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Abstract Disc herniation treated by discectomy re-
sults in a significant loss of nucleus material and disc
height. Biological restoration through the use of
autologous disc chondrocyte transplantation (ADCT)
offers a potential to achieve functional integration of
disc metabolism and mechanics. Nucleus regeneration
using autologous cultured disc-derived chondrocytes
has been demonstrated in a canine model and in clin-
ical pilot studies. In 2002 a prospective, controlled,
randomized, multicentre study comparing safety and
efficacy of ADCT plus discectomy, with discectomy
alone was initiated. The clinical goals were to provide
long-term pain relief, maintain disc height, and prevent
adjacent segment disease. Interim analysis was per-
formed after 2 years; Oswestry (Low Back Pain/dis-
ability), Quebec Back Pain Disability Scale, as well as
Prolo and VAS Score were used for the evaluation.
Disc height was assessed by MRI. A clinically signifi-
cant reduction of low back pain in the ADCT-treated
group was shown by all three pain score systems. The
median total Oswestry Score was 2 in the ADCT group
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compared with 6 in the control group. Decreases in the
Disability index in ADCT-treated patients correlated
with the reduction of low back pain. Decreases in disc
height over time were only found in the control group,
and of potential significance, intervertebral discs in
adjacent segments appeared to retain hydration when
compared to those adjacent to levels that had under-
gone discectomy without cell intervention.

Keywords Cell transplantation - Autologous disc
chondrocyte transplantation - Discectomy -
Oswestry - Disc fluid content

Introduction

Among the most vexing conditions accompanying
aging is the assurance that the body will be less able to
structure water. Age-associated changes are apparent
in the furrows at the corners of our smiles, on the
surfaces of skin, and while less obvious cosmetically,
equally prevalent in the organs and tissues throughout
the body—dehydration is endemic to the human con-
dition. Tissues such as skin are profusely vascular,
function with high cell content, and actively secrete a
matrix that maintains a capacity for metabolic ex-
change and retains moisture. In sharp contrast, the
intervertebral disc is avascular, aneural, and relies on a
cell content of 1% to maintain a structural and func-
tional capacity. Therefore, it is not surprising that disc
nutrition, or more accurately altered permeability be-
tween the intervertebral disc and the systemic blood
supply would be an intuitive focus that might define a
cause—effect relationship, or underscore a mechanistic
explanation for disc degeneration [23, 24]. Preserving

@ Springer



S398

Eur Spine J (2006) 15 (Suppl. 3):S397-S405

the appearance of youth and maintaining the flexibility
and strength in the spine define two different chal-
lenges. Although both garner a huge economic
investment from the community, degenerative disc
disease is among the most disabling and expensive
conditions facing modern medicine. The demographics
of an aging population make intervention an even
more compelling challenge, and have stimulated
countless research efforts to effect a means of reducing
either incidence or associated morbidity.

Cellular and biochemical changes attributable to
degeneration include a decrease in cell density in the disc
accompanied by a reduction in synthesis of cartilage-
specific extracellular matrix components such as Type 11
collagen and aggrecan [2]. With the reduced proteogly-
can content attending normal disc aging, a loss of water-
binding capacity by the matrix is coupled with incom-
petence for dissipating spinal forces, and an incendiary
process of progressive failure follows [3, 13, 14, 16].

Many assessments of intervertebral disc failure have
focused on degenerative, morphologic changes in disc
tissue morphology that affect the biomechanical per-
formance of the motion segment [22]. In this consider-
ation, mechanical failure is little more than a corollary
of matrix structure, which in turn depends on balanced
cell metabolism for efficient maintenance of the disc
matrix. In the broadest sense of interventional strategy,
biologic approaches are guided by advancing confidence
that cell stimulation can be genetically tailored to the
individual organs including the intervertebral disc [18].
Despite the fact that protein and gene therapy offer a
potential capacity to buffer catabolic cytokines and
stimulate matrix production, the chronic and progres-
sive nature of disc degeneration would suggest that
therapeutic administration needs to address sustained
stimulation, or possibly to instil the cells in the disc with
specific activity that can be sustained [12, 19].

Given the value of cells to the metabolic health of
the disc, an alternative therapeutic strategy would be to
replace, regenerate, or augment the intervertebral disc
cell population, with a goal of correcting matrix
insufficiencies and restoring normal segment biome-
chanics. A variety of cell transplantation assessments in
animal models have addressed the technical challenges
incumbent to disc intervention [7-9, 17, 21]. Separate
studies stress the importance of notochordal cells in
regulating proteoglycan production [4] and for poten-
tially abrogating the inhibition of sensory nerve inva-
sion of the disc [11].

The most compelling and consistent outcomes from
the body of work describing cell transplantation has
been that cultured intervertebral disc cells remain
viable, retain a capacity for proliferation in situ, dem-
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onstrate an ability to make appropriate matrix, and
undergo expression consistent with the phenotypic
demands of the anatomy. Making the transition from
an injury and degeneration model in dogs [6] to a
therapeutic treatment of disc herniation with cell
therapy represents a separate consideration; one that
holds several candidate cell lineages [1]. Based on the
safety and efficacy demonstrated in an animal model,
autologous transplantation represented the least hur-
dle to the clinic. It afforded the least manipulation of a
cell line, imposed little chance of immune rejection,
and as a terminally differentiated lineage emphasized
integrating disc chondrocytes with the intention of
repairing the intervertebral disc.

FEuroDisc randomized trial

The use of autologous cells is regulated by the German
Drug Law (Arzneimittelgesetz) according to good
manufacturing practices, and has been certified
according to internationally approved DIN EN ISO
9001 standards. This broad regulatory oversight satis-
fies the phenotypic expression of the cell line as well as
assures that cells meet minimal viability standards.

A pilot trial of 14 patients provided confidence that
cells could be delivered safely to a select group of
patients with single level, traumatic disc herniation. To
broaden the scope and better understand the potential
in a larger group of patients, EuroDisc, a prospective,
randomized, multicentre clinical trial was initiated to
assess the long-term efficacy of autologous disc chon-
drocyte transplantation (ADCT) in a broader popula-
tion. The goal was to embrace a representative patient
group, examining not only the traumatic, less degen-
erative disc, but also to include patients with persistent
symptoms that had not responded to conservative
treatment where an indication for surgical treatment
was given. Disc herniation treated by discectomy re-
sults in a significant loss of nucleus material and disc
height. Biological restoration with interventional cell
therapy offers a potential for accentuating disc
metabolism with an underlying intent to restore spine
mechanics.

Patients having exclusively one level requiring sur-
gical intervention were eligible for participation in the
trial; patients requiring treatment at more than one
level were excluded from the study. Prior to their
participation, all patients were advised of the potential
risks and signed a letter of consent. No placebo group
was committed to this study; each patient participating
in the clinical trial will undergo surgical treatment for
their disc prolapse, and the prospective basis of cell
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transplantation will constitute and separate the active
treatment from the control group. Patients were not
blinded to their treatment. Randomization was done
after the open microdiscectomy. Eligibility was limited
to patients between 18 and 60 years of age, with a body
mass index below 28. Exclusion criteria for participat-
ing in the study included sclerotic changes, oedema,
Modic changes of grade II or III, and spondylolisthesis
among other accepted criteria such as pregnancy, etc.
Twenty-eight patients constitute this report; 12 patients
received cell transplantation following discectomy, 16
patients were treated by discectomy alone.

A single puncture with a minimal calibre cannula
was used to obtain a precise delivery with minimal
trauma to the patient and to the annulus. The tech-
nique was developed with respect to literature that has
demonstrated a size-specific correlation of annular in-
jury to disc degeneration. A simple, minimally invasive
technique was necessary to reduce the wound site
trauma and effectively support cell injection without
further injury to the annulus. Cells are transplanted
approximately 12 weeks following discectomy to as-
sure that the annulus has healed and will contain the
cells. Using a pressure—volume test prior to the deliv-
ery of any chondrocytes, cells could be placed with
confidence that they would be retained at the site of
delivery.

One hundred and twelve patients have been en-
rolled in the EuroDisc Study; the primary criteria fol-
low-up was intended to occur at 1 year, an interim
analysis scheduled at 2 years, and the final analysis will
be completed at 4 years. The primary clinical evalua-
tion criterion is the Oswestry Low Back Pain Disability
Questionnaire. Secondary criteria include the SF-36,
PROLO, Quebec Back Pain Disability Scale (QBPD),
MRI, and X-ray evaluation. Use of the Oswestry Dis-
ability Questionnaire in clinical trials is recommended
by the DGOT (Deutsche Gesellschaft fiir Orthopédie
und Traumatologie); demonstrating acceptable test
quality and satisfactory test-retest reliability. The
QBPD, another self-rating scale, was professionally
developed using factor analysis comprising with high
internal consistency, high item discriminability, and
high test-retest reliability. Finally, the SF-36, an often-
used scale to assess patients’ general condition and
quality of life, and a VAS will be used to standardize
measureable pain.

Interim analysis: critical evaluation
An interim analysis, performed in January of 2006 to

assess whether intervention was correlated with posi-
tive clinical outcomes, forms the basis for this report.

Within the analysis, successive 3-month, 6-month, 12-
month, and 24-month assessments are stratified within
the continuum of study. The information within this
study allows a broad interpretation of the general
progress made over 2 years following a clinical inter-
cession with autologous disc chondrocytes. Interim
analysis was performed on the first 28 patients who
reached 24-months follow-up to the ADCT. These first
28 patients were randomized in three different centres.

For descriptive analysis of efficacy, the total sum-
score as well as the disability index of the Oswestry
Low Back Pain Disability Questionnaire (OPDQ) and
the total sumscore of the QBPD were taken into ac-
count from the initial presurgical presentation through
the 2-year follow-up. The outcomes are depicted in
Table 1, and graphically displayed in Fig. 1. Based on
the mean total sumscore as well as the disability index
of the OPDAQ, differences in initial presentations be-
tween the control group and those receiving autolo-
gous cells were not minimal. Surgery as an intervention
was a positive experience, and as expected substan-
tially reduced the patient’s disability and pain. The
trend in reduction of the total sumscore continued to
decrease in the patients whose treatment was supple-
mented by cell transplantation, while the control group
did not sustain continual improvement. At V4, 2 years
following the therapeutic intervention with cells, both
the total sumscore as well as the disability index of the
OPDQ were plainly lower in the ADCT group com-
pared with the control.

Descriptive analyses of the mean total sumscore of
the QBPD prior to sequestrectomy, prior to ADCT/
control, and 3 months after ADCT/control demon-
strated a decrease in mean and median sumscores in
both groups. Although the mean and median values for
both the ADCT and the control group decreased be-
tween 1 year (V3) and 2 years (V4), the assessments
for the ADCT group were clearly lower (Table 2).
Patient global assessment of pain demonstrated some
fluctuation although both groups received substantial
relief from the surgical intervention. However, as pa-
tients were tracked over the course of the V4, or 2-year
follow-up, changes emerged that suggest that the
ADCT-treated patients have a lower assessment of
their pain (Table 3).

MRI was used to assess the respective disc height
along the course of the analyses from the date of the
sequestrectomy until the 2-year follow-up. In addition
to the disc height, the content of the liquid component
was evaluated as a means of assessing matrix content.
Results of the analysis of the intervertebral disc height
compared affected (treated with surgery, or with sur-
gery and cells) with non-affected adjacent segments in
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Table 1 Total sumscore and disability index of the OPDQ based on patients who had been followed for 2 years

N Mean SD Min Lower quartile Median Upper quartile Max
Total sumscore
Visit -1? ADCT 12 28.42 9.30 13.00 20.00 29.50 36.00 45.00
Control 16 26.88 9.99 14.00 18.00 25.50 34.00 46.00
Visit 0.5° ADCT 12 8.00 6.89 0.00 2.50 7.50 12.50 24.00
Control 15 8.40 4.69 1.00 4.00 9.00 13.00 15.00
Visit 1€ ADCT 11 6.73 8.56 0.00 0.00 5.00 12.00 28.00
Control 14 7.14 6.36 0.00 1.00 5.50 13.00 19.00
Visit 2¢ ADCT 10 9.10 10.72 0.00 1.00 6.50 12.00 35.00
Control 14 7.79 7.42 0.00 2.00 6.50 12.00 26.00
Visit 3¢ ADCT 11 7.82 8.46 0.00 2.00 4.00 15.00 25.00
Control 14 7.07 5.94 0.00 1.00 7.00 12.00 19.00
Visit 4f ADCT 12 6.00 8.89 0.00 0.00 2.00 8.50 29.00
Control 16 7.56 6.52 0.00 2.50 6.00 13.00 19.00
Disability index (%)
Visit -1 ADCT 12 56.83 18.60 26.00 40.00 59.00 72.00 90.00
Control 16 53.75 19.97 28.00 36.00 51.00 68.00 92.00
Visit 0.5 ADCT 12 16.06 13.73 0.00 5.33 15.00 25.00 48.00
Control 15 16.80 9.37 2.00 8.00 18.00 26.00 30.00
Visit 1 ADCT 11 13.45 17.11 0.00 0.00 10.00 24.00 56.00
Control 14 14.29 12.72 0.00 2.00 1100 26.00 38.00
Visit 2 ADCT 10 18.64 21.53 0.00 2.00 13.89 26.67 70.00
Control 14 15.62 14.80 0.00 4.44 13.00 24.00 52.00
Visit 3 ADCT 11 15.64 16.92 0.00 4.00 8.00 30.00 50.00
Control 14 14.14 11.88 0.00 2.00 14.00 24.00 38.00
Visit 4 ADCT 12 12.00 17.79 0.00 0.00 4.00 17.00 58.00
Control 16 15.19 12.99 0.00 5.50 12.00 26.00 38.00
aSequestrectomy
®ADCT/Control
3 months after ADCT/Control visit 0.5
46 months after ADCT/Control visit 0.5
°12 months after ADCT/Control visit 0.5
4 months after ADCT/Control visit 0.5
Fig. 1 Total sumscore of the 100 —c—o Cont
OPDQ based on patients with 1 ADC
at least 2-years follow-up
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Table 2 Total sumscore of the QBPD based on patients with at least 2 years follow-up
N Mean SD Min Lower quartile Median Upper quartile Max

Visit -1*

ADCT 12 45.08 17.60 23.00 31.50 42.00 55.00 82.00
Control 16 49.69 18.69 21.00 34.00 45.00 65.00 81.00
Visit 0.5"

ADCT 12 14.75 16.07 0.00 4.50 8.50 17.50 50.00
Control 15 18.27 11.04 1.00 6.00 19.00 25.00 38.00
Visit 1°¢

ADCT 11 10.64 16.05 0.00 1.00 4.00 15.00 55.00
Control 14 13.29 9.72 3.00 6.00 8.50 24.00 30.00
Visit 2¢

ADCT 10 15.00 20.77 0.00 1.00 10.00 19.00 70.00
Control 14 13.93 11.76 1.00 4.00 12.50 18.00 41.00
Visit 3¢

ADCT 11 11.09 16.71 0.00 2.00 4.00 19.00 57.00
Control 14 12.71 12.55 2.00 4.00 9.50 17.00 48.00
Visit 4'

ADCT 12 9.33 15.33 0.00 0.50 3.50 12.50 55.00
Control 16 13.94 12.61 0.00 5.00 8.00 22.50 41.00
iSequestrectomy

®ADCT/Control

3 months after ADCT/Control visit 0.5

96 months after ADCTV Control visit 0.5

°12 months after ADCT/Control visit 0.5

24 months after ADCT/Control visit 0.5

Table 3 Global assessment of pain (100 mm VAS) based on patients with at least 2-years follow-up

N Mean SD Min Lower quartile Median Upper quartile Max

Visit -1*

ADCT 11 59.45 22.76 15.00 48.00 60.00 76.00 96.99
Control 16 57.31 28.51 0.00 27.00 70.00 79.50 88.98
Visit 0.5

ADCT 12 19.17 19.37 0.00 2.50 13.00 31.50 65.00
Control 15 17.20 14.70 0.00 3.00 14.00 31.00 46.00
Visit 1°¢

ADCT 11 12.82 19.37 0.00 0.00 3.00 24.00 61.99
Control 14 14.36 10.59 1.00 4.00 15.00 22.00 33.00
Visit 2¢

ADCT 10 21.00 22.85 0.00 8.00 16.50 23.00 78.99
Control 14 14.00 16.51 1.00 2.00 5.50 19.00 51.00
Visit 3¢

ADCT 11 18.00 18.73 2.00 3.00 9.00 25.00 56.00
Control 14 15.07 12.16 0.00 3.00 12.00 29.00 37.00
Visit 4"

ADCT 12 11.17 13.48 0.00 1.00 5.00 17.00 39.00
Control 16 15.62 15.16 1.00 3.00 12.50 26.50 53.99
aSequestreciomy

®ADCT/Control

3 months after ADCT/Control visit 0.5
96 months after ADCT/Control visit 0.5
€12 months after ADCT/Control visit 0.5
24 months after ADCT/Control visit 0.5
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Table 4 Mean height of vertebrae (mm) at screening visits, and through 2-year follow-up

N Affected vertebrae Non-affected vertebrae
Mean SD Min-max Mean SD Min-max

Visit -12
ADCT 12 21.6 6.31 8.50-28.00 22.56 6.84 8.25-30.00
Control 15 21.55 7.92 7.75-29.00 21.32 7.56 8.75-30.00
Visit 0.5°
ADCT 12 21.10 5.98 7.50-28.50 22.31 6.50 7.25-29.50
Control 14 23 48 4.25 10.25-27.50 22.84 4.06 10.25-28.00
Visit 3¢
ADCT 11 24.55 2.04 21.50-28.50 25.00 2.32 21.00-29.00
Control 13 25.19 2.77 21.00-32.50 25.46 321 22.50-34.50
Visit 4¢
ADCT 12 23.92 2.36 20.00-27.50 23.92 2.91 18.00-28.50
Control 16 25.06 2.97 21.50-3250 24.84 3.34 20.00-32.50
aSequestrectomy
®ADCT/Control

“12 months after ADCT/Control visit 0.5
924 months after ADCT/Control visit 0.5

Table 5 Content of liquid (%), affected and non-affected segments

N Affected segment 1. Non-affected segment 2. Non-affected segment
Normal Decreased Normal Decreased Normal Decreased

Visit -12
ADCT 12 16.67 83.33 83.33 16.67 83.33 16.67
Control 15 13.33 86.67 86.67 13.33 46.67 53.33
Visit 0.5°
ADCT 12 25.00 75.00 81.82°¢ 18.18°¢ 50.00 50.00
Control 14 0.00 100.0 78.57 21.43 28.57 71.43
Visit 3¢
ADCT 11 27.27 72.73 90.91 9.09 63.64 36.36
Control 13 23.08 76.92 76.92 23.08 53.85 46.15
Visit 4°
ADCT 12 41.67 58.33 91.67 8.33 66.67 33.33
Control 16 25.00 75.00 86.67" 13.33f 56.25 43.75
aSequsstrectomy
®ADCT/Control

“Only 11 values available
912 months after ADCT/Control visit 0.5
24 months after ADCT/Control visit 0.5
{Only 15 values available

the same patients, and also measured the relative
vertebral heights as a means of assessing patient
demographics and morphologic variation (Table 4).
Comparison of the mean intervertebral disc heights
and the vertebral heights revealed no differences be-
tween the groups.

An analysis of fluid content of the intervertebral disc
at each visit demonstrated that more than 80% of the
affected segments showed decreased hydration
3-months (V1) following surgery (Table 5). In general,
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the proportion of affected segments with a decreased
content of liquid decreased over the course of the trial.
Of particular interest was the outcome at 2 years,
where the ADCT treated group showed a substantially
higher normalization as a group; 41% normal fluid
content compared with only 25% normal content in the
control group. Perhaps most interesting of all the data
to emerge from this study comes from inspecting discs
either one or two segments from the treated interver-
tebral disc. Fluid levels at both of these segments



Eur Spine J (2006) 15 (Suppl. 3):S397-S405

5403

showed a substantially higher percentage of normal
fluid content despite the fact that they were away from
the surgical intervention site.

Summary of results

An analysis of the first 28 patients randomized and
treated in this study at 2 years demonstrated a clear
trend in the decrease in the sumscore as well as the
disability index of the OPDQ to be more pronounced
in the ADCT group than in the control group. Despite
the fact that neither the intervertebral disc height, nor
vertebral height differed between the groups, the pro-
portion of affected intervertebral disc showing a de-
creased content of liquid is distinctly lower (58%) in
the ADCT group when compared to the control group
(75%), suggesting a positive influence of the ADCT
intervention in this regard. A safety analysis (data not
shown) demonstrated no adverse risks or outcomes
associated with the additional intervention.

Discussion

Interventional surgery for disc herniation is one of the
most widely used and effective treatments for back
pain that emerges within the broad scope of disc
degeneration. Successful removal of impinging tissue
offers the individual patient substantial relief for
associated pain. However, the reduction of tissue in-
volved in the surgical procedure anatomically com-
promises the function of the affected disc, and effects a
load transfer to adjacent discs. The goal of this clinical
trial was to evaluate whether ex vivo expansion of
autologous disc chondrocytes and subsequent percu-
taneous transplantation would positively affect the disc
treated, and potentially stabilize the spine in general.
The principle outcomes of our study were:

(1) Disc chondrocytes that had been removed as a
normal part of discectomy could be expanded in
culture under GMP conditions and returned to
the patient after the annulus had been allowed to
heal for 12 weeks.

(2) Disc chondrocyte transplantation could be deliv-
ered by percutaneous technique.

(3) Patients who received ADCT had greater pain
reduction at 2 years compared with patients who
did not receive cells following their discectomy
surgery.

(4) Discs in patients that received cells demonstrated
a significant difference as a group in the fluid
content of their treated disc when compared to
control.

(5) Adjacent intervertebral discs, both at one level or
two levels from the intervertebral disc that re-
ceived the cell therapy also demonstrated a dif-
ference in fluid content.

The results of this study are encouraging from sev-
eral perspectives; first to the fact that the morphologic
outcomes mirrored that seen in our pre-clinical animal
study [7]; and second that the pain relief seen in the
pilot study which served as a basis for this clinical trial
was sustained for the course of this 2-year interim
analysis. This gives cause to the success of the cell-
based intervention.

Critics of ADCT have cited intervention with cells
isolated from degenerative matrices as potentially
lacking full capacity to restore normal conditions [5].
From this 2-year follow-up, it would appear that cell
transplantation supported pain relief in patients
receiving them as well as supplemented the mor-
phology of the disc and adjacent discs. Because the
disc has such a limited intrinsic capacity for regener-
ation, and based on the perceived needs for large
amounts of proteoglycan and Type II collagen in the
regenerating matrix, several possible donors for cell-
based therapeutics have been considered. However,
neither in vitro methods for inducing the differentia-
tion of stem cells into NP cells, nor the demonstration
of clinical application has been accomplished. To date,
ADCT remains the only cell lineage that has been
clinically tested and shown to be effective for pro-
viding long-term pain relief and sustaining disc mor-
phology.

The supplementary support of fluid content at
adjacent intervertebral levels by the interventional
cell therapy was not anticipated but offers the stron-
gest encouragement for additional study. Although
nutritional exchange, or more appropriately the
blocking of capacity for metabolic and fluid replace-
ment in the disc has long since been considered an
essential cause and effect, a study by Hutton et al.
demonstrated that blocking the subchondral plate for
12 months in an animal model did not precipitate
gross disc degeneration—the experimental discs as
well as the control discs appeared normal in every dog
[10]. After the discs were bisected, they were carefully
inspected for any visible signs of degeneration. The
experimental discs showed no clear signs of disc
degeneration and were not distinguishable from the
control discs on a gross level. The numerical results
from the ELISA showed that in the experimental
discs as opposed to the control discs, there were sig-
nificant increases in proteoglycan content in both the
nucleus (P = 0.033) and annulus (P = 0.01) and clear
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histologic changes in some of the discs. This study
holds in stark contrast the theory of progressive
starving of the intervertebral disc.

What seems potentially more coupled to the
intervention and outcomes that we have seen is
removing the onus of recovery that is incumbent in
restoring the quality of life. Activity in itself seems to
retain the flexibility in the spinal segments, and clearly
there are mechanisms for exchange outside of the
vertebral play as noted above. In the context of fluid
exchange, there has been little work done to demon-
strate physical-chemical imbalance in the aging pro-
cess. Recent data suggests that more than 50% of
adults suffer from hypertonic plasma [20] which would
predictably effect cell dehydration with consequences
relevant to blood chemistries, bioelectric impedance,
and in total fluid balance. While studies of erythro-
cytes have demonstrated that functional cell dehy-
dration offers constitutive induction of Ca(2+)
dependent mechanisms, work defining osmotic load,
mechanical deformation, and analyses of combina-
tions that might similarly affect disc chondrocytes,
particularly of nucleus pulposus cells, remain un-
tested. Preliminary work in isolated chondrocytes
indicate that the increase in [Ca2+] within the chon-
drocyte cell membrane is dependent on high fluid
pressure and receptive to stretch-activated channels
[15]. Mechanical forces have been known for some
time to alter cell membrane ion channel permeability
associated with Ca(2+) and other ion fluxes. In addi-
tion, the application of dynamic mechanical forces
leads to the activation of growth factor and hormone
receptors even in the absence of ligand binding. These
are some of the mechanisms that have evolved in
vertebrates by which cells respond to changes in
external forces that lead to changes in tissue structure
and function.

This study confirms that cells can be transplanted,
that intervention reduces pain at 2 years compared
with a control population, and that fluid level re-
mains higher at treated and at adjacent levels in
patients receiving therapeutic cell placement. From
these promising results, development of carriers that
may imbue additional potential, scaffolds that en-
hance placement, and cell lineages that offer pro-
phylactic options without imposing chondrocyte
sampling as a basis for treatment will remain next
considerations.
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