
Original Article
From the
P.D.F.) and
York, New
(K.J.J.); and
California, U

The autho
funding: K.G
work; and i
thopaedic Su
(Pediatric R
chondritis D
CONMED L
Musculoskele
board/comm
Medicine. P.
Orthopaedics
Pediatric Ort
Patterns of Articular Cartilage Thickness in Pediatric
and Adolescent Knees: A Magnetic Resonance

ImagingeBased Study

Sreetha Sidharthan, M.D., Annie Yau, B.A., Bryan Aristega Almeida, B.A.,

Kevin G. Shea, M.D., Harry G. Greditzer IV, M.D., Kristofer J. Jones, M.D., and
Peter D. Fabricant, M.D., M.P.H.
Purpose: To establish normative values for articular cartilage thickness in pediatric and adolescent knees using magnetic
resonance imaging (MRI) and investigate for any associations with age and skeletal maturity. Methods: MRI scans were
analyzed in patients 7 to 18 years old without osteochondral lesions, chondral wear/pathology, intra-articular fractures, or
history of knee surgery. Measurements of articular cartilage thickness at the patella (medial facet, lateral facet, median
ridge), femur (medial condyle, lateral condyle, lateral trochlea), and tibia (medial plateau, lateral plateau) were made on
axial, coronal, and sagittal MRI. Descriptive statistics were used to calculate mean cartilage thickness by age and sex.
Analysis of variance with repeated measures, analysis of covariance, independent samples t test, and linear regression
were performed to determine differences in mean cartilage thickness by anatomic location, sex, physeal status, and age,
respectively. Results: A total of 240 knee MRI scans were included. Articular cartilage was thickest at the patella and did
not vary with age or skeletal maturity. On the femur, articular cartilage was thickest at the lateral trochlea with mean
cartilage thickness of 4.4 � 1.4 mm in male patients and 3.6 � 1.3 mm in female patients (P < .001). Patients with open
distal femoral physes had significantly thicker cartilage at the medial femoral condyle, lateral femoral condyle, and lateral
trochlea compared to patients with closing/closed physes (P < .001). Linear regression analysis revealed a significant
inverse association between cartilage thickness at the femur and age. Conclusions: In pediatric and adolescent knees,
articular cartilage is thickest at the patella, where it does not strongly correlate with age. In contrast, there is a strong
inverse association between increasing age and articular cartilage thickness of the distal femoral condyles. Clinical
Relevance: The longitudinal reference data presented in this study can aid in pre-operative interpretation of knee
cartilage under pathologic conditions in pediatric and adolescent patients.
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in organized sports such as soccer and basketball has led
to a corresponding increase in incidence of knee in-
juries in adolescents.3,4 Magnetic resonance imaging
(MRI) studies have shown that chondral lesions are the
most prevalent injuries in skeletally immature patients
with knee trauma.5 Left untreated, these lesions can
lead to progressive articular cartilage degeneration,
early-onset osteoarthritis, and functional disability.6-8

Understanding cartilage anatomy and morphology is
important to evaluating and treating osteochondral and
chondral lesions. Longitudinal reference data on carti-
lage development can aid in interpretation of knee
cartilage under pathologic conditions in children and
adolescents. In addition, quantifying native cartilage
thickness may help match donor and recipient sites for
osteochondral autograft transplantation system
(OATS)9 and osteochondral allograft transplantation
(OCA).2

The purpose of the current study was to establish
normative values for articular cartilage thickness in
pediatric and adolescent knees using MRI and investi-
gate for any associations with age and skeletal matu-
rity.10 We hypothesized that articular cartilage
thickness at the knee is inversely correlated with age
and skeletal maturity.

Materials

Study Cohort
This study was carried out at an urban academic

tertiary care orthopaedic facility and approved by the
hospital’s institutional review board (number: 2014-
189). Picture archiving and communication system re-
cords from January 2008 to December 2018 were
queried for knee MRI in patients aged 7 to 18 years old.
Radiology reports were randomly reviewed until 20
patients (10 male, 10 female) from each year of age that
met inclusion criteria were identified. Patients were
excluded if they had osteochondral lesions, chondral
wear or pathology, intra-articular fractures, history of
knee surgery, inflammatory arthropathy, patellar sub-
luxation, and/or motion degradation during imaging.
Patients with acute knee injuries such as anterior cru-
ciate ligament (ACL) or meniscal tears were included in
the final analysis only if they did not have concomitant
chondral injury.

Measurement of Articular Cartilage Thickness
All MRIs were performed on a standard clinical 1.5-T

or 3.0-T MRI scanner with 3-mm image slices (GE
Healthcare, Waukesha, WI), using a standardized
quadrature or 8-channel knee coil (Invivo Inc., Gain-
esville, FL) and the knee in extension. Measurements of
articular cartilage thickness were made on proton
densityeweighted, high-resolution, fast-spin-echo
sequences.10-13 Using Sectra ID57 tools, thickness was
measured perpendicular to the bone/cartilage interface,
from the level of the subchondral bone to the superfi-
cial articular cartilage surface.
Various axial, coronal, and sagittal cuts were selected

for quantification of cartilage thickness (Fig 1). An axial
image through the level of thickest patellar cartilage
was used. The coronal cut was determined by identi-
fying a frontal plane bisecting the femur on the axial
image, and Cahill zones 1, 2, 3, 4, and 5 were delin-
eated.14 Three sagittal cuts were selected: the first
bisected the patella at the median ridge on the axial
image, the second localized to center of the medial
femoral condyle on the coronal image, and the third
corresponded with the center of the lateral femoral
condyle on the coronal image. On the sagittal slices of
the medial and lateral femoral condyles, Cahill zones A,
B, and C were outlined.14

Measurements of cartilage thickness at the patella
were made at the midpoint of the medial facet on axial
slice, midpoint of the lateral facet on axial slice, and the
median ridge on sagittal MRI. Cartilage thickness at the
medial femoral condyle was measured at 5 regions on
coronal and sagittal images: midpoint of the medial
condyle and midpoints of Cahill zones 1 (MID1), 2
(MID2), B (MIDB), and C (MIDC). Similarly, mea-
surements of cartilage thickness of the lateral femoral
condyle were made at the midpoint of the lateral
condyle and midpoints of Cahill zones 4 (MID4), 5
(MID5), B (MIDB), and C (MIDC). Measurement of the
lateral trochlear cartilage was made at midpoint of
Cahill zone A (MIDA). On the tibia, measurements
were made at the midpoint of the medial tibial plateau
and the midpoint of the lateral tibial plateau (LTP) on
the coronal image.
Two senior medical students (S.S., A.Y.) recorded the

cartilage thickness measurements under the direction
of one attending orthopaedic surgeon (P.D.F.) and one
fellowship-trained musculoskeletal radiologist (H.G.G.)
who made the final measurements. For 24 MRI scans, 2
belonging to each year of age, measurements were
carried out in duplicate for determination of interrater
reliability. The remaining 216 scans were divided be-
tween the 2 investigators.

Skeletal Maturity
Skeletal maturity was evaluated by the status of the

proximal tibial and distal femoral growth plates on
coronal and sagittal T1 MRI by 2 investigators (S.S.,
A.Y.).15 Each physis was categorized as “open” or
“closing/closed.” A normal growth plate appears as a
uniform low-signal intensity line extending across the
width of the bone. Physes were classified as “open” if
the entire growth plate could be visualized without a
central closure. If the characteristic low signal of an
active growth plate could not be visualized extending
across the width of the proximal tibia or distal femur,



Fig 1. MRI measurements of articular cartilage thickness. Articular cartilage thickness was measured on axial, coronal, and
sagittal MRI of the knee. In this figure, a left knee with an open physis was measured. (A) Measurements of cartilage thickness at
the patella were made at the midpoint of the medial facet (MF), midpoint of the lateral facet (LF), and the median ridge (MR) on
axial and sagittal MRI scans. (B) For the medial femoral condyle, cartilage thickness was measured at five regions: midpoint of
the medial condyle (MFC) and midpoints of Cahill zones 1 (MID1), 2 (MID2), B (MIDB), and C (MIDC). Similarly, measure-
ments of cartilage thickness of the lateral femoral condyle were made at the midpoint of the lateral condyle (LFC) and midpoints
of Cahill zones 4 (MID4), 5 (MID5), B (MIDB), and C (MIDC). Cartilage thickness at the lateral trochlea was measured at
midpoint of Cahill zone A (MIDA). (C) Cartilage thickness at the medial tibial plateau (MTP) and lateral tibial plateau (LTP) were
made on the coronal slice. (MRI, magnetic resonance imaging.)
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then it was classified as “closed/closing.” For measure-
ments of articular cartilage thickness of the patella and
distal femur, skeletal maturity of knees was categorized
by the status of the distal femoral growth plate. For
tibial-sided measurements, knees were categorized by
the status of the proximal tibial growth plate.

Statistical Analysis
All data were collected using Excel (Microsoft, Red-

mond, WA) and analyzed using SPSS version 22.0 (IBM
Corp., Armonk, NY). Interrater reliability was calcu-
lated for each measurement using intraclass correlation
coefficient (ICC) based on absolute agreement and was
classified according to the criteria described by Landis
and Koch.16 Measurements were carried out in dupli-
cate on 24 MRI scans for the purpose of determining
ICC scores. Descriptive statistics were used to calculate
mean articular cartilage thickness by age and sex at
each of the anatomic sites. One-way analysis of vari-
ance with repeated measures and post-hoc analysis
using Bonferroni correction were used to determine if
mean cartilage thickness varied by anatomic site in the
knee. One-way analysis of covariance controlling for
age and independent samples t-test were used to
investigate differences in cartilage thickness by sex and
skeletal maturity, respectively. Linear regression anal-
ysis was performed to evaluate the association between
age and cartilage thickness, and hierarchical linear
regression was used to introduce gender into this
model.
All analyses were 2-tailed and used P ¼ .05 as the

threshold for statistical significance. As this study was
designed to be primarily descriptive, an a priori power
calculation was not performed.17
Results
A total of 240 MRIs (120 male, 120 female) were

evaluated and analyzed (Table 1). Mean age was 13.0 �
3.4 years. The most common MRI diagnosis among the
included patients was ACL injury (17.5%, 42/240), and
16.3% (39/240) of MRIs had negative findings



Table 1. MRI Diagnoses of Included Subjects

Primary MRI Finding N (%)

ACL hyperintensity/sprain/tear 42 (17.5%)
Normal 39 (16.3%)
Bone marrow edema 32 (13.3%)
Meniscal tear, scarring of

meniscocapsular junction
23 (9.6%)

Infrapatellar/medial parapatellar plica,
thickened/scarred

18 (7.5%)

Fat pad edema/impingement 17 (7.1%)
MCL sprain/scarring/tear 11 (4.6%)
Soft-tissue edema 11 (4.6%)
Patellar tendinosis 10 (4.2%)
Discoid meniscus, hyperintensity/tear 8 (3.3%)
IT band edema/scarring 7 (2.9%)
SindingeLarseneJohansson, OsgoodeSchlatter 7 (2.9%)
Ganglion cyst 4 (1.7%)
Metaphyseal non-ossifying fibroma 3 (1.3%)
Popliteal cyst, ruptured 3 (1.3%)
Infrapatellar/prepatellar bursitis 2 (0.8%)
Pes anserine thickening/injury 2 (0.8%)
LCL injury 1 (0.4%)

NOTE. No subject had any associated chondral or osteochondral
pathology.
ACL, anterior cruciate ligament; IT, iliotibial band; LCL, lateral

collateral ligament; MCL, medial collateral ligament.

Table 2. Interrater Reliability of Articular Cartilage Thickness
Measurements

Anatomic Location
ICC (2,1) Score

(95% CI)

Patella
Medial facet (MF) 0.86 (0.60-0.94)
Lateral facet (LF) 0.87 (0.61-0.95)
Median ridge (MR) 0.85 (0.68-0.93)

Femur
Lateral trochlea (MIDA) 0.80 (0.60-0.91)
Medial femoral condyle (MID1) 0.92 (0.82-0.94)
Medial femoral condyle (MID2) 0.94 (0.87-0.97)
Medial femoral condyle (MIDB) 0.79 (0.58-0.90)
Medial femoral condyle (MIDC) 0.90 (0.77-0.95)
Lateral femoral condyle (MID4) 0.87 (0.73-0.94)
Lateral femoral condyle (MID5) 0.97 (0.93-0.99)
Lateral femoral condyle (MIDB) 0.84 (0.67-0.93)
Lateral femoral condyle (MIDC) 0.89 (0.71-0.96)

Tibia
Lateral tibial plateau (LTP) 0.66 (0.36-0.84)
Medial tibial plateau (MTP) 0.80 (0.52-0.91)

CI, confidence interval; ICC, intraclass correlation coefficient.
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(Table 1). No subject had any associated chondral or
osteochondral pathology. ICC scores ranged from 0.66
to 0.94 indicating substantial to almost perfect inter-
rater reliability for measuring cartilage thickness at the
various anatomic locations (Table 2).
Taken together as a cohort mean, articular cartilage

was thickest at the patella, followed by the lateral
trochlea, the medial and lateral femoral condyles, and
the lateral and medial tibial plateaus (Fig 2). The
medial and lateral facets of the patella exhibited the
thickest knee cartilage measuring 5.1 � 1.2 mm and
5.0 � 1.0 mm, respectively. On the femur, cartilage
thickness was greatest at the lateral trochlea
measuring an average of 4.0 mm � 1.3 mm. A
repeated-measures analysis of variance with a
GreenhouseeGeisser correction determined that
mean cartilage thickness differed statistically signifi-
cantly between the various anatomic locations (P <
.001). Post hoc tests using the Bonferroni correction
revealed statistically significant differences in all
pairwise comparisons (P � .01) with the exception of
2. There was no significant difference in cartilage
thickness between the medial and lateral facets of the
patella (5.1 � 1.2 mm vs 5.0 � 1.0 mm, P ¼ 1.0) or
between the lateral femoral condyle and lateral tibial
plateau (3.0 � 0.7 mm vs 3.1 � 0.8 mm, P ¼ 1.0).
Overall, male patients had thicker articular cartilage

than female patients at the patella, femur, and tibia, and
this finding was found to be statistically significant by
analysis of covariance controlling for age (Table 3).
There was no difference in cartilage thickness at the
medial facet and median ridge of the patella between
patients with open versus closed/closing distal femoral
physes (Table 3). At the lateral patellar facet, knees with
open physes had on average thinner cartilage compared
with knees with closed/closing distal femoral physes by
0.5 mm (P ¼ .01). In comparison, knees with open
distal femoral physes demonstrated significantly thicker
cartilage at the lateral trochlea by an average of 1.6
mm, at the medial femoral condyle by 1.2 mm, and at
the lateral femoral condyle by 0.9 mm (Table 3). This
was similarly true at the tibia: articular cartilage at the
medial and lateral tibial plateaus was thicker in patients
with open physes than closing/closed proximal tibial
physes but only by an average of 0.6 mm and 0.4 mm,
respectively.
Articular cartilage thickness at the patella was not

strongly associated with age (Fig 3, Table 4). By linear
regression, age was not a significant predictor of carti-
lage thickness at the lateral facet and median ridge.
Although the linear regression model correlating age
and medial facet thickness was found to be statistically
significant (y ¼ e0.05x þ 5.7, P ¼ .04), this association
was likely driven by thicker cartilage among the
younger years of age. Furthermore, age only accounted
for 1% of the variation in medial facet cartilage
thickness.
In contrast, articular cartilage thickness was inversely

correlated with age at the femur (Fig 4, Table 4). In
linear regression analysis, age explained 62% of the
variance in cartilage thickness at the lateral trochlea
(y ¼ e0.31x þ 8.0, P < .001), 61% of the variance at
the medial femoral condyle (y ¼ e0.24x þ 6.5, P <
.001), and 63% of the variance at the lateral femoral



Fig 2. Mean articular cartilage thickness by anatomic location. Mean cartilage thickness at the patella, femur, and tibia are
presented in a bar graph. Error bars represent standard deviation. A repeated-measures ANOVA with a GreenhouseeGeisser
correction determined that mean cartilage thickness differed statistically significantly between the 8 anatomic locations (P <
.001). Post hoc tests using the Bonferroni correction revealed statistically significant differences in all pairwise comparisons (P �
.01) with the exception of 2. There was no significant difference in articular cartilage thickness between the medial and lateral
facets of the patella or between the lateral femoral condyle and lateral tibial plateau. (ANOVA, analysis of variance.)
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condyle (y ¼ e0.15x þ 5.1, P < .001). When we per-
formed hierarchical linear regression analysis, including
sex as a variable into these models slightly increased the
adjusted R2 value, while maintaining the impact of age
(Table 4).
Cartilage thickness at the tibia was also inversely

correlated with age (Fig 5, Table 4). Although this
Table 3. Mean Articular Cartilage Thickness by Sex and Skeletal

Anatomic Location

Sex

Male (n ¼ 120) Female (n ¼ 120)

Patella
Medial facet 5.2 � 1.3 4.9 � 1.0
Lateral facet 5.0 � 1.0 4.9 � 1.9
Median ridge 4.7 � 1.1 4.3 � 0.9

Femur
Lateral trochlea 4.4 � 1.4 3.6 � 1.2
Medial femoral condyle 3.7 � 1.1 3.1 � 0.8
Lateral femoral condyle 3.2 � 0.8 2.9 � 0.6

Tibia
Lateral tibial plateau 3.3 � 0.7 3.0 � 0.8
Medial tibial plateau 3.1 � 0.9 2.7 � 0.5

NOTE. P values in bold are statistically significant (P � .05).
ANCOVA, analysis of covariance.
*For measurements at the patella and femur, knees were categorized by t

closed (n ¼ 67). For tibial-sided measurements, knees were categorized by
closing/closed (n ¼ 84).
yP values from ANCOVA controlling for age.
zP values from independent samples t test.
association was statistically significant, age only
explained 6% of the variance in cartilage thickness at
the lateral tibial plateau (y ¼ e0.06x þ 3.9, P < .001)
and 27% of the variance at the medial tibial plateau
(y ¼ e0.12x þ 4.4, P < .001). Hierarchical linear
regression analysis with sex as an additional variable
minimally increased the adjusted R2 value (Table 4).
Maturity

Physeal Status*

P Valuey Open Closed/Closing P Valuez

.05 5.1 � 1.2 5.1 � 1.2 .7

.6 4.8 � 0.9 5.3 � 1.2 .01

.002 4.4 � 0.9 4.6 � 1.3 .3

<.001 4.5 � 1.3 2.9 � 0.6 <.001
<.001 3.7 � 1.0 2.5 � 0.3 <.001
<.001 3.3 � 0.6 2.4 � 0.3 <.001

<.001 3.3 � 0.7 2.9 � 0.8 .001
<.001 3.1 � 0.8 2.5 � 0.4 <.001

he status of the distal femoral physis as open (n ¼ 173) versus closing/
the status of the proximal tibial growth plate as open (n ¼ 156) versus



Fig 3. Mean articular cartilage
thickness of the patella by age.
Mean cartilage thickness at the
medial facet, lateral facet, and
median ridge are depicted for
each year of age. Error bars
represent standard error.
Adjusted R2 value and P value
from linear regression analysis are
shown next to the legend for
reference. Further details are
presented in Table 4.
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Discussion
The results demonstrate that, similar to adults, artic-

ular cartilage is thickest at the patella in pediatric and
adolescent knees. On the distal femur, articular carti-
lage is thickest at the lateral trochlea, followed by the
medial and lateral femoral condyles. Although patellar
cartilage thickness did not correlate with age, distal
femoral cartilage thickness significantly decreased with
advancing age and skeletal maturity. Articular cartilage
in the knee was thicker in male patients compared with
female patients at the patella, femur, and tibia.
A few studies have reported anatomic and sex dif-

ferences in knee articular cartilage that are consistent
with these results. In an MRI study of 18 young healthy
adult subjects, Faber et al.18 showed greatest mean joint
knee cartilage thickness at the patella, followed by the
trochlea, medial femoral condyle, and lateral femoral
condyle. These trends in a small adult population reflect
the patterns identified in our current study of pediatric
and adolescent knee cartilage thickness but the authors
did not perform statistical analysis comparing their
anatomic location-specific measurements. With regards
Table 4. Linear Regression of Articular Cartilage Thickness by Ag

Linear Regression Model

Adjusted R2 B (age) Y-intercept, mm P Value

Patella
Medial facet 0.01 e0.05 5.7 .04
Lateral facet 0.006 0.03 4.6 .12
Median ridge e0.003 e0.008 4.6 .67

Femur
Lateral trochlea 0.62 e0.31 8.0 <.001
Medial femoral condyle 0.61 e0.24 6.5 <.001
Lateral femoral condyle ]0.63 e0.15 5.1 <.001

Tibia
Lateral tibial plateau 0.06 e0.06 3.9 <.001
Medial tibial plateau 0.27 e0.12 4.4 <.001

NOTE. P values in bold are statistically significant (P � .05).
to sex differences, cartilage thickness and volume have
been shown to be greater in men than in women in the
adult population.18-21 In a pediatric cohort of 92 chil-
dren aged 9 to 18 years old,22 male patients had 16% to
31% greater cartilage volume at the patella and tibia
than female patients, after adjusting for age, body mass
index, physical activity, and bone area. The reasons for
these sex differences in articular cartilage are largely
unexplained, but may be due to variations in bone size,
physical activity, or hormonal variance.
In a longitudinal study, Jones et al.23 evaluated

normal knee cartilage development in children. Patellar
cartilage volume on sagittal T1-weighted fat saturation
MRI was measured in 74 school children aged 9 to 18
years on 2 occasions at an average interval of 1.6 years.
The majority of subjects demonstrated an increase in
patellar cartilage volume, with mean volumetric in-
crease of 7.1% and 6.2% in male patients and female
patients, respectively. Although there was a wide range
in rates of cartilage volume increase, younger children,
males, and those undertaking more vigorous sports
demonstrated greater increases in articular cartilage
e

Hierarchical Linear Regression Model With Sex as Added Variable

Adjusted R2 B (Age) B (Sex) Y-intercept, mm P Value

0.03 e0.05 0.30 5.2 .02
0.003 0.03 0.06 4.5 .26
0.03 e0.008 0.41 4.0 .006

0.69 e0.31 0.73 6.9 <.001
0.70 e0.24 0.62 5.6 <.001
0.64 e0.15 0.29 4.6 <.001

0.11 e0.06 0.35 3.3 <.001
0.34 e0.12 0.40 3.8 <.001



Fig 4. Mean articular cartilage
thickness of the femur by age.
Mean cartilage thickness at the
medial femoral condyle, lateral
femoral condyle, and lateral
trochlea are depicted for each
year of age. Error bars represent
standard error. Adjusted R2 value
and P value from linear regression
analysis are shown next to the
legend for reference. Further de-
tails are presented in Table 4.
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volume. In contrast, the current study showed no sig-
nificant change in patellar cartilage thickness with age
or skeletal immaturity. As the authors themselves state,
the observed increase in patellar cartilage volume with
age may be due to an increase in subchondral bone area
as opposed to an increase in cartilage thickness.23 In
other words, articular cartilage volume may increase to
cover a growing bone surface area in children without
any changes in cartilage thickness.
To the contrary, some authors have suggested that

in addition to cartilage volume, articular cartilage
thickness also may increase with age in adolescents. In
a group of 20 elite volleyball players aged 15 to 17
years old with mean 2 years of follow-up, patellar and
trochlear cartilage thickness increased annually by
0.8% in male patients and 0.6% in female patients.24

Similarly, femorotibial cartilage thickness increased
annually by 0.8% in males and 1.4% in females.25 In
comparison, a group of mature athletes aged 40 to 65
years had a decrease in cartilage thickness at the knee
at 2-year follow-up, likely reflecting degenerative
changes. The authors postulated that articular carti-
lage in adolescents may be particularly vulnerable to
biochemical and biomechanical changes from habitual
physical activity, leading to increasing thickness in
this group. These results initially appear to contradict
our current study, which demonstrates a decrease in
cartilage thickness with age. However, differences in
the two study designs may in part explain these
varying results. The current study is cross-sectional in
nature and aims to make conclusions about general
trends seen at the population level, as opposed to
prospective longitudinal trends at the individual level.
Additionally, we included patients aged 7 to 18 years
compared with a very exclusive cohort of high-level
athletes aged 15 to 17 years. The late adolescents
may demonstrate small increases in cartilage thick-
ness differing from the overall trend in the pediatric
Fig 5. Mean articular cartilage
thickness of the tibia by age.
Mean cartilage thickness at the
medial tibial plateau and lateral
tibial plateau are depicted for each
year of age. Error bars represent
standard error. Adjusted R2 value
and P value from linear regression
analysis are shown next to the
legend for reference. Further de-
tails are presented in Table 4.
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population that were not ascertained or investigated
in this study. In fact, although linear regression was
used to best model the correlation between age and
cartilage thickness at the distal femur and proximal
tibia, our graphs demonstrate that the trend starts to
plateau by age 14 years.
The aim of this study was to quantify and establish

normative values for articular cartilage thickness. Our
findings also may be useful in the consideration of
matching donor and recipient sites for articular cartilage
restoration procedures like OCA. The goal of OCA is to
transplant an allograft with viable chondrocytes and
underlying subchondral bone into a recipient socket.6

Matching a graft to its donor site with respect to size
and topography is important to minimizing articular
step-off and maintaining near-normal contact pres-
sure.26 Studies have shown that an elevation of even
0.5 mm to 1 mm over the adjacent articular cartilage at
the distal femur can increase contact pressures on the
graft up to 50%.27,28 In an effort to optimize articular
congruity, many surgeons therefore seek hemicondyle
grafts matched to the host laterality, mediolateral
dimension, and anteroposterior dimension.26,29 A few
studies have investigated the role of graft subchondral
bony thickness in outcomes of OCA. Ackerman et al.30

showed that grafts with bony thickness <5 mm had 4.9
times greater odds of demonstrating subchondral cystic
changes at short-term follow-up. A recent study by
Jones et al31 investigated the effect of subchondral bone
mismatch at the graft-host interface after OCA trans-
plantation in an adult population with mean age of 30.5
years. The authors noted that there was no significant
correlation between maximum graftehost subchondral
bone step-off and reoperation rate or graft failure.
These observations suggest that differences in cartilage
thickness between the graft and surrounding host
interface may not adversely affect clinical outcome up
to a certain threshold; however, this has not specifically
been evaluated in the pediatric population where the
cartilage is much thicker in various anatomic regions
and can lead to larger magnitudes of mismatch. Typi-
cally, OCA plugs are 6 to 8 mm thick and include 3 to 6
mm of subchondral bone and 2 to 3 mm of articular
cartilage.30 No studies have investigated the impact of
graft articular cartilage thickness on outcomes after
OCA or OATS.
This current study demonstrates that cartilage

thickness at the distal femur significantly decreases
with age in pediatric and adolescent knees. In addi-
tion to hemicondyle size, cartilage thickness could
potentially be an additional variable to consider when
matching a graft to its host, particularly in the pedi-
atric population. For OCA, it may be important to
match the graft for age and sex in the setting of distal
femoral lesions compared with patellar lesions. For
patellar lesions, a donor patella of any age may be
used rather than using a donor femoral condyle. For
OATS, the margin of the lateral trochlea may be an
ideal donor site for autograft to the patella given its
cartilage thickness and convexity. The patterns of
cartilage thickness identified in this study should
prompt and inspire further investigation into ideal
osteochondral graft location and features in the pe-
diatric and adolescent population that are beyond the
scope of this study. As there is limited evidence that a
perfectly matched cartilage thickness equates to better
functional outcomes, stringent matching criteria
should be weighed against practical and logistical
concerns, such as time required to find a perfectly
matched donor, particular in younger adolescents and
children.
The longitudinal reference data presented in this

study can aid in preoperative interpretation of knee
cartilage under pathologic conditions in pediatric and
adolescent patients. An understanding of normal
articular cartilage thickness presented in this study can
aid sports medicine and pediatric orthopedic surgeons
with evaluation of knee MRIs in this population.

Limitations
This study has several limitations that should be

noted. First, this is a retrospective study that evaluated
MRI scans from a single North American orthopaedic
facility and may not be generalizable to all populations.
Demographic and clinical variables such as race/
ethnicity, body mass index, and level of activity may
factor into cartilage thickness but were not available for
all subjects and therefore not reported. Second,
although 16.3% of knee MRIs were normal, a subset of
patients had ACL, meniscal, or medial collateral liga-
ment tears. These knee pathologies may also affect
cartilage thickness; in a cohort of ACL injured knees,
trochlear cartilage thinned by 1.4% and patellar carti-
lage thinned by 0.3% at 1 year.32 However, imaging for
ACL tears are often performed close to the time of
injury, a period of time in which cartilage thinning
related to the ACL injury would not be expected or
minimal. Third, there may be limitations associated
with using 3-mm MRI slice thickness for measuring
articular cartilage thickness; the accurate delineation of
cartilage depends on differences in signal relative to
adjacent tissue. Fourth, both 3-T and 1.5-T MRI were
used in this study. Although some studies have shown a
possibility for higher sensitivity and specificity in diag-
nosis of cartilage lesions with 3-T MRI,33,34 it is also
more prone to motion artifact which is especially
problematic in children. Furthermore, prior studies
have demonstrated that MRI using a 1.5-T magnet
demonstrates excellent accuracy for diagnosing carti-
lage pathology.10 Finally, as previously mentioned, the
cross-sectional nature of this study limits the applica-
bility of its trends in articular cartilage thickness with
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age to individual patients. A prospective longitudinal
study would be expensive to execute and limited by a
smaller sample size.

Conclusions
In pediatric and adolescent knees, articular cartilage is

thickest at the patella, where it does not strongly
correlate with age. In contrast, there is a strong inverse
association between increasing age and articular carti-
lage thickness of the distal femoral condyles. The lon-
gitudinal reference data presented in this study can aid
in preoperative interpretation of knee cartilage under
pathologic conditions in pediatric and adolescent
patients.
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