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Abstract
Objective—The development and patterns of spontaneous aging-related changes in the anterior
cruciate ligament (ACL) and their relationship to articular cartilage degeneration are not well
characterized. The aim of this study was to investigate the types and temporal sequence of aging-
related ACL changes and establish the correlation with cartilage lesion patterns at all stages of OA
development in human knee joints without prior joint trauma.

Methods—Human knee joints (n=120; 65 donors; age 23-92) were obtained at autopsy and ACL
and cartilage were graded macroscopically and histologically. Inflammation surrounding the ACL
was assessed separately.

Results—Histological ACL substance scores and ligament sheath inflammation scores increased
with aging. Collagen fiber disorganization was the earliest and most prevalent change. The
severity of mucoid degeneration and chondroid metaplasia in the ACL increased with
development of cartilage lesions. A correlation between ACL and cartilage degeneration was
observed, especially in the medial compartment of the knee joint.

Conclusion—ACL degeneration is highly prevalent in knees with cartilage defects, and may
even precede cartilage changes. Hence, ACL deficiencies may not only be important in post-
traumatic OA, but also a feature associated with knee OA pathogenesis in general.
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INTRODUCTION
Osteoarthritis (OA) results from different risk factors that include genetic predisposition,
malalignment, joint trauma, obesity and aging (1-4). The disease process may initiate in one
particular joint structure but eventually manifests in all joint tissues (5-7). Among the
different joint tissues, articular cartilage appears to be most susceptible to mechanical and
aging-related damage (8). Traumatic lesions to menisci and ligaments are well-known risk
factors for OA (9,10). The anterior cruciate ligament (ACL) is essential for knee kinematics
especially in rotation and functions as anterior/posterior stabilizer (11,12). In the setting of
ACL deficiency, the articular cartilage as well as the menisci in the medial tibio-femoral
compartment are more susceptible to arthritic change than the lateral compartment (13).

Approximately 23% of painful knee OA patients have ACL deficiency and 48% of these
patients do not have a prior history of ligament injury (6). A correlation between the
radiologic OA grade and the histological grade of ACL degeneration has been reported in
end-stage OA (14). MRI is an important tool in assessing articular cartilage, menisci and
subchondral bone, but its application to ACL is limited to measuring ACL diameter, and
detecting partial or complete ruptures and mucoid degeneration (6,15-17). Histology
remains the most sensitive method to analyze ACL (18). Histological changes in ACL are
highly prevalent in knees with severe OA and include cystic changes, disorientation of
collagen fibers and mucoid degeneration (19).

Although there is an apparent correlation of ACL and cartilage degeneration in end-stage
OA, intrinsic aging-related changes in the ACL and their relationship with changes in
cartilage at earlier stages of the disease process have not been analyzed in human joints. It is
also not known whether the ACL degeneration observed in end stage OA is a consequence
of cartilage destruction or the result of a primary lesion within the ACL that causes articular
cartilage degeneration.

The purpose of this study was to examine ACL in a large number of human knee joints
across the entire adult age spectrum to determine the type, frequency and severity of changes
in ACL. In addition, we characterized the phenotype of histological changes and examined
the effect of aging and OA on inflammation in the ACL. A detailed analysis of the
relationship of specific changes in the ACL with the development of cartilage lesions was
performed. This is the first systematic study of macroscopic and histological changes in the
human ACL during aging and at all stages of idiopathic OA.

MATERIALS AND METHODS
Tissue procurement

Human knee joints were obtained from three tissue banks with approval of the Scripps
Human Subjects Committee. Joints were processed within 72 hours post-mortem. In this
study, 120 human knee joints were analyzed. There were 30 male and 35 female donors,
with a mean age of 66.1 years (range, 23-92 years) (Supplementary Table 1). From 55 of 65
donors we obtained both knees, while from 10 of 65 donors we obtained only one knee. The
causes of death and co-morbidities are similar to the general population in the United States
(20).

Macroscopic and histological analysis of ACL
ACL degeneration was assessed both macroscopically and histologically as described
previously (14,18,19,21). The ACL was resected at the insertion sites on the femur and tibia.
The macroscopic appearance was evaluated and classified in 3 stages: normal, abnormal
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(thinner than normal and sclerotic), or ruptured (complete disappearance of the ligament, or
persistence of only a few fibers) (21).

For histology, the samples were immediately fixed in Z-Fix (Anatech, Battle Creek, MI) for
48-72 hours. After fixation, each specimen was cut transversely at the proximal one third of
ligament and longitudinally through the center of the ligament from proximal one third of
the ACL substance and femur attachment site where ACL tears frequently occur (22,23)
(Supplementary Figure 1A).

After cutting, dehydration with alcohol, Pro-Par Clearant (Anatech) and infiltration with
paraffin (Paraplast, McCormick) samples were embedded in paraffin. 4 μm sections were
cut and stained with hematoxylin and eosin (H&E).

The ACL sections were graded histologically using a modification of previous scoring
systems (14). The following categories were examined and scored for each ligament: 1)
inflammation in the ACL substance, 2) mucoid degeneration, 3) chondroid metaplasia, 4)
cystic changes, 5) orientation of collagen fibers (Supplementary Figure 1B). Each category
was scored for the severity of the degenerative change on both transverse and longitudinal
sections and a single score was assigned for each ACL. The ACL histological changes were
scored as follows: 0: no changes, 0.5: minimal changes, 1: mild changes, 2: moderate
changes, 3: severe changes (Supplementary Figure 1C). The highest summed score of
ligament degeneration (total ACL score) was 15 if all 5 histological categories were scored
severe. Severity of ACL degeneration was graded as normal, mild, moderate, and severe
after considering the total ACL substance score. Severity of degeneration of ACL was
considered normal if the total ACL score was 0, mild if it was 0.5 to 5, moderate if it was
5.5 to 10 and severe if it was higher than 10. If orientation of collagen fibers, mucoid
degeneration and/or cystic changes were scored 3, or ACL was completely degraded and
only a few remnants were detectable macroscopically, it was considered severe.

The presence or absence of calcium deposition was also recorded. Selected sections with or
without calcium deposition on H&E stains were stained with Von Kossa and Alizarin Red S.
Although inflammation is considered in the total ACL score, a more detailed assessment
was performed. Inflammation surrounding the ACL was analyzed separately as the extent of
synovitis in the ligament sheath by using a histological grading system for synovitis (24).
The following categories were examined and scored for inflammation in each ligament
sheath: 1) hyperplasia / enlargement of synovial lining cell layer, 2) inflammatory cell
infiltration, 3) activation of synovial stroma / pannus formation. The histological changes of
ligament sheath were scored as follows: 0: absent, 1: slight, 2: moderate, 3: strong. The
highest summed score of the ligament sheath (ligament sheath inflammation score) was 9 if
all categories were scored as strong.

Morphologic analysis of articular cartilage
All cartilage surfaces (femoral condyles, trochlea and tibial plateaus) were graded
macroscopically using a modified Outerbridge scoring system (25). We established a more
detailed scoring method based on the International Cartilage Repair Society (ICRS) knee
map (26) by dividing the cartilage into several compartments: 3 areas in the trochlea, and 9
areas each in each femoral condyle and tibial plateau. Each of these 39 areas was scored
individually, and total compartment and total knee scores were calculated. For each area a
score ranging from 1 – 4 was assigned as follows: 1: intact surface, 2: fibrillation, 3:
fissuring, 4: erosion. The total knee cartilage scores range from 39 (normal) to 156
(maximum severity) (Supplementary Figure 2). The scoring system used in this study was
reliable with 95% limits of agreement ranging from −4.548 to 4.615.
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The total knee cartilage scores were translated into grades 0 – IV (grade 0: normal when
total score was 39, grade I: minimal change when total score was 40 to 58, grade II: mild
change when total score was 59 to 78, grade III: moderate change when total score was 79 to
97, and grade IV: severe change when total score was higher than 98.

Statistical analysis
Summary statistics are reported as mean ± SD (standard deviation). Differences among
groups were determined by one-way analysis of variance (ANOVA) with continuous
variables, Kruskal-Wallis (non-parametric one-way analysis of variance) procedures with
ordinal variables [e.g., scales], and chi-square procedures with dichotomous variables. [Note
that two-sample Kruskal-Wallis tests are equivalent to Mann-Whitney tests.] Pairwise group
comparisons subsequent to the overall ANOVA tests were undertaken with Tukey’s
studentized range procedure following parametric ANOVA, and with the Dwass-Steel-
Critchlow-Fligner (DSCF) procedure following Kruskal-Wallis. Spearman’s nonparametric
correlation coefficient ρ was computed when comparing continuous and ordinal variables, or
two ordinal variables. 95% confidence intervals (CI) for the Spearman rank correlation
coefficients were determined from percentiles of 1000 bootstrap samples. Calculations were
undertaken in Systat 12 (Systat Inc., Chicago, IL) and SPSS 15 (SPSS Inc., Chicago, IL). P
values of less than 0.05 were considered statistically significant.

RESULTS
Macroscopic assessment of ACL

In this study, 120 knees from 65 individuals without joint trauma history were analyzed.
Macroscopic assessment showed that ACL in 68 knees were normal, 40 were abnormal and
12 were ruptured. In 3 knees the ACL was completely degraded and only a few remnants
were detectable. Overall, ages of donors differed significantly across the three categories of
ACL status (F3,117 = 13.37, p<0.0001). In pairwise comparisons, the mean age of donors
with normal ACL (59.7±20.4) was significantly less than that of donors with abnormal ACL
(71.5±12.9; p=0.003) and that of donors with ruptured ACL (84.5±6.4; p<0.001).
Differences in mean age of donors with abnormal ACL compared to ruptured ACL were of
borderline significance (p=0.06). (Figure 1A).

Overall, total knee cartilage scores differed significantly across the three categories of ACL
status (X2

2 = 39.7, p<0.0001). Mean scores ± SD per group were: knees with normal ACL,
54.8±18.9; knees with abnormal ACL, 73.3±18.6; knees with ruptured ACL, 89.6±24.4. All
pairwise comparisons were significant, via DSCF, at p<0.001. ACL rupture was present in 7
of 29 (24.1%) of knees with moderate and severe cartilage lesions and this was significantly
less common (5 of 91, 5.5%) in knees with normal, minimal and mild cartilage lesions
(P<0.01 by chi-square analysis) (Supplementary Table 2). Macroscopic ACL lesions
correlated with cartilage degeneration, especially in the medial femoral condyle (Figure 2).

These results from macroscopic analysis show a high prevalence of ACL lesions, which
increased with donor age. Interestingly, ACL lesions (abnormal and ruptured) were also
observed in 13 of 60 joints (16.7%) with normal or only minimally degenerated cartilage.

ACL histology and cartilage scores
The total ACL score, which is the sum of all histological changes within the ACL increased
with donor age (Spearman’s ρ =0.42, 95% CI 0.25 to 0.57) (Figure 1B). Histological
abnormalities in the ACL (mild, moderate and severe) were detected in 65 of 68 (95.6%) of
macroscopically normal ACL.

Hasegawa et al. Page 4

Arthritis Rheum. Author manuscript; available in PMC 2013 March 1.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



We investigated the correlation between histological changes in ACL and cartilage lesion
patterns. The total ACL score correlated significantly with the total knee cartilage scores,
most strongly with the medial compartment cartilage scores (Figure 3).

To test if histological ACL changes can occur before cartilage degeneration, we investigated
the correlations between each histological ACL grade and each cartilage grade (Figure 4).
There were no normal ACL in knees with Grade II, III or IV cartilage. This suggests that
ACL degeneration is involved already at early stages of cartilage degeneration. Interestingly,
there were also degenerated ACL in Grade 0 and I (normal, minimal cartilage degeneration).

Characterization of specific histological ACL abnormalities
Scores for the individual histological parameters are shown in Table 1.

ACL inflammation—ACL inflammation manifests as leukocyte infiltration and
neovascularization in the ligament sheath and within the ACL substance (Supplementary
Figure 3). There was no significant correlation between ACL substance inflammation score
and donor age (Spearman’s ρ =0.16, 95% CI −0.04 to 0.34). There was a positive correlation
between ligament sheath inflammation score and donor age (Spearman’s ρ =0.41, 95% CI
0.24 to 0.54). There was a positive correlation between ligament sheath inflammation score
and ACL substance inflammation score (Spearman’s ρ =0.53, 95% CI 0.38 to 0.66). In 52 of
78 (74.3%) ACL with abnormal ligament sheath, inflammation within the ACL substance
was observed. Conversely only 4 of 39 (10.3%) ACL without inflammation of the ligament
sheath, had inflammation within the ACL substance. This relationship between
inflammation in the ACL substance and in ligament sheath suggests that the ligament sheath
is more predisposed to the inflammation than the ACL substance and the inflammatory
processes in ACL substance may follow inflammation of the ligament sheath. In a small
subset of individuals, there was leukocyte infiltration in the ligament substance without
inflammation of the ligament sheath.

Relationship between ACL inflammation and ACL degeneration—There was a
positive correlation between ACL substance inflammation score and total ACL score
(Spearman’s ρ =0.58, 95% CI 0.46 to 0.69). In addition, there was also a positive correlation
between ligament sheath inflammation score and total ACL score (Spearman’s ρ =0.50, 95%
CI 0.36 to 0.64).

Relationship between ACL inflammation and cartilage degeneration—There
was a weak correlation between ACL substance inflammation score and total knee cartilage
score (Spearman’s ρ =0.29, 95% CI 0.11 to 0.45). There was a positive correlation between
ACL sheath inflammation scores and total knee cartilage scores (Spearman’s ρ =0.51, 95%
CI 0.35 to 0.65).

Thus, changes in the ligament sheath correlate more strongly with cartilage damage than
changes within the ligament.

Mucoid degeneration—Mucoid degeneration reflects degradation of collagen and
deposition of new glycosaminoglycans. Mucoid degeneration was observed in 73 of 117
ACL (62.3%) (Supplementary Figure 4). There was no significant correlation between
mucoid degeneration score and donor age (Spearman’s ρ =0.18, 95% CI −0.01 to 0.34).
Even in 4 of 9 ACL from young (<45 years old) donors without cartilage degeneration there
was mucoid degeneration. There was a positive correlation between mucoid degeneration
scores and total ACL scores (Spearman’s ρ =0.59, 95% CI 0.44 to 0.72). There was no
significant correlation between mucoid degeneration and inflammation scores of ACL
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substance (Spearman’s ρ =0.12, 95% CI −0.07 to 0.30). There was also a weak correlation
between mucoid degeneration scores and ligament sheath inflammation scores (Spearman’s
ρ =0.20, 95% CI 0.02 to 0.39). There was a weak correlation between mucoid degeneration
scores and total knee cartilage scores (Spearman’s ρ =0.22, 95% CI 0.22 to 0.39).

Thus, mucoid degeneration is frequent, occurs during the aging process and even in
relatively young donors.

Chondroid metaplasia—Chondroid metaplasia, which represents a shift in ligament cell
phenotype towards a more chondrocytic cell morphology, was observed in 40 of 117 ACL
(34.2%) (Supplementary Figure 5). There was a positive correlation between chondroid
metaplasia scores and total ACL scores (Spearman’s ρ =0.56, 95% CI 0.41 to 0.68). There
was also a positive correlation between chondroid metaplasia scores and mucoid
degeneration scores (Spearman’s ρ =0.62, 95% CI 0.47 to 0.73). There was no significant
correlation between chondroid metaplasia scores and total knee cartilage scores (Spearman’s
ρ =0.19, 95% CI −0.02 to 0.37).

There was no significant correlation between chondroid metaplasia scores and inflammation
scores of ACL substance or ligament sheath scores (Spearman’s ρ =0.09, 95% CI −0.09 to
0.27 for the former, Spearman’s ρ =0.10, 95% CI −0.09 to 0.29 for the latter).

These findings suggest that chondroid metaplasia represents an ACL intrinsic process that is
associated with mucoid degeneration and not with inflammation.

Cystic changes—Cystic changes, which represent areas within fascicles that are devoid
of extracellular matrix were observed in 43 of 117 ACL (36.7%) (Supplementary Figure 6).
There was a weak correlation between cystic change scores and donor age (Spearman’s ρ
=0.28, 95% CI 0.09 to 0.44). There was a positive correlation between cystic change scores
and total ACL scores (Spearman’s ρ =0.45, 95% CI 0.29 to 0.58). There was a weak
correlation between cystic change scores and total knee cartilage scores (Spearman’s ρ
=0.26, 95% CI 0.07 to 0.43). There was no significant correlation between cystic change
scores and inflammation scores of ACL substance (Spearman’s ρ =0.07, 95% CI −0.12 to
0.26). There was no significant correlation between cystic change scores and ligament
sheath scores (Spearman’s ρ =0.18, 95% CI −0.02 to 0.36). These findings suggest that
cystic changes are a relatively late event in ACL degeneration and are independent of
inflammation.

Calcium deposition—Calcium deposition was observed in 11 of 117 ACL (9.4%)
(Supplementary Figure 7). All of these ACL were from older (>70 years old) donors that
also had degenerated cartilage. Calcium deposition was observed in 3 of 7 ACL (27.3%)
from knees with calcium deposition in cartilage. However, calcium deposition was observed
in 8 of 110 ACL (7.3%) from knees without calcium deposition in cartilage (P<0.01 by chi-
square analysis). ACL with calcium deposition showed higher total knee cartilage scores
(83.5±16.4) than those without calcium deposition (61.8±21.6; X2

1 = 10.82, p=0.001).
Differences between ACL substance inflammation scores with calcium deposition (0.8±1.1)
and without calcium deposition (0.8±1.0) were not statistically significant (X2

1 = 0.005,
p=0.94).

These results suggest that calcium deposition in ACL is the latest event in ACL
degeneration. Of interest is the observation, that in some cases ACL calcification can occur
without cartilage calcification.
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Collagen fiber organization
Disorganization of collagen fibers was observed in 105 of 117 ACL (89.7%)
(Supplementary Figure 8). There were positive correlations between the collagen fiber
orientation scores and donor age (Spearman’s ρ =0.52, 95% CI 0.36 to 0.66), total ACL
scores (Spearman’s ρ =0.57, 95% CI 0.42 to 0.70) and total knee cartilage scores
(Spearman’s ρ =0.54, 95% CI 0.37 to 0.69). There were weak correlations between the
collagen fiber orientation scores and inflammation scores of ACL substance (Spearman’s ρ
=0.21, 95% CI 0.02 to 0.38) and ligament sheath (Spearman’s ρ =0.32, 95% CI 0.14 to
0.49).

These observations indicate that collagen fiber disorganization is highly prevalent and can
occur without other histological changes.

Earliest detectable aging-related changes in the ACL
To detect the earliest change in ACL, we investigated 9 ACL from young (<45 years old)
donors with normal grade 0 cartilage (Supplementary Figure 9). Disorientation of collagen
fibers was observed in 6 of these 9 ACL. Mucoid degeneration was observed in 4 of these 9
ACL. Inflammation of ACL substance, inflammation of ligament sheath and cystic changes
were observed in 1 of 9 ACL, respectively. Chondroid metaplasia was not observed in ACL
from young normal knees.

These results suggest that the disorientation of collagen fibers and mucoid degeneration are
the earliest detectable aging-related changes in the ACL and can occur in the absence of
cartilage degeneration.

Furthermore, we analyzed the prevalence of abnormalities in each histopathological
category versus age to reveal a temporal sequence of changes (Figure 5). The earliest and
most prevalent change is collagen fiber disorganization. Calcification is the latest and least
prevalent change. A relatively high percentage of young donors already have mucoid
degeneration, which does not increase with age. Inflammation, chondroid metaplasia and
cystic changes increase with age.

DISCUSSION
ACL degeneration: prevalence, correlation with age and cartilage degeneration

The present study is a comprehensive analysis of all major histological parameters of ACL
pathology, using 120 ACL from 65 human knee donors across the adult age spectrum. The
donor population was screened for history of joint injury. While major injuries were
excluded it is possible that some donors had minor injuries that contributed to the observed
changes in the ACL.

In this study, the rate of ACL rupture was 10.0%. It was smaller than previously described in
the literature (6,27). However, in knees with moderate and severe cartilage, the rate of ACL
rupture in this study was 24.1%. This rate was consistent with previous studies that
examined the rate of ACL rupture from symptomatic OA patients (6,27).

Histologically, aging-related changes in ACL and their relationship with changes in cartilage
at earlier stages of the disease process have not been analyzed in human joints. In the present
study, we found degenerated ACL in knees without cartilage degeneration. Also, we
observed knees with minimal cartilage degeneration that have moderate to severe ACL
degeneration. These findings suggest that ACL degeneration can be initiated before or
progresses more rapidly than cartilage degeneration, at least in a subpopulation of
individuals.
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A close correlation was observed between the presence of ACL degeneration at all stages of
cartilage destruction. This may suggest that ligament extrinsic changes trigger or accelerate
ACL degeneration. For example, femoral intercondylar notch stenosis and notch osteophytes
can lead to ACL destruction. A smaller notch width has been found in ACL deficient OA
knees (28,29) and causes impingement of the ACL (30,31). The strongest correlation
between with ACL and cartilage degeneration was found at the medial femoral condyle.
Taken together, medial femoral OA with osteophyte growth in the notch area might
contribute to the progression of ACL degeneration.

Inflammation
We investigated inflammation as a potential mechanism of ACL degeneration. ACL
substance inflammation scores from knees with cartilage damage were significantly higher
than those from knees with normal cartilage. However, there was only a weak correlation
between ACL substance inflammation score and total knee cartilage score. Furthermore, in a
subset of individuals, inflammation in the ACL substance was observed in the absence of
cartilage degradation.

In normal ACL, inflammatory cells were found mainly in perivascular areas in the ligament
sheath. There were few inflammatory cells between collagen fibers within ACL substance.
In contrast, ACL with inflammation showed increased inflammatory cell infiltrates not only
in perivascular regions but also between collagen fibers within ACL substance, regardless of
the presence of cartilage degeneration. These results indicate a process that is primarily
driven by ACL intrinsic mechanisms.

Interestingly, we observed only a modest correlation between ACL inflammation and total
ACL scores. These results suggest that mechanisms that are independent of ACL
inflammation contribute to ACL degeneration and ACL inflammation is not an initial trigger
of ACL degeneration. Once inflammation is initiated, its interplay with mechanical forces
may accelerate ACL degeneration (10).

ECM changes
The earliest and most prevalent change in ACL extracellular matrix was disorganization of
collagen fibers. In this study, there was a positive correlation between collagen fiber
orientation scores and donor age (Spearman’s ρ =0.52, 95% CI 0.36 to 0.66). Also,
disorientation of collagen fibers was observed in ACL from young donor without cartilage
degeneration or inflammation. These results suggest that disorganization of collagen fibers
might be induced by repetitive mechanical stress. An aging-related decrease in the diameter
of the collagen fibrils and a corresponding increase in the concentration of small fibrils have
been described for the human ACL (32).

Mucoid degeneration reflects disorganized collagen fibers, and the presence of stainable
mucoid matrix (33-35) and is rare, with a reported prevalence of 1 – 5% in studies using
MRI (16,17,36). However, we observed a high prevalence (62.2%) of mucoid degeneration.
The severity of mucoid degeneration increased with the development of cartilage
degeneration although mucoid degeneration was also observed in ACL from young donors
with normal cartilage.

Cystic changes represent areas within fascicles that are devoid of extracellular matrix and
indicate ACL degeneration (14,19,37). We noted cystic changes in ACL from knees with
severe cartilage degeneration. There was no correlation between cystic change score and
inflammation score of ACL substance. These findings suggest that cystic changes are a
relatively late event in ACL degeneration and independent from inflammation. Calcium
deposition within ACL is diagnosed in the presence of slightly basophilic material,
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compatible with calcium pyrophosphate dihydrate (CPPD) crystals (38). CPPD crystal
deposition occurs with a frequency of 0.1% in adults and increases with age. Higher
frequency of crystal deposition is found in locations that are in contact with synovial fluid
such as the menisci and hyaline cartilage (38). In this study, calcium deposition was
observed in 11 of 117 ACL (9.4%) and all of these ACL were from older (>70 years old)
donors that also had degenerated cartilage.

ACL cellular changes
Chondroid metaplasia is a well-known feature of degenerated ACL (14,19). In normal ACL,
fusiform and ovoid cells are located in the proximal one quarter of the ACL, close to the
attachment site on the femur, and a spheroid cell zone occupies the distal three quarters of
the ACL (39,40). In this study, chondroid metaplasia was observed in knees with cartilage
degeneration but not in knees with normal cartilage. Chondroid metaplasia represents an
ACL intrinsic process that is associated with mucoid degeneration and independent of
inflammation. Mechanisms for the change in ligament cell phenotype may include
mechanical and biochemical stimuli. Compression of tendons over bone can increase GAG
content and the proportion of round cells (41). Biochemical mediators, such as cytokines,
growth and differentiation factors, that are part of the abnormal synovial fluid composition
in arthritic joints may also lead to the alteration in ligament cell phenotype.

The present study provides a detailed analysis of changes in ACL cells and extracellular
matrix. Based on all parameters examined on the present ACL sample set, we propose a
temporal sequence of histopathological changes. The earliest changes are collagen fiber
disorganization and mucoid degeneration. Inflammation, chondroid metaplasia and cystic
changes increase with the presence of cartilage degradation. Calcium deposition is a late and
rare event. The pathogenic process involves a marked phenotypic shift in ligament cells with
an abnormal chondroid differentiation. It will be of interest to identify stimuli that may be
generated in ACL itself or originate from cells in synovium, synovial fluid or cartilage.
Notably, abnormal cellular differentiation is also observed in OA-affected menisci and
cartilage. If these changes in the different tissues were driven by similar mechanisms and
molecules, this would represent a powerful therapeutic target.

CONCLUSION
The relatively large sample set available in this study for histological analysis of ACL
indicates a general association between ACL degeneration and aging and between
degeneration of ACL and cartilage. However, the present results also suggest subpopulations
where ACL changes may precede or initiate cartilage damage, whereas in other subsets ACL
changes occur simultaneous or subsequent to cartilage lesions. Subsets can also be
differentiated based on the degree of inflammation and on the type of cellular change within
the ACL.

Supplementary Material
Refer to Web version on PubMed Central for supplementary material.
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Figure 1.
A. ACL macroscopic scores versus age. The mean age of donors with normal ACL was
significantly less than that of donors with abnormal ACL and that of donors with ruptured
ACL. Each ACL was treated as a separate unit for analysis. Values are the mean + SD. * =
p< 0.05, ** = p<0.01. B. ACL microscopic scores versus age. The total ACL score, which
is the sum of all histological changes within the ACL increased with donor age. Each data
point represents one knee.
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Figure 2. Macroscopic changes in ACL versus cartilage changes
Macroscopic changes in ACL correlated with cartilage degeneration, especially in the
medial femoral condyle, compared to the other compartments of the knee joint. Within each
compartment, all pairwise comparisons of normalized cartilage scores among the three ACL
categories were statistically significant [at p<0.05 from the nonparametric Dwass-Steel-
Critchlow-Fligner procedure], with the exceptions of abnormal vs. ruptured, in the trochlea,
medial tibia, and lateral tibia. Values are the mean + SD. * = p<0.05.
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Figure 3. Histological changes in ACL versus cartilage changes
The relationship of total ACL score versus cartilage scores in knee compartments was
analyzed. ACL degeneration correlated with cartilage degeneration, especially in the medial
compartments, compared to the lateral compartments of the knee joint.
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Figure 4. Severity of ACL changes versus cartilage degeneration
There were no normal ACL in knees with Grade II, III and IV cartilage (mild, moderate and
severe cartilage degeneration), while there were also degenerated ACL in Grade 0 and I
(normal and minimal cartilage degeneration).
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Figure 5. Aging-related prevalence of histopathological abnormalities in ACL
For each histological abnormality, the percentage per age decade of ACL that had scores
indicating pathologic change was calculated. The earliest change and most prevalent change
is collagen fiber disorganization. Calcium deposition is the latest and least prevalent change.
A relatively high percentage of young donors already have mucoid degeneration, which does
not increase with age. Inflammation, chondroid metaplasia, cystic changes and ligament
sheath inflammation also increase with age.
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