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All Cartilage-Bone Interfaces Are Derived
from an Initially Pure Cartilage Structure

Long bones develop first from embryonic mesenchymal stem
cells that coalesce to form a “blastema,” with a scant but
uniform type I collagen matrix.1 The blastema transforms at
early fetal stages into a cartilaginous structure, or cartilage
“anlage,” with collagen type II as the main extracellular
component.2–6 The cartilage “anlage” contains a mixture of

fusiform and round chondroblast cells,7 that upon terminal
differentiation will hypertrophy (become unusually large),
and begin to express proteins that attract blood vessels and
facilitate biomineralization.8

Mineralized bone begins to form when the fetal cartilage
undergoes focal hypertrophy which launches a process of
endochondral ossification (EO). The very first cartilage-bone
interfaces to form in the body are at the primary ossification
centers in the shaft of developing long bones. These areas are
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Abstract In the knee joint, the purpose of the cartilage-bone interface is to maintain structural
integrity of the osteochondral unit during walking, kneeling, pivoting, and jumping–
during which tensile, compressive, and shear forces are transmitted from the viscoelas-
tic articular cartilage layer to the much stiffer mineralized end of the long bone. Mature
articular cartilage is integrated with subchondral bone through a�20 to�250 µm thick
layer of calcified cartilage. Inside the calcified cartilage layer, perpendicular chondro-
cyte-derived collagen type II fibers become structurally cemented to collagen type I
osteoid deposited by osteoblasts. Thematuremineralization front is delineated by a thin
�5 µm undulating tidemark structure that forms at the base of articular cartilage.
Growth plate cartilage is anchored to epiphyseal bone, sometimes via a thin layer of
calcified cartilage and tidemark, while the hypertrophic edge does not form a tidemark
and undergoes continual vascular invasion and endochondral ossification (EO) until
skeletal maturity upon which the growth plates are fully resorbed and replaced by bone.
In this review, the formation of the cartilage-bone interface during skeletal development
and cartilage repair, and its structure and composition are presented. Animal models
and human anatomical studies show that the tidemark is a dynamic structure that forms
within a purely collagen type II-positive and collagen type I-negative hyaline cartilage
matrix. Cartilage repair strategies that elicit fibrocartilage, a mixture of collagen type I
and type II, are predicted to show little tidemark/calcified cartilage regeneration and to
develop a less stable repair tissue-bone interface. The tidemark can be regenerated
through a bone marrow-driven growth process of EO near the articular surface.
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marked by remodeling and vascular invasion in parallel with
the deposition of a mineralizing collagen type I matrix that
ensheathes and mechanically protects the blood vessels.4,9

After the secondary ossification centers appear in the distal
tibia and femur, three types of dynamic cartilage-bone inter-
face are established, as illustrated in the immature rabbit
knee (►Fig. 1A–C). Articular cartilage sits on top of the
epiphyseal subchondral bone (►Fig. 1B, E, H). The growth
plate is a cartilage structure firmly sandwiched between two
layers of bone: the epiphyseal and the metaphyseal bone
(►Fig. 1C, F, I).

Growth Plate Cartilage-Bone Interfaces
during Postnatal Development

In the developing knee, epiphyseal bone will continue to
expand into the cartilage anlage until the cartilage interface

forms a thin calcified layer that arrests vascular invasion.
Calcified cartilage forms at the base of the articular cartilage,
and in certain growth plate reserve zones (►Fig. 2), through
mechanisms that are still not fully understood. Haines10

previously noticed that growth plate reserve zones fused to
“permanent” epiphyseal lines develop a thin layer of calcified
cartilage/tidemark (►Fig. 2A, proximal trochlea) while other
reserve zones do not form tidemarks (►Fig. 2B, distal troch-
lea) and eventually close without leaving a scar.

Growth plate hypertrophic cartilage (HTC) does not form a
tidemark. This interface is actually a mixture of cartilage and
bone, bydefinitionof the primary spongiosa,where newbone is
deposited on the cartilage trabeculae carved out by invading
blood vessels and marrow (►Figs. 1F, I, and 3). In trabecular
bonematuringbelow thegrowthplate, an initiallypure collagen
type II-glycosaminoglycan (GAG) extracellular matrix is slowly
incorporating collagen type I (EO,►Fig. 3). Vascular invasion of

Figure 1 Three dynamic cartilage-bone interfaces are established in the postnatal knee femoral end: (1) articular cartilage-epiphyseal bone,
(2) growth plate-epiphyseal bone, and (3) growth plate-metaphyseal bone. A macroscopic transverse view of a skeletally immature �4-month
rabbit knee trochlea shows the articular cartilage (AC, white arrowheads, A & B) and growth plate (GP, white arrows, A & C), and distribution
of collagen type II (D, E, F) and collagen type I (G, H, I) in serial sections from the area of the dashed squares in panel A. The distal femur was fixed
in 4% paraformaldehyde/100 mM cacodylate, decalcified in EDTA with a Milestone microwave, cryoembedded and cryosectioned using the
CryoJane tape system; the sections were predigested in hyaluronidase and protease to remove glycosaminoglycans and immunostained for
collagen type II (monoclonal II6B3, DSHB, USA) or collagen type I (monoclonal antibody I-H85, VWR, Canada), using secondary biotinylated goat
antimouse and avidin-alkaline phosphatase red substrate detection with iron hematoxylin counterstain.91,92 In panels A and B, the rough articular
surface is a cutting artifact from the isomet diamond saw. The tear/crack in the growth plate indicated by a white asterisk in panel D is a
cryosectioning artifact.92 EO, endochondral ossification; BP, subchondral bone plate; AC, articular cartilage; GP, growth plate.
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the hypertrophic zone spurs a continual endochondral expan-
sion of the distal femur (arrows, ►Fig. 4A), in tandem with
appositional cartilage and bone growth (►Fig. 4B, C).

The growth cartilage-metaphyseal bone interface is a
dynamic and ever-expanding front of HTC undergoing vascu-
lar invasion and ossification. Interestingly, in newly formed
endochondral bone, hypertrophic chondrocytes express zy-
mogen forms of enzymes capable of remodeling collagen
matrix, including matrix metalloproteinases (MMP-13,
MMP-9) and complement C1s.11,12 In knockout mice for
MMP-13 or MMP-9, conversion of collagen type II HTC to
collagen type I trabecular bone is inhibited.13–15 Remodeling
of the HTC front by osteoclasts, chondroclasts, and bone-
marrow-derived metalloproteinases drives the replacement
of HTC with vascularized bone.13–15 Growth plate cell prolif-
eration and vascular invasion can be diminished by nutri-
tional deprivation, ischemia, or supraphysiologic
loading.16–18 Blood vessel invasion of the HTC layer is be-
lieved to be naturally driven by hypertrophic chondrocyte

secretion of angiogenic factors,19 MMP-13,11,13 and gelati-
nases capable of untethering matrix-bound vascular endo-
thelial growth factor.15 Osteoclasts that remodel the base of
endochondral bone are also known to release angiogenic
factors and can also promote vascular invasion and osteogen-
esis.20,21 Apoptosis of hypertrophic chondrocytes is also
implicated as an important driver of the endochondral
growth process.15,22

Articular Cartilage-Bone Interface during
Postnatal Development

A distinct and more advanced EO process is going on during
postnatal articular cartilage growth (►Fig. 1E and H). In 3- to
6-month-old rabbit articular cartilage,most chondrocytes are
no longer proliferating, and a tidemark has formed at the base
of the hypertrophic zone.23 Bone is not being deposited along
cartilage trabeculae, it has developed layer-by-layer to form a
thick osteoid around blood vessels subjacent to the calcified
cartilage layer. Only small patches of cartilage persist in the
subchondral bone (EO, ►Fig. 1E). The remnants of GAG and
collagen type II in trabecular bone are the hallmarks of EO.

Neonatal articular cartilage is relatively thick; it is filled
with a system of endothelial-lined canals distinct from the
normal vasculature.7 Cartilage canals have been described in
immature articular cartilage in a variety of large animals and
in human (fetal ovine, 2-week-old calf, 2-year-old human).7,24

Postnatal weight-bearing activity is associated with regres-
sion of the canals, and a thinning and anisotropic organiza-
tion of the articular cartilage layer. The articular layer
continues to grow postnatally through an appositional or
asymmetric layer-by-layer expansion, through cell division
near the superficial zone6,25,26 (►Fig. 4). In the deep zone
near the articular cartilage-bone interface, chondrocytes
terminally differentiate into hypertrophic chondrocytes,
cease to proliferate, and express collagen type II, collagen
type X, alkaline phosphatase, and osteopontin, a highly
phosphorylated hydroxylapatite-binding protein.27–31 Like
articular cartilage, the growth plate hypertrophic zone also
contains collagen type X and alkaline phosphatase, but a
tidemark is notably absent.32,33 The tidemark that forms at
the base of mature articular cartilage develops slightly below
the region of chondrocytes expressing collagen type X.28

Mineral deposits form in the neonatal calcified layer of the
articular cartilage in line with the collagen fibers.34 Using
fluorescent pulse labeling of the mineral phase, Oegema et al
observed that the tidemark advances above the pulse-labeled
mineralization front in 4-month-old rabbit patella at a rate of
8 µm/week, compared with 1 µm/week in the 7-month-old
rabbit patella.26 Creeping advancement of the tidemark is
associated with thinning of the articular cartilage layer.23

Vascular channels are branched structures that supply the
calcified cartilage of the articular layer,7,9,35 and have similar-
ities with vascular channels in the vertebral endplate where
bone abuts the cartilaginous nucleus pulposus.36 The calcified
cartilage zone is thus normally vascularized, while the non-
mineralized cartilage above the tidemark is normally avascu-
lar. In a study by Bonde et al,37 blood vessels were observed to

Figure 2 The growth plate-epiphyseal bone interface sometimes
includes a layer of calcified cartilage and a tidemark in the reserve zone
(A, proximal trochlea), and in other areas is devoid of calcified cartilage
or tidemark and fused to a more vascular bone (B, distal trochlea).
Representative decalcified transverse sections from �4-month-old
rabbit trochlear growth plates stained with hematoxylin and eosin are
shown, from N ¼ 7 distinct New Zealand white rabbit femurs,
�4 months old. TM, tidemark (white arrows); BV, blood vessels;
CC, calcified cartilage; EO, endochondral ossification (cartilage remnant).

The Journal of Knee Surgery

The Cartilage-Bone Interface Hoemann et al.



Figure 4 Illustration of femur growth and appositional growth. (A) The distal femur grows (as illustrated in faithful tracings of a transverse section
through the immature rabbit trochlea and proximal condyles) through vascular invasion which drives endochondral ossification of the
hypertrophic zone of the growth plates (arrows, thick dashed lines) while blood vessels from the epiphyseal bone supply the articular cartilage
hypertrophic zone (arrowheads). During appositional growth of articular cartilage (B), proliferating chondroblasts deposit fibrillar collagen type II
above a previously existing layer of collagen type II; the proliferating chondrocytes are situated above invading blood vessels frequently
capped with collagen type I-positive mineralized bone. In intramembranous bone growth (C), osteoblasts and blood vessels are closely associated
during inframembranous generation of lamellar bone. The mechanisms of endochondral bone growth are not illustrated in this diagram.

Figure 3 Newly synthesized endochondral metaphyseal bone below the growth plate of a 4-month-old rabbit contains abundant sulfated
glycosaminoglycans (GAG, red Safranin O stain, panels A, B) and collagen type II (pink immunostain, panels C, D) in addition to collagen type I
(in this figure, the collagen type I matrix has been counterstained green by fast green in A, B, or blue by hematoxylin in C, D). In panel B, fast green
counterstain also shows bone marrow and blood vessels. A 4-month-old rabbit knee femur end was fixed in formalin, decalcified in 0.5N HCl/0.1%
glutaraldehyde, cut transversely in the trochlea, embedded in paraffin, and stained with Safranin O/Fast green/Iron hematoxylin or
immunostained for collagen type II as previously described.60,72,91 Examples of cartilage remnant present in the primary spongiosa formed by EO
are indicated in B and D. EO, endochondral ossification; HTC, hypertrophic cartilage.
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only sporadically penetrate the tidemark into cartilage in
normal patellar cadaveric subjects (less than 1 average blood
vessel per normal patella from subjects 75 to 89 years old)
compared with an average of nine tidemark-penetrating ves-
sels per subject in osteoarthritis (OA) femoral condyle samples.
Pathologic blood vessel passage beyond the tidemark is asso-
ciated with occasional thrombosis, a thicker calcified cartilage
layer, and tidemark duplication37 (►Table 1).

The calcified cartilage layer is semipermeable and permits
passage of small molecules (<500 Da) from the subchondral
bone to the articular cartilage layer.38,39 Conversely, immer-
sion of a mouse distal femur end in fluorescein allows full
solute passage through the articular cartilage and selective
fluorescein diffusion into chondrocytes in the calcified carti-
lage layer.39 Calcified cartilage permeability was measured as
fivefold less than noncalcified cartilage in mature horse
metacarpal tissues.38 It has been hypothesized that venous
congestion in the synovium and subchondral bone could play
a role in tidemark duplication.37 Thickening of the calcified
cartilage in OA could be expected to reduce the flow of small
solutes from the vascularized subchondral bone to the deep
zone chondrocytes.

Once formed, the tidemark and calcified cartilage layer
persist as dynamic structures that can change and remodel
over time. Below mature articular cartilage, the mineraliza-
tion front is a relatively smooth and undulating plate-like
surface, as illustrated in a micro-computed tomography
(micro-CT) 3-D image of the calcified cartilage and bone
below the trochlear articular cartilage in a 30-month-old
rabbit knee (►Fig. 5A). The tidemark at this stage is a strong
hematoxylin-stained line (►Fig. 5B). Some remnant or newly
duplicating tidemarks can be observed within the mature
calcified cartilage layer (open arrowheads, ►Fig. 5B). In the

skeletally immature 4-month-old rabbit, a more irregular
mineralization front is observed at the articular cartilage-
bone interface, which corresponds to the subchondral bone
and a thin layer of calcified cartilage (►Fig. 5C). At this stage a
nascent tidemark can be visualized using a hematoxylin &
eosin stain, and the vascular bone channels are just below,
with close communication between the vasculature and
calcified articular cartilage (►Fig. 5D). By contrast, in the
same 4-month-old rabbit trochlear specimen, the growth
plate HTC contains a highly irregular and discontinuous
mineralization front at the growing bone-cartilage interface
with no visible tidemark (►Fig. 5E, F). The mineral front at
the base of the growth plate corresponds with the vascular
bone and newly deposited collagen type I (black arrowheads,
►Fig. 5F). In the growth plate hypertrophic zone, calcification
of the collagen type II matrix is much delayed compared with
the articular cartilage calcified layer. This is because after
birth, the mammalian joints require a suitable mechanically
stable articular surface, while growth plates in the long bones
are continually expanding, even beyond sexual maturity.
Cartilage calcification is therefore only occurring at the
end-stage of cartilage growth. After reaching skeletal matu-
rity, growth plates are completely resorbed and replaced by
collagen type I–positive mineralized bone.

To summarize, growth plates develop a relatively stable
reserve zone-epiphyseal bone interface, with a purely
collagen type II GAG-rich cartilage phase, and a mixture of
collagen type I and collagen type II in the newly forming
primary spongiosa. Calcified cartilage becomes established at
the edges of a “permanent” epiphyseal bone layer (i.e.,
proximal reserve zone and articular cartilage hypertrophic
zone), and the tidemark serves as a barrier to vascular
invasion and calcification of hyaline cartilage.

Table 1 Published Histomorphometric and Stereological Measures of Articular Cartilage, Tidemark, Calcified Cartilage, Bone Plate
Thickness, and Tidemark Number or Area Normal and OA Human Subjects, and Different Animal Species

N/OA Age Site Articular
Cartilage
(µm)

Tidemark
(Number or Area)

Calcified
Cartilage
(µm)

Bone
Plate

Lane and Bullough 198044 NH 20–39 FH — 1.2 � 0.1 193 � 28 —

Lane and Bullough 198044 NH 40–59 FH — 1.2 � 0.1 141 � 18 —

Lane and Bullough 198044 NH 60–93 FH — 1.8 � 0.4 119 � 24 —

Frisbie et al 2006 48 NH — MFC 2200 — 125 490

Frisbie et al 200648 NE — MFC 2000 — 210 375

Frisbie et al 200648 NO — MFC 450 — 125 250

Frisbie et al 200648 NR — MFC 200 — 100 250

Hunziker et al 200246 NH 23–49 MFC 2410 — 134 190

Wang et al 200943 NH 20–45 MFCa — — 104 � 21 —

Bonde et al 200537 NH 65–85 PAT — 2.5 cm2 (1.8–3.9)b — —

Bonde et al 200537 OA 47–86 MFC — 7.7 cm2 (2.4–13.3)c — —

aWeight-bearing area.
bMean 0.5 (0 to 10) penetrating blood vessels in non-OA patellar tidemark.
cMean 9 penetrating blood vessels (2 to 47) in OA tidemark area, 3 out of 21 vessels had thrombosis.
—, not done; FH, femoral head; MFC, medial femoral condyle; NH, normal human; OA, OA human; NE, normal equine; NO, normal ovine; NR, normal
rabbit, PAT, patella.
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Structure andMineral Content of the Mature
Articular Cartilage-Bone Interface

Articular calcified cartilage is a mineralized layer where
extracellular matrix is chiefly composed of collagen type II,
collagen type X, and GAG19; the layer also contains extracel-
lular alkaline phosphatase.31 Alkaline phosphatase can gen-
erate free phosphate from organophosphates such as
β-glycerol phosphate, for incorporation into hydroxylapatite
mineral (Ca-P).40–42 In the calcified cartilage layer of normal
human femoral condyles, chondrocytes are quiescent and
present at a much lower density compared with hyaline
cartilage (average of 51 cells/mm2 versus 152 cells/mm2).43

The calcified cartilage layer is flanked by an undulating
tidemark, and an even more irregular cement line adjacent
to the bone. Wang et al43 analyzed normal adult human bone
(20- to 45-year-old cadaveric) by histomorphometry and
stereology to show that hyaline cartilage is interlocked tightly
in a “ravine-engomphosis” structure with the calcified carti-
lage zone, which is then attached in a “comb-anchor” to
bone.43 The surface roughness was determined to be 1.14
(tidemark) and 1.99 (cement line).43 The more irregular
cement line-bone interface is the end result of an inhomoge-
neous vascular invasion during development of the calcified
cartilage layer (white arrowheads, ►Fig. 1H).

In normal human subjects, the mean calcified cartilage
thickness is variable, from 20 µm to �250 µm.44–46 The

calcified cartilage is tightly fused to the articular cartilage
and subchondral bone plate composed of lamellar bone, along
with punctate regionswhere the calcified cartilage is in direct
contact with vascular channels.7,47 In any group of individu-
als, themean calcified cartilage thickness andmineral density
will vary according to age, site in the joint, and mechanical
loading (►Table 1).44,48,49 In a study of normal femoral head
cadaveric specimens with no signs of OA by Lane and Bul-
lough,44 the calcified cartilage thickness in the femoral head
varied from79 µm to 243 µm,with a thicker calcified cartilage
in less stressed areas of the hip joint. Muller-Gerbl et al45

performed a similar study in normal cadaveric femur heads,
and found the calcified cartilage thickness varied from 20 µm
to 230 µm, and that the ratio of calcified cartilage to total
cartilage thickness was relatively constant. The calcified
cartilage layer shows gradual thinning with age, along with
tidemark duplication in subjects over 70 years old
(see ►Table 1).44 Lane and Bullough concluded that the
calcified layer is undergoing continual resorption and endo-
chondral advancement over time.44 These observations are
consistent with themeasured dwindling rate of advancement
of the tidemark with age in rabbit patella.26 In 31 normal
human femoral condyles, an age-dependent loss in bonemass
was measured in the subchondral bone plate.50 The bone
volume fraction (Bone Volume/Total Volume%) of the bone
plate region was observed to decline from �36% for subjects
in their 20’s to �27% for those >80 years old.50 Bone loss was

Figure 5 The mineralization front at the cartilage-bone interface, in a skeletally aged 30-month-old rabbit trochlea articular cartilage-
subchondral bone plate (A, B), and skeletally immature 4-month-old rabbit articular cartilage-epiphyseal bone interface (C, D) and hypertrophic
growth plate-metaphyseal bone interface (E, F). Panels A, C, and E show 3D reconstructions from a microcomputed tomography scan (SkyScan
1172 instrument, 9.8 µm/pixel resolution, NRecon and CTAn software) from the 30-month-old rabbit (A), and the 4-month-old rabbit
trochlea shown in►Fig. 1C, E. Panels B, D, and F show the histological appearance of the cartilage-bone interface from the 30-month-old (B), and
4-month-old rabbit trochlea (D, F), Hematoxylin & eosin stain. The small black arrows show the tidemark. Open arrowheads show vestigial or newly
duplicating tidemarks (B) and the solid black arrowheads show areas of bone osteoid.
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attributed to thinning of the subchondral trabeculae with age
(as opposed to diminished trabecular number), and this
occurred at a relatively steady rate (Trabecular Thickness ¼
141 µm-0.63 � age).50 By contrast, in OA, a pathological
increase in the calcified cartilage layer thickness arises, along
with abnormal tidemark duplication37 (see Bonde,►Table 1),
and this is frequently accompanied by subchondral bone
plate thickening and sclerosis.51 The consequence or impli-
cation of tidemark duplication is not known, although Burr
has proposed that microcracks at the bone-cartilage interface
may be implicated in the etiology.51

The mineral component in the calcified cartilage layer is
similar but distinct from that found in bone, and notably
influenced by the uniform presence of GAG. In a study by Rey
et al, pulverized calcifying cartilage from 2-month-old calves
(collagen type II-positive and type I-negative) had a very low
mineral content (2.8% by weight), with an immature, very
poorly crystalline and low carbonate apatite mineral [calcium/
(phosphate + carbonate)], compared with bone (normally
�0.20 carbonate/P).41 The calcified cartilage mineral phase
was also characterized by a large proportion of nonapatite
“brushite-like” phosphate.41 Unlike bone, this high nonmin-
eral, labile phosphate content actually increases over time.41

The low mineral content measured in immature calcified
cartilage by Rey et al41 is consistent with the quite irregular
mineral surface of the epiphyseal growth plate shown
in►Fig. 5C. In this sample, themineral surfacemost probably
corresponds to mineralized collagen type I, as the threshold
level used in this 3-dimensional reconstruction model would
remove hypomineralized calcified cartilage from the image
(i.e., areas between the black arrows and black
arrowheads, ►Fig. 5D).

In situ elemental analyses of the skeletally mature normal
human or OA human cartilage-bone interface has revealed
the presence of calcium, phosphorus, potassium, sulfur, zinc,
and strontium.52,53 In mature osteochondral samples, the
mineralized surface has a smoother texture and corresponds
to the tidemark, with no visible difference by micro-CT
between the calcified cartilage and osteoid immediately
below (►Fig. 5A, B).54 In a normal humanpatella, mineralized
cartilage showed a slightly but significantly higher calcium
content than adjacent bone (25% vs. 23% w/v), and the
mineral particles in bone and articular calcified cartilage
were found to align with the direction of collagen organiza-
tion.55Using 2-dimensional nuclearmagnetic resonance (2D-
NMR) spectroscopy and X-ray diffraction, Duer et al56 ana-
lyzed the mineral component of pulverized calcified cartilage
samples from skeletally mature horse phalanx and distal
radius. They concluded that the calcified cartilage mineral
signal is similar to hydroxyapatite of bone, but with smaller
peaks indicating small crystals or disorder in the mineral
component. They also found evidence that unlike bone, GAG
present in calcified cartilage provides a more hydrated ma-
trix, and provides anionic side-chains (carboxylate and sul-
fate) for binding calcium in the mineral crystal surfaces, and
the hydroxyl groups to H-bond with surface water, mineral
hydroxyl, and phosphate ions.56 The spectra were also con-
sistent with the presence of Gla residues (γ-carboxy glutamic

acid) in the calcified cartilage layer; Gla-domain proteins are
found in a variety of mineral-binding proteins such as
osteocalcin.27

It is not well understood how the tidemark is formed, and
knowledge of its precise composition is also limited. The
tidemark is a 5 µm thick structure that appears at the
cartilage-calcified cartilage junction and can be visualized
with hematoxylin, a blue dye that is intensified bymetal ions.
The tidemark could potentially arise simply by the accumu-
lation and precipitation of chondrocyte-derived extracellular
matrix species and ions at the calcified cartilage front, due to
the sharp decrease in tissue permeability. The tidemark could
serve to inhibit calcifying matrix vesicles released from the
bone from penetrating into hyaline cartilage. Lectin staining
has suggested that the tidemark contains variously branched
alkali-resistant glycans with β-galactosyl or N-acetyl-lactos-
amine termini.57 Zoeger et al53 detected a specific accumula-
tion of lead at the tidemark in normal cadaveric femoral head
and patella. Oegema et al suggested that the superficial
articular layer could be involved in a paracrine loop that
controls deep zone chondrocyte hypertrophy and calcifica-
tion, which could potentially explain thickening of the calci-
fied cartilage in OA following loss of the superficial zone.26

Alternatively, microcracks in the calcified layer could permit
diffusion of bone-derived matrix vesicles farther into the
deep zone, resulting in tidemark advancement.

Duplication of the tidemark in aging and OA is well
documented.26,44,51,58 In aging subjects, up to 5 duplicated
tidemarks were observed in normal human subjects over
70 years old,44 and as many as 10 tidemarks in primates over
20 years old.58 A significant correlation was observed be-
tween increasing tidemark duplication, mineral density, and
carbonate content in primates.58 Repetitive knee micro-
trauma in a rabbit model during 9 weeks of loading was
shown to lead to a mean 25% increase in the proximal tibial
calcified cartilage layer thickness, and tidemark duplication,
with no change in mean articular cartilage thickness.59

Multiple tidemarks were observed to form at the cartilage-
bone interface in tissues surrounding an osteochondral defect
in rabbit trochlea 6 months postoperative,60 and in sheep
above a metal implant placed in the subchondral bone.59

Tidemarkduplication could be related to uneven load-sharing
following softening of a focal area of damaged cartilage.60

Cartilage-Bone Interface in Cartilage Repair

In articular cartilage lesions, the tidemark is either fully
retained (Outerbridge grade I to III partial-thickness lesions),
or missing to a variable extent (grade IV full-thickness
lesions).61 Most cartilage repair procedures start with de-
bridement of the surface of the lesion to remove degenerated
articular cartilage.62 Depending on the repair approach, the
debridement step may aim to retain the calcified cartilage
layer for cell delivery63–65 or to completely remove it, as
duringmicrofracture or marrow stimulation.66–68However if
present, the tidemark and calcified cartilage are technically
very challenging to debride with precision. Light curettage
usually leaves a thin layer of noncalcified deep zone articular
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cartilage,while shaving or vigorous curettage often removes a
considerable amount of subchondral bone plate with the
calcified cartilage.54,64,65Vascular channels containing eryth-
rocytes terminate normally inside the calcified cartilage
layer.7 Therefore, in a joint with only one tidemark, debride-
ment of the tidemark along with as little as 50 µm of the
superficial mineralized layer is expected to generate some
bleeding at the debrided surface, although bleeding from
these tiny capillaries may not be macroscopically visible.
Skeletally immature animals have a greater ease of debride-
ment and different cell populations present in the epiphysis
compared with the adult knee (►Figs. 1 and 5). In addition,
the epiphyseal blood vasculature in skeletally immature
knees has active endothelial cell proliferation while adult
vasculature has postmitotic endothelia and the subchondral
bone no longer contains osteoclasts.21 It is for these reasons
that skeletally immature animals are improper cartilage
repair models for adult knees.69 These same cautionary notes
hold for rats and mice, whose growth plates never close.

Scarce information is available on tidemark regeneration.
One may reasonably wonder whether tidemark regeneration
should be one of the goals of cartilage repair strategies. Frisbie
et al showed that tidemark could regenerate in equine micro-
fractured defects at 12 months postoperative only if the
calcified cartilage layer were completely debrided.70 In le-
sions that retained calcified cartilage and original tidemark,
the new repair tissue had poor tissue integration with the
base of the defect.70 Sheep femoral condyle microfracture
defects treated or not with a chitosan-based implant showed
partial tidemark regeneration at 6 months postoperative, at
the base of hyaline-like cartilage (HyC) repair with a collagen
type II-positive and collagen type I-negative deep zone fully
integrated with bone.71,72 In an equine case study, a cartilage
defect treated by deep debridement and a composite implant
regenerated a tidemark at 12 months postoperative in repair
cartilage with a deep zone containing appropriate collagen
fiber organization.73 In a rabbit microdrill model of cartilage
repair, a tidemark was observed at 6 months postoperative
where the bone and cartilage tissue formed an integrated
unit.60

Several groups have shown that chondrogenic foci will
spontaneously form in drill or microfracture holes generated
in skeletally mature knee cartilage defects.74–77 Subchondral
cartilage repair tissue contains cells with chondrocyte mor-
phology that normally progress to hypertrophy, vascular
invasion, and replacement by bone.21,60,74–78 Chevrier et
al75 concluded that chondrogenic foci that appear near the
top of the drill holes can mature to acquire a stratified
structure with vascular invasion and endochondral resorp-
tion at the base after 2 months in a rabbit model, leaving an
articular layer of hyaline repair cartilage.

In various models of marrow stimulation in the rabbit,
microdrill holes that are created and left to bleed (as in
clinical practice79) will spontaneously regenerate a fibrocar-
tilage repair tissue that contains both collagen type I and
collagen type II.21,60,78 This type of spontaneous repair in a
rabbit is illustrated in►Fig. 6, at 2.5 months postoperative. In
this rabbit, using a small arthrotomy, a 1.4 mm diameter,

2 mm deep microdrill hole was created in the distal femoral
knee trochlea and allowed to bleed without further treat-
ment. After 2.5months postoperative, the drilled defect is still
undergoing EO and repair. The drill hole has spontaneously
regenerated fibrocartilage repair at the top of the drill hole,
which is anchored to HTC that sits below the tidemark within
the flanking articular cartilage (►Fig. 6A–C). Endochondral
vascular invasion and mineralization are occurring at base of
the HTC (black arrowheads, ►Fig. 6A–E). Patches of GAG and
collagen type II in the new repair bone trabeculae reveal the
“tell-tale signs” of EO (►Fig. 6A–D). From the histology
drawing shown in ►Fig. 6D, we can appreciate that EO has
been initiated at a previous time point in this defect, because
the patches of GAGwhich reveal remnants of hyaline cartilage
in the newly formed bone occur in areas up to 400 µm below
the blunted mineralization front (►Fig. 6D–F). The morphol-
ogy of the endochondral repair tissue at this point, including
cryosectioning tears, resembles that of the growth plate and
no tidemark is visible.

In the same animal described above, a 1.4 mm diameter,
2 mm deep microdrill hole was created in the left knee
trochlea and further treated by press-fitting a presolidified
chitosan-blood implant into the hole.80 Relative to the con-
tralateral untreated drill hole, after 2.5 months of repair, a
delayed and altered EO process is seen in the treated defect
(►Fig. 7). HyC repair tissue containing low levels of collagen
type II and no collagen type I is observed above the minerali-
zation front (►Fig. 7B, C). The hyaline-like repair is overlaid
with undifferentiated mesenchyme surrounded by collagen
type I (►Fig. 7C). In this implant-treated defect, the minerali-
zation front has a more irregular appearance and consists in
bony vascular invasion of hyaline tissue (►Fig. 7F). One can
appreciate that in this osteochondral defect, the implant has
delayed osteochondral ossification because the mineralized
GAG is only beginning to form at the repair cartilage-bone
interface (EO, ►Fig. 7A, D, E). Unlike the endochondral bone
formed during spontaneous repair, hypertrophic chondro-
cytes are scarcely present at the advancing interface of new
bone and blood vessels (►Fig. 8). Collagen type I of newly
formed bone is being deposited from inside the invading bone
marrow channels. Given that the chondrocytes present in the
collagen type II repair matrix are not yet terminally differen-
tiated to hypertrophic cells, the proximity of repair cells and
invading blood vasculature can still drive cell proliferation
and appositional growth of more collagen type II hyaline-like
matrix. At one edge of the drill hole, the bone has regenerated
to the native tidemark level, and a new tidemark can be
observed (►Fig. 9).

In some rabbit cartilage repair models involving complete
debridement of the calcified cartilage layer, subchondral
bone plate advancement beyond the native tidemark in
flanking cartilage has been observed after 3 to 9 months of
repair.81,82 Bone plate advancement could be a consequence
of delayed or failed tidemark regeneration during bone
marrow-driven EO below hyaline-like repair tissue.

In human cartilage repair, the extent of tidemark forma-
tion in repair osteochondral biopsies has been added to a new
histological scoring system generated by the International
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Figure 6 Spontaneous repair of a 1.4 mm diameter, 2 mm deep osteochondral drill hole at 2.5 months postoperative in the knee trochlea of a
skeletally aged (32 months) rabbit. Decalcified serial cryosections through the drill hole were stained for SafraninO/Fast green (A, E), or
immunostained for collagen type II (B) or type I (C). The articular cartilage repair tissue is characterized as fibrocartilage or fibrous because it
contains mainly collagen type I with little collagen type II and is depleted of GAG. Panel D shows faithful tracings of structures from Panel A,
including bone-associated GAG as a marker of endochondral ossification (EO, black), angiogenic bone marrow cavities (red), hypertrophic
cartilage (HTC), and fibrocartilage (FC). Mineral formation below hypertrophic cartilage during endochondral ossification is shown in Panel F, by a
reconstructed 3-D image from amicro-CTscan (SkyScan 1172, 9.8 µm/pixel resolution, area corresponding to panel E) that was performed prior to
decalcification. All protocols involving animals were approved by Institutional Ethics Committees. Symbols: AC, articular cartilage; FC,
fibrocartilage; TM, tidemark; CC, calcified cartilage; EO, endochondral ossification; HTC, hypertrophic cartilage area; VB, vascular bone;
arrowheads, bone mineralization front.

Figure 7 Repair of a 1.4 mm diameter, 2 mm deep osteochondral drill hole at 2.5 months postsurgery in the knee trochlea of a skeletally mature
(32 months) rabbit, where the drill hole was treated at surgery by press-fitting a presolidified chitosan-NaCl/autologous whole blood clot implant into the
hole.80 The defect was generated in the contralateral knee of the rabbit defect shown in ►Fig. 6, under institutionally approved animal protocols. At
2.5months postoperative, femur ends were fixed, micro-CTscanned (Skyscan 1172, 9.8 µm/pixel resolution), decalcified in EDTA, and cryosections stained
for Safranin O/Fast green (panels A, E), immunostained for collagen type II (B), or collagen type I (C). Panel D shows tracings of structures in Panel A,
including bone-associated GAG as a marker of EO (black), angiogenic marrow cavities (red), HyC, area of HTC, and UM. Panel F shows a reconstructed 3D
image from amicro-CTscan corresponding to the area shown in (E). Black arrowheads: mineralization front. The three white arrows in panel F show a bone-
encased blood vessel very similar to a branched vascular invasion histology image previously published by Oegema.26 HyC, hyaline-like cartilage; HTC,
hypertrophic cartilage area; EO, endochondral ossification; UM, undifferentiated mesenchyme; arrowheads, mineralization front.
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Cartilage Repair Society (ICRS II).83 The score uses a visual
analog scale (VAS) where the reader marks a line on a 10 mm
scale that is then converted to a percentage between 0% (no
tidemark) to 100%. In one randomized controlled clinical trial
comparing characterized chondrocyte implantation (CCI) and
microfracture (MFX), osteochondral repair biopsies were

analyzed in a blinded fashion using the ICRS II scoring system.
At 12 months postoperative, both CCI and MFX groups
showed the same �16-point mean clinical improvement
from baseline in overall KOOS score84 that progressed to
�20 CCI versus �15 MFX mean change from baseline KOOS
at 5 years postoperative (p ¼ 0.116).85 Biopsies collected at
12 months postoperative from 48 out of 61 MFX-treated
patients showed a mean �18% tidemark formation along
the biopsy width compared with a mean �32% tidemark
formation in biopsies from 38 out of 51 CCI-allocated patients
(p ¼ 0.036).84 Given that cell therapy aims to retain the
calcified cartilage layer at surgery,86 significantly greater
tidemark present in CCI biopsies could be partly due to a
lighter debridement of the initial tidemark in the CCI lesions.

Another randomized controlled clinical trial compared
MFX to MFX and chitosan-glycerol phosphate/blood implant
(BST-CarGel), at 12months postoperative.87,88 Blinded ICRS II
scoring of osteochondral biopsies revealed more tidemark
present in nine biopsies from MFX-treated defects compared
with 12 implant-treated defects.88 Some biopsies from this
study showed zonal collagen organization resembling native
articular cartilage,89 and a hyaline-like deep zone containing
collagen type II and no collagen type I.87,88 One MFX biopsy
collected at 12 months postoperative consisted in a collagen
type I + /collagen type II+ fibrocartilage repair with an irreg-
ular bone interface, and 0% tidemark formation.72

To summarize, tidemark has been observed in some
human cartilage repair osteochondral biopsies 12 months
following bone marrow stimulation or cell therapy. The
presence of a tidemark could arise through hyaline cartilage
regeneration via EO, or by incomplete debridement and
persistence of the native tidemark in the treated lesion.
Finally, despite great care, it is also possible that some
biopsies with a complete tidemark may have been taken
from outside the area of the initial lesion.72

Cartilage repair is a complex process that takes place over
a long period of time. The notion of cartilage repair as an
isolated event should be discarded for the more compre-
hensive view of osteochondral repair, given the extensive
cross-talk between cartilage repair tissues, bone, and blood
vessels in the developing interface. New calcified cartilage
layer/tidemark can be regenerated in a pure type II collagen
matrix containing GAG integrated to endochondral bone
near the articular surface. Residual cartilage and calcified
cartilage can block cell migration and vascular invasion
during marrow-derived cartilage regeneration, therefore,
new tools or methods that permit the surgeon to verify
the presence of residual cartilage and calcified cartilage at
the debridement step would help control this important
variable. To better evaluate the progression and success of
different cartilage repair therapies, patient-reported out-
comes90 need to be correlated with repair tissue architec-
ture.72 A better understanding of cartilage repair tissue
maturity will be reached with new histological methods
that can distinguish between native and regenerated tide-
mark, standardized measures of tidemark and calcified
cartilage formation, and further research on the mecha-
nisms of cartilage calcification.

Figure 8 Developing cartilage-bone interface in the subchondral area
of an osteochondral defect treated with a presolidified chitosan-based
implant at 2.5 months postoperative (from the same histology
image shown in ►Fig. 7C). The section was immunostained for
collagen type I (red stain) with iron hematoxylin counterstain. Arrows
show round and crescent-shaped chondrocyte cells in hyaline-like
repair cartilage and arrowheads show collagen type I-expressing cells
that cap the invading blood vessel bone marrow cavities with new
osteoid, similar to that described by Gilmore and Palfrey in neonatal
human lateral femoral articular cartilage.7 Both round and cuboidal
cells express collagen type I, as is seen in growth plate endochondral
bone. Scale bar: 50 µm.

Figure 9 Evidence of tidemark formation at 2.5 months postoperative
at the edge of the repairing rabbit trochlear osteochondral hole at the
level of the tidemark, in an osteochondral drill hole treated with
presolidified chitosan-blood implant. Hematoxylin-eosin stained EDTA-
decalcified cryosection. The arrows show the new tidemark (TM) and
the arrowhead shows a terminally differentiated hypertrophic
chondrocyte inside the newly forming calcified cartilage layer. The
image was taken from a field near the upper right corner of►Fig. 7A.
Scale bar: 50 µm.
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Summary Points and Clinical Relevance

1. All cartilage-bone interfaces develop from an initially
cartilaginous structure that undergoes coordinated inva-
sion by blood vessels and osteoblasts. Formation of a
tidemark anatomically stabilizes the cartilage-bone inter-
face and arrests cartilage calcification and blood vessel
invasion. Vascularization of the calcified cartilage layer
and subchondral bone plate is an important feature of a
healthy cartilage-bone interface.

2. The cartilage-bone interface is a mineralized blood vessel
boundary where collagen type II is integrated with colla-
gen type I.

3. Animals that have permanently open growth plates (mice
and rats), and skeletally immature animals with open
growth plates (rabbits less than 7-months old, and large
animals less than �2 years old), are improper cartilage
repair models for establishing the efficacy of therapies
intended for use in adult human knees.

4. Chronicmedications (i.e., steroids), drugs (i.e., smoking), or
surgical procedures that produce chronic ischemia in the
epiphyseal bone may contribute to articular cartilage
degeneration and/or suppress cartilage regeneration. Con-
versely, treatments that stimulate revascularization of
subchondral bone damaged by drilling or microfracture
have the potential to drive epiphyseal endochondral
repair.

5. With increasing age, microtrauma, and advanced OA, the
calcified cartilage layer either thins out, or thickens and
becomes more mineralized (►Fig. 5A vs. 5C, ►Table 1).
Therefore, when carrying out clinical surgical procedures
that aim to debride the calcified cartilage layer, the poten-
tial thickness and extent of mineralization of the calcified
cartilage layer should be taken into account.

6. Calcified cartilage and osteoid in the adult subchondral
bonehave a similarmineral level, whichmeans that during
debridement procedures, the tidemark can only be fully
removed by cleanly and carefully scraping off a specific
mineralized depth from the entire lesional surface.

7. The tidemark and calcified cartilage layer are technically
very challenging to debride with precision. Light
curettage usually leaves a thin layer of noncalcified deep
zone articular cartilage, while shaving or vigorous curet-
tage often removes a considerable amount of subchondral
bone plate with the calcified cartilage. In a joint with only
one tidemark, debridement of the tidemark along with as
little as 50 μm of the superficial mineralized layer is
expected to generate bleeding, that may or may not be
immediately visible.

8. Bone plate advancement could be a consequence of de-
layed or failed tidemark regeneration during bone mar-
row-driven EO below hyaline-like repair tissue.

9. When evaluating outcomes of cartilage repair procedures,
it is important to realize that the presence of a tidemark
could arise through true hyaline cartilage regeneration or
by incomplete debridement and persistence of the native
tidemark.
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