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In Vivo Changes After Mechanical Injury
Clifford W. Colwell, Jr., MD; Darryl D. D’Lima, MD;
Heinz R. Hoenecke, MD; Jan Fronek, MD; Pamela Pulido, RN;
Beverly A. Morris, RN; Christine Chung, MD;
Donald Resnick, MD; and Martin Lotz, MD

Chondrocytes undergo apoptosis in response to
mechanical injury in vitro. The current clinical
study correlates arthroscopic and magnetic resonance imaging results with biopsy specimens of
cartilage from patients with knee injury. Twenty
patients were evaluated at a mean 2.7 months after acute knee injury. The mean age of the patients was 32 years and the mean weight was 83
kg. Cartilage lesions were graded separately on
magnetic resonance images and arthroscopy in a
blinded manner. During arthroscopy, a 1.8 mm
diameter biopsy specimen was obtained from the
edge of cartilage lesion. The biopsy specimen underwent histologic examination by safranin O
staining and detection of chondrocyte apoptosis
by the presence of deoxyribonucleic acid fragmentation. There was a positive correlation in
50% (10 of 20) when the presence or absence of
cartilage lesions by magnetic resonance imaging
was correlated with arthroscopy. All cases of
partial thickness or full-thickness cartilage loss
that were seen by arthroscopy also were detected
by magnetic resonance images. Apoptotic cells
were signiﬁcantly more numerous in biopsy
specimens from lesions compared with control
biopsy specimens. The ﬁndings of reduced cell
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viability attributable to apoptosis may have profound implications for cartilage repair. This
opens potential therapeutic avenues for the
treatment of posttraumatic cartilage lesions
through apoptosis prevention.
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Cartilage injury is one of the most signiﬁcant
factors leading to secondary osteoarthritis. The
consequences in vivo and the long-term effects
have yet to be documented adequately. The current study was designed to explore the arthroscopic, histologic, and magnetic resonance
imaging (MRI) ﬁndings after acute joint trauma
and determine correlations between the above.
Several studies have shown cartilage matrix
damage and chondrocyte death in response to
mechanical injury.3,11 Recently, it has been
shown that chondrocytes undergo apoptosis
when subjected to mechanical trauma.4,10,21
Cartilage from various sources displayed a similar response to mechanical injury. Three different modes of injury were modeled in the above
studies: injurious compression, blunt impact,
injury leading to loss of cartilage, and chronic
injury attributable to instability. Three species
were tested: rabbit, bovine, and human. In addi-
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tion, the apoptotic response was seen in experiments ranging from full-thickness cartilage to
intact joints. These studies have been done in
vitro under artiﬁcial conditions or in vivo in animals. The theory that cartilage injury results in
apoptosis requires validation with clinical data.
The current study determined whether cartilage
lesions associated with acute joint injury
showed evidence of apoptosis.
Data exist to support the theory that apoptosis can be inhibited in vitro and in vivo.20
This opens possibilities of alternative therapeutic approaches to chondroprotection. Chondrocyte and matrix responses to mechanical
injury are signiﬁcant factors in determining
the development, history, and treatment of
cartilage lesions. A recent approach to the
treatment of cartilage lesions is chondroprotection. Chondroprotection involves the use of
therapeutic measures, usually pharmacologic
agents, that maintain matrix integrity and retard the development and progression of cartilage lesions. Several chondroprotective agents
(such as glucosamine and its derivatives,
chondroitin sulfate, and hyaluronic acid) currently are being investigated and theoretically
have the potential of reducing cartilage degeneration or enhancing repair after signiﬁcant injury. Accurate noninvasive markers of cartilage damage and repair therefore would be
valuable in documenting and validating the effect of various therapeutic approaches.
MATERIALS AND METHODS
Twenty patients were recruited after appropriate Institutional Board Review approval. Inclusion criteria were age between 18 and 45 years, acute knee injury within the previous 6 months, and clinical or
MRI evidence of acute joint injury necessitating an
arthroscopy. Exclusion criteria were intraarticular
bone fracture, preexisting joint lesions, chronic
symptoms, history of previous trauma or surgery, or
local anatomic deformity. There were 17 men and
three women. The mean age of the patients was 32
years (range, 19–43 years) and the mean weight was
83 kg (range, 66–125 kg). Sixteen patients sustained
the knee injury during sporting activities, three reported a fall, and one sustained the injury during a
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routine activity of daily living. The mean time after
injury was 2.7 months (range, 1–6 months).
Patients underwent routine diagnostic arthroscopy as indicated by their clinical examination
and initial clinical MRI ﬁndings. Before this diagnostic arthroscopy, patients underwent an additional MRI examination that included proton density fat saturated fast spin echo and three-dimensional
spoiled gradient echo of the affected knee. The
presence of any cartilage lesion including the size
and the grade (ranging from signal heterogeneity to
full-thickness loss of cartilage) was observed. The
presence and grade of bone marrow edema also
was documented.
During arthroscopy, the surgeon did a routine
exploration of the joint cavity and recorded abnormal ﬁndings and was unblinded to the results of the
research MRI. At this time, the surgeon obtained a
1.8-mm diameter biopsy specimen at the edge of
any cartilage lesion if present (Figure 1). An 11gauge Jamshidi bone marrow biopsy needle (Allegiance Healthcare Corp, McGaw Park, IL) was
used. The surgeon then did any relevant surgical
therapeutic procedures necessary such as debridement and lavage, meniscal excision or repair, and
anterior cruciate ligament reconstruction. Cartilage
lesions were graded on MRI and arthroscopic ﬁndings as shown in Table 1.
The biopsy specimen was ﬁxed in 10% buffered
formalin, decalciﬁed and examined histologically
after safranin O staining and detection of DNA
fragmentation. The safranin O-stained sections
were graded using the histologic scoring system of
Mankin et al,12 which semiquantitatively grades
structural changes, cellular density, safranin O
stain intensity, and tidemark integrity. Apoptotic
cells were detected using the Mebstain kit (MBL,
Nagoya, Japan) that uses a ﬂuorescent labeled antibody to DNA fragments. Nonapoptotic cells were
counterstained with propidium iodide. The number
of apoptotic cells divided by the total number of
cells present yielded the percent apoptosis in that
section. Control biopsy specimens were obtained
from the femoral condyles of four fresh cadaver
donors and from the intercondylar notch of four patients (before notchplasty) who required anterior
cruciate ligament reconstruction.

RESULTS
All patients successfully underwent the anesthesia, arthroscopic procedures, and cartilage
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Fig 1. The biopsy technique is shown. An 1.8-mm diameter core of cartilage and subchondral bone was
harvested from the edge of the cartilage lesions using an 11-gauge Jamshidi bone marrow biopsy needle.

biopsy without any adverse events. Twelve
patients required debridement and lavage of
the joint, eight required meniscal surgery, and
11 required anterior cruciate ligament reconstruction. The MRI ﬁndings are summarized
in Table 2. Representative images of various
grades of cartilage lesions are shown in Figure
2. There were 13 patients with evidence of
bone marrow edema, 11 in whom the edema
was adjacent to overlying cartilage lesions,
and two in whom there were no detectable cartilage lesions. Figure 2F shows a patient with
bone marrow edema without any overlying

cartilage lesion. The arthroscopic ﬁndings are
summarized in Table 3. Ten patients had visible cartilage lesions on the lateral femoral
condyle, two in the medial femoral condyle,
two in the lateral tibial plateau, one in the medial tibial plateau, and one in the patella. In
four of the 20 patients, no signiﬁcant lesion
was found. Figure 3 shows arthroscopic photographs representative of the different grades
of cartilage lesions.
When the presence or absence of cartilage lesions by MRI was correlated with arthroscopy,
there was a positive correlation in 50% (10 of
TABLE 2. Magnetic Resonance
Imaging Lesions

TABLE 1.
Grade
I
II
III
IV

Grading of Cartilage Lesions
MRI

Arthroscopy

Signal heterogeneity
Fraying, ﬁssuring
Partial loss of
cartilage thickness
Complete loss of
cartilage thickness

Softening
Fraying, ﬁssuring
Partial loss of
cartilage thickness
Complete loss of
cartilage thickness

Grade
I
II
III
IV
Bone marrow edema
without cartilage lesion
No detectable lesion

Number of Patients
8
4
1
1
2
4

A

B

C

D

E

F

Fig 2A–F. Magnetic resonance images showing different locations and grades of cartilage lesions. (A)
Proton density fat saturated fast spin echo image showing signal heterogeneity (arrow) suggestive of
a Grade I lesion in the lateral femoral condylar cartilage; (B) Three-dimensional spoiled gradient echo
image showing partial-thickness (Grade III) cartilage loss (arrow) in the anterior femoral condyle; (C)
Proton density fat saturated fast spin echo image of the same section as shown in Figure 2B, highlighting the area of bone marrow edema (arrow); (D) Proton density fat saturated fast spin echo image
showing full-thickness (Grade IV) cartilage loss (small arrow) associated with a small area of bone marrow edema (large arrow) in the coronal plane; (E) The same lesion as shown in Figure 2D, in sagittal
section (small arrow points to cartilage lesion, large arrow points to bone marrow edema); and (F) Large
area of bone marrow edema (arrows) not associated with any obvious overlying cartilage lesion.
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TABLE 3.

Arthroscopic Lesions

Grade
I
II
III
IV
No detectable lesion

Number of Patients
5
7
3
1
4

20). When the presence of bone marrow edema
without overlying cartilage lesions was included, the number of MRI lesions that matched
arthroscopic ﬁndings increased to 12 (60%). All
four cases of partial-thickness or full-thickness

cartilage loss that were seen by arthroscopy also
were detected by MRI (although the grades did
not always concur).
Control biopsy specimens (from cadavers
and femoral intercondylar notch) showed uniform safranin O stain and a normal Mankin
score. Biopsy specimens from cartilage lesions showed mild to moderate reduction in
safranin O stain intensity especially in the superﬁcial third. The Mankin score ranged from
3 to 7 with a median of 4. Cells that were positive for DNA fragmentation were signiﬁcantly more numerous in biopsy specimens
from lesions compared with control biopsy
specimens (Fig 4, p  0.002).

A

B

C

D

Fig 3A–D. Arthroscopic images representative of the different grades of cartilage lesions seen are
shown. (A) Grade I lesion with intact cartilage surface showing softening on probing; (B) Superﬁcial ﬁbrillation seen in a Grade II lesion (arrow) in association with an acute meniscal tear that was excised;
(C) Partial-thickness Grade III lesion with a ﬂap being raised by the arthroscopic probe; and (D) Fullthickness Grade IV lesion in the femoral condyle (arrow).
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Fig 4. The mean chondrocyte apoptosis in cartilage biopsy specimens is shown. Cells positive for DNA
fragmentation were counted and apoptosis was quantitated as a percentage of all cells. Mean ( standard deviation) percent apoptosis in biopsy specimens from cartilage lesions was signiﬁcantly higher
than control biopsy specimens (p  0.002).

DISCUSSION
Mature articular cartilage has poor intrinsic repair capability. If repair tissue forms spontaneously, it is predominantly ﬁbrous in nature
and is lacking in biomechanical properties.
Various surgical procedures currently are being used for replacement or regeneration of
cartilage.1,6–8,13,14 None has been consistently
successful in restoring the topographic organization of normal hyaline articular cartilage,
the biomechanical properties, or in integrating
the edge of the repair tissue with adjacent normal cartilage. Perhaps this may explain the
lack of durable long-term results.
Magnetic resonance imaging has potential as
a safe and noninvasive means of detecting cartilage lesions that may progress to degeneration
and signiﬁcant disability. Magnetic resonance
imaging sequences have been developed to optimize cartilage imaging. Fast spin echo2,15,22
and fat-suppressed three-dimensional spoiled

gradient echo5,18 are established MRI techniques that allow excellent assessment of cartilage lesions with a high sensitivity and speciﬁcity. Between 60% and 80% of patients with
MRI or arthroscopically documented cartilage
injury had cartilage degeneration develop by
the 5-year followup.9 The correlation of
arthroscopic evaluation, histologic features,
and sequential MRI examination should provide valuable information in deﬁning the natural history of posttraumatic cartilage degeneration. The current authors will continue to
monitor these patients with sequential MRI
scans as many as 2 years after the initial
arthroscopy. In the current study, the overall
correlation between MRI and arthroscopic
ﬁndings was positive in 50% of the patients.
However, all four cases of full-thickness or
partial-thickness cartilage loss as seen on
arthroscopy also were detected by MRI. This
suggests that MRI is relatively more accurate
in detecting Grade III and IV lesions. Two pa-
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tients with only bone marrow edema on MRI
had Grade I or Grade II lesions on arthroscopy. When these patients were included in
the correlation, the overall MRI accuracy increased to 60%.
A high incidence of bone marrow edema on
MRI has been seen in association with anterior
cruciate ligament injuries.19 Bone marrow
edema seems to be an important marker of
acute injury because there was disappearance
of this signal on sequential MRI scans (at 6
months and 1 year after arthroscopy, data not
shown). This may serve to differentiate acute
from chronic cartilage injury. In addition, the
two patients who had bone marrow edema
alone on MRI were found to have Grade I or
Grade II cartilage lesions on arthroscopy, suggesting that bone marrow edema is supportive
evidence of signiﬁcant joint trauma.
The histologic ﬁndings of decreased
safranin O stain and increased Mankin score
provide evidence of cartilage matrix damage.
In addition, the high percentage of cells positive for DNA fragmentation suggests that
chondrocytes undergo apoptosis after joint injury. Recent studies have reported that chondrocytes undergo apoptosis in response to
wounding and injurious compression.4,10,21
The current study provides additional support
by showing apoptosis with acute joint trauma.
Cartilage cellularity varies among species
and changes during skeletal development and
aging. Only 19 cells/mm3 are present in the
cartilage of young adults.17 This cell number
decreases by approximately 75% during the
aging process. A study on human cartilage aging indicated that individuals older than 90
years with intact knee articular cartilage
surfaces are distinguished by a signiﬁcantly
increased number of chondrocytes per tissue
volume.16 The level of cartilage cellularity determines the tissue volume that is being maintained by one chondrocyte and may have profound implications for cartilage repair. It
therefore may be possible to limit cartilage degeneration and promote repair if cell viability
is maintained. This opens potential therapeutic

avenues for the treatment of posttraumatic cartilage lesions through chondroprotection.
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