data were combined to 
reconstruct the 3D motion of the knee. Trajectories were 
filtered with the standard spline-smoothing Woltring filter 
(MSE = 1 mm2) (21) provided with the motion capture 
software (Vicon Nexus). CT coordinates of the anatomical 
landmarks were transformed into the coordinate systems 
of their respective bone arrays.  The fibula was assumed 
rigidly fixed to the tibia.  In the motion capture trials, 
landmarks were redrawn with respect to the moving 
arrays, effectively superimposing the CT scan data onto 
each motion capture frame. For each trial, anatomic 
bone coordinate systems and clinical joint rotations were 
calculated with custom software (Vicon BodyBuilder) 
according to a well-established open-chain knee model 
with floating adduction axis (22). For the femoral 
anatomic axes, the origin was at the distal intercondylar 
notch. The z-axis passed through the origin and the 
femoral head center. The y-axis was the cross-product 
of the z-axis and the line joining the femoral medial and 
lateral condyle centers, described previously (23). The 
x-axis completed the right-hand rule and was directed to 
the right. The tibia anatomic axes were defined similarly, 
using the center of the tibial spines as the origin, the ankle 
center to define the z-axis, and the tibial condyle centers 
for the remaining axes.  

Eleven kinematics and soft-tissue variables (Table 
I) were measured for each trial.  The joint angles were 
flexion angle (FA), tibial external rotation (TR), and 
alignment in the coronal plane (AlCor). The medial 
and lateral femoral translations (MFT, LFT) were 
the anteroposterior distances of the femoral condyle 
centers from the line joining the tibial condyle centers, 
all projected onto the tibial horizontal plane. This 
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absolute values (y-intercepts) of FA (R2 = 0.97), which 
was an expected and trivial result (i.e. the starting 
flexion at zero load is correlated with the average 
flexion in a quasi-static trial). When outliers were 
removed, these results persisted, except for a low but 
significant correlation then detected between MPFL 
absolute length and average FA (R2 = 0.40, p = 0.02).  

ANOVA of the sensitivity distributions showed 
significant differences among the knee variables 
(Table II, Fig. 5). The three knee rotations had 
different mean sensitivities to QL (p = 0.003) and 
variances in sensitivity (p < 0.001). FA changed 
significantly more than TR and AlCor in response to 
increasing QL, by 35-40°/kN on average. AlCor was 
least sensitive to QL, changing by 1.6°/kN. MFT 
and LFT showed no significant differences in mean 
sensitivity, but LFT sensitivity had a larger variance 
(p < 0.001) among the specimens.

The soft tissues also had significantly different 
means and variances in sensitivity to QL (p < 
0.001). Of all the soft tissues, the PT lengthened 
the most in response to QL and also had most 
variable sensitivity (mean ± SD = 31.0 ± 37.0 mm/
kN). The other soft tissues tended to be isometric, 
with mean sensitivities not significantly different 
from zero. However, individual specimens varied 
in this behavior. Patellar soft tissues showed 
more variability in sensitivity than femorotibial 
soft tissues. Among the femorotibial tissues, the 
LCL and LatRet showed more variability than the 
sMCL.  

Analysis of the absolute values also showed 
differences among the variables, when applying 
the same QL (Table II, Fig. 6). The rotation 
angles showed differences in means and variances 
(p = 0.003), with FA = 12.6°, TR = 2.6° and 
AlCor = 0.1° at zero QL. For the translations, 
LFT was significantly more anterior to MFT by 
approximately 4 mm (p = 0.002), although the inter-
specimen variances for both starting positions were 
similar. The absolute soft tissue lengths also showed 
significant differences, with the strongest being that 
the sMCL distal bundle was longer than proximal 
bundle by about 50 mm. 

DISCUSSION

This experiment analyzed knee rotations, 

method of presenting femorotibial translation follows 
recent orthopedic research methods (24-25). Soft-tissue 
isometric measurements were calculated as the distances 
between theoretical ligament insertion points in the 
bones, similarly to previously published methods (15). 
Lengths were estimated for the lateral collateral ligament 
(LCL), the medial patellofemoral ligament (MPFL), the 
superficial medial collateral ligament (sMCL) based on its 
proximal and distal tibia attachments, the patellar tendon 
(PT), and the lateral retinaculum (LatRet). The data were 
condensed by resampling to 1 Hz, so that the maximum 
number of data samples per trial were limited to 60. Load 
and motion data were synchronized in time by matching 
peak quadriceps loads (QL) with minimum flexion angle, 
according to the reasonable assumption that higher 
quadriceps load induces more knee extension.

Linear regressions of each measurement versus QL 
were calculated for each trial (Fig. 3). The slopes of the 
regressions were considered sensitivity values, representing 
how much a measurement changes with a change in QL. 
The y-intercepts approximated the absolute values of the 
measurement when there is no muscle action (QL = 0 N). 
Each quasi-static trial resulted in one sensitivity value 
and one absolute value for every parameter, as well as 
one average flexion angle, defined as the midrange of 
the observed flexion. The possible effect of varying knee 
flexion around 0-20° then was investigated by analyzing 
the Pearson correlations with average FA (Fig. 4).    

The data across the full flexion range were then pooled 
for each variable, since minimal correlations with FA were 
found in this small flexion range. The sensitivities and 
absolute values were statistically analyzed (Minitab, State 
College, PA, USA). Outliers due to soft tissue or system 
failures were removed, and normality of each pooled data 
distribution was confirmed with the Anderson-Darling 
test. The mean and spread for each distribution were 
calculated. Three one-way ANOVA tests compared mean 
sensitivities to QL across the three different categories 
of measurements: the knee rotations, the translations, 
and the isometric measurements. Similarly, the absolute 
values at zero QL also were compared. Bartlett’s test for 
equal variances was performed among these groups. All 
significance thresholds were set at α = 0.05.  

RESULTS

The Pearson correlations showed no significant 
relationships between the variables of interest and 
average FA, which supported the pooling of data 
across the low flexion range tested. Only weak and non 
significant correlations were found between the data 
and average FA (R2 < 0.35, p > 0.05), except for the 

L. LABEY ET AL.
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anteroposterior translations, and soft tissue lengths 
in response to increasing quadriceps load in cadaver 
knees near full extension. The results demonstrated 
several important characteristics of cadaver knees 

and in vitro test methods. To simplify the large 
amount of collected data, each knee variable 
reasonably could be modeled as linearly related to 
quadriceps load within the limited flexion range and 

Table I Overview of the dependent variables measured in each trial versus quadriceps load.

Abbrevation Measurement

FA Flexion angle (+ flexion)

TR Tibial rotation (+ external rotation)

AlCor Alignment in the coronal plane (+ varus/adduction)

LFT Lateral femoral condyle translation in the anteroposterior direction (+ 
anterior)

MFT Medial femoral condyle translation in the anteroposterior direction (+ 
anterior)

LatRet Length of the lateral retinaculum; distance between the lateral patellar and 
femoral epicondylar insertion

LCL Length of the lateral collateral ligament; distance between femoral and 
fibular insertions

MPFL Length of the medial patellofemoral ligament; distance between the 
medial patellar and femoral insertions of the central bundle

PT Length of the patellar tendon; distance between the tibial tubercle and 
inferior patellar apex

sMCLdist Length of the superficial medial collateral ligament, from the femoral 
insertion to the distal tibial insertion 

sMCLprox Length of the superficial medial collateral ligament, from the femoral 
insertion to the proximal tibial insertion 

Table II Mean values for parameter sensitivity to quadriceps load and absolute values of the parameters at zero load.

 Sensitivity to QL  Absolute value at zero QL
 (units/kN)      
Parameter Mean SD n Mean SD n
FA (°) -41.5 57.5 15 12.6 13.0 15
TR (°) 5.74 9.30 11 2.62 5.33 15
AlCor (°) 1.58 3.92 12 0.14 4.07 15
LFT (mm) -11.4 30.0 13 -0.54 3.63 13
MFT (mm) -8.18 6.65 11 -4.92 2.59 12
LatRet (mm) 8.17 10.7 12 50.0 9.80 14
LCL (mm) -3.47 10.8 12 65.3 5.27 15
MPFL (mm) -4.50 20.6 12 57.5 5.16 14
PT (mm) 31.0 37.0 12 73.3 25.9 14
sMCLdist (mm) 1.83 2.03 12 104 5.53 15
sMCLprox (mm) -0.41 3.83 12 50.6 10.4 13
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changing length in response to changing flexion 
angle. This suggests that pooling the data across 
this limited flexion range was reasonable for this 
sample. However, it does not suggest that flexion 
angle is unimportant; in fact, knee rotations or 
translations have already been shown to be coupled 
with flexion angle in vitro and in vivo in some 
movements (24). At least two major factors could 
explain this incongruity. First, the smaller sample 
size and narrower flexion range in this study made 
significant patterns related to flexion more difficult 
to detect, given the naturally large interspecimen 
variability. On the contrary, previous in vitro studies 
(3,13,25),  analyzed larger flexion ranges away from 
full extension. Secondly, in vivo measurements of 
daily motions show that the same knee can take 
multiple values for internal rotation, varus, and 

220 N load tested here. A study with similar methods 
(15) also had shown linear variable responses to 
larger, physiologic quadriceps loads at a given 
quasi-static flexion angle. Although a more complex 
nonlinear model may apply at other load and flexion 
ranges, the simplified linear model here still revealed 
distinctions among the sensitivity of different knee 
measurements.  

Within the range of low knee flexion tested, no 
significant correlations with flexion angle were 
detected for the major kinematic and soft tissue 
measurements (Fig. 4). This range targeted between 
0-20°, but visual estimation of the joint angle 
was not exact, and data ultimately spanned 10° 
hyperextension to 30° flexion. Nevertheless, even 
among this wider flexion range, only the medial 
patellofemoral ligament showed weak signs of 

Fig. 1.  View of the electromechanical knee kinematics simulator. All degrees of freedom at hip and ankle fixtures 
are indicated: the hip can flex and extend and move vertically. The ankle can move medio-laterally and rotate in all 
directions.

L. LABEY ET AL.
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translation, even at the same flexion angle. This is 
clearest near full extension in motions requiring 
complex muscular action such as walking (26). 
Quadriceps activation, and maybe the hamstrings in 
some subjects, may affect knee kinematics near full 
extension more than the actual flexion angle.  

After grouping all the low flexion angles 
together, the primary data of interest are reported 
here: knee rotation angles, translations, and soft 
tissue lengths near full extension, given a particular 
quadriceps load (Table II). On average, increasing 

quadriceps load pulled knees further into extension 
or hyperextension, very slightly more tibial external 
rotation, and moved the femur posteriorly relative 
to the tibia. These variables can be predicted at full 
extension using the average sensitivity and absolute 
measurements obtained here (Table II), assuming: 

[Variable] = [Sensitivity] x [Quadriceps load] + 
[Absolute value at zero quadriceps load]
The knees tended to respond to increasing 

quadriceps load in ways that might help explain 
normal quadriceps function at extension (Fig. 

Fig. 2. Frontal view of an extended knee specimen fixed in 
the simulator, while pulling on the quadriceps muscle. A 
linear actuator simulated the muscle function by pulling 
on the steel rod sutured to the quadriceps tendon. A 
load cell between the actuator and rod measured the 
approximate tensile load through the tendon.

Fig. 3. Example graph of a knee kinematics parameter 
versus quadriceps load during one quasi-static trial with 
fixed height between hip and ankle joints. Each datum 
point is separated by a 1 s time interval. The slope of 
the linear regression (s) approximates sensitivity to the 
quadriceps load. The y-intercept (p(0)) approximates 
the absolute value of the parameter at zero quadriceps 
load. Both parameters s and p(0) were averaged over all 
targeted flexion angles and specimens to obtain average 
sensitivities and absolute values for each investigated 
parameter.
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This study also demonstrates aspects of basic 
interspecimen knee variability. On average, the 
lateral condyle was anterior to the medial condyle 
by approximately 4 mm in this flexion range 
(Fig. 6), and they both moved in response to the 
quadriceps. However, the lateral condyle had a 
significantly larger variability in sensitivity to 
quadriceps load (Fig. 5). This shows how different 
specimens may have different rotational behaviours 
near full extension. The medial condyle tends to 
be more stable, while the lateral condyle responds 

5). Flexion angle was 7 times more sensitive to 
quadriceps load than tibial rotation angle, and 
25 times more sensitive than varus angle. Also 
both condyles moved in the posterior direction 
by the same amount on average in response to the 
quadriceps. Clearly the quadriceps can pull the 
tibia forward slightly relative to the femur, or pull 
the knee into more hyperextension, even when the 
unloaded knee is already near full extension, without 
changing other kinematic variables very much. At 
the same time, the patellar tendon stretches, more 
than any of the other soft tissues. All these actions 
taken together might shield the extended knee from 
impact (10) by reducing the descending velocity of 
the tibia. Perhaps the stiffer joint and taut patellar 
tendon also can sense and respond to impacts 
more quickly, compared to a looser joint with no 
quadriceps load.

Fig. 4. Example plot of sensitivities versus flexion angle. 
Each datum point is the sensitivity value of one static 
trial, representing how much a parameter changes with 
respect to quadriceps load. The x-axis coordinates of the 
points are the midrange flexion angles measured in the 
quasi-static trials. No strong correlations were found 
between the sensitivity of any parameter and the static 
low flexion angle.

Fig. 5. Interval plots of parameter sensitivities to 
quadriceps load (QL) during static loading, aggregated 
across all trials for each parameter, minus outliers. Plots 
are grouped by knee rotations, translations, and soft-
tissue isometry.
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inconsistently across specimens. Furthermore, 
patellar soft tissues generally were more variable in 
sensitivity than the femorotibial soft tissues. The set 
of sensitivity values measured here have not been 
previously reported.

The limitations of the present study leave open 
opportunities for further research. The linear model 
of knee parameters used here helps clarify general 
effects of the quadriceps, but nonlinear models could 
allow a more complex description and modeling of 
knees. Future studies could investigate this, even 
though the assumption of linearity made here still 
allowed the extraction of useful data. Other changes 
to the knee simulator system could improve the 

quality of measurements, including the ability to 
apply an increasing quadriceps load at a constant 
rate. Engineers and clinicians who wish to simulate 
the knee could design more sophisticated control 
algorithms to obtain certain kinematic responses. 
Additional data should be obtained at deeper flexion 
angles, and for analyzing patellar tracking, both of 
which were not analyzed here. Such studies could 
help design future knee simulators, so that the knee 
can be controlled even in the unstable condition of 
full extension.
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The incidence of articular cartilage lesions 
has grown due to the marked increase in sports 
participation and the greater emphasis on physical 
activity in all age groups. Furthermore the patients’ 
expectations regarding recovery have also risen. 
Unfortunately, articular cartilage lesions, with their 
inherent limited healing potential, are hard to treat 
and remain a challenging problem for orthopedic 
surgeons. In fact, the regeneration capacity of 
cartilage is limited due to its isolation from systemic 
regulation, and its lack of vessels and nerve supply 

(1-2). Moreover, isolated injuries of the cartilage 
of the knee are a risk factor for more extensive 
joint damage: none of the inflammatory processes 
are available for its repair and unlike for other 
tissues, chondrocytes cannot migrate to the site of 
injury from healthy areas (1-2). The ultrastructure 
of articular cartilage is unique: chondrocytes are 
sparsely distributed within the surrounding matrix, 
maintaining minimal cell to cell contact. The 
interaction between the cells, collagen framework, 
aggrecan and fluid constitute the complex 
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for second open surgery, a very long rehabilitation 
time and the possible complications related to the 
use of the periosteal flap. Furthermore the technique 
may require large joint exposure depending on the 
location of the defect. This increases morbidity 
and causes a higher risk of joint stiffness and 
arthrofibrosis. Periosteal hypertrophy occurs 
between 3 and 7 months after surgery in 10-25% 
of cases and often requires revision surgery. Some 
authors have shown a reoperation rate of up to 42%, 
due to joint stiffness (16-20). Also, maintenance of 
the chondrocyte phenotype during the prolonged 
monolayer culture is critical. It is known that 
chondrocytes in two-dimensional cell cultures alter 
their phenotype and de-differentiate to fibroblast 
cells that no longer possess the capacity to produce 
type II collagen or proteoglycans (12). Moreover it 
is still unclear whether transplanted cells re-express 
their phenotype after transplantation, even if cells, 
grown in suspension for three weeks, maintain their 
differentiated phenotype of mature chondrocytes and 
proliferate greatly (21). Another important concern 
is whether chondrocytes will be homogeneously 
distributed in the three dimensional space of the 
defect when used in liquid cell suspension.

To address all these problems, the so-called 
matrix-assisted or second generation ACI techniques 
have been developed. Second generation ACI uses 
a tissue-engineering technique to create cartilage-
like tissue in a three-dimensional culture system in 
an attempt to address all of the concerns related to 
the cell culture and the surgical technique. Scaffolds 
are three-dimensional structures studied and 
developed to provide a support for cell adhesion, 
proliferation and production of matrix enhancing 
the formation of a cartilage-like tissue which 
will replace the damaged articular surface with a 
regenerated tissue possessing similar properties to 
the physiological one. Essentially, the idea is to use 
biodegradable molecules as temporary scaffolds for 
the growth of living cells and the induction of the 
regeneration process. Therefore, the key properties 
of these scaffolds include biocompatibility 
with the surrounding healthy cartilage, but also 
biodegradability through safe biochemical pathways 
and at suitable time intervals, in order to be replaced 
by the new developed tissue when it achieves the 
structural properties to provide a functional valid 

biomechanical feature of hyaline cartilage making it 
difficult to replace or reproduce.

Various techniques have been proposed over the 
years to treat this disease with varying success rates 
(3-6). Treatment strategies aimed at recruiting bone 
marrow cells to obtain potential cartilage precursors 
have been developed to allow stem cell migration 
from the marrow cavity to the fibrin clot of the 
defect (7). However, these treatment options such as 
abrasion, drilling and microfracture predominantly 
produce a fibrous repair tissue, with mostly type I 
collagen, fibrocytes and an unorganized matrix (8). 
The lack of proper biomechanical and viscoelastic 
characteristics explains the reported results; in fact, 
this approach seems to offer a good short term 
clinical outcome but fails to provide long lasting 
results (9). Other techniques for repairing cartilage 
defects, like osteochondral autograft transfer 
proposed by Hangody (10), have been partially 
successful reducing pain and increasing mobility, but 
satisfactory results have been shown only in small 
lesions, with sizes between 1 and 2.5 cm in diameter 
(11). This procedure is technically demanding and 
the location of the donor site and the size of the 
harvested grafts play a key role. The complete 
coverage of the defect, the mechanical stability of 
the plugs and the possibility to restore the healthy 
cartilage are all critical and difficult to achieve. 
Moreover, there is a significant limitation of graft 
availability, which severely reduces the possibility 
of using this procedure for unapproved indications.

More ambitious regenerative procedures are 
emerging as a potential therapeutic option for 
treating chondral lesions, aiming to recreate a 
hyaline-like tissue thus restoring a biologically and 
biomechanically valid articular surface (12-14).

Autologous chondrocyte implantation
Autologous chondrocyte implantation (ACI) 

was developed two decades ago (13), and both 
the production of a hyaline-like articular surface 
and a satisfactory clinical outcome have been 
observed at medium-long follow-up (12-15). The 
encouraging clinical results reported for the original 
ACI technique must be weighed up against the 
limitations related to the complexity and morbidity 
of the surgical procedure: the need to create a 
hermetic periosteum seal using sutures, the need 
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articular surface. The use of three-dimensional 
scaffolds (hyaluronan-based, synthetic polymers 
or natural collagens) has been shown to favour 
the maintenance of a chondrocyte differentiated 
phenotype (22-24). The introduction into clinical 
practice of second generation ACI offers similar 

results but at the same time overcomes most of 
the biological and surgical concerns related to the 
first generation methods (25). The easy handling 
of the scaffolds has allowed the development of 
arthroscopic implantation techniques for some 
bioengineered tissues (26-27). The clinical 
application of this second generation engineered 
tissue has been reported for different types of 
scaffold with an evaluation of the clinical outcome at 
short and medium-term follow-up (9,25,28-29) and, 
due to the promising results and the development of 
new therapeutic options for the treatment of articular 
cartilage lesions, the use of biomaterials for cartilage 
repair is strongly increasing.

The matrixes mainly used in clinical practice are 
collagen or hyaluronic acid based.

The first autologous chondrocyte transplantation 
using a porcine collagen type I/III membrane 
(Chondro-Gide, Geistlich Biomaterials, Switzerland) 
was performed in 1998. The surgical procedure, 
like every procedure named as 2nd generation ACI, 
includes two surgical steps: first harvesting articular 
cartilage from a non weight bearing area and, in 
a second operative procedure, arthrotomically 

Fig. 1. Second generation ACI: arthrotomic approach.

Fig. 2. Second generation ACI: arthroscopic approach.

Fig. 3. Osteochondral scaffold implantation for “in 
situ” regeneration through stem cells coming from the 
surrounding bone marrow.
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Kreuz at al. (31) evaluated the clinical outcome 
after a 4-year follow-up of 19 patients treated with 
Bioseed C®, a cell-based cartilage graft based on 
autologous chondrocytes embedded in fibrin and 
a stable reabsorbable polymer scaffold. Significant 
improvement was observed as early as 6 months 
after implantation and remained stable during 
follow-up.

Selmi et al. (32) investigated the clinical, 
radiological, arthroscopic and histological outcome 
at a minimum follow-up of 2 years after the 
implantation of autologous chondrocytes embedded 
in a three-dimensional alginate-agarose hydrogel, 
Cartipatch®  (TBF Banque de tissues, France), for 
the treatment of chondral and osteochondral defects. 
Clinically, all the 17 patients treated improved 
significantly. Patients with lesions larger than 3 cm2 
improved significantly more than those with smaller 
defects.

Matrix-associated chondrocyte implantation 
has been used with promising results in Europe 
and Australia, but is not routinely available in the 
United States where there is no FDA approval as 
yet. Therefore, different approaches have been 
developed to avoid the problems related to the ex-
vivo chondrocyte culture and expansion in a scaffold, 
as well as reduce costs and surgical time.

One-step procedures
A solution for providing both scaffold and cells 

during one surgery has recently been proposed. 
Healthy cartilage tissue is harvested from an 
unaffected area of the injured joint and mechanically 
fragmented. The cartilage fragments are then 
embedded into a 3-D polymeric reabsorbable scaffold, 
which is then implanted into the articular cartilage 
defect (Cartilage Autograft Implantation System 
CAIS, J&J Regeneration Technologies, Raynham, 
MA). Experimental studies have demonstrated that 
out growth and migration of chondrocytes from the 
implanted cartilage fragments result in chondrocyte 
redistribution within the scaffold and produce 
hyaline-like repair tissue at 6 months (33). Clinical 
studies have shown the safety of this procedure 
and randomized, multi-centre studies are currently 
underway to evaluate the clinical efficacy of this 
approach (34). This novel treatment strategy obviates 
some of the much discussed disadvantages related 

implanting the  bioengineered tissue into the defect 
(MACT, MACI®, Verigen Transplantation Service, 
Copenhagen, Denmark). During the time between 
the two procedures the cells are cultured for 4 weeks 
before being seeded on the rough side of the porcine 
collagen matrix; the loaded matrix is then cultured 
with autologous serum for the remaining 3 days. 
Since the introduction of the MACI® technique, 
more than 3000 patients have been treated across 
Europe and Australia (28) (Fig. 1).

Hyalograft C® was introduced into clinical 
practice in a number of European countries in 1999 
for the treatment of full-thickness cartilage defects. 
This scaffold is entirely based on the benzylic ester 
of hyaluronic acid (HYAFF® 11, Fidia Advanced 
Biopolymers Laboratories, Padua, Italy) and 
consists of a network of 20-µm-thick fibers with 
interstices of variable sizes. The cells harvested 
from the patient are expanded and then seeded onto 
the scaffold to create the tissue-engineered product 
Hyalograft C®. Seeded on the scaffold the cells 
are able to re-differentiate and retain a chondrocyte 
phenotype even after a long period of in vitro 
expansion in monolayer culture (22). The features of 
this device have also permitted the development of 
an arthroscopic surgical technique for implantation 
of autologous chondrocytes on a hyaluronic acid 
support, reducing patient morbidity, surgical time 
and recovery and complications related to open 
surgery (26), and good stable results have been 
reported at medium term follow-up (6) (Fig. 2).

More recently, many other interesting scaffolds 
have been proposed in preclinical studies; though 
only a few have been introduced in clinical practice.

Nehrer at al. (30) explored a novel matrix-based 
implant cartilage repair composed of both fibrin and 
hyaluronan that takes advantage of the biological and 
mechanical properties of these two elements. The 
matrix was seeded with autologous chondrocytes 
expanded in the presence of a proprietary growth 
factor variant designed to preserve their chondrogenic 
potential. The authors prospectively followed eight 
patients with symptomatic-chronic cartilage defects 
treated with this 2-step procedure. The clinical 
outcome after a 1-year follow-up demonstrated 
an increase in clinical scores. The MRI follow-up 
showed good filling of the defect and the tissue had 
the same appearance as cartilage in all patients.

E. KON ET AL.
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to second-generation ACI. In fact, although these 
reduce morbidity and avoid the use of a periosteal 
flap with marked advantages from a biological and 
surgical point of view obtaining results comparable 
and even better than  the traditional ACI technique 
(35), the 2nd Generation ACI  techniques still have 
all the problems related to cell cultures: cost-
effectiveness and two-step surgery.

The use of concentrated bone marrow instead of 
chondrocytes, in order to provide the mesenchymal 
stem cells to be added to the scaffold, has been 
recently introduced in clinical practice as a one-
step procedure. In particular, Giannini et al. (36) 
developed a one-step arthroscopic technique for 
cartilage repair using a device to concentrate 
bone marrow-derived cells and collagen powder 
or hyaluronic acid membrane as scaffolds for cell 
support and platelet gel. The evaluation of 48 
patients treated for talar osteochondral lesions after 
at least 24 months of follow-up showed a significant 
clinical improvement and the histological evaluation 
showed regenerated tissue at various degrees of 
remodelling, although none showed entirely hyaline 
cartilage; thus this procedure could be an alternative 
for cartilage repair, as improved functional scores are 
achieved and the drawbacks of previous techniques 
are overcome.

Presently, there are two main concepts for 
biomaterial application in cartilage repair in clinical 
practice: besides the cartilage regeneration promoted 
by cells, chondrocytes or MSCs, supported by 3D 
scaffolds, there is a new approach that involves the 
implant of various biomaterials for “in situ” cartilage 
repair which exploits the bone marrow stem cell 
differentiation induced by the scaffold’s properties.

In fact, considering that from a surgical and 
commercial standpoint, an ideal graft for chondral or 
osteochondral defect repair would be an off-the-shelf 
product; some new biomaterials have been recently 
proposed for inducing in situ cartilage regeneration 
after direct transplantation onto the defect site. The 
possibility of creating a cell-free implant that is 
sufficiently ‘‘intelligent’’ to bring into the joint the 
right signals for inducing an orderly and durable 
tissue regeneration is still under investigation in 
numerous animal studies (37-43), but only a few 
have been introduced into clinical practice (44-45).

A cell-free approach is represented by a 

technique that combines the microfracturing with 
the application of a porcine collagen type-III/I 
bilayer matrix to stabilise the blood clot. AMIC®  as 
1-step procedure enables the reasonable treatment of 
larger (>2 cm2) cartilage defects. Gille et al. reported 
highly satisfactory results in 87% of the 27 patients 
evaluated at mean 37-month follow-up, with MRI 
showing moderate to complete filling and a normal 
to hyperintense signal in most cases (46).

Finally, different specific scaffolds have been 
developed for the treatment of large chondral or 
osteochondral articular defects. In fact, the treatment 
of osteochondral lesions is biologically challenging 
since two different tissues are involved (bone 
and articular cartilage) with a distinctly different 
intrinsic healing capacity. For the repair of the whole 
osteochondral unit, several authors have highlighted 
the need for biphasic scaffolds, to reproduce the 
different biological and functional requirements for 
guiding the growth of the two tissues.

For the time being, only two scaffolds used for 
osteochondral regeneration are commercialized for 
clinical application. One is a bilayer porous PLGA-
calcium-sulfate biopolymer (TruFit). Although 
pre-clinical experimentation is promising (34) 
there are still no systematic controlled studies; only 
isolated reports have shown favourable results after 
implantation of these osteochondral graft substitutes 
(34,44) and MRI at 12 months demonstrates 
heterogeneous repair cartilage tissue while 
information on long term durability is not available 
(44). The most recent data available suggest that, 
even if an intermediate postoperative interval may be 
associated with unfavourable MRI results, the plug’s 
appearance significantly improves at further follow-
up and perseverance is recommended for achieving a 
satisfactory clinical outcome also (47-48).

The second osteochondral scaffold is a 
nanostructured biomimetic scaffold (Fin-Ceramica 
S.p.A., Faenza - Italy) with a porous 3-D tri-
layer composite structure, mimicking the whole 
osteochondral anatomy. The cartilaginous layer, 
consisting of Type I collagen, has a smooth surface 
to favour the joint flow. The intermediate layer 
(tide-mark-like) consists of a combination of Type 
I collagen (60%) and HA (40%), whereas the lower 
layer consists of a mineralized blend of Type I 
collagen (30%) and HA (70%) reproducing the sub-
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Bartlett et al. compared first generation ACI with 
type I/III collagen cover versus second generation 
MACI, and found comparable clinical, arthroscopic 
and histological outcomes (56).

Another three studies compared ACI to 
mosaicplasty at short term follow-up with rather 
controversial results: Bentley et al. (3,53) have 
shown statistically significant better results in ACI 
in larger lesions, contrary to Horas et al.’s (57) 
observations. Our group’s experience (58) showed 
the same results in relatively small lesions.

Knutsen et al. (59-60) did not report any 
differences in clinical outcome between ACI and 
microfracture at 2 and 5 years follow-up. Moreover, 
no statistically significant differences were detected 
in the macroscopic and histological results at 2 
years nor in the radiographic findings at 5 years 
follow-up. However, Knutsen et al. also reported 
that ACI biopsies tended to have a more hyaline-
like appearance and that none of the patients failed 
after microfracture presented high-quality repair 
cartilage, thus suggesting that a worst-quality repair 
tissue could increase the risk of failure or present a 
lower outcome over time.

The studies by Saris et al. (61-62) confirmed 
these findings. While a comparable clinical outcome 
was found between microfracture and characterized 
chondrocytes implantation (CCI) at short term 
follow-up, despite the superior histomorphometric 
and histological score observed in the CCI group, the 
quality of the repair tissue significantly influenced 
the later follow-up. In fact, at three years CCI 
offered a further improvement with better clinical 
results compared with microfracture, the results of 
which reached a plateau after 18 months.

Marrow stimulation procedures lead to the 
formation of a fibrous tissue that cannot guarantee 
good results over time. On the contrary, regenerative 
procedures may regenerate a hyaline-like tissue 
that undergoes a remodeling process, thus leading 
to superior clinical results detectable only after 
at least 2–3 years follow-up. Taking this into 
consideration, the importance of better documenting 
the medium-long term outcome of the bioengineered 
approach appears clear. Unfortunately, due to the 
recent development of these procedures, only a 
few studies report medium-term follow-up results 
(63). Autologous chondrocyte transplantation on a 

chondral bone layer. In vitro and animal studies show 
good results in terms of both cartilage and bone tissue 
formation, with the same macroscopic, histological 
and radiographic results when implanting scaffold 
loaded with autologous chondrocytes or scaffold 
alone, probably inducing an in situ regeneration 
through stem cells coming from the surrounding 
bone marrow (49-50) (Fig. 3). Thus, this new 
osteochondral scaffold was introduced into clinical 
practice as a cell-free approach with promising 
preliminary results (51).

DISCUSSION

The challenge to treat chondral lesions is a 
multidimensional task faced by both surgeons in the 
operating room and basic scientists in the laboratory, 
aiming to restore the articular surface with 
normal tissue characteristics. Modern regenerative 
procedures offer to replace the articular surface with 
a hyaline-like tissue, however the properties of the 
healthy cartilage tissue are still unmatched by any 
available substitute. Moreover, despite thousands 
of patients having been treated and several studies 
having been published reporting good clinical results 
and durability of these procedures, there is at present 
no agreement about the actual superiority of the 
regenerative approach compared to others, and both 
indications and results are still controversial.

In fact, no treatment has been identified as 
gold standard. Most of the published data are from 
cohort studies and their results may be biased 
and confounding. Only few randomized trials are 
available, and the body of evidence does not suggest 
any superiority of ACI over other treatments, 
as confirmed by two recently published EBM 
systematic reviews (52-53).

In particular, Visna et al. reported the use of 
autologous chondrocytes cultured on fibrin glue, 
showing statistically significant better performance 
respect to the chondroabrasion technique at 1 
year follow-up (54). Gooding et al. compared two 
techniques of ACI for osteochondral knee defects: 
periosteum covered versus type I/III collagen 
covered, and showed no significant difference 
at 2 years. However, due to the high number of 
hypertrophied periosteum grafts, he advocated  the 
use of an alternative cover (55).
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three-dimensional matrix was introduced in clinical 
practice in Europe between 1998-1999 and the one-
step procedures are even more recent, so it is very 
difficult to obtain long-term clinical findings.

Many other aspects still need to be clarified, such 
as the amount and type of cells or supplementary 
stimulation to be associated. The regulation of tissue 
healing and regeneration is a complex process, and 
different amounts of the same factors may exert 
completely opposite effects. For example, Weibrich 
(64) reported that the PLT concentration required to 
achieve a positive PRP effect on bone regeneration 
spanned a limited range. An advantageous biological 
effect seemed to occur when PRP with a PLT 
concentration of approximately 16/microl was used. 
At lower concentrations, the effect was suboptimal, 
whereas higher concentrations had, paradoxically, an 
inhibitory effect.

In a recently published study we tested whether 
adding PRP would further improve the good results 
previously obtained with a newly developed biphasic 
scaffold alone, by increasing the regeneration process 
of the osteochondral unit in the sheep model. PRP 
seems to be an ideal vehicle to provide numerous 
growth factors, and it has been widely experimented 
worldwide in numerous fields because of its 
potential to facilitate the healing process. However, 
our findings demonstrated that this administration 
modality may negatively interfere with tissue 
regeneration (65). Therefore, we conclude that, 
even if theoretically useful for many treatments, 
this biological stimulus has to be carefully evaluated 
before using it in humans.

The risk of negative effects and the role of the 
many variables that may influence the final outcome 
still need to be clarified to obtain better results and 
optimise the potential benefits of the new biological 
regenerative procedures. Further systematic long 
term evaluation is necessary to confirm the promising 
preliminary findings, especially compared to the 
available traditional treatment options.
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The loss or damage of an organ or tissue 
represents one of the most challenging clinical 
problems for the surgeon. The advances of modern 
science have allowed surgeons to replace non-
functional organs, thanks to transplant medicine, 
or to perform complex reconstruction with surgery 
techniques and prosthetics or synthetic materials. 
Even though these techniques have represented a 
fundamental step forward for medicine and brought 
improvement to the life of many patients, they are 
still partial solutions, with possible complications and 
functional limits. In particular, in orthopedic surgery 
the treatment of articular degeneration is now a 
routine procedure, based mainly on substitution with 
prosthetic materials. These materials permit a return 

to sedentary life, but their use is not optimal due to 
possible complications and limitations. Infection, 
aseptic loosening and breakages are the most 
frequent complications. In addition, an implant lasts 
from 10 to 20 years in the best of cases. Therefore, 
they represent a solution suitable for the aged patient 
but not for the young active person who, apart from 
experiencing a limitation to his activity, will have 
to face various operations during his life with high 
human and social costs (1). 

Diseases of the articular cartilage can determine 
functional limitations and, being a degenerative 
process, a progressive loss of articular function. 
Lesions of the articular cartilage are caused by 
trauma, joint instability, malalignment, infection, 
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capable of regenerating valid cartilage tissue.
In this paper the general characteristics of the 

biomaterials and scaffolds used in clinical practice, 
both cell-based and cell-free, and others still under 
investigation will be examined.

OPEN MATRIX SCAFFOLDS

Hyaluronic acid
Hyaluronic acid is one of the major components 

of the undifferentiated mesenchymal tissues 
in the developing embryo and of the hyaline 
cartilage. Therefore, it represents a powerful 
inductor of proliferation of chondrocytes and 
mesenchymal progenitors, of chondrogenesis 
and it has a fundamental role in maintaining the 
microenvironment that regulates chondrocyte 
function (4-5).

Hyaluronic acid can be used to generate materials 
with different chemical and physical properties 
that can regulate and promote cell adhesion and 
proliferation, as well as the maintenance of the 
differentiated chondrogenic phenotype (6-7). A 
well-known derivative of the hyaluronic acid is its 
benzyl-ester, widely used in clinical practice, known 
as HYAFF-11® (Fidia Advanced Biopolymers) (7). 
Another conformation, obtained by a condensation 
process, has been reported by Solchaga et al. 
consisting in a polymer stabilized through direct 
esterification of carboxyl groups of the glucuronic 
acid with hydroxyl groups of the hyaluronic acid 
(8). This polymer has been cell-free tested in an 
osteochondral defect in a rabbit model and it was 
able to attract mesenchymal progenitors and guide 
their chondrogenic differentiation (8).

It is important to point out that the most commonly 
used and studied cell-based technique is Hyalograft-
C (Anika Therapeutics), based on the HYAFF-
11® scaffold. Different studies have reported its 
efficacy in the treatment, also arthroscopic, of 
non-degenerative lesions of the articular cartilage 
in knees and ankles (9-12). In particular, in a study 
with a 5-year follow-up, this technique proved itself 
superior to microfractures, with regards to returning 
to sport activity and clinical results (9).

Collagen
Collagen is one of the principal components 

tumor, metabolic pathology and inflammatory 
chronic diseases such as rheumatoid arthritis. Over 
the last few years, different surgical techniques have 
been proposed for the treatment of these lesions, 
with varying results. Most importantly, these 
procedures did not restore the hyaline cartilage tissue 
but only a fibrous or fibrocartilaginous tissue that is 
not able to support the articular function. Therefore 
the techniques of tissue engineering and regenerative 
medicine represent a new hope for this complex 
clinical scenario. These techniques are based on the 
use of biomaterials able to carry chondrocytes which 
promote the regeneration of the articular defect 
(cell-based technique) or the regeneration of the 
tissue thanks to their chondro-inductive properties 
(cell-free technique). These materials are known 
as scaffolds because they support and sustain the 
regeneration of the new tissue.

Back in the early ‘70’s, Green predicted that with 
the development of new synthetic biocompatible 
materials and their implant with or without cells would 
bring to the regeneration of a functional tissue (2). 
Many researchers studied and used natural scaffolds 
such as collagen matrices; however, the advances 
in material science permitted the development of 
synthetic polymeric biocompatible and biodegradable 
materials, bringing many advantages to cartilage 
regeneration (3): (i) synthesis of scaffolds with a 
defined architecture,  based on the properties of the 
tissue to regenerate; (ii) control of pore dimension 
and the scaffold’s porosity to maximize migration 
and cellular adhesion, exchange of nutrients and 
products of cellular metabolism; (iii) control of the 
biomechanical properties of the material; (iv) control 
of the biomaterial’s degradation.

The cell-based techniques consist in performing 
a biopsy of a small amount of healthy articular 
cartilage from non-weight-bearing zones, isolation 
and expansion in vitro of the chondrocytes, their 
seeding on a scaffold, in vitro culture of the scaffold 
and subsequent implant (Fig. 1). It is evident that 
these are laborious and expensive techniques 
requiring two surgical procedures. To overcome 
these limitations, cell-free techniques have been 
developed. These techniques are based on the 
implant in the cartilage lesion, adequately prepared, 
of the naked scaffold, without pre-seeded cells but 
still able to attract mesenchymal progenitor cells 
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of the cartilage’s extracellular matrix, and 
collagen scaffolds present valuable properties of 
biocompatibility, biodegradability and support of 
chondrogenesis. In general, collagen scaffolds are 
obtained from type I collagen isolated from the 
tendons of animals appropriately treated to avoid 
their immunogenicity. It is a versatile biomaterial 
that can be combined with other materials, such as 
glycosaminoglycans (GAGs) (13), or with other 
types of collagen as in the Chondro-Gide®, a matrix 
of collagen type I/III (Geistlich Pharma AG) (14). 
Chondro-Gide® is organized in two layers: one being 
impermeable to cells and one porous, where cells find 
a highly chondrogenic environment, able to maintain 
the differentiated phenotype of chondrocytes (15). 
Due to these features, it has been used as a cover of 
the chondrocyte solution in the techniques of first 
generation Autologous Chondrocyte Transplantation 
(ACI) used instead of the periosteum flap (16). 
More recently, Chondro-Gide® has been in the 
AMIC techniques (Autologous Matrix-Induced 
Chondrogenesis) (17-18). This technique consists 
in the stabilization of the clot generated from the 

microfractures with the collagen matrix. It could 
also be associated to autologous bone transplants 
in case of osteochondral defects. The rationale of 
this technique consists in the stabilization of the 
clot rich in mesenchymal progenitors, thanks to 
the impermeable layer, and in the stimulation of the 
chondrogenic differentiation of these progenitors, 
thanks to the porous layer. Another collagen-based 
material to be cited is the type II collagen matrix, 
Chondrocell® (Geistlich Pharma AG), still under 
investigation.

Synthetic polymers
Many synthetic polymers have been extensively 

studied. Among the most relevant are the linear 
aliphatic polyesters polyglycolic acid (PGA) 
(19-20), polylactic acid (PLA) (21-22) and their 
copolymer (PLGA) (23-24) for their broad use 
in tissue engineering applications. They allow 
regulation of their biodegradability time modulating 
the molecular weight and, in the case of PLGA, 
the ratio between the two polymers. Their good 
biocompatibility depends on the nature of their 

Fig. 1. Cell-based techniques for cartilage repair. A small amount of healthy articular cartilage is taken (1), collected in 
a protective medium (2) and sent to the laboratory for enzymatic digestion (3) and monolayer expansion (4). The cells 
are then seeded onto a biocompatible scaffold (5). In a second surgery, the cartilage lesion is regularized (6) in order to 
have well defined margins of healthy tissue (7), the seeded scaffold is cut according to the defect size (8) and secured in 
the cartilage lesion (9).
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During polymerization it is possible to give the gel 
the desired shape or make sure that the gel fills the 
defect to be repaired. This feature permits its use as 
an injectable material, with high potential for tissue 
engineering. Hydrogels, furthermore, demonstrated 
an optimal capability to host cells conferring them 
tridimensional support and the ability to maintain 
the differentiated phenotype of chondrocytes, with 
production of cartilaginous extracellular matrix 
(33).

Among the more commonly used hydrogels for 
cartilaginous tissue regeneration are the alginate, 
the fibrin glue, the chitosan, the polyethylene glycol 
(PEG) and the type I collagen gels.

Alginate
This gel was the first used to encapsulate 

living cells. It is a polysaccharide extracted from 
an alga. Its ability to polymerize, its porosity and 
ability to promote diffusion of nutrients depend 
on the contents of L-guluronic acid and from the 
presence of free calcium ions. The diffusion of little 
molecules, like glucose, is not influenced by the 
content of L-guluronic acid while the diffusion of 
big macromolecular complex results influenced at 
high concentration of this component. However, at 
this reduction of the diffusion ability corresponds 
an increase of the mechanical resistance of the gel 
that can be obtained also using long chains of the 
basic polymer (34). In the first study concerning the 
use of alginate for encapsulating chondrocytes, the 
authors demonstrated that chondrocytes maintain 
a differentiated phenotype and proliferate within 
this hydrogel. In particular, proliferation was about 
30% of that in monolayer culture, notoriously more 
efficient but determining loss of the differentiated 
phenotype (35).

From then on, many experimental studies have 
reported the potential of this gel for cartilage 
regeneration. In addition, the results of the first pilot 
clinical trial on the use of alginate for the regeneration 
of cartilaginous lesions of the knee with allogeneic 
chondrocytes have been recently published (36). 
This technique has permitted a good regeneration of 
the cartilaginous defect with repair tissue composed 
as follows: 15.3% of hyaline cartilage, 46.2% of 
mixed tissue, 30.8% of fibrocartilage and 7.7% of 
fibrous tissue. However, these results are no superior 

hydrolysis degradation products, lactic acid and 
glycolic acid, normally present in the human body 
(25). In the same family of synthetic polymers, the 
polycaprolactone (PCL) (26-27) has been also largely 
studied. It is characterized by a slow degradation in 
vivo that makes its use recommended only when a 
long stability of the implant is needed (28). Another 
interesting polymer family for tissue engineering 
purposes are the polyester-ester copolymers. These 
polymers include polyethyleneeoxide-terephthalate/
polybutylene-terephthalate (PEOT/PBT). This 
copolymer combines high mechanical properties, 
ease of processing, biocompatibility (29) and the 
chance to finely modulate its chemical-physical 
properties. The PEOT/PBT is used in clinical practice 
as a cement stopper and bone filler (PolyActive™, 
IsoTis Orthopaedics).

Through different manufacturing processes, 
used also for other materials, synthetic polymers 
can be tailored with respect to their shape, pore 
dimension, porosity, architecture, fibers diameter 
and biodegradability. Among these processes are: 
(i) the rapid prototyping techniques, which permit 
the fabrication of scaffolds starting from a 3D 
volume acquired with imaging techniques, as in 
the stereolithography (30), a powerful and versatile 
method that allows to manufacture with high precision 
scaffolds characterized by a complex geometry, 
and in the fused deposition modeling (31); (ii) the 
electrospinning; (iii) the photopolymerization.

Despite the conditions and the use in clinical 
practice of these material as re-absorbable 
implants (screws, pins), some features limit their 
use for the regeneration of the cartilaginous and 
osteocartilaginous tissue: (i) synthetic polymers 
are hardly recognized from the adhesion molecules 
expressed on the cellular membrane, resulting in a 
limited cell adhesion; (ii) the mechanism and the 
degradation times are not completely known; (iii) 
some of them can cause an inflammatory foreign-
body response (32).

HYDROGELS
Hydrogels are gelatinous materials that, in 

controlled conditions, can acquire tridimensional and 
mechanical stability. They are usually obtained by 
adding to a soluble polymer solution, a crosslinking 
agent that activates the polymerization process. 
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than those reported for similar techniques.

Fibrin glue
Fibrin glue is a natural gel present in the human 

body and can also be obtained from autologous blood. 
It is a hydrogel largely studied for cartilage tissue 
regeneration and many studies have demonstrated its 
properties for engineering this tissue (37-39). Fibrin 
glue is obtained combining fibrinogen and thrombin 
in a solution containing calcium chloride and 
eventually a proteolysis inhibitor such as tranexamic 
acid and aprotinin. Combining these components it 
is possible to modulate polymerization time, fiber 
density and dimension, porosity, and degradation 
time. Different studies have demonstrated that the 
optimal concentration of fibrinogen is 80 mg/ml 
while for thrombin it is 50U/ml in 40mM calcium 
chloride and the optimal cellular density is 40x106 
cells/ml (38). Other studies have demonstrated 
the ability of neocartilage, engineered with fibrin 
glue and articular chondrocytes, to adhere to the 
native articular cartilage more efficiently than the 
a-cellular fibrin glue (40). This demonstrates that 
fibrin glue, opportunely modulated in its chemical 
and physical properties, allows chondrocytes to 
maintain a differentiated phenotype and to produce a 
cartilaginous extracellular matrix that integrates with 
the native cartilage, thus resulting in a satisfactory 
integration of the implant. However, these studies 
showed a limit to the fibrin glue: it shrinks during 
in vitro culture. To overcome this limit, devitalized 
cartilage fragments have been added to the cellular 
hydrogel and this compound demonstrated the same 
ability of generation of cartilage tissue with elevated 
biochemical and mechanical properties maintaining, 
at the same time, volume and initial mass (41-42).

Polyethylene glycol (PEG)
Polyethylene glycol (PEG), also known as 

polyethylenee oxide (PEO), is a hydrogel that presents 
interesting features for cellular therapies and tissue 
engineering (43). In particular, it is both hydrophilic 
and hydrophobic, thus it is soluble in water solutions 
and in organic materials, and can be functionally 
modified in order to improve its interaction with 
cells. Regarding cartilaginous tissue regeneration, 
PEG proved to be a biomaterial suitable to carry 
viable articular chondrocytes and mesenchymal 

stem cells and to support their chondrogenic 
differentiation. However, when a crosslinking agent 
is not added, PEG does not maintain the shape upon 
injection. A possible solution with high clinical 
potential is the use of a photopolymerizing initiator 
allowing polymerization with UV rays (44). This 
method has been validated in vivo, proving that PEG 
can be injected and transdermally polymerized with 
a UV lamp (45).

A version of PEG, polyethylene glycol 
diacrylate (PEGDA) is now under clinical study in 
a cell-free method for the treatment of cartilaginous 
lesions combined with a biological glue made 
from chondroitin sulfate (46) that optimizes the 
integration of PEGDA in the lesion site (ChonDux®, 
Cartilix). The procedure consists in regularizing the 
lesion site, making perforations in the subchondral 
bone to allow mesenchymal progenitors to enter into 
the defect once the tourniquet is released, covering 
the lesion site with the chondroitin sulfate adhesive, 
injecting in the lesion site the PEGDA and then 
making it polymerize with a UV lamp. Clinical trials 
are ongoing to evaluate the results of this cell-free 
method.

NEW GENERATION POLYPHASIC 
MATERIALS

Recent advances in material science have lead 
to the development of innovative materials for the 
regeneration of articular surfaces. In particular, 
polyphasic scaffolds, made from different layers 
that mimic the organization of native osteochondral 
tissue and then implanted with a cell-free one-step 
procedure are now available to the surgeon. The 
trade names of these products are Trufit® CB Plug 
(Smith&Nephew), MaioRegen® (Finceramica) and 
Chondromimetic® (TiGenix).

Trufit® CB Plug, recently introduced in clinical 
practice, is a cell-free cylindrical scaffold for 
osteochondral regeneration made from PLGA, PGA 
and calcium sulfhate. Trufit® CB Plug is a plug 
able to promote regeneration of the articular surface 
thanks to its high hydrophilic ability to attract and 
concentrate in the lesion site the medullary blood 
containing the mesenchymal progenitors (47-48). 
Trufit® CB Plug can be used in the treatment of 
chondral and osteochondral lesions from 5 to 11 mm 
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be reproduced from a volume acquired with CT or 
MRI; (v) pore interconnection; (vi) the possibility 
of combining growth factors in order to stimulate 
differentiation, cellular proliferation and synthesis of 
matrix within the biomaterial; (vii) functionalization 
of the biomaterial with amino acidic sequences (for 
example arginine, glycine, aspartic acid –RGD-) to 
improve cellular adhesion. In the case of articular 
cartilage, the influence of the biomaterial on 
chondrocytes phenotype is still a matter of study. A 
key feature, for example, is the interconnection of 
the pores of the scaffold. Indeed, if the pores are not 
interconnected, the cell infiltration and the production 
of the new tissue cannot be homogeneous, therefore 
resulting in a suboptimal regeneration. This feature 
is fundamental also for allowing vascularization of 
the new tissue, a crucial aspect for the subchondral 
bone regeneration.

Another promising feature is the modulation of 
cell localization according to the stimuli received 
on the scaffold. In particular, by cultivating the 
scaffold in a perfusion system, called bioreactor, 
the peculiar geometry of the pores is capable of 
localizing the cells in precise areas (54). In other 
words, the pore architecture inside a scaffold defines 
different hydrodynamic forces that are able to direct 
the cells, which have been seeded dynamically 
through a perfusion system, to precise areas. This 
kind of approach has the potential for the fabrication 
of polyphasic scaffolds for complex tissues 
regeneration.

CONCLUSIONS

The primary goal of cartilage tissue engineering 
techniques is to regenerate, not just repair, the 
damaged articular surfaces. The rationale is to 
avoid further extension of the lesion and subsequent 
degeneration of the articulation. The cartilaginous 
tissue is characterized, however, by particular 
biochemical and architectural properties that define 
unmatched mechanical properties, hardly duplicated 
in vitro. As a result, the current approach, based 
on the implant of an immature tissue, relies on 
further maturation of the neotissue in the articular 
environment, in order to attain chemical and 
mechanical features comparable to those of the 
native surrounding articular cartilage.

of diameter or even bigger by combining different 
plugs through arthroscopic or open techniques. The 
implantation technique is press-fit, without the need 
of further stabilization. Importantly, its degradation 
in situ can be long and the improvement of symptoms 
and a return to sport activity can occur even after 24 
months of rehabilitation (49).

MaioRegen® is an osteochondral biomimetic 
scaffold constituted by three layers with a multilayer 
gradient where the hydroxyapatite content is 
higher in the subchondral layer, decreasing in the 
intermediate layer and absent in the superficial one, 
constituted only of type I collagen (50). In detail, 
the top layer is composed of 100% type I collagen; 
the intermediate layer, that mimics the tidemark, of 
60% type I collagen and 40% hydroxyapatite; the 
bottom layer, or subchondral, of 30% collagen type 
I and 70% hydroxyapatite. It is easy to handle by 
the surgeons and can be cut to the desired shape to 
fill the osteochondral defect. This scaffold has been 
extensively studied in vitro and in vivo (50-51). These 
studies demonstrated the ability of MaioRegen® 
to promote the formation of cartilaginous and 
subchondral tissue with an organization similar to 
those of the native tissue. After a preliminary clinical 
experience (52), MaioRegen® is currently available 
for clinical use.

Chondromimetic® (TiGenix) is a new 
biomaterial, which was very recently introduced to 
the scientific community. It is a porous, resorbable 
implant, which contains three readily-absorbed, non-
synthetic materials: collagen, glycosaminoglycan 
and calcium phosphate in a dual-layer porous 
implant. The product received CE-mark approval 
for the treatment of small chondral and subchondral 
lesions. 

FUTURE PERSPECTIVES

One of the most interesting challenges of 
tissue engineering is the development of scaffolds, 
namely smart scaffolds, able to direct and regulate 
complex cellular function such as cellular adhesion, 
proliferation, expression of a differentiated phenotype 
and accumulation of extracellular matrix (53). When 
designing a 3D-scaffold, the features to be considered 
are: (i) pore dimension; (ii) biomaterial composition; 
(iii) pore geometry; (iv) scaffold’s shape, that can 
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To achieve this goal, the selection of the 
biomaterial supporting the new tissue growth is 
crucial. In this regard, some issues are fundamental: 
(i) capability of supporting the regeneration of a 
long-lasting hyaline cartilaginous tissue, in order 
to prevent the onset of osteoarthritis; (ii) ease of 
implant and of being tailored, in order to match 
cartilage defect shape; (iii) cell-recruitment and 
subsequent chondroinductivity, in case of cell-
free scaffolds; (iv) maintenance of chondrogenic 
phenotype, in case of pre-seeded scaffolds. To date, 
many biomaterials have been investigated with in 
vivo results not always matching the in vitro data. 
Some of these materials have been introduced in 
clinical practice and represent valuable options for 
the treatment of cartilaginous and osteochondral 
lesions. The long term results of these techniques are 
not yet known, therefore long term follow up studies 
are necessary to verify their efficacy and demonstrate 
that cartilaginous tissue regeneration through tissue 
engineering techniques can really prevent articular 
degeneration.
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Talar fractures are rare and represent less than 
1% of all fractures in general. They are frequently 
caused by high energy injuries due to motor-vehicle 
accidents or falls from a height. They are often  
seen in polytrauma patients and open fractures are 
frequent. 

Anderson in 1919 (1) coined the term “aviators 
astragalus” to describe fractures and fracture 
dislocations of the talus observed in pilots of the 
Royal Flying Corps during the First World War. 
He attributed these injuries to a dorsiflexion force 
applied on the sole of the foot during landing of the 
aircraft. Subsequently in 1952 Coltart (2) reported 
on a large series of talar injuries observed in the 
Royal Air Force during the Second World War.

The talus occupies a crucial position in the 

hindfoot. It  articulates with the tibia and fibula 
proximally, with the calcaneus distally and with 
the navicular anteriorly. Talar fractures have the 
potential to compromise the hindfoot biomechanics 
and to lead  to a poor functional outcome because of 
pain, stiffness and deformity.

ANATOMY

The talus is the larger tarsal bone  after the 
calcaneus. Its  length is 48 mm on average (range 
40-60 mm) and its width is 37 mm on average (range 
30-45 mm) (3). The talus consists of three  parts: 
head, neck and body and two processes, the posterior 
and lateral.

The body is posterior to a plane passing through 
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postero-lateral and postero-medial tubercles with 
the interposed sulcus for the flexor hallucis longus 
(Fig. 2). The postero-lateral tubercle is highly 

the anterior border of the trochlea superiorly and 
the anterior margin of the posterior calcaneal facets 
inferiorly. The neck is located anterior to this plane. 
The talar head is the most anterior part and articulates 
with the navicular distally and with the anterior and 
medial calcaneal facets inferiorly. The talar head 
is oval shaped and its longitudinal axis is oblique 
downwards and medially (Fig. 1). The average 
inclination of the head has been found to range 
between 45° and 49° degrees (3). The talar head is 
covered with articular cartilage and articulates with 
the coxa pedis.

The talar neck is interposed between head and 
body and is a non-articular area. The body and head 
of the talus are not coaxial. The neck shifts medially 
in the horizontal plane and makes an angle of 
declination of  24° on average (range 10°-44°) with 
the axis of the trochlea (3). In the sagittal plane the 
neck deviates downward relative to the talar body 
making an angle of inclination of 24° on average 
(range 5°-50°) (3). The inferior surface of the neck 
is shaped like a deep groove which is oblique around 
40° from antero-lateral to postero-medial. With the 
corresponding surface of the calcaneus it forms the 
sinus tarsi laterally and the tarsal canal medially.

The body includes the talar trochlea superiorly 
and the posterior facet of the subtalar joint inferiorly. 
The trochlea is an articular area with a longitudinally 
oriented sulcus and is completely covered with 
cartilage (Fig. 2). The trochlea is wider  anteriorly 
than posteriorly and is therefore more stable in 
dorsiflexion within the ankle mortise. The medial 
surface of the body (Fig. 3) includes the facet for 
the medial malleolus which resembles a comma. 
The medial facet is vertically oriented. Distal to the 
medial facet  lies a non articular surface, the insertion 
area of the deep fibres of the deltoid ligament. The 
lateral surface (Fig. 4) of the body includes a wide 
facet for the lateral malleolus which gently slopes 
laterally. On the inferior surface of the talar body is 
located the posterior facet of the subtalar joint. This 
is rectangular and concave along the long axis (Fig. 
5).

The lateral process of the talus is almost 
completely covered with articular cartilage. 
Superiorly it contributes to the talo-fibular joint and 
inferiorly to the talo-calcaneal joint (Fig. 4).

The posterior aspect of the body includes the 

Fig. 1. The anterior surface of the talus with the talar head: 
its longest axis shows a medial and downward obliquity.   

Fig. 3. The medial surface of the talus. The comma shaped 
articular facet for the medial malleolus overlies a non-
articular area where the deep fibres of the deltoid ligament 
are inserted.

Fig. 2. The proximal surface of the talus with the talar head 
on the left, the trochlea centrally and the posterior process 
with the posteromedial and posterolateral tubercles on the 
right side.

S. BIANCO ET AL.
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variable as long as shape and size are concerned. It 
can be represented by a large process, the so-called 
Stieda’s process, or by a separated accessory bone. 
The inferior part of the posterior process is articular 
and contributes  to the posterior facet of the subtalar 
joint. 

About two-thirds of the surface of the talus is 
covered with articular cartilage and there are no 
muscles or tendon insertions. As a consequence the 
areas available for vascularization are limited to 

the talar neck, medial surface of the talar body and 
posterior process (4-5). The limited vascular supply 
explains the significant incidence of avascular 
necrosis (AVN) of the talar body following fractures 
or dislocations.

The extraosseus arterial supply of the talus is 
derived from three arteries: the posterior tibial, 
the dorsalis pedis and the peroneal arteries which 
anastomose widely around the talus (Figure 6). 

The posterior tibial artery originates a branch 
known as artery of the tarsal canal. The artery of the 
tarsal canal enters the tarsal canal to anastomose with 
the artery of  the tarsal sinus. The artery of the tarsal 
sinus is formed by branches of the anterior tibial 
and peroneal arteries. The anastomosis between the 
artery of the tarsal sinus with the artery of the tarsal 
canal is named tarsal sling and runs under the neck of 
the talus. The tarsal sling is the most important blood 
supply of the body of the talus. The posterior tibial 
artery gives off other branches medially which reach 
the talus along the deltoid ligament. The deltoid 
branches may represent the last available blood 
supply after fractures of the talar neck. Care must 
be taken to avoid damage to the deltoid ligament 
during surgical exposure of talar neck fractures. 
Finally, branches of the posterior tibial artery supply 
the posterior tubercle where they anastomose with a 
branch of the peroneal artery.

Branches of the dorsalis pedis artery go to the 
head and neck of the talus. It appears that most of 
the talar body is supplied by branches of the artery 
of the tarsal sinus and tarsal canal. These branches 
supply the lateral two-thirds of the talar body. In 
one anatomical study intraosseus anastomosis was 
observed in more than 60% of the specimens (5) 
which would explain the survival of the talus in 
severe injuries. It is evident that most of the blood 
supply of the talar body comes from the tarsal sling 
and goes posteriorly in a retrograde fashion. An 
exception to this is the contribution of the deltoid 
artery medially and of the branches to the posterior 
process.

The talus has a peculiar shape and function. 
Without any direct muscle attachments it functions 
like a “bony meniscus” between lower leg and 
foot. The talus articulates with the tibia and 
fibula proximally at the ankle joint. Furthermore 
it articulates with the calcaneus inferiorly at the 

Fig. 5. The inferior surface of the talus with the posterior, 
middle and anterior facets of the subtalar joint. The non-
articular sulcus for the sinus tarsi and tarsal canal is 
interposed between posterior and middle facets.

Fig. 4. The lateral surface of the talus with articular facet 
for the lateral malleolus and the prominence of the lateral 
process.
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CLINICAL EVALUATION

Talar neck and talar body fractures are usually 
due to high energy trauma. Men are more frequently 
involved than women by a ratio of three to one. 
These fractures are more frequent in the third decade 

subtalar joint and with the navicular anteriorly at 
the talonavicular joint. Intraarticular fractures can 
interfere with motion in one or more of the above 
mentioned joints and cause deformity, stiffness and 
functional disability. Extraarticular fractures may 
heal with deformity  causing the same problems.

Fig. 7. Hawkins classification of talar neck fractures as modified by Canale and Kelly. Group I fractures of the talar 
neck are undisplaced. Group II fractures are displaced with subluxation of the subtalar joint. Group III fractures show 
dislocation of the talar body both at the tibiotalar and subtalar joints. Group IV fractures are similar to group III fractures 
with additional dislocation of the talar head at the talonavicular joint.

Fig. 6. The vascular supply of the talus 
from an anterior A), medial B), and 
inferior view C). The artery of the tarsal 
sinus and the artery of the tarsal canal 
anastomose to form the tarsal sling.

S. BIANCO ET AL.
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Fig. 9. Medial malleolar osteotomy including the use of the osteotome to complete the osteotomy A), distal reflection of 
the medial malleolus to expose the talar body B) and fixation of the osteotomy with two screws C) and D).

Fig. 8. Hawkins group II fracture treated with a double approach. 
A) lateral radiograph. B) skin incision for the  medial approach. C) 
fracture line. D) anterolateral skin incision. E) 3D CT scan shows 
extension of the fracture line laterally onto the shoulder of the talus. 
This zone is ideal for screw fixation. F) screw fixation. G) lateral 
radiograph at follow-up.
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posterior and dorsalis pedis arteries requires a 
doppler ultrasound evaluation. A swollen and tense 
foot should suggest the diagnosis of compartment 
syndrome.

IMAGING

Since the talus is part of the ankle, subtalar and 
midtarsal  joints, a standard set of ankle and foot 
radiographs will need to be performed to obtain a 
complete evaluation of its injuries. These include: 
anteroposterior, lateral and mortise view of the ankle 
and anteroposterior, lateral and internal oblique view 
of the foot. A good lateral view of the ankle should 
have superimposition of the medial and lateral 
margins of the trochlea. 

Specific projections have been described and 
include the Canale’s view and the Broden’s view. 

of life (6). Motor vehicle collisions and falls from 
a height are frequent causes of talar fractures (7). 
An effort should be made to avoid missing a talar 
fracture in the unconscious polytrauma patient. 
Associated injuries to the musculoskeletal system 
or to other organs have been reported in over 60% 
of the cases (8). Associated fractures of the medial 
malleolus have been reported in 20-30% of the 
cases, especially in Hawkins group III fractures (9-
10). An associated fracture of the calcaneus has been 
reported in 10% of the cases (10).

Fractures of the neck and the body are usually 
characterized by sharp pain, swelling and haematoma 
around the ankle. Inability to bear weight on the 
affected extremity is the rule. Open fractures are 
encountered in 15% to 20% of the cases.

The foot is examined for neurovascular deficits. 
The absence of palpable pulses of the tibialis 

Fig. 10. Anteroposterior and lateral radiograph (A and B) of a group III talar neck fracture. C) the femoral distractor 
was used to open the tibiocalcaneal space and assist in reduction. After reduction of the talar body D) the talar neck 
fracture is reduced and fixed with a screw. Anteroposterior and lateral radiograph at a three-year follow-up shows AVN 
of the talar body without collapse E) and F).

S. BIANCO ET AL.
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The Canale’s view (9) is a modified anteroposterior 
radiograph that shows the profile of the talar neck. 
This view eliminates superimposition of the talus 
and calcaneus and readily shows malalignment of 
talar neck fractures. To obtain this view the foot is 
plantar flexed and pronated 15°. The beam is angled 
15° posteriorly from the vertical. The Broden’s view 
(11) is useful to visualize the subtalar joint. This 
view is obtained by positioning the foot in neutral 
dorsiflexion. The foot is internally rotated 40°. The 
beam is angulated proximally 10°-40° to sequentially 
show the various parts of the subtalar joint. 

The Canale and Broden views are mainly 
used intraoperatively to assess the profile of the 
neck and the congruency of the subtalar joint. 
These projections are rarely used preoperatively 
nowadays when CT scans can be obtained. The CT 
scan is helpful for identifying tri-dimensionally the 
fractures lines and possible associated fractures. 
The exam includes 1 to 2 mm acquisition and two-
dimensional reconstructions in the axial, coronal and 
sagittal planes. Three-dimensional reconstructions 
may be helpful.

MRI does not have a role in acute talar fractures 
but may be used in the chronic setting to evaluate 
AVN of the talus (12). If the surgeon plans to obtain 
an MRI post-operatively titanium implants should 
be used.

CLASSIFICATION

Talar fractures are usually classified according to 

Fig. 13. The Hawkins sign. The presence of subchondral 
radiolucency of the talar body in a radiograph 6-8 weeks 
after the injury suggests talar vitality. 

Fig. 11. The use of a miniplate to stabilize a talar neck 
fracture on the lateral side. Screw fixation was employed 
on the medial side. The internal oblique A) anteroposterior 
B) and lateral C) view of the foot show the miniplate.

Fig. 12. Hawkins group II fracture of the talar neck treated with two posteroanterior screws. A) pre-operative and B) 
post-operative lateral views.  
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Group I fractures are non-displaced with a normal 
ankle and subtalar relationship. Theoretically only 
the blood vessels which enter the dorsolateral 
aspect of the neck are disrupted by this injury. These 
fractures have a good prognosis and the risk of AVN 
is low, less than 15%. 

Group II fractures are characterized by a variable 
degree of fracture displacement. The subtalar joint 
is subluxed or even dislocated  but the talus remains 
congruent at the ankle joint. Both the blood vessels 
entering the dorsolateral aspect of the talar neck and 
those coming from the tarsal sling are disrupted. The 
risk of the AVN of the talar body is higher, 20-50%.

In the Group III injuries the fracture is widely 
displaced and the talar body is dislocated both at the 
ankle and subtalar joint. The talar body is usually 
extruded postero-medially and rests between the tibia 
and the Achilles’ tendon. Most of the blood supply is 
disrupted with the possible exclusion of the deltoid 
branch. The neurovascular bundle is at risk and the 
soft tissues may be tented and compromised by the 
body fragment. Open injuries are not infrequent. The 
risk of AVN is high,  80 - 100%.

Canal and Kelly (9) modified Hawkins 
classification by adding group IV which is 
characterized by dislocation of the talar body from 
the ankle and subtalar joints and subluxation or 
dislocation of the talar head from the talar-navicular 
joint (Figure 7). 

In 1974 Marti and Weber (13) developed a 
classification of talar fractures divided into four  
types which are associated with increasing risk of 

anatomic criteria. Central fractures include fractures 
of the head, neck and body. Peripheral fractures 
involve the posterior and lateral process. 

In 1970 Hawkins (8) described a classification of 
talar neck fractures which is still widely used. Three 
groups are described according to the displacement 
of the fracture and subluxation or dislocation of the 
talus at the subtalar and ankle joints. The classification 
is based on the radiographic appearance of the talus 
after the injury and is useful to predict the risk of 
AVN of the body of the talus.

Fig. 15. Anteroposterior A) and lateral radiograph B) of a shear fracture of the talar body in the sagittal plane. The 
associated medial malleolar fracture was reflected like an osteotomy  to reduce and fix the talar body C). 

Fig. 14. Collapse of the talar body  after fracture of the 
talar neck.

S. BIANCO ET AL.
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osteonecrosis of the talus.
Fractures of  the body of the talus were classified 

by Sneppen et al. (14) into six types according to the 
fracture placement and complexity. 

The classification of the Orthopedic Trauma 
Association (OTA) identifies the foot by number 8 and 
the talus by number 1. Talar fractures (81) are divided 
into three types. Type A fractures include  avulsions 

Fig. 17. Anteroposterior and  lateral radiograph A) and B) of a shear fracture of the talar head. The CT scan shows the 
fractured  head  lying distal to the medial malleolus C) and D). Post-operative radiographs show fixation of the talar 
head with two compression screws E) and F).

Fig. 16. Anteroposterior A) and lateral B) radiograph of a crush fracture of the talar body with associated bimalleolar 
fracture. The CT scan C) and D) shows the severity of comminution. Treatment include ORIF of the talar body as well as 
of both malleoli E) and F ).
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(A1), fractures of the processes (A2) or of the head 
(A3). Type B fractures are those of the neck and include 
non displaced fractures (B1), displaced fractures with 
subluxation of the subtalar joint (B2) and displaced 
fractures with subluxation of subtalar and ankle joints 
(B3). Type C fractures are body fractures and include 
talar dome fractures with tibiotalar involvement (C1), 
subtalar joint involvement (C2) and ankle and subtalar 
joint involvement (C3) (15). 

The integral classification of injuries (AO/ICI) to 
the bones, joints, and ligaments has been applied to 
the injuries of the foot. Type A fractures are extra-
articular, type B are intra-articular fractures, type 
C are fracture-dislocations and type D are pure 
ligamentous dislocations (16).       

TALAR NECK FRACTURES

Fractures of the talar neck account for 50% of 
the talar fractures and are the most frequent type. 
Complications are not infrequent following these 
fractures and the patients should be made aware of 
it. The neck is an extra-articular area which connects 
body and head of the talus. The neck is the weakest 
area of the talus because of reduced cross-sectional 
area and the presence of vascular foramina. 

Mechanism of injury
As far as the mechanism of injury is concerned 

Peterson and Romanus (17) showed that a 
dorsiflexion injury can cause a talar neck fracture 
only if the ankle motion was restrained. This may 
be caused by contraction of the gastrosoleus or by 
stabilizing the calcaneus against the floor. In these 
conditions the talus acts as a cantilever between 
the distal tibia and the calcaneus. An undisplaced 
fracture at the talar neck may be produced initially. 
If the injury mechanism continues the interosseus 
talo-calcaneal ligaments rupture and the calcaneus 
subluxes anteriorly. If the force proceeds further the 
posterior ankle ligaments rupture and the talar body 
dislocates out of the ankle mortise. It rotates around 
an intact deltoid ligament until it rests in the space 
between the medial malleolus and Achilles’ tendon 
with the fracture surface facing laterally. 

Treatment
The treatment of talar neck fractures is 

established according to the Hawkins classification. 
The treatment goals in these fractures are anatomic 
reduction, preservation of motion and avoidance of 
complications. 

Hawkins group I fractures are non-displaced and 
usually stable. A CT scan is recommended to confirm 
the absence of displacement or varus rotation. A non 
weight-bearing cast is applied with the foot in neutral 
position for 6-8 weeks. Radiographs are again 
obtained at this time and if signs of early healing 
are observed a walker brace is applied. Range of 
motion exercises are begun to avoid stiffness. Partial 
weight-bearing is started at 10-12 weeks if signs of 
fracture healing are evident. 

There are not many indications to conservative 
treatment of talar neck fractures beyond the 
undisplaced and stable talar neck fracture. 
Minimally displaced talar neck fractures (e.g. 
3-5 mm dorsal displacement and any rotational 
deformity) are associated with minor degrees of 
subtalar dislocation and should be classified as 
Hawkins group II fractures. Conservative treatment 
would require reduction and casting in plantar 
flexion. We feel that open reduction and internal 
fixation (ORIF) is a more reliable alternative in 
these cases. Closed reduction and prolonged casting 
in equine position carries the risk of stiffness. 
Furthermore judging the quality of reduction with 
radiographs may be inaccurate. Reduction should 
be anatomic to avoid alterations of the hindfoot 
and subtalar biomechanics. It has been shown in a 
cadaver study that a two-millimeter displacement 
of talar neck osteotomy significantly unloaded the 
anterior and medial facets of the subtalar joint and 
resulted in altered mechanics (18). Daniels (19) 
studied  the effects of varus malalignment of the 
talar neck on foot position and subtalar motion in a 
cadaver experiment. Varus deformity and adduction 
of the foot as well as inability to evert was observed 
following the removal of a medial wedge from the 
talar neck. A correlation was found between talar 
neck varus malalignment, degree of foot deformity 
and loss of subtalar motion. These data support 
the assumption that in order to preserve hindfoot 
biomechanics an anatomic reduction of talar neck 
fractures is necessary.

Group II fractures of the talar neck are displaced 
and associated with subluxation of the subtalar joint. 
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Therefore, surgical treatment, consisting of ORIF, 
should be considered for these injuries. The presence 
of a significant displacement at the fracture site may 
be associated with soft tissue compromise. Fracture 
reduction is recommended and should be performed 
without delay in the emergency department. 
Reduction requires adequate sedation. The knee 
should be kept in a flexed position to relax the 
gastrocnemius. The forefoot should be placed in full 
plantar flexion and the varus or valgus deformity of 
the hindfoot is corrected. If the maneuver succeeds 
in realigning the fracture, the limb may be splinted 
in plantar flexion and the patient can be scheduled 
for surgery. Early treatment (within eight hours), 
has been recommended to decrease the risk of 
AVN (20). However clinical series have failed to 
show an association between timing of surgery and 
the development of AVN. It seems reasonable to 
schedule surgery as soon as adequate resources and 
an expert team are available. Indications to perform 
an emergency procedure include the inability 
to reduce a fracture which tents the soft tissues, 
inability to reduce a dislocation, an open fracture or a 
fracture with neurovascular injuries or compartment 
syndrome.

Group  III talar neck fractures are characterized 
by dislocation of the talar body from both the 
subtalar and the ankle joint. The talar body usually 
rests postero-medially between medial malleolus and 
Achilles tendon. To reach this position the talar body 
rotates around the intact deep fibres of the deltoid 
ligament until the fracture surface faces laterally. 
Prompt reduction is needed in these injuries. If the 
reduction is delayed soft-tissues damage may result. 
Closed reduction is often impossible to achieve. 
Even if reduction can be obtained, an open approach 
would be necessary to stabilize these highly unstable 
injuries. In order to reduce a group III fracture of the 
talar neck the space between calcaneus and tibial 
plafond must be opened. Manual traction through 
a centrally threaded calcaneal pin is not usually 
effective due to the absence of countertraction. 
The use of a femoral distractor with Schanz screws 
in the medial aspect of the calcaneus and tibia is 
more effective. The patient should be fully relaxed 
with the knee in flexion. The tibiocalcaneal space 
should be debrided through a medial or antero-lateral 
approach. At this point an attempt can be made to 

reduce the talar body by manipulating it through 
the tibiocalcaneal space or by  pushing it through 
the skin. The tibiocalcaneal space may be further 
opened using a laminar spreader with gauze to 
protect the articular surfaces. If these maneuvers do 
not succeed in achieving  reduction of the talar body, 
the medial approach has to be extended by means 
of a medial malleolar osteotomy. Alternatively a 
separate postero-medial approach may be employed 
with identification and anterior retraction of the 
neurovascular bundle. After reduction is achieved, 
fixation proceeds as for type II fractures. 

Group IV injuries are very rare and require the 
same procedure as group III lesions. If the talar head 
remains unstable it may be fixed to the navicular by 
means of two K wires.

Open fractures should be treated with 
debridement, lavage and preliminary or definitive 
fixation according to the conditions of the patient, 
type of fracture and local resources. Large articular 
fragments would have previously been considered as 
an indication to partial or total talectomy to decrease 
the risk of infection whereas more recently thorough 
debridement and retention of articular fragments has 
been performed with a low infection rate (21-22).

Operative Approaches
The operating room set up includes a radiolucent 

bed, a thigh tourniquet and a fluoroscope to be 
placed on the opposite side of the table. The small 
and mini-fragment screw set should be available. If 
a post-operative MRI is planned,  titanium implants 
are preferable.

The operative approach is chosen based on 
the conditions of the soft-tissue and the fracture’s 
characteristics. Approaches include the medial, 
antero-lateral, postero-lateral or postero-medial 
approach or a combination of them. A double  
approach, medial plus antero-lateral, is frequently 
used because it allows visualization of the 
fracture on both sides. The talar neck fracture is 
frequently comminuted medially and dorsally, on 
the compression side. The fracture line is often 
simple on the lateral side which fails in tension. 
Simultaneous exposure of both sides significantly 
adds to the accuracy of reduction (Fig. 8).

The medial approach begins in front of the medial 
malleolus and extends distally to the navicular. It 
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one-third tubular plate and to pre-drill holes for an 
accurate repositioning of the osteotomy later. The 
anterior tibiofibular and the anterior talofibular 
ligaments are sectioned and the fibula is reflected 
posteriorly, rotating around the intact posterior soft-
tissue attachments. At the end of the procedure the 
lateral malleolus is reduced and stabilized with a 
small fragment plate. The anterior tibiofibular and 
talofibular ligaments are sutured (27).

The posterolateral approach is used to introduce 
posterior to anterior screws. The patient is placed 
in prone or lateral decubitus. The skin incision is 
made between the Achilles tendon and the posterior 
margin of lateral malleolus. The sural nerve is 
identified in the subcutaneous layer. The approach is 
deepened between the peroneals laterally and flexor 
hallucis longus medially. The peroneal artery should 
be protected. The posterior process of the talus is 
visualized with the ankle joint proximally and the 
subtalar joint distally.

The posteromedial approach can be useful in 
talar body fractures when the fracture involves 
the posterior half of the talar body. Patients are 
positioned supine or prone on a radiolucent table. 
The skin incision is placed between the Achilles 
tendon and the posteromedial border of the distal 
tibia. The neurovascular bundle is carefully 
identified and protected (28).

Percutaneous approaches can occasionally be 
used, mainly for undisplaced talar neck fractures. 
An additional indication could be the presence of 
soft-tissue injuries which contraindicate an open 
procedure. If a posterior to anterior fixation is 
planned, a short incision is recommended instead 
of a true percutaneus approach because sural nerve 
and flexor hallucis longus tendon can be protected. 
If anteroposterior fixation is chosen, two short 
incisions are still preferable to make sure that the 
entrance point is correct and that the screw head is 
adequately countersunk into the cartilage. 

Reduction and Fixation
Talar neck fractures are hyper-extension injuries 

and this explains the frequent comminution of the 
dorsal and medial aspect of the neck. The plantar and 
lateral aspect of the neck often show simple fracture 
lines and are more useful to fine tune the reduction. 
As previously discussed, fracture reduction should 

runs between the anterior tibial and posterior tibial 
tendons. The saphenus vein should be protected in 
the subcutaneous layer. The talonavicular capsule 
may be incised to visualize the fracture. Unnecessary 
soft-tissue dissection should be avoided to maintain 
soft-tissue attachments and blood supply. The 
approach may be extended proximally adding a 
medial malleolar osteotomy (Fig. 9). This step may 
be useful in type III fractures of the talar neck or 
in talar body fractures. Pre-drilling and tapping is 
usually performed with a 2.5 mm drill bit. Partially 
threaded 4.0 mm cancellous screws are used to 
fix the osteotomy with a length ranging from 45 
to 60 mm. Alternatively 3.5 mm cortical screws 
with overdrilling of the near cortex can be used. 
The osteotomy can be performed obliquely aiming 
at the corner between the tibial plafond and the 
medial malleolus (23). The osteotomy begins with 
a thin sawblade and should be completed with an 
osteotome to allow a more anatomic repositioning 
of the malleolus. The posterior tibial tendon should 
be protected while performing the osteotomy. After 
the osteotomy, the malleolus can be reflected distally 
to allow extensive exposure of the talar body. Care 
must be exercised to avoid dissection around the 
deep fibres of the deltoid ligament. Alternative 
osteotomies have been described using a chevron cut 
(24-25) or a step cut (26).

The anterolateral approach is placed parallel to the 
extensor tendons from the ankle joint to the midfoot 
(Fig. 10). The superficial peroneal nerve should 
be protected in the proximal part of the incision. 
The inferior extensor retinaculum is divided. The 
extensor digitorum brevis is retracted distally. 
The subtalar joint can be exposed and debrided as 
required. Aggressive soft-tissue debridement in the 
sinus tarsi area is to be avoided since it may increase 
damage to the blood supply. 

The fracture of the talar neck is identified and 
debrided on both sides working alternatively through 
the medial and antero-lateral approaches. 

Occasionally the anterolateral approach needs 
to be expanded proximally adding an osteotomy of 
the lateral malleolus. This is useful in the treatment 
of lateral talar body fractures. The osteotomy is 
performed with a thin sawblade and oblique from 
proximal-lateral to distal-medial to exit just proximal 
to the tibial plafond. It is convenient to position a 
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be visualized through both approaches. Terminally 
threaded 2.5 millimeters Kirschner (K) wires may be 
used as joy-sticks to manipulate fracture fragments. K 
wires may be used to hold the preliminary reduction. 
Two K wires are introduced retrograde into the talar 
body. Reduction should be carefully checked with the 
fluoroscope in the anteroposterior, oblique (Canale’s 
view) and lateral views of the foot. 

Definitive fixation can often be achieved with 
3.5 mm cortical screws inserted distal to proximal 
into the body of the talus. Medially the screw is 
inserted into the dorsomedial aspect of the talar 
head. Drilling through the articular cartilage is often 
necessary and the screw head must be countersunk 
into the cartilage. Laterally there is frequently a spike 
of bone which extends onto the shoulder of the talus 
(the area of transition from the neck to the body) and 
which is ideally suited to accept a screw. In presence 
of a simple fracture line, lag screws should be used. 
The presence of comminution, more frequently on 
the medial side, requires a position screw to avoid 
shortening of the neck. In some fractures 2.0 or 
2.4 mm minifragment plates may be used. On the 
lateral side, if the fracture line exits more distally 
towards the neck, the bone spike on the shoulder of 
the talus may be absent and screw fixation is difficult 
or impossible. In these cases a miniblade plate or a 
T-shaped miniplate may be contoured to extend from 
the talar head to the shoulder (Fig. 11). In the presence 
of extensive medial comminution a medial plate may 
be an alternative to a medial position screw (29). 
The plate should extend from the articular cartilage 
of  the talar head distally to the medial aspect of the 
talar body proximally. The plate should be positioned 
distal to the faces articularis of the medial malleolus. 
Attention should be paid to avoid dissection of the 
fibres of the deltoid ligament to avoid further injuries 
to the blood supply. At the end of the procedure the 
position of the screws is again verified with a mortise 
view of  the ankle and anteroposterior, oblique 
(Canale) and lateral view of the foot. Every effort 
should be made to avoid intraarticular positioning of 
the hardware at the ankle, subtalar and talonavicular 
joints which may have disastrous consequences.

An alternative approach involves stabilization 
of the fracture with  posterior to anterior screws 
introduced in the posterior process of the talus 
(Fig. 12). The procedure was described by Lemaire 

and Bustin (30). The details of the approach  have 
been further explained by Ebraheim (31). The 
screws are inserted through the lateral tubercle 
of the posterior process of the talus. It should be 
noted  that the posterior facet of the subtalar joint 
is concave posteriorly and the entrance point should 
be sufficiently proximal to avoid its penetration. 
It should be remembered that the talar neck has 
a medial inclination. Screws should be inserted 
aiming medially towards the big toe. The length 
of the screws should be carefully checked to avoid 
penetration of the talonavicular joint. The head of 
the screws should be adequately countersunk to 
avoid impingement on the posterior edge of the 
tibial plafond. 

At the end of the procedure the pneumatic 
tourniquet is released, hemostasis is obtained and 
a suction drain is used. Subcutaneous stitches are 
not used in foot surgery to avoid the risk of injuring 
subcutaneous nerves or strangulate vessels which 
supply the overlying skin. The skin is closed with 
Allgower-Donati stitches using a 4-0 nylon suture. 
In presence of swelling and excessive skin tension 
a vacuum assisted closure device is applied and a 
delayed primary closure or a skin graft is performed 
later.

Postoperatively a splint is applied with the foot 
in neutral position and the limb is elevated. The 
dressing is changed on the third post-operative 
day. The patient wears the splint until sutures are 
removed, two to three weeks after surgery. Range 
of motion exercises of the ankle and subtalar joint 
are started after suture removal. The injured limb is 
kept off weight-bearing for 8-12 weeks, according to 
comminution of the fracture, stability of fixation and 
radiographic signs of healing.

Outcome of talar neck fracture
Displaced talar neck fractures are severe injuries 

associated with high complication rates. Vallier et al. 
(20) reviewed sixty fractures at an average of thirty-
six months after open reduction and internal fixation 
(Table I). Complete radiographic data were available 
in thirty-nine patients. Forty-five patients completed 
functional questionnaires. Thirty two of these (71%) 
had returned to work. Six patients had to modify 
their work because of the injury. Functional outcome 
assessed with the Foot Function Index (FFI) indicated 
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Society the mean score was 71 points (maximum 
score 100). Definite radiographic arthritis with 50% 
or greater joint space loss was present in 40% of the 
ankles and 78% of subtalar joints.

Radiographic signs of osteonecrosis were 
present in only 5 of 44 patients who did not require 
secondary surgery. Analysis of the results suggested 
that patients healed with normal alignment and 
no osteoarthritis had a good function (AOFAS 
Hindfoot score of 92 points) compared to patients 
with malalignment and arthritis (AOFAS Hindfoot 
score of 52 points). In conclusion the authors 
underline the good functional results of patients who 
did not develop complications. Patients with varus 
malaligment or hindfoot arthritis had inferior results. 
Malunion was an important clinical problem in these 
series. Hindfoot malaligment was noted in 36% of 
the patients who did not require secondary surgery 
and in 19% of patients who required secondary 
surgery. Osteonecrosis was detected in only 8 (11%) 
patients and compares favorably with older studies 
which predicted a 55% incidence. The incidence of 
secondary reconstructive surgery increased with the 
follow-up time and the most common indication was 
subtalar arthritis. 

Complications
Complications of talar neck fractures include 

AVN of the talar body, non-union, mal-union and 
post-traumatic arthritis.

The incidence of AVN after talar neck fractures 
was estimated to be close to 50% in early reports (8-
9) where many fractures were treated conservatively. 
More recent publications (20-22, 33-34) which 
report the results of ORIF show a lower rate of AVN. 
This improvement has been related to the reduction 
and stable fixation of the fracture. It has been 
recognized that the incidence of AVN correlates 
with fracture displacement. Hawkins group I 
fractures rarely develop AVN. Hawkins group II 
show a 20-50% incidence, while Hawkins group III 
will develop AVN in the majority of the cases. There 
is no evidence that the time interval from injury to 
surgery influences the rate of AVN (20). AVN is 
best diagnosed on anteroposterior and mortise views 
of the ankle as an area of increased density of the 
talar body. The AVN may be partial or total. Partial 
AVN involves up to one-third of the talar body (35). 

increased impairment of the patients with talar neck 
fractures compared to subjects without foot or ankle 
pathologies. In this study, the Musculoskeletal 
Function Assessment (MFA) questionnaire showed 
a greater level of disability in patients with talar 
neck fractures compared to uninjured patients or 
patients with ankle and leg injuries. The presence 
of comminution of the neck was associated with a 
lower FFI and MFA questionnaire scores. Age of the 
patients, Hawkins classification and the presence of 
a talar body fracture did not have an effect on these 
scores. The authors concluded that fractures of the 
talar neck are associated with high rates of morbidity 
and complications. AVN was seen in nineteen (49%) 
of the thirty-nine patients. Seven of these nineteen 
patients showed revascularization of the talar dome 
without collapse. AVN with collapse of the talar 
body occurred in twelve (31%) of the thirty-nine 
patients. AVN was seen in 39% of the Hawkins 
group II fractures and in 64% of the Hawkins group 
III. There was no correlation between the incidence 
of AVN and delay from injury to surgery. AVN was 
associated with comminution of the talar neck. 

Sanders et al.(32) reviewed a series of seventy 
displaced talar neck fractures (Table I). Ten fractures 
were open, thirty-one occurred in polytrauma 
patients and fourty-one were associated with other 
lower extremity injuries. Sixty-six of the fractures 
were stabilized with screws and four treated with a 
talectomy. A total of 26 patients required secondary 
reconstructive surgery. Based on life table analysis 
the proportion of patients requiring secondary 
reconstruction surgery was 24% at one year, 38% 
at five years and 48% at ten years. Fourty-four 
patients did not require secondary reconstructive 
surgery: 70% had returned to employment, 4% had 
retired and 26% were disabled. Fifty-two per cent of 
the patients complained of pain in the ankle with a 
severity on a VAS of 4.2 out of 10 on average. On 
physical examination 38% had a limp, 36% had a 
varus hindfoot and 5% had a valgus hindfoot. The 
average ankle dorsiflexion was 12° and the average 
plantarflexion 36°. The median subtalar motion 
was 25-50% of the opposite side. Using the Ankle 
Osteoarthritis Scale (AOS) the average pain was 3.4 
and the average disability score was 4.2 (0 best score, 
10 worst score). Using the Ankle Hindfoot Scale 
(AHS) of the American Orthopaedic Foot and Ankle 
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Partial necrosis is more often localized in the antero-
lateral part of the talar body.

In 1970 Hawkins described the radiographic 
sign which bears his name (8). He observed that at 
six-eight weeks after the injury, a disuse osteopenia 
could be seen in the foot and ankle bones. In the 
talus this is most apparent in the anteroposterior 
and mortise views as a subchondral radiolucency 
(Fig. 13). If the talar body is vascularized the bone 
becomes osteopenic. If the talar body is avascular 
the bone retains its original density. In the presence 
of a positive Hawkins sign it is highly likely that 
AVN will not develop. However the absence of 
the Hawkins sign does not mean that AVN will 
necessarily develop. In other words the Hawkins sign 
is highly sensitive but less specific. MRI has been 
used to detect post-traumatic AVN of the talar body 
(12). AVN of the talus may be visualized as early as 
three weeks after the fracture and the extent of the 
avascular area may be estimated. Areas of AVN may 
slowly revascularize or proceed to talar collapse (Fig. 
14). Creeping substitution of a necrotic area is a slow 
process which can take two or three years. Collapse 
of the talus following AVN occurs at an average of 
thirty-nine weeks after the injury (20).

After the diagnosis of AVN has been established 
there is no consensus about the best treatment plane. 
A prolonged period off weight-bearing has been 
recommended in the past (9,33,36). Others authors 
(8) observed that prolonged periods off weight-
bearing after fracture union in presence of AVN 
did not guarantee revascularization of the talus and 
that late collapse may still occur (37). Patients may 
find it difficult to strictly avoid weight-bearing for 
prolonged periods. Given the lack of clear evidence 
that weight-bearing is harmful, it is reasonable to 
proceed to full weight-bearing after fracture union 
while avoiding high impact activities. If the patient 
remains symptomatic or if talar collapse develops 
surgical treatment may be required. In the presence 
of extensive AVN of the talus with collapse, the 
necrotic bone may be removed and a tibio-calcaneal 
arthrodesis performed with bone graft interposition. 
It is usually possible to preserve the talar head and 
the talo-navicular joint.

Delayed union and non-union are rare after talar 
neck fractures which typically heal within three 
months. Non-union is usually related to bone loss, 

comminution, insufficient reduction or hardware 
failure. It should be carefully investigated with a 
CT scan. Surgical treatment may involve cancellous 
bone grafting and a new osteosynthesis or the use 
of cortical cancellous bone graft from the iliac crest 
placed across the non-union.

Malunions may be due to a missed diagnosis, 
more frequently in the polytrauma patient. 
Alternatively malunion may be due to malreduction 
at the time of surgery. It has already been pointed 
out that comminution in talar neck fractures occurs 
more frequently medially or dorsally. Failure to 
recognize this fact may lead to varus malreduction. 
The use of a double approach is helpful in preventing 
this complication. Reduction should be checked 
on the lateral side, which fails under tension and 
shows no comminution. Varus malunion of the 
talar neck results in adduction of the forefoot, varus 
of the hindfoot and limited subtalar motion. The 
patient complains of pain and intractable plantar 
cheratosis along the lateral margin of the foot. 
Nascent malunions can be corrected with a revision 
ORIF. Established malunions require a talar neck 
osteotomy or an arthrodesis.

Post-traumatic ankle or subtalar arthritis 
are common after talar neck fractures and may 
require surgical treatment. The incidence seems 
to be higher in the subtalar than in the ankle joint 
(32,36). Incidences of post-traumatic arthritis of 
over 50% have been reported and seem to increase 
in long term follow up (20,32). The development of 
post-traumatic arthritis may be related to chondral 
damage sustained at the time of injury. Other factors 
may include prolonged immobilization or malunion 
with altered joint mechanics. Conservative treatment 
should be attempted first, including NSAIDs, bracing 
and steroid injections. If conservative treatment fails 
an arthrodesis may be required. Subtalar arthrodesis 
is in fact the most common revision procedure after 
talar neck fractures.

Talar body fractures
Talar body fractures are observed less frequently 

than talar neck fractures with a reported incidence 
of 7-38% (38). The frequent extension of talar body 
fractures to the talar neck makes it difficult to estimate 
precisely the incidence. Inokuchi et al. (39) pointed 
out a simple and accurate method to differentiate 
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may be used to fix osteochondral fragments.
Talar body fractures are severe injuries and the 

prognosis remains guarded even after well performed 
ORIF. Vallier et al. (38) reviewed fifty-seven talar 
body fractures treated operatively at a level 1 
trauma center. Twenty-three patients (40%) had an 
associated talar neck fracture. Eleven fractures (19%) 
were open. Thirty-eight patients were evaluated with 
an average follow up of thirty-three months. Nine 
complications occurred in eight patients (21%) 
including three superficial wound infections, four 
wound dehiscence, one skin necrosis and one deep 
infection. Ten (38%) of the twenty-six patients with 
a complete set of radiographs developed AVN of 
the talar body. Five of these collapsed at a mean of 
10.2 months after surgery. All patients with a history 
of open fractures and AVN eventually collapsed. 
Seventeen (65%) of the twenty-six patients had post-
traumatic arthritis of tibiotalar joint and nine (35%) 
had arthritis of the subtalar joint. All the patients 
with open fractures had end-stage post-traumatic 
arthritis. Combined fractures of both the talar body 
and neck showed advanced arthritis more frequently 
than fractures of the talar body. Twenty-three (88%) 
of the twenty-six patients had radiographic evidence 
of AVN or posttraumatic arthritis. Both higher Foot 
Function Index (FFI) scores and Musculoskeletal 
Function Assessment (MFA) scores were observed 
in this group of patients. Osteonecrosis progressing 
to collapse and posttraumatic ankle or subtalar 
arthritis adversely affected the MFA score. It can be 
concluded that talar body fractures are devastating 
injuries, treatment with ORIF may improve 
congruity of the joint. However early complications 
are not infrequent and most patients develop AVN 
or posttraumatic arthritis. Patients should be warned 
of the poor prognosis and potential complications of 
these fractures.

TALAR HEAD FRACTURES

Talar head fractures are rare injuries, representing 
less than 10% of talar fractures. They are rarely 
encountered  as isolated injuries and they are often 
part of a more complex hindfoot or midfoot lesions. 
Talar head fractures are articular injuries involving 
the talonavicular joint and may result in chronic 
disability due to talonavicular arthritis.

talar body and talar neck fractures. Fractures of the 
talar neck run in front of the lateral process to enter 
the sinus tarsi. Fractures of the talar body run behind 
the lateral process to enter the posterior facet of the 
subtalar joint and are intrarticular. Therefore the 
transition point between talar neck and talar body 
fractures is the lateral process. Fractures running 
behind this point enter both the ankle and posterior 
facet of the subtalar joint. 

Talar body fractures are usually caused by a high 
energy compression mechanism. Open fractures are 
observed in around 20% of the cases (38). Associated 
injuries are common.

Talar body fractures are classified according to 
the fracture line into shear (Fig. 15) and crush (Fig. 
16) fractures. Shear fractures may be in the coronal, 
sagittal and horizontal plane. Additional factors 
to consider for the classification include fracture 
location and displacement of the fracture fragments 
(24). Imaging of talar body fractures is similar to 
that employed for talar neck fractures. A set of ankle 
radiographs and foot radiographs is obtained. A CT 
scan is needed in most cases and is very helpful for 
pre-operative planning.

Conservative treatment is reserved to the 
occasional undisplaced talar body fracture. Displaced 
fractures need an ORIF to restore the congruence of 
the ankle and subtalar joints. Open fractures need 
urgent treatment with debridement, lavage and 
preliminary stabilization. Likewise major dislocated 
fragments that jeopardize the soft tissues should 
be treated urgently. The approaches used more 
frequently are the medial and the antero-lateral and 
have already been described for talar neck fractures. 
A single approach can be used in simple fractures 
while a double approach is often needed for complex 
fractures . Visualization of the talar body medially is 
widely enhanced by performing a medial malleolar 
osteotomy. Occasionally an osteotomy may be useful 
on the lateral side. Fractures of the medial or lateral 
malleolus may be used as osteotomies. The fracture 
fragments are reduced and provisionally fixed with 
K wires. If the reduction is acceptable definitive 
stabilization is obtained with lag screws placed 
perpendicular to the fracture plane. In presence 
of comminution position screws should be used. 
Available screw sets should include 3.5, 2.7, 2.4 and 
2.0 mm sets. Herbert screws or bioabsorbable pins 
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Talar head fractures can be caused by a severe 
inversion injury of the forefoot so that the navicular 
causes a shear fracture of the talar head (Fig. 17). 
Alternatively an impaction force can be transmitted 
along the longitudinal axis of the plantar flexed foot 
so that the navicular causes a compression injury 
on the talar head. In consideration of the described 
mechanism of injury it is not surprising that talar 
head fractures are rarely isolated. A search should be 
made to identify associated injuries in the hindfoot 
or midfoot. Associated fractures of the navicular are 
not uncommon. The integrity of the lateral column 
should also be verified. Talar head fractures are 
intrarticular injuries which involve the talonavicular 
joint or occasionally the middle facet of the subtalar 
joint. 

Clinically the patient complains of hindfoot and 
midfoot pain and swelling after a fall from a height 
or a motor-vehicle accident. The position of the foot 
at impact is more often plantarflexion. The fracture is 
usually well visualized on a set of foot radiographs.  

Non operative treatment is limited to a minority 
of cases with undisplaced fractures. Displacement 
should be evaluated on a well performed CT scan. 
Undisplaced fractures can be treated with a non 
weight bearing cast for four to six weeks followed by 
a weight bearing cast for four weeks. 

Most of the talar head fractures are displaced and 
require an operative treatment to restore congruency 
and stability of the talonavicular joint. The fracture 
is more often approached medially. Alternatively 
an anterior or antero-lateral approach may be 
used, whatever allows the best fracture exposure 
with the least dissection. Occasionally a double 
approach, medial and antero-lateral, is useful. The 
fragments should be accurately reduced and fixed 
using countersunk mini fragment screws or headless 
screws. Impacted fractures should be elevated  and 
bone grafted. Fragments that are too small to be 
fixed should be removed. It is not clear how much of 
the talar head can be excised without consequences 
for the talonavicular joint function. In case of 
comminuted fractures reduction can be enhanced by 
the use of  a small external fixator  with one pin in 
the talar neck and a second pin in the first cuneiform. 
If the stability of the reconstruction is uncertain the 
external fixator may be left in place for three-four 
weeks post-operatively.

The long term results of talar head fractures have 
not been investigated probably due  to the rarity 
of these injuries and because of the frequency of 
associated injuries. 

Complications include talonavicular arthritis 
and talonavicular instability. If symptoms are not 
relieved by conservative treatment a talonavicular 
arthrodesis may be required. 

OUR EXPERIENCE

Our experience is based on 30 central fractures of 
the talus treated with ORIF during a 14 year period. 
A double approach was used for displaced talar 
neck fractures. A medial malleolar osteotomy was 
frequently added in talar body fractures. Anatomic 
or near anatomic reconstruction with stable internal 
fixation was achieved in most of the cases and early 
post-operative mobilization was employed. The 
clinical results however have shown a significant 
incidence (36%) of unsatisfactory results evaluated 
with the AOFAS scoring system due to residual pain 
and stiffness. Osteonecrosis of the talar body was 
observed in 28% of the talar neck and body fractures 
and it was followed by collapse in two cases. Post-
traumatic arthritis of the tibiotalar, subtalar, and/or 
midtarsal joints was observed in 50-68% of the cases. 
Although post-traumatic arthritis was represented by 
grade I peripheral osteophytes in more than half 
of the cases the observation remains concerning 
regarding the long-term prognosis of these joints.

The patients should be warned in advance of the 
prognosis of these injuries.
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