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Articular Cartilage Regeneration With Autologous Peripheral
Blood Progenitor Cells and Hyaluronic Acid After Arthroscopic

Subchondral Drilling: A Report of 5 Cases With Histology

Khay-Yong Saw, M.Ch.Orth., F.R.C.S.(Edin), Adam Anz, M.D.,
Shahrin Merican, M.B.B.Ch., F.R.C.R., Yong-Guan Tay, M.S.Orth., F.R.C.S.(Edin),

Kunaseegaran Ragavanaidu, M.B.B.S., M.Path.,
Caroline S. Y. Jee, Ph.D.(Lond), and David A. McGuire, M.D.

Purpose: The purpose of this study was to evaluate the quality of articular cartilage regeneration after
arthroscopic subchondral drilling followed by postoperative intraarticular injections of autologous
peripheral blood progenitor cells (PBPCs) in combination with hyaluronic acid (HA). Methods: Five
patients underwent second-look arthroscopy with chondral core biopsy. These 5 patients are part of
a larger pilot study in which 180 patients with International Cartilage Repair Society grade III and
IV lesions of the knee joint underwent arthroscopic subchondral drilling followed by postoperative
intra-articular injections. Continuous passive motion was used on the operated knee 2 hours per day
for 4 weeks. Partial weight bearing was observed for the first 6 to 8 weeks. Autologous PBPCs were
harvested 1 week after surgery. One week after surgery, 8 mL of the harvested PBPCs in combination
with 2 mL of HA was injected intra-articularly into the operated knee. The remaining PBPCs were
divided into vials and cryopreserved. A total of 5 weekly intra-articular injections were given.
Results: Second-look arthroscopy confirmed articular cartilage regeneration, and histologic sections
showed features of hyaline cartilage. Apart from the minimal discomfort of PBPC harvesting and
localized pain associated with the intra-articular injections, there were no other notable adverse
reactions. Conclusions: Articular hyaline cartilage regeneration is possible with arthroscopic sub-
chondral drilling followed by postoperative intraarticular injections of autologous PBPCs in combi-
nation with HA. Level of Evidence: Level IV, therapeutic case series.
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Chondral defects of the major weight-bearing
joints currently pose an unresolved issue among

rthopaedists. Marrow stimulation techniques, such as
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icrofracture, have become the first-line treatment of
mall chondral defects of the knee because they are
inimally invasive and have had proven results over

he past 20 years.1,2 These techniques stimulate mar-
ow repair processes that produce fibrocartilage.3,4

Recent animal studies and newer cartilage repair tech-
niques have aimed at the regeneration of hyaline car-
tilage. An adjunct to marrow stimulation that achieves
this goal is ideal.

Intra-articular injections of hyaluronic acid (HA)
have recently proven beneficial to cartilage health and
repair, illustrating the relation to increased differenti-
ation of immature cells to chondrocytes, decreased
joint inflammation, increased proteoglycan content in
repair cartilage, improved histologic scores after car-

tilage repair, improved defect filling/incorporation af-
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494 K-Y. SAW ET AL.
ter cartilage repair, and decreased postprocedural co-
efficients of friction.5-10 In addition, animal studies
involving intra-articular injections of bone marrow–
derived progenitor cells (BMPCs) and HA have doc-
umented histologic findings consistent with hyaline
cartilage.8,11 BMPCs used in these scenarios have
shown an innate quality allowing for the migration
and integration at the sites of cartilage repair.11

In preclinical animal studies in a goat model, the
first author concluded that postoperative intra-articular
injections of autologous BMPCs in combination with
HA after subchondral drilling resulted in improved
cartilage repair.8 A clinical pilot study followed and
nvolved standard marrow stimulation in the form of
rthroscopic subchondral drilling and postoperative
ntra-articular injections of autologous peripheral
lood progenitor cells (PBPCs) in combination with
A. Our objective was to assess whether the preclin-

cal animal model could be replicated in the human
nee joint. The purpose of this study was to evaluate
he quality of resultant articular cartilage regeneration.

e hypothesized that articular hyaline cartilage re-
eneration is possible with our novel approach.

METHODS

atient Selection

Five patients underwent second-look arthroscopy
ith chondral core biopsy. These 5 patients are part of
larger pilot study in which 180 patients who pre-

ented with chondral defects of the knee joint were
ecruited. Postoperatively, the clinical course of these
patients presented an opportunity for a second-look

rthroscopy. Two patients underwent contralateral
nee surgery, and one patient had removal of a To-
ofix plate and screw construct (Synthes, West Ches-

er, PA), providing an opportune setting of anesthesia
or second-look arthroscopy. One patient had recur-
ence of discomfort attributed to a prominent osteo-
hyte and elected for a further arthroscopic procedure.
he last patient had returned to football 18 months
fter articular cartilage repair and sustained a torn
nterior cruciate ligament of the previously treated
nee. He elected for arthroscopic reconstruction,
hich provided an opportunity for second-look arthros-

opy. Informed consent after discussion of risks and
enefits, as well as local ethics committee approval,
as obtained before biopsy.
The diagnosis of chondral injury was made after
linical and radiologic evaluation. Chondral lesions
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ere graded according to the International Cartilage
epair Society (ICRS) Cartilage Injury Evaluation
ackage.12 The inclusion criteria were patients with
CRS grade III and IV lesions, defects of any size and
umber, age 18 to 60 years, deformity (lateral patella
altracking or axis correction) correctable at the time

f surgery, and ligamentous instability deemed recon-
tructable at the same time. The exclusion criteria
ere patients with disease progression such that total
nee arthroplasty was indicated; a history of infected
nees, gross bone defects, rheumatoid arthritis, or
ntra-articular corticosteroids within the previous 6
eeks; and gross valgus or varus deformity not cor-

ectable during surgery.

rocedure

All surgical procedures were performed by a single
urgeon (by the first author) involving standard ar-
hroscopic techniques in the supine position without a
ourniquet. Saline solution irrigation bags were chilled
n an ice-water bath before use to minimize bleeding
uring the arthroscopic procedure. In our experience,
e have had difficulty performing microfracture to the
atella and areas of the plateau. For this reason, our
referred method is arthroscopic subchondral drilling
odified from the principles established by Steadman

t al13 for microfracture and Pridie14 for drilling. We
begin by defining the extent of cartilage injury with a
probe. A 3.5-mm full-radius shaver is used to debride
loose cartilage to a stable margin; often a straight or
curved arthroscopic biter is required as well. A 2-mm
burr, with its guard removed, “drills” from the surface
of the defect to the bone marrow, creating a conduit.
The remaining area within the margin is also drilled to
a depth of 5 to 10 mm. Initially, we spaced drill holes
3 to 4 mm apart. The methods have subsequently
evolved so that a goal of 1 to 2 mm between drill holes
is now preferred based on the results of second-look
arthroscopy. It is not crucial that the subchondral
drilling be performed perpendicular to the bone sur-
face because a lesser angle of drilling capable of
penetrating into the subchondral bone is sufficient.
Abrasion chondroplasty up to a depth of 1 mm is
performed with burring of the bony area between drill
holes. The result is an extended area of bleeding bone,
hence a larger surface area for the initiation of artic-
ular cartilage repair with PBPCs and HA (Fig 1). The
arthroscopic portals are closed with No. 3-0 nylon
suture. A mixture of 20 mL of 0.5% bupivacaine

hydrochloride and epinephrine, 3 mL of 1-mg/mL
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495ARTICULAR CARTILAGE REGENERATION
morphine, and 2 mL of HA (Hyalgan; Fidia Farma-
ceutici, Abano Terme, Italy) is injected into the oper-
ated knee at the end of the surgical procedure.

Postoperative Rehabilitation

Cold therapy is initiated immediately in the postan-
esthesia period and continued throughout the first
month after surgery, including 1 hour 2 to 3 times per
day. On the first postoperative day, continuous passive
motion is used on the operated knee for a duration of
2 hours. This is continued daily for a period of 4
weeks. The range of motion is initially set at 0° to 30°
and progresses as the clinical situation improves. Pa-
tients with subchondral drilling to the weight-bearing
femorotibial joint are instructed on crutch-assisted
partial weight bearing (15 to 20 kg) for the first 4
weeks. This progresses to full weight bearing in 6 to 8
weeks. Patients with drilling to the patellofemoral
joint are allowed full weight bearing as tolerated with
restrictions from weight bearing on stairs for the first
3 months after surgery. This is to avoid overloading

FIGURE 1. Subchondral dril-
ing. (A) A delaminated flap
ear on the medial and central
rochlear area of a left knee.
B) A 2-mm burr with the
uard removed allows for dril-
ing with light suction. (C)
iew after debridement, sub-

hondral drilling, and abrasion
hondroplasty.
the patellofemoral joint.
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Neupogen Administration,
Apheresis, and Cryopreservation

Human granulocyte colony–stimulating factor is a
glycoprotein that regulates the production and release
of functional neutrophils from the bone marrow. Ne-
upogen contains recombinant granulocyte colony–
stimulating factor and causes marked increases in
peripheral blood neutrophil counts with a minor
increase in monocytes within 24 hours. On postop-
erative days 4, 5, and 6, patients were given a
morning dose of 300 �g of Neupogen (Filgrastim,
Amgen, Thousand Oaks, CA) subcutaneously. On
postoperative day 7, autologous PBPCs were col-
lected by an automated cell separator (apheresis) by
central venous access. Venous access was achieved
through a femoral double-lumen catheter placed into
the contralateral leg, under ultrasound guidance, performed
by a consultant radiologist. Apheresis was performed by
use of the Spectra Optia Apheresis Machine (Caridian
BCT, Denver, CO). A fresh aliquot of 8 mL of PBPCs
was separated for fresh intra-articular injection into
the operated knee. The remaining PBPCs were cryo-

preserved in 10% dimethyl sulfoxide and divided into
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496 K-Y. SAW ET AL.
4-mL cryovials for storage in liquid nitrogen at
–196°C. Flow cytometry with CD34� (hematopoietic
tem cells) and CD105� (markers for mesenchymal

FIGURE 2. Solid articular cartilage core biopsy specimen with a
-mm diameter including the underlying subchondral bone.

FIGURE 3. A 34-year-old woman with recurrent dislocation of her
facet and lateral trochlear area showed tufts of cartilage forming at
with safranin O representing proteoglycans and the brown staining o

I stain is minimal and localized near the superficial layers. (Original mag
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tem cells) was quantified. Flow cytometry was per-
ormed with a Beckman Coulter FC500 device (Beck-
an Coulter, Fullerton, CA).

ntra-articular Injection

On postoperative day 7, 8 mL of the fresh PBPCs is
ixed with 2 mL of HA and injected into the operated

nee joint under aseptic conditions in the outpatient
linic. Before this, the knee is first aspirated for he-
arthrosis. At 4 subsequent weekly intervals, 8 mL

from two 4-mL cryovials) of the frozen PBPCs were
btained from the laboratory, allowed to thaw to room
emperature, mixed with 2 mL of HA, and injected
nto the operated knee joint.

as an adolescent. Second-look arthroscopy from the lateral patella
dividual drill hole. Histologic examination shows the red staining

gen type II diffuse throughout the regenerated tissue. Collagen type
patella
each in
f colla
nification �40.)
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497ARTICULAR CARTILAGE REGENERATION
Second-Look Arthroscopy With Chondral
Core Biopsy

During the second-look procedures, a chondral core
biopsy specimen was procured. This was performed
arthroscopically with a 5.5-mm sterilized BioCork-
screw anchor driver (Arthrex, Naples, FL). Typically,
a 2-mm-diameter specimen of cartilage together with
a core of bone up to 1 cm in length is obtained (Fig 2).

Histology

Histologic samples were stained as follows: he-
matoxylin-eosin (H&E) stain was used to visualize
overall morphology, safranin O was used to highlight
proteoglycans, immunohistochemistry staining with
anti–collagen type I mouse Ab I-8H5 stain (catalog
No. CP 17; Calbiochem Merck, Darmstadt, Germany)
was used to highlight collagen type I, and immuno-
histochemistry staining with anti–collagen type II
mouse monoclonal antibody Ab 3 (clone 6B3) (cata-
log No. MAB8887; Millipore, Billerica, MA) was
used to highlight collagen type II. Optimal dilution
and predigestion with pepsin were determined by the
investigator with the protocol being saved by use of
software of an automated immunohistochemical slide
preparation system (Ventana Benchmark; Ventana
Medical Systems, Tucson, AZ).

FIGURE 4. Progressive serial
eight-bearing radiographs of

ase 1 with high tibial oste-
tomy. The reappearance of the
edial articulation should be

oted.
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RESULTS

Second-Look Arthroscopy With Chondral
Core Biopsy

Five patients underwent second-look arthroscopy,
and a 2-mm chondral core biopsy specimen was pro-
cured and examined. Arthroscopically, the regener-
ated articular cartilage appeared smooth and had ex-
cellent integration to the surrounding native cartilage
without any delamination or hypertrophy. The excep-
tion was case 2, in which the drill holes over the lateral
patellofemoral joint were too far apart with resultant
tufts of cartilage seen between areas devoid of regen-
erated cartilage (Fig 3).

Histology

Cases 1 and 2 with gross grade IV kissing lesions
are presented with multiple biopsy specimens and
histologic analyses after second-look arthroscopy.
Cases 3, 4, and 5 are patients with smaller isolated
lesions.

Case 1: Biopsy was performed 22 months after the
initial surgery in a 49-year-old woman with a varus
deformity who underwent debridement, subchondral
drilling, and an open wedge high tibial osteotomy with
Tomofix fixation (Fig 4). Approximately 80% of the
ABAMA from ClinicalKey.com by Elsevier on October 
 Copyright ©2021. Elsevier Inc. All rights reserved.
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weight-bearing medial compartment had grade III and
IV lesions. Weight-bearing radiographs at 8 and 18
months showed reappearance of the medial femorotib-
ial joint space. Second-look arthroscopy of the regen-
erated cartilage showed a stable, smooth surface with
no delamination. On probing, the regenerated cartilage
had the same consistency as the surrounding normal
cartilage. The second-look images and biopsy speci-
mens are included in Fig 5.

Immunohistochemistry staining was performed to
assess the collagen type I and type II content of the
biopsy specimens. Specimens from the medial femo-
ral condyle and medial tibial plateau showed the pres-
ence of collagen type I confined to the superficial
layer. Collagen type II was present throughout the
deeper layers. These are features of hyaline cartilage

FIGURE 5. Medial tibial plateau (MTP), medial femoral condyle
surgery. Biopsy specimens from the MTP and MFC with H&E
Safranin O staining highlights abundance of proteoglycans through
to the superficial layer except in the non–weight-bearing ICN biop
disorganized pattern of healing. Collagen type II was concentrated
as opposed to fibrocartilage.
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One full-thickness biopsy specimen from the medial
tibial plateau captured a drill hole and adjacent bone
(Fig 6). This sample shows full-thickness regenerated
articular cartilage with a fairly smooth articular sur-
face, subchondral bone, and marrow space. A stream-
ing, linear pattern of chondrocytes is seen arising from
the subchondral bone region from the area of previous
subchondral drilling. Incidental findings of cartilage
clusters with early ossification are also seen within the
tract. The chondrocytes are involved in ongoing re-
modeling and are present beneath the calcified carti-
lage layer. A biopsy specimen from the medial fem-
oral condyle of the patient also showed the presence of
a previous drill hole lined with chondrocytes. This
sample illustrated an area of regeneration undergoing
ossification, showing re-establishment of the calcified

), and intercondylar notch (ICN) biopsy results 22 months after
illustrate columnar morphology of cells with pale background.

e regenerated cartilage layer. Collagen type I staining was limited
imen, which showed a higher percentage of collagen type I and a
deeper layers. (Original magnification �40.)
(MFC
staining
out th

sy spec
cartilage layer and the tidemark (Fig 7). The tidemark
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499ARTICULAR CARTILAGE REGENERATION
is seen as an undulating basophilic line on routine
H&E staining and is the point at which the articular
cartilage becomes calcified. The subchondral drill de-
fect area is replaced by the presence of chondrocytes
with varying degrees of maturation surrounded by a
ground substance matrix. In addition, ossification is
evident with new trabecular bone formation. Ossifica-
tion changes were not seen over the new hyaline
cartilage formation zone.

The intercondylar notch sample was an area of
previous roof-plasty and notchplasty with abrasion

FIGURE 6. (A) H&E sample as in Fig
from the medial tibial plateau ob-

ained by biopsy of area of previous
rilling. (Original magnification �40.)
B) On higher magnification, chondro-
ytes appear deep to the subchondral
one with areas of ossification. One
hould note the chondrocytes below
he subchondral bone region begin-
ing as immature cells (short arrow)
nd progressing toward the joint sur-
ace as mature chondrocytes in rows
long arrow). (Original magnification
100.) (C) On staining with safranin
, there was a high concentration of
roteoglycans at the base of the regen-
rated tissue represented as red color-
tion (double arrow). (Original magni-
cation �100.)
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chondroplasty. This represents an area that is non–
weight bearing. Histologic biopsy examination here
showed a mixed tissue with fibrocartilage and hyaline-
like cartilage: the predominance of collagen type I,
less collagen type II, and chondrocytes arranged in a
more disorganized pattern. We believe that the failure
of the chondrocytes to exhibit a linear streaming pat-
tern, as seen from the medial tibial plateau and medial
femoral condyle biopsy specimens, is due to the ab-
sence of a weight-bearing force on the intercondylar
notch (Fig 5).

FIGURE 7. A biopsy specimen from
the medial femoral condyle illustrating
ossification of regenerated cartilage
and the re-establishment of the calci-
fied cartilage (white arrow) layer with
tidemark (black arrow). One should
note the presence of chondrocytes be-
low the calcified cartilage (double ar-
row) with areas of ossification. (H&E
staining, original magnification �100.)
ABAMA from ClinicalKey.com by Elsevier on October 
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Case 2: A chondral core biopsy specimen was
taken 26 months after surgery in a 34-year-old
woman with previous multiple open surgeries for
recurrent dislocation of the patella as an adolescent.
She underwent arthroscopic debridement, lateral
patella release, and subchondral drilling. There
were grade III and IV lesions over the entire patel-
lofemoral joint. Preoperative merchant-view radio-
graphs showed severe patellofemoral osteoarthritis,
a large medial trochlear osteophyte, and absence of
the lateral patellofemoral joint space (Fig 8). Dur-
ing arthroscopic surgery, the medial trochlear os-
teophyte was burred and subchondral drilling was
performed on the entire patellofemoral joint. An
immediate postoperative radiograph showed evi-
dence of subchondral drilling. Radiographs at 6
months and 2 years showed progressive reappear-
ance of the lateral patellofemoral joint space (Fig
8). Figure 3 contains results of the second-look
arthroscopy with chondral core biopsy specimens.
The lateral patella facet and lateral trochlear areas
showed tufts of cartilage between areas devoid of
cartilage. In contrast, the medial trochlear area that
underwent the removal and burring of a large os-
teophyte followed by subchondral drilling showed
complete coverage by newly formed articular car-
tilage.

Case 3: A biopsy specimen was obtained 1 year
after surgery from a 52-year-old woman with an iso-
lated grade IV lesion of the lateral femoral condyle

measuring 2 � 1 cm. i
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Case 4: A biopsy specimen was obtained 10
months after surgery in a 43-year-old woman with
lateral patellar maltracking. There was a grades III and
IV defect measuring 2.5 � 3.5 cm over the lateral
patella facet. Lateral patella release was performed in
addition to subchondral drilling.

Case 5: Biopsy was performed at 18 months after
surgery in a 19-year-old man with lateral patellar
maltracking and a lateral trochlear grade IV lesion
measuring 0.8 cm in diameter. Subchondral drilling
was performed followed by lateral patellar release
(Fig 9).

Chondral core biopsy specimens in cases 2, 3, 4,
and 5 with histologic staining with H&E showed
columnar morphology of cells with a pale blue
ground substance. Safranin O showed intense or-
ange/red staining of the newly regenerated cartilage
zone throughout the regenerated cartilage layer with
a propensity toward the deeper areas of cartilage
above the subchondral bone. The matrix also
showed a predominance of collagen type II depos-
its, whereas collagen type I was minimal and lo-
cated mostly over the superficial regions of the
articular surface. These compositional results are
features of hyaline as opposed to fibrocartilage.5,8,11

DISCUSSION

It was possible to replicate our preclinical animal
odel8 in the human knee joint using postoperative

FIGURE 8. A 34-year-old woman
(Fig 3) with recurrent dislocation of
her patella as an adolescent. Immedi-
ate postoperative radiographs showed
evidence of subchondral drilling,
whereas radiographs at 6 months and 2
years showed a progressive reappear-
ance of the lateral patellofemoral ar-
ticulation.
ntra-articular injections of autologous PBPCs in com-
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501ARTICULAR CARTILAGE REGENERATION
bination with HA after arthroscopic subchondral dril-
ling. This method uses marrow stimulation to create
an autologous scaffold that is subsequently seeded
with postoperative intra-articular injections of autolo-
gous PBPCs and in situ progenitor cells from the
marrow (Fig 10).

Histologic results after microfracture and autolo-
gous chondrocyte implantation (ACI) in humans are
limited because of ethics and the specifics of obtaining
regenerative tissue samples. Peterson et al.15 presented
the earliest histologic results concerning ACI. They
obtained biopsy specimens from 37 of 101 patients
with 2 to 9 years’ follow-up. They reported on 21
biopsy specimens from patients with isolated femoral
condyle lesions, osteochondritis dissecans, and femo-
ral lesions with anterior cruciate ligament repair. They
reported that 17 cases had homogeneous matrix with
low cellularity, which they termed hyaline-like. Col-
lagen type II staining for these samples was positive.
Of these 21 biopsy specimens, 4 represented irregular

FIGURE 9. Second-look arthroscopy and histologic images of a l
atella facet (case 4), and a lesion from the lateral trochlear area
patterns with high cellularity and negative collagen d
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type II staining. These were determined to represent
fibrocartilage. Two of their specimens had a mixed
appearance. They did not report results on the remain-
ing 12 biopsy specimens from patients who had either
patellar lesions with realignment or multiple lesions.15

Further recent studies have had more mixed results
when compared with those of Peterson et al.15 Hol-
ander et al.16 used quantitative assays for collagen
ype I, collagen type II, and proteoglycan to evaluate
3 patients treated with a refined method of ACI.
sing guidelines from the Histological Endpoint
ommittee of the ICRS, they reported on 10 patients
ith hyaline cartilage, 3 patients with mixed tissue,

nd 10 patients with fibrocartilage. Bartlett et al.17

reported on 91 patients who underwent 2 types of
ACI, 1 with a collagen cover and 1 with a collagen
matrix. In total, 25 patients underwent biopsy, and the
authors found 7 with hyaline-like tissue, 3 with mixed
tissue, and 15 with fibrocartilage. According to the
5-year results of Knutsen et al.18 on 80 patients ran-

om the lateral femoral condyle (case 3), a lesion from the lateral
). (Original magnification �40.)
esion fr
omized to microfracture versus ACI, 67 patients un-
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derwent biopsy; 10 of 67 exhibited predominantly
hyaline tissue, and 29 of 67 exhibited fibrocartilage.
No difference was found between the microfracture
and ACI groups when comparing the frequency of
hyaline and fibrocartilage.

All of our biopsy specimens showed histologic fea-
tures of hyaline cartilage with anti–collagen type I
stain (used to highlight collagen type I), anti–collagen
type II stain (used to highlight collagen type II), and
safranin O stain (used to highlight proteoglycans),
with the exception of 1 histologic sample showing
mixed cartilage. This biopsy specimen was from an
area of abrasion notchplasty, which represented a

FIGURE 10. Chondrogenesis: Contained lesion. (A) A blood clot
between the drill holes. The surrounding articular cartilage is norm
Injection of fresh PBPCs plus HA 1 week after surgery results in
residing in the osteochondral junction and blood clot scaffold gra
provide raw material for chondrogenesis. The injected PBPCs
chondrogenesis. Repeated injections of PBPCs plus HA enable m
genesis. (D) The final result is the formation of a new layer of a
ossification of the chondrocytes below the articular cartilage result
cartilage layer.
non–weight-bearing region. Comparison of biopsy
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specimens from this non–weight-bearing area to those
from a weight-bearing area in the same patient has led
us to theorize that early partial weight bearing is
essential for the regeneration and alignment of colla-
gen type II. In addition, all of our areas of repair
produced smooth cartilage with the exception of case
2, in which the drilling over the lateral patellofemoral
joint was spaced at 3 to 5 mm apart, resulting in tufts
of cartilage between areas devoid of regenerated car-
tilage (Fig 3). As a result, we have refined our tech-
niques so that a goal of 1 to 2 mm between drill holes
is sought. Abrasion chondroplasty up to a depth of 1
mm is also performed between the drill holes (Figs 11

d is formed after subchondral drilling and abrasion chondroplasty
the underlying calcified cartilage layer and subchondral bone. (B)
ming of the PBPCs into the blood clot scaffold. (C) The PBPCs
transform to chondrocytes. HA helps to reduce inflammation and
aracrine effects and recruit in situ progenitor cells to assist in
ls to be recruited into the chondral defect and enhance chondro-
r cartilage with good integration to the surrounding tissues. The
air of the subchondral bone with re-establishment of the calcified
scaffol
al with
the ho

dually
exert p
ore cel
rticula

s in rep
and 12).
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503ARTICULAR CARTILAGE REGENERATION
Treatment involving progenitor cells stems from the
hematology/oncology profession: Given the potential
morbidity associated with iliac crest harvest, cell col-
lection for bone marrow repopulation now involves
mobilization of multipotential progenitor cells through
hormonal stimulation and collection through a periph-
eral automated cell separator machine. This process,
commonly referred to as apheresis, has potential for
increased magnitude of harvest. Studies involving re-
view of healthy donors have shown this to be a safe
and effective procedure for the production and har-
vest of cells.19,20 Recent study into the properties of
these PBPCs has shown that they are similar to
embryonal stem cells in that they express transcrip-
tion factors specific to pluripotential cells, have

FIGURE 11. Chondrogenesis: Uncontained lesion—sparse drilling
blood clot scaffold is from the areas after subchondral drilling. (B)
result in the homing of the PBPCs into the subchondral blood clot
there is no blood clot scaffold superficial to the subchondral bone,
from the subchondral bone drilling. (D) If the subchondral drill ho
the subchondral bone with individual tufts of cartilage seen betwe
proliferative potential, have the ability to differen-
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tiate into a multitude of cell types, and are more
immature than BMPCs.19 In addition, when injected
ubcutaneously into mice, these cells were found to
igrate to multiple organs and integrate and func-

ion as the surrounding cells.19 In addition to im-
lementing evidence from recent animal studies, we
ave sought to make use of clinical evidence re-
arding the potential and safety of PBPCs, prefer-
ing to use PBPCs as opposed to BMPCs because of
he ease of harvest, decreased harvest-site morbid-
ty, and increased potential with these cells.19-21

Table 1 shows the PBPC count of 20 recent con-
secutive patients after refinement of our processing
methods, showing data of fresh and frozen samples

large chondral defects with areas of bare bone, the only available
ion of fresh autologous PBPCs plus HA 1 week after surgery will
d, with the PBPCs residing in the blood clot scaffold. (C) Because
ogenesis can only be achieved by the protruding tufts of cartilage
placed too far apart, the end result is the incomplete coverage of
s devoid of cartilage.
. (A) In
Inject

scaffol
chondr
les are
with white blood cell count, CD34� and CD105�
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504 K-Y. SAW ET AL.
counts, and cell viability in relation to the number
of Neupogen injections administered. Fresh cells
are used preferably for the first injection because of
a mean viability of 99% compared with frozen cells,
which have a mean viability of 87%. It should be
noted that 8 mL of PBPCs injected into the operated
knee has a mean of 20 million CD105� cells. His-
orically, the cell marker CD34� (hematopoietic

stem cells) has been used to identify functional cells
for bone marrow transplant. We have begun to draw
interest in CD105� cells, because this is the marker
or mesenchymal stem cells. Five weekly injections
re based on the HA protocol for osteoarthritis, as
ell as the suggestion from preclinical animal

tudies involving BMPCs that an increased num-
er of intra-articular injections is more effica-

FIGURE 12. Chondrogenesis: Uncontained lesion—ideal drilling.
hondroplasty between the drill holes increase the available bony
arger surface area of raw bone providing homing signals for the r
ubchondral bone and coalesce to cover the bony defect. (D) Matu
overing the entire defect.
ious.8
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Our theory is that providing a high percentage of
immature multipotential progenitor cells into the right
environment allows these cells to populate areas of
subchondral drilling and regenerate hyaline cartilage.
Our histologic findings of chondrocytes below the
calcified cartilage layer at a subchondral drill hole
(Figs 6 and 7) and the porcine model of Lee et al.11

illustrating mesenchymal stem cells at the base of
newly formed cartilage support the idea that injected
progenitor cells are attracted to the site of marrow
injury, proliferate into chondrocytes, and regenerate
hyaline cartilage from the subchondral base. We the-
orize that the addition of matrix substance, in the form
of HA and passive stimulating kinetic movement of
the involved joint (continuous passive motion), pro-
vides chemical and cellular signals for regeneration

eally placed subchondral drilling (1 to 2 mm apart) and abrasion
or the homing of the PBPCs. (B) Injected PBPCs and HA have a
ent of the PBPCs. (C) Individual tufts of cartilage arise from the
will result in an increase in thickness of the regenerated cartilage
(A) Id
areas f
ecruitm
ration
and aids synovial movement. Partial to full weight
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505ARTICULAR CARTILAGE REGENERATION
bearing in the early phase of rehabilitation provides
the essential environment to assist in the remodeling
of the collagen fibrils to align along the axis of weight
transmission.

The limitations of this study are lack of a control
group, small number of patients, and short-term follow-up.
The analysis of histologic results was subjective and
not based on comparison with a control group. This
offers some observational bias. A randomized con-
trolled trial comparing a group with PBPC and HA
injections with a group with HA injections alone is
currently under way, being supervised by the first
author.

CONCLUSIONS

Articular hyaline cartilage regeneration is possible
ith arthroscopic subchondral drilling followed by
ostoperative intraarticular injections of autologous
BPCs in combination with HA.
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