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Abstract The ideal treatment of osteochondral lesions is

debatable. Although autologous chondrocyte implantation

provides pain relief, the need for two operations and high

costs has prompted a search for alternatives. Bone marrow-

derived cells may represent the future in osteochondral

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, a one-step

arthroscopic technique was developed for cartilage repair.

We performed an in vitro preclinical study to verify the

capability of bone marrow-derived cells to differentiate

into chondrogenic and osteogenic lineages and to be sup-

ported onto scaffolds. In a prospective clinical study, we

investigated the ability of this technique to repair talar

osteochondral lesions in 48 patients. Minimum followup

was 24 months (mean, 29 months; range, 24–35 months).

Clinical results were evaluated using the American

Orthopaedic Foot and Ankle Society (AOFAS) score and

the influence of scaffold type, lesion area, previous sur-

geries, and lesion depth was considered. MRI and

histologic evaluation were performed. The AOFAS score

improved from 64.4 ± 14.5 to 91.4 ± 7.7. Histologic

evaluation showed regenerated tissue in various degrees of

remodeling although none showed entirely hyaline carti-

lage. These data suggest the one-step technique is an

alternative for cartilage repair, permitting improved func-

tional scores and overcoming the drawbacks of previous

techniques.

Level of Evidence: Level IV, therapeutic study. See

Guidelines for Authors for a complete description of levels

of evidence.

Introduction

Osteochondral lesions of the talus frequently occur after

inversion or eversion ankle sprains in young patients par-

ticipating in sports activities [7, 53, 56]. Chondral tissue

has poor healing abilities [1], therefore, the damage may be

irreversible [12] and lead to chronic symptoms and early

osteoarthritis, with a reported frequency ranging from 17%

to 50% [3, 13, 14, 33, 49].

Various surgical options have been proposed to restore

an adequate cartilaginous layer on the talar dome [2, 37,

45, 58], but among them, only osteochondral grafting

and autologous chondrocyte implantation have shown the

ability to provide repair of the lesion site with hyaline

cartilage [9, 10]. Owing to tissue engineering, biode-

gradable scaffolding for cell support and proliferation

such as Hyalograft1 C (Fidia Advanced Biopolymers,

Abano Terme, Italy) or matrix-induced autologous

chondrocyte implantation has been proposed, permitting

entirely arthroscopic autologous chondrocyte implanta-

tion with a substantial reduction in surgical morbidity

[4, 19, 22].
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Nevertheless, the need for two operations and high costs

remain drawbacks of autologous chondrocyte implantation

[10, 24, 25, 29, 30, 52, 61]. Otherwise, the limited donor

area available, the risk of damage to a healthy joint during

the plug harvesting phase, discontinuous cartilage repair

obtained in the recipient site owing to slight discrepancies

in plug orientation, and the need for open surgery of the

donor and recipient sites, more frequently with a malleolar

osteotomy, are major disadvantages of osteochondral

grafting [28, 36].

These considerations have prompted the search for new

cartilage repair methods able to overcome these disad-

vantages. Recently, mesenchymal stem cells (MSCs) were

proposed as a new option for treatment of articular carti-

lage defects [6] because of their ability to differentiate into

various lineages, including osteoblasts and chondrocytes

[21, 51]. MSC differentiation in the desired direction may

be achieved as a result of environment, mechanical stim-

ulation, and growth factors present in the platelet gel able

to stimulate cells toward osteogenesis and chondrogenesis

[8, 20, 39, 40, 43, 55]. Although the use of MSCs as a pure

cell lineage has been advocated [6], after selective elimi-

nation of cells that do not express the typical markers of

MSCs, the basis of the described technique lies in the key

role of the surrounding microenvironment (or niche). The

potential of a multipotent cell may be considered not only

an intrinsic capability of the cell alone but also the inter-

action between a cell with its physiologic niche that

provides a signaling network (ie, the extracellular matrix,

adhesion molecules, growth factors, cytokines, and che-

mokines secreted by the resident cells) [16, 18, 34, 38, 50,

59]. Autologous bone marrow contains not only stem cells

and precursor cells as a source of regeneration tissue, but

also accessory cells that support angiogenesis and vascu-

logenesis by producing several growth factors. This

suggests no cell selection and expansion in the laboratory

may be required (as with autologous chondrocyte implan-

tation), and consequently the transplant can be performed

in one operative procedure.

Using a kit to concentrate bone marrow-derived cells in

the operating room and collagen powder or hyaluronic acid

membrane as scaffolds for cell support and platelet gel, a

one-step arthroscopic technique was developed [20, 40, 43,

44, 54]. As both scaffolds used in the study were projected

for purposes different from the support of bone marrow-

derived cells, we performed a preclinical laboratory study

on five samples to verify (1) the in vitro chondrogenic and

osteogenic potential of bone marrow-derived cells and (2)

the in vitro capability of the biomaterials used in the study

to support bone marrow-derived cells.

We then asked whether the one-step arthroscopic tech-

nique using bone marrow-derived cells supported by

different scaffolds and platelet gel to treat osteochondral

lesions of the talus would improve the patients’ functional

scores. Finally, using MRI, second-look arthroscopies, and

histologic analysis, we ascertained the influence of type of

scaffold used, area of the lesion, presence of previous

surgeries at the same lesion site, and lesion depth; and the

ability to regenerate osteochondral tissue.

Materials and Methods

From October 2005 to September 2006, we enrolled 48

patients with focal osteochondral lesions of the talar dome

to be treated with arthroscopic bone marrow-derived cell

transplantation using a one-step technique and one of two

scaffolds. The treatment was indicated for focal osteo-

chondral lesions of the talar dome classified as chronic Type

II ([ 1.5 cm2 in area, \ 5 mm deep) [23]. We excluded

patients younger than 15 years or older than 50 years,

patients with osteoarthritis or kissing lesions of the ankle,

and patients with rheumatoid arthritis. Malalignment of the

lower limb and the presence of joint laxity were considered

relative contraindications to be corrected if present. The

ethical committee of our institution approved the human

protocol for this investigation. There were 27 men and 21

women with a mean age of 28.5 ± 9.5 years. All the

patients were affected by posttraumatic Type II lesions [23].

The mean size of the lesions was 2.07 ± 0.48 cm2, and the

mean depth of the lesions was 4.0 ± 0.9 mm. The lesion

involved the right ankle in 21 patients and the left ankle in

27; the lesion was located medially in 39 and laterally in

nine. In 35 patients, the lesion had a definite posttraumatic

origin. Four patients had a previous ankle fracture and 31

had a previous ankle sprain without fracture (mean time

from the trauma, 35.2 ± 52.4 months), whereas 13 were

not able to recall a specific major traumatic event, but dif-

ferent minor traumas at the affected ankle. Fifteen patients

had been treated previously by microfractures (eight),

arthroscopic ankle débridement (five), and autologous

chondrocyte implantation (two). Both patients who were

treated by autologous chondrocyte implantation that failed

had been treated previously by microfracture (one) and

arthroscopic débridement (one); therefore, bone marrow-

derived cell transplantation was their third operation. The

minimum followup was 24 months (mean, 29 months;

range, 24–35 months). No patients were lost to followup.

All investigations were conducted in conformity with eth-

ical principles of research, and written informed consent

was signed by all the patients enrolled in this study.

The initial clinical evaluation included the complete

history of the patient and a physical examination. We

recorded any known cause of ankle trauma and previous

failed treatment attempts. Two of us (FV, MC) checked the

ankle for instability, malalignment, and range of movement
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and completed the AOFAS score [35] preoperatively. A

standard radiographic examination, including AP and lat-

eral weightbearing views, and MRI of the affected ankle

were performed preoperatively.

The scaffolds used in this series for cell support were

either a porcine collagen powder (Spongostan1 Powder;

Johnson & Johnson Medical Ltd, Gargrave, Skipton, UK

[54]), which, once mixed with autologous cell concentrate

and platelet gel becomes a malleable paste, or a hyaluronic

acid membrane (HYAFF1-11; Fidia Advanced Biopoly-

mers [11]) with addition of platelet gel. The secretory

granules of platelets, the a granules, contain platelet-

derived growth factors AA, BB, and AB; transforming

growth factors b1 (TGF-b1) and b2; platelet-derived epi-

dermal growth factor; platelet-derived angiogenesis factor;

insulin growth factor 1; and platelet factor 4, which influ-

ences bone regeneration [47]. Because of commercial

availability, the first 23 patients were treated using the

collagen powder, whereas the following 25 patients

received the hyaluronic acid membrane.

We performed a laboratory characterization of the

implanted biomaterials before the clinical trial to verify the

in vitro capability of the biomaterials to support bone

marrow-derived cells in terms of cell viability and chon-

drogenic and osteogenic potential of bone marrow-derived

cells.

Cell viability in the biomaterials was determined by the

3-4,5-dimethylthiazol-2-yl-2,5-diphenyltetrazolium bro-

mide (MTT) (Sigma-Aldrich Corp, St Louis, MO)-

mitochondrial reduction method using the original protocol

of Mosmann as described by Denizot and Lang [17].

Briefly, 1 mL concentrated cells was mixed with the col-

lagen powder or 1 mL was seeded onto a 1- 9 1-cm

hyaluronic acid membrane scaffold. Samples were incu-

bated at 37�C in a humidified atmosphere of 5% CO2 for

3 hours and then added to alpha-minimal essential medium

(a-MEM) (Sigma). Cell viability was monitored after 1, 3,

and 7 days from seeding.

To evaluate the chondrogenic and osteogenic potential

of bone marrow-derived cells, we isolated mononuclear

cells from bone marrow of five male patients

(42 ± 12 years old) who underwent surgery for limb

nonunion revision and in whom the use of bone marrow to

enhance frozen allografts integration was indicated.

A Ficoll-Hypaque density gradient (d = 1.077 g/mL)

(Sigma) was used as previously described [57]. Cells were

washed twice, resuspended in a-MEM with 15% fetal

bovine serum (FBS) (Cambrex Profarmaco, Milan, Italy),

counted, and plated at a concentration of 3 9 105 cells/

well in a six-well plate. After 24 hours for chondrogenic

differentiation, the medium was replaced with complete

chondrogenic medium (Dulbecco’s modified Eagle’s

medium; Life Technologies, Grand Island, NY) with high

glucose supplemented with ITSTM Premix (BD Biosci-

ences, Bedford, MA) (containing 6.25 lg/mL insulin,

6.25 lg/mL transferrin, 5.33 lg/mL linoleic acid, and

1.25 mg/mL bovine serum albumin [BSA]), 10�7 mol/L

dexamethasone (Sigma), 37.5 lg/mL ascorbate-2 phos-

phate (Sigma), and 1 mmol/L sodium pyruvate (Sigma).

The medium was with or without the addition of TGF-b1 at

10 ng/mL (R&D Systems, Minneapolis, MN).

For osteogenic differentiation, the initial medium was

substituted with an osteogenic medium (a-MEM with 15%

FBS containing 75 lg/mL ascorbate-2 phosphate,

0.01 mmol/L b-glycerophosphate (Sigma), or 10�7 mol/L

dexamethasone. Cells (for chondrogenesis and osteogene-

sis) were maintained in culture up to 28 days and the

medium was changed twice a week. To evaluate the

chondrogenic differentiation, Alcian blue staining was

performed. Briefly, cultured cells were washed with

phosphate-buffered saline (PBS) and fixed in 10% neutral-

buffered formalin for 30 minutes at room temperature.

Then, cells were incubated for 3 minutes at room temper-

ature with a 3% acetic acid solution and stained with 1%

alcian blue solution (Sigma) for 30 minutes at room tem-

perature. Stained cells were washed extensively in running

tap water and rinsed in double deionized water.

To analyze osteogenic differentiation, the calcium

deposition was evaluated using alizarin red S staining.

Briefly, cultured cells were washed with PBS and fixed in

10% neutral-buffered formalin for 1 hour at room tem-

perature. After washes in double deionized water, cells

were dehydrated in an alcohol graded series and stained

with 1% alizarin red S solution (Sigma) for 2 minutes.

Stained cells were washed extensively with double deion-

ized water to remove the nonspecific precipitation; positive

red staining represents calcium deposits on the differenti-

ated cells. Experiments were performed in duplicate wells.

The platelet-rich fibrin gel was produced the day before

surgery with the Vivostat System1 (Vivolution A/S, 3460

Birkeroed, Denmark). We harvested and processed 120 mL

of the patient’s venous blood to provide 6 mL platelet-rich

fibrin gel. This product was cryopreserved at –80�C and

returned to ambient temperature 30 minutes before the

surgical procedure.

The bone marrow was harvested in the same surgical

session as the bone marrow-derived cell transplant, from

the posterior iliac crest in a sterile regimen, with the patient

in a prone decubitus position and under general or spinal

anesthesia. After insertion of a marrow needle (size, 11

G 9 100 mm) 3 cm deep into the spongy bone, only 5 mL

bone marrow was aspirated into a 20-mL plastic syringe

internally coated with calcium-heparin solution. Then the

needle was rotated 90� and another 5 mL was harvested.

Additional harvestings of 5 mL were obtained while

rotating and slightly withdrawing the needle in the same
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location. This procedure was repeated with three to four

perforations into the iliac crest, through the same skin

opening, until a total of 60 mL bone marrow aspirate was

collected. The marrow was aspirated in small fractions

from different points to maximize harvesting of the marrow

stromal cells and reduce dilution by peripheral blood. The

harvested bone marrow was reduced in volume directly in

the operating room by removing most of the red cells and

plasma. Thus, it was possible to obtain a concentrate of

nucleated cells, including stem cells, monocytes, lympho-

cytes, and other bone marrow resident cells. The bone

marrow was concentrated with a cell separator-concentra-

tor (Smart PReP1; Harvest Technologies Corp, Plymouth,

MA) by a sterile and disposable dedicated kit (BMAC1;

Harvest Technologies Corp) [32]. The 60 mL bone marrow

aspirate to be processed, the minimum amount required by

the manufacturer, was injected into the posterior portion of

the double chamber device. This was placed vertically on

the rotor of the centrifuge. A 3-minute centrifugation at

2500 rpm separated the red cells from the other compo-

nents with the help of a semipermeable membrane; then,

during a 2-minute arrest period, the buffy coat separated

from the erythrocytes was transferred into the anterior

chamber. Finally, a 9-minute phase at 2300 rpm separated

the cellular component from the plasma in the anterior

chamber; at the end of the entire process, the majority of

the red cells remained in the posterior chamber of the

container. Once separated from the red cells, the mono-

nuclear cells remained in the anterior chamber in its

inferior part covered by the platelet-poor plasma. Finally,

they were aspirated from the anterior chamber with a

syringe and resuspended in an adequate volume of the

platelet-poor plasma to obtain 6 mL cell concentrate.

After the bone marrow harvesting phase, we performed

ankle arthroscopy with the patient in a supine position and

a tourniquet with 280-mm Hg pressure applied at the thigh

of the affected limb. Two standard approaches, anterome-

dial and anterolateral, were made to the ankle. The lesion

site was observed and prepared with removal of the

detached cartilage fragment and subchondral malacic bone

until the healthy bone was reached. With the help of a

calibrated probe, we measured the lesion size. Then, the

composites to be implanted were prepared. When collagen

was used, 1 g powder was mixed with 2 mL bone marrow

concentrate and 1 mL platelet-rich fibrin gel to create a

malleable paste rich in bone marrow progenitor cells and

growth factors. Hyaluronic acid membrane was instead cut

in an appropriate size following the area of the lesion and

loaded by capillarity with 2 mL bone marrow concentrate

and 1 mL platelet-rich fibrin gel. The composites were

placed using the same instrumentation as described for the

arthroscopic autologous chondrocyte implantation (CITI-

EFFE SRL, Calderara di Reno, Italy) [22]. The cannula

was inserted through the arthroscopic portal closer to the

lesion with the help of the dedicated trochar, the distension

liquid flux was stopped, and the liquid was removed from

the articular environment. The final composite was run

through the cannula onto a sliding positioner up to the

margin of the lesion, where it was positioned with the help

of a probe. We then removed the cannula and accurately

fitted the composite into the lesion site using a flattened

probe. A layer of platelet-rich fibrin gel then was spread on

the implant to provide an additional contribution of growth

factors and optimize its stability with the clotting capability

of the platelet-rich fibrin gel. We performed multiple sag-

ittal ankle movements under arthroscopic control to verify

the stability of the implant. Twenty-two patients underwent

associated surgical procedures: osteophytectomy in 17,

synovectomy for synovial hypertrophy in two, loose body

extraction in two, and calcaneal osteotomy for flatfoot

correction in one. The skin was sutured with a single stitch

for each portal by an absorbable 3-0 suture.

Active and passive ankle motions were advised the day

after surgery. The range of motion was increased gradually

according to pain tolerance for the first 3 weeks. Walking

with crutches and no weightbearing on the affected ankle

was recommended for the first 6 weeks after the surgery.

Partial weightbearing increasing to complete weightbear-

ing was permitted from 6 to 8 weeks after surgery, and

4 months after surgery, low-impact sports activity could be

resumed. After 10 to 12 months, we allowed running and

progressive training for high-impact activities such as

tennis and soccer.

We followed patients at 6, 12, 18, and 24 months after

surgery. A standard radiographic examination, including

AP and lateral weightbearing views, and MRI of the

affected ankle were performed at each followup.

At a minimum followup of 12 months (mean,

13 months; range, 12–14 months), five patients who had

been treated with collagen paste underwent second-look

arthroscopy: in the first three, who were asymptomatic, to

evaluate the regenerated tissue at 12 months and in two

subsequent symptomatic patients in whom hypertrophic

regenerated tissue was evident on MRI. We inspected and

evaluated the implant site using the International Cartilage

Repair Society visual scoring system [41], including the

degree of defect repair, graft integration to adjacent normal

articular surface, and gross appearance. Although

approaching the ankle tangentially, biopsy specimens as

perpendicular to the surface as possible from the central

portion of the repaired lesion were obtained for histologic

and immunohistologic analyses in the first three patients.

The specimens were evaluated independently by two

observers (BG, CC).

Biopsy specimens for histologic analysis were fixed in

10% buffered formalin, washed, and decalcified with
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Formical-2000TM (Decal Chemical Corp, Congers, NY)

overnight at room temperature. The samples then were

dehydrated in an alcohol graded series and embedded in

paraffin. Sections, 5 lm thick, were obtained from the

cartilage specimens, and the slides were stored at room

temperature. The slides were stained with 0.02% fast green

and 0.1% safranin O (Sigma) to identify the presence of

accumulated proteoglycans. All the samples were analyzed

using a Zeiss Axioscope microscope (Carl Zeiss, Oberko-

chen, Germany).

For immunohistochemical analyses, we used two

monoclonal antibodies on different slides: mouse mono-

clonal anti-human Type I collagen antibody and mouse

monoclonal anti-human Type II collagen antibody (both

from Chemicon International, Temecula, CA). Paraffin

sections were deparaffinized and rehydrated. Epitope

unmasking was performed by treatment with 0.1% hyal-

uronidase (Sigma) in PBS at 37�C for 5 minutes. After

washes, the slides were incubated with 0.04 mol/L

Trizma1 base saline (TBS) containing 0.1% BSA (Sigma)

for 5 minutes at room temperature to prevent nonspecific

bindings. The slides were incubated with 2 lg/mL anti-

collagen I and 5 lg/mL anti-collagen II diluted in

0.04 mol/L TBS containing 1% BSA and 0.1% Triton

X-100TM (Sigma) for 1 hour at room temperature. The

slides were washed three times with 0.04 mol/L TBS and

incubated with biotinylated secondary antibodies (BioGe-

nex Laboratories Inc, San Ramon, CA) for 20 minutes at

room temperature. After three washes with 0.04 mol/L

TBS, the samples were incubated with an enzyme-labeled

streptavidin reagent (BioGenex) for 20 minutes at room

temperature, and after washes, the reactions were devel-

oped using fast red substrate (BioGenex). Negative

controls were performed by omitting the primary antibody.

Slides were counterstained with hematoxylin and eosin and

mounted in glycerol gel. All the samples were analyzed

using a Zeiss Axioscope microscope.

Continuous data were described as means and standard

deviations. Qualitative data are expressed as frequencies

and percentages. The Kolmogorov-Smirnov test was used

to test the normality of data distribution. The Levene test

was used to test the homoscedasticity. Differences between

preoperative and various followup data were evaluated

with the paired t test for homoscedastic and normally dis-

tributed data; otherwise, the nonparametric Wilcoxon-

Mann-Whitney test was used. Differences between groups

were evaluated with the unpaired t test for homoscedastic

and normally distributed data; otherwise, the nonparamet-

ric Wilcoxon-Mann-Whitney test was used. The groups

also were checked for differences considering the per-

centage of maximum possible improvement at each

followup, calculated as follows: improvement percentage

at a set followup = (AOFAS score at the followup�AO-

FAS preoperative/100�AOFAS preoperative) 9 100.

Pearson’s correlation was performed to investigate the

relationships between continuous variables if they were

both normally distributed; otherwise, the Spearman rank

correlation test was used. Statistical analysis was

Fig. 1A–D The photographs show

(A) the collagen powder seeded

with concentrated cells, (B) stain-

ing of the collagen powder scaffold

processed with MTT. The purple is

indicative of the cells’ viability;

(C) the hyaluronic acid membrane

seeded with concentrated cells; and

(D) staining of the hyaluronic acid

membrane processed with MTT.

The purple is indicative of the

cells’ viability.
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performed using SPSS1 software (Version 15.0; SPSS Inc,

Chicago, IL).

Results

MTT assay performed on the collagen powder and hyalu-

ronic acid membrane seeded with bone marrow-derived

cells showed dark staining, giving evidence of a high

percentage of viable cells inside the two scaffolds (Fig. 1).

Bone marrow-derived cells were capable of chondro-

genic and osteogenic differentiation once grown in suitable

media. Particularly, bone marrow-derived cells cultured

with TGF-b1 were positive at Day 28 for alcian blue

staining, which is specific for glycosaminoglycans (Fig. 2

A). Several colonies positive to alizarin red S were found

instead in the cells cultured in osteogenic medium at the

same experimental time, with calcium precipitates evident

inside the colonies (Fig. 2B).

Fig. 2A–B The photographs show (A) alcian blue staining of bone

mineral-derived cells cultured in the absence (�) or presence (+) of

TGF-b1 at 28 days and (B) alizarin red staining of bone mineral-

derived cells cultured in normal (�) or osteogenic (+) medium at

28 days. Each evaluation was performed in duplicate.

Table 1. Mean AOFAS scores preoperatively and at different

followups

Patient Age

(years)

AOFAS score

Preoperative 6

months

12

months

18

months

24

months

1 22 75 75 75 75 75

2 36 38 88 100 100 100

3 15 71 80 98 100 100

4 31 68 82 85 88 98

5 35 68 87 98 98 100

6 15 82 90 95 95 95

7 34 85 90 90 90 90

8 39 64 75 80 82 82

9 34 36 61 91 89 90

10 18 85 97 97 97 97

11 31 68 75 88 88 88

12 23 74 90 90 90 90

13 15 75 97 100 100 100

14 33 70 80 88 90 95

15 30 41 87 87 87 87

16 19 78 87 88 90 95

17 32 51 72 72 65 65

18 20 64 90 95 95 95

19 45 69 95 95 95 95

20 36 65 90 95 97 97

21 23 57 75 80 80 84

22 18 69 87 90 92 92

23 18 69 87 87 88 90

24 40 67 90 98 100 100

25 27 68 90 95 100 100

26 19 74 97 100 100 100

27 49 64 71 75 75 80

28 28 57 70 75 75 80

29 15 68 87 90 90 90

30 36 68 70 80 85 88

31 31 35 85 100 100 100

32 26 44 85 90 90 90

33 28 78 87 90 90 100

34 26 79 90 90 90 90

35 33 55 70 70 70 80

36 35 54 87 90 92 92

37 49 64 80 88 90 90

38 31 79 87 87 87 90

39 31 26 75 80 80 85

40 30 52 80 85 87 89

41 36 32 65 72 75 80

42 38 61 80 90 92 92

43 46 78 87 100 100 100

44 22 66 80 90 90 95

45 15 82 87 90 95 95
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We had no intraoperative complications. Postopera-

tively, one patient had a superficial infection of an

arthroscopic portal; the infection resolved with oral anti-

biotic therapy.

The mean preoperative AOFAS score was 64.4 ± 14.5.

The mean AOFAS score improved to 83.3 ± 8.7 at

6 months’ followup, 88.9 ± 8.2 at 12 months, 89.7 ± 8.5 at

18 months, and 91.4 ± 7.7 at 24 months (Table 1; Fig. 3).

Of the two patients with preoperative AOFAS scores of

51 and 75, one had a previous ankle fracture treated non-

operatively 7 years before the surgery and the other had

previous surgery with microfractures and reported a post-

operative infection of the arthroscopic portal.

Forty-five of the 48 patients (94%) participated in a low-

impact sports activity at a mean of 4.4 months after the

surgery, whereas 37 of the 48 patients (77%) participated in

a high-impact sports activity at a mean of 11.3 months.

Patients with the two types of scaffolds showed a similar

pattern of improvement at each followup (Table 2; Figs. 4,

5). The percentages of maximum possible improvement

also were similar between the groups (Table 3). As the

results were not affected by the scaffold used, the succes-

sive correlations referred to the total of the patients.

We observed no correlation between the area of the

lesion and the preoperative AOFAS score (Table 4), but

did observe a relationship between the area of the lesion

and the AOFAS score at each followup (Fig. 6). We also

observed a relationship between the area of the lesion and

the percentage of maximum possible improvement in

Table 1. continued

Patient Age

(years)

AOFAS score

Preoperative 6

months

12

months

18

months

24

months

46 24 80 97 100 100 100

47 16 64 75 87 90 90

48 16 75 90 90 90 90

AOFAS = American Orthopaedic Foot and Ankle Society.

Fig. 3 Box-and-whisker plots

show AOFAS clinical scores pre-

operatively and at the different

followups. Horizontal line =

median; box = first to third quar-

tile; error bars = minimum to

maximum; dots = outliers.

Table 2. Global clinical results

Patient group Time AOFAS score p Value*

Mean SD Median

Global Preoperative 64.4 14.5 75.0

6 months 83.3 8.7 90.0 0.0005

12 months 88.9 8.2 95.0 0.0005

18 months 89.7 8.5 96.5 0.0005

24 months 91.4 7.9 97.5 0.0005

Collagen powder Preoperative 62.5 18.0 78.0

6 months 82.3 10.2 90.0 0.0005

12 months 86.9 9.4 91.0 0.0005

18 months 87.2 10.0 95.0 0.0005

24 months 89.8 9.8 100.0 0.0005

Hyaluronic acid

membrane

Preoperative 66.2 10.5 69.5

6 months 84.3 7.2 90.0 0.0005

12 months 90.7 6.5 96.0 0.0005

18 months 92.0 6.3 97.5 0.0005

24 months 92.8 5.3 97.0 0.0005

* Nonparametric Wilcoxon-Mann-Whitney test, followup versus

preoperative AOFAS score; AOFAS = American Orthopaedic Foot

and Ankle Society; SD = standard deviation.
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AOFAS score at each followup. Previous surgeries nega-

tively affected the AOFAS score at 12 and 24 months

(Table 5). The percentage of maximum possible improve-

ment in the AOFAS score between the two groups was

similar at each followup (Table 5). No relationship was

observed between AOFAS scores and depth of the lesion

(Table 6).

MR images at 24 months’ followup showed newly

formed tissue at the lesion site in all patients (Fig. 7). In

two patients, MR images at 12 months’ followup showed

hypertrophy of the regenerated cartilaginous tissue.

The second-look arthroscopies of the first three patients

who were treated surgically revealed a continuous, intact

regenerated cartilage layer. The other two second-look

arthroscopies showed hypertrophic regenerated tissue,

confirming the MRI observations. Integration with the

healthy cartilage was complete in all patients with a

smooth transition zone. The macroscopic aspect of the

cartilage was close to normal even in the patients with

hypertrophic tissue, once excess cartilage was shaved. The

consistency of the regenerated tissue, checked with a

probe, appeared similar to the healthy articular

Fig. 4 Clinical results were ana-

lyzed by dividing patients in two

groups according to scaffold type

used. The box-and-whisker plots

show AOFAS clinical scores pre-

operatively and at the different

followups in the group treated

with collagen powder scaffolds.

Horizontal line = median; box =

first to third quartile; error

bars = minimum to maximum;

dots = outliers.

Fig. 5 Clinical results were ana-

lyzed by dividing patients in two

groups according to scaffold type

used. Box-and-whisker plots

show AOFAS clinical scores pre-

operatively and at the different

followups in the group treated

with hyaluronic acid membrane

scaffolds. Horizontal line = med-

ian; box = first to third quartile;

error bars = minimum to maxi-

mum; dots = outliers.
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cartilaginous tissue. In the three patients operated on first, a

biopsy specimen of the transplanted area was obtained,

whereas no biopsy was performed in the two patients in

whom hypertrophy of the implant was found.

The samples obtained from the biopsies generally

showed a structure with various degrees of tissue remod-

eling. Safranin O staining of the biopsy specimen showed

high expression of proteoglycans, whereas the collagen

component was less represented (Fig. 8). Collagen Type I

immunostaining showed the presence of positive cells,

particularly in the middle zone (Fig. 9), whereas collagen

Type II showed the presence of some very positive zones

throughout the entire thickness of the cartilage (Fig. 10).

Discussion

Autologous chondrocyte implantation is widely considered

state of the art in cartilage regeneration, having shown its

ability to regenerate reparative tissue with physical char-

acteristics similar to healthy cartilage [51, 52]. Furthermore,

the use of a tissue-engineered biomaterial composed of

autologous chondrocytes grown on a scaffold entirely made

of HYAFF-111 enhanced applicability of the technique,

permitting a completely arthroscopic procedure in the knee

and ankle [22, 42, 43]. Nevertheless, the need for two sur-

gical operations and the high costs resulting from cell

expansion are major drawbacks of the technique, which

may never be overcome. Furthermore, chondrocytes are

differentiated cells, which are able to regenerate only a

cartilaginous structure. The rationale of this study is based

on the hypothesis that bone marrow-derived cells may be

used for osteochondral lesions of the talus repair, over-

coming all the drawbacks raised from autologous

chondrocyte implantation. To support this hypothesis, we

conducted a preclinical laboratory study to verify the

in vitro chondrogenic and osteogenic potential of bone

marrow-derived cells and the in vitro capability of the

biomaterials used in the study to support bone marrow-

derived cells. We then conducted a prospective clinical

study to investigate the validity of the one-step arthroscopic

technique, based on bone marrow-derived cells, in osteo-

chondral lesions of the talus repair, in terms of AOFAS

score; the influence of scaffold type, lesion area, previous

surgeries, and lesion depth on AOFAS score; and the ability

to regenerate osteochondral tissue, using MRI, second-look

arthroscopies, and histologic analysis.

Although the lack of a control group is a limitation of

the study, nevertheless, there is general agreement in the

literature that, in the type of lesion considered in this study

(Type II lesions), surgical treatment is mandatory [25, 33].

Furthermore, the clinical and histologic results of these

series are consistent with those of previously published

series of patients with similar lesions treated by arthro-

scopic autologous chondrocyte implantation, considered

the gold standard treatment for this type of lesion [22, 23,

25, 26]. The use of two different scaffolds for bone mar-

row-derived cell support, owing to commercial availability

of the materials during the study, is also a weakness of the

study. Nevertheless, the results obtained with the two

scaffolds showed a similar pattern of improvement

(Figs. 4, 5; Table 2), indicating both scaffolds are equiv-

alent to support bone marrow-derived cells for

transplantation. The limited number of followup biopsy

specimens also may be considered a limitation of the study.

Nevertheless, biopsy morbidity in an asymptomatic patient

is to be considered and evaluation by alternative methods

such as qualitative MRI T2 mapping is in progress [60].

Table 3. Percentages of maximum possible improvement

Time Patient group % of maximum

possible improvement

p Value*

Mean SD Median

6 months Collagen powder 52 23 46 0.58

Hyaluronic acid

membrane

53 20 58

12 months Collagen powder 62 27 63 0.18

Hyaluronic acid

membrane

72 18 69

18 months Collagen powder 63 27 72 0.15

Hyaluronic acid

membrane

76 17 73

24 months Collagen powder 72 27 76 0.77

Hyaluronic acid

membrane

78 15 79

* Nonparametric Wilcoxon-Mann-Whitney test; SD = standard

deviation.

Table 4. Relationship between area of lesion, AOFAS score, and

percentage of maximum possible improvement in AOFAS score

Variable Time Spearman correlation

between lesion area and

variable

p Value Rho value

AOFAS score Preoperative 0.38 �0.150

6 months 0.008 �0.376

12 months 0.0006 �0.477

18 months 0.0004 �0.493

24 months 0.004 �0.456

% of maximum

possible

improvement

6 months 0.008 �0.380

12 months 0.0009 �0.463

18 months 0.001 �0.461

24 months 0.0007 �0.533

AOFAS = American Orthopaedic Foot and Ankle Society.
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The in vitro experiment reported in this study con-

firmed bone marrow-derived cells are able to

differentiate into chondral and osseous lineages, thus

supporting the hypothesis that in vivo bone marrow-

derived cells may be able to fill the whole thickness of a

defect and secrete some trophic molecules, which con-

tribute to regeneration of damaged tissue [15], the final

result being cartilage on the top and bone on the bottom.

Transplantation of the entire bone marrow cellular pool

by transferring the entire regenerative potential present in

the bone marrow to the lesion site permits the cells to be

processed directly in the operating room without the

need for a laboratory phase and thus allows the tech-

nique to be performed in one step. Moreover, the use of

a concentrator device produces bone marrow-derived

cells with similar or greater functional activity, similar

colony-forming capacity, and a superior migratory

activity compared with the more traditional product

obtained using Ficoll isolation [31].

Bone marrow-derived cell transplantation resulted in

AOFAS scores similar to those reported for other widely

used techniques (Table 7).

The main parameter that influenced the functional score

was the area of the lesion. The presence of previous surgery

negatively influenced the score preoperatively and post-

operatively, whereas no differences were seen in per-

centage of clinical improvement compared with patients

with no previous surgeries.

Fig. 6A–C The box-and-whisker plots show the relationship

between AOFAS clinical score preoperatively and at the different

followups and the area of the lesion by dividing the patients into

three groups according to the area of the lesion: (A)\2 cm2, (B) B 2

and \ 3 cm2, and (C) C 3 cm2. Considering 2 cm2 and 3 cm2 as

cutoff values, the three groups had different improvement curves.

Horizontal line = median; box = first to third quartile; error

bars = minimum to maximum; dots = outliers.

Table 5. Relationship between presence of previous surgeries,

AOFAS score, and percentage of maximum possible improvement in

AOFAS score

Variable Time p Value*

AOFAS score Preoperative 0.001

6 months 0.023

12 months 0.032

18 months 0.030

24 months 0.042

% of maximum possible

improvement

6 months 0.987

12 months 0.851

18 months 0.912

24 months 0.761

* Nonparametric Wilcoxon-Mann-Whitney test, previous surgery

versus no surgery for each variable; AOFAS = American Ortho-

paedic Foot and Ankle Society.

Table 6. Relationship between depth of lesion, AOFAS score, and

percentage of maximum possible improvement in AOFAS score

Variable Time Spearman correlation

between lesion depth

and variable

p Value Rho value

AOFAS score Preoperative 0.17 �0.200

6 months 0.073 �0.261

12 months 0.666 �0.064

18 months 0.36 �0.138

24 months 0.31 �0.172

% of maximum

possible

improvement

6 months 0.11 �0.231

12 months 0.544 �0.090

18 months 0.29 �0.154

24 months 0.42 �0.138

AOFAS = American Orthopaedic Foot and Ankle Society.

Giannini et al. Clinical Orthopaedics and Related Research

123



Histologic and immunohistologic results obtained con-

firmed the presence of new cartilaginous tissues with

various degrees of tissue remodeling toward hyaline car-

tilage, consistent with the histologic results of autologous

Fig. 7A–B (A) A preoperative

MR image of a 32-year-old man

shows an osteochondral lesion of

the talus. (B) At the 2-year

followup, the patient’s MR image

shows restoration of the cartilage

layer and subchondral bone.

Fig. 8 Histologic observations of a biopsy specimen from a represen-

tative patient treated with bone marrow-derived cell transplantation

supported on a collagen powder scaffold show repair tissue 12 months

after surgery. Safranin O staining shows various degrees of tissue

remodeling with many fibrocartilaginous features. Proteoglycans are

represented, whereas collagen fibers are limited to a very narrow zone

of the superficial layer (Original magnification, 940).

Fig. 9 Hematoxylin and eosin staining of a biopsy specimen shows

tissue that is highly cellularized and the cells are homogeneously

distributed inside the extracellular matrix (Original magnification,

940).
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chondrocyte implantation where the newly formed tissue

also shows various degrees of tissue remodeling [22].

Furthermore, other studies regarding histologic evaluation

of the reparative tissue obtained after autologous chon-

drocyte implantation report less glycosaminoglycan

concentration and discrepancies with healthy cartilage in

histologic and immunohistochemical appearances, result-

ing in tissues that may need a longer time for maturation

[46]. Possibly, histologic evaluation at a longer followup

would be needed to evaluate whether this tissue would

evolve toward more hyaline characteristics.

Although longer followup is needed to confirm the

validity of the repair overtime, the arthroscopic one-step

technique represents an advance in osteochondral regen-

eration, achieving high clinical scores with the formation

of repair tissue and without the major disadvantages of

previous techniques.

Acknowledgments We thank Carola Cavallo, PhD, for bioptic

evaluation and preclinical analysis; Annarita Cenacchi, MD, and

Annalisa Gabriele, MD, Immunohematology and Transfusional Ser-

vice, Istituto Ortopedico Rizzoli, for bone marrow harvesting and

concentration procedures; and Keith Smith for English revision.

Fig. 10 Immunohistochemical evaluation of collagen Type II, using

a new fuchsin stain, showed that the tissue is positive to this specific

marker particularly in the medial and deep zone (Original magnifi-

cation, 940).
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