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Abstract

Background Our understanding of osseous morphology and
pathology of the patellofemoral joint continues to improve
with the use of magnetic resonance imaging (MRI), but a
paucity of data currently exists in the pediatric population.
Objective We aim to formulate a reproducible means of quan-
titative assessment of patellofemoral morphology in children
using MRI and to describe morphological changes based on
sex and age.

Materials and methods We identified 414 children presenting
between 2002 and 2014 who obtained a knee MRI to evaluate
for knee pain or clinically suspected knee pathology. After
application of inclusion criteria, 144 “normal” MRIs in 131
children (71 boys, 60 girls) were included in the analysis. The
following MRI measurements were recorded: lateral trochlear
inclination, trochlear facet asymmetry, trochlear depth, tibial
tuberosity-trochlear groove distance, sulcus angle and patellar
height ratio. To assess intraobserver reliability, measurements
in 30 randomly selected children were repeated. Differences
between patient age and sex were assessed using independent
t-tests and adjusted regression analysis.

Results All recorded measurements had strong to very strong
inter- and intraobserver reliability: lateral trochlear inclination
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(0.91/0.82), trochlear facet asymmetry (0.81/0.83), trochlear
depth (0.83/0.90), tibial tuberosity-trochlear groove distance
(0.97/0.87), sulcus angle (0.84/0.78) and patellar height ratio
(0.96/0.83). When age and sex were mutually adjusted, statis-
tically significant differences between males and females were
observed in trochlear depth (P=0.0084) and patellar height
ratio (P=0.0035). However, statistically significant age differ-
ences were found on all measurements except for lateral troch-
lear inclination. As expected, mean measurement values
approached adult norms throughout skeletal maturation sug-
gestive of age-dependent patellofemoral maturation.
Conclusion Our data verify the development of patellofemoral
morphology with advancing age. We found that six of the most
commonly used patellofemoral measurements in adults can be
accurately reproduced regardless of age.

Keywords Children - Knee - Magnetic resonance imaging -
Morphology - Patella - Patellofemoral joint

Introduction

Plain radiographs and computed tomography (CT) are fre-
quently used in the evaluation of anterior knee pain and
patellofemoral disorders [1-5]; however, the inability to visu-
alize the surrounding soft tissues and articular surfaces has
made magnetic resonance imaging (MRI) an increasingly im-
portant diagnostic tool [6-8]. Further supporting the routine
use of MRI, recent cadaver and MRI studies have shown that
significant variations exist between the bony and cartilaginous
contours of the patellofemoral joint [9—11]. This is an impor-
tant consideration when surgical restoration of patellofemoral
anatomy is necessary. As a result, quantitative and qualitative
measurements of patellar instability once described on CT and
X-ray have now been adapted to MRI [5, 12—15].
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Our understanding of osseous morphology and pathology
of'the patellofemoral joint continues to improve with MRI, but
a paucity of data exists in children. With early identification of
normal and abnormal patellofemoral anatomy, patient out-
comes may be improved. By using MRI-based patellofemoral
measurement techniques described in adults, we have two
aims: 1) to formulate a reproducible and reliable means of
quantitative assessment of patellofemoral morphology in chil-
dren and 2) to describe morphological features based on age
and sex.

Materials and methods
Study population

After approval from our Institutional Review Board, we iden-
tified 414 children presenting between 2002 and 2014 who
obtained a knee MRI to evaluate for knee pain or clinically
suspected knee pathology. All imaging was stored in our Pic-
ture Archiving and Communication Systems (PACS) and read
by a pediatric-trained radiologist.

Inclusion criteria were: 1) ages 1 through 16, 2) open physis
at the distal femur and 3) normal or near-normal MRI findings.
Normal MRIs were determined by the lack of structural abnor-
malities; however, to increase study subjects in the 1- to 4-year-
olds, we did include a small number of near-normal radiologic
findings that would have little effect on patellofemoral anato-
my. These included baker’s cysts, discoid menisci and small
effusions. Based on anticipated physeal closure, girls were on-
ly included up to age 14, while boys were included up to age
16. To allow for equal age distribution, we randomly selected
five knee MRIs for girls and five MRIs for boys to represent
each age group with the exception of 1- to 2-year-olds for
whom all MRIs were included. Patients were excluded if the
knee MRI included any of the following: moderate to severe
effusions, cartilaginous defects including cartilage and
subchondral edema, patellofemoral abnormalities (e.g., patellar
tilt and subluxation, trochlear dysplasia), ligamentous injury,
neoplasms, infection, congenital disease, contractures or ar-
thritic changes. Additionally, knees were excluded if MRI ob-
tained showed the knee to be >10 degrees of knee flexion on
the sagittal plane.

A total of 144 normal MRIs in 131 children (71 boys, 60
girls) were included in the analysis after meeting criteria. Ten
children had bilateral knee MRIs and two had a repeat ipsilat-
eral knee MRI performed at a later age. Multiple MRIs in the
same child were included only after criteria were met.

MR protocol

All MR imaging was performed at our institution utilizing a
1.5- to 3.0-T system with a knee coil (GE Signa Excite HD
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1.5 T, GE Signa HD XT 3 T, GE Healthcare, Waukesha, WI,
and Siemens Skyra 3 T, Siemens Healthcare, Malvern, PA).
Children younger than 2 were done using a torso or cardiac
coil with 4 or 8 channels. Each patient had routine knee im-
ages as per hospital protocol, which involves neutral position-
ing of knees, typically 0—10 degrees of knee extension. The
following sequences were obtained in each patient: axial pro-
ton density (PD) fast-spin echo (FSE) with fat saturation, cor-
onal conventional T1-W, coronal FSE T2-W with fat satura-
tion, coronal FSE PD, sagittal FSE PD, and sagittal FSE T2-W
with fat saturation.

The axial and sagittal measurements were obtained from
T2 or PD sequences for optimal cartilage visualization. Axial
slice thickness was between 3 and 5 mm, whereas sagittal
slices were 2—4 mm in thickness. An open distal femoral
physis was only considered to be present after visualization
of a discrete cartilage signal across the entire physis on a fat-
suppressed FSE T2- or PD-weighted axial sequence.

MRI measurements

After review of the current literature and collaboration
between a pediatric-trained radiologist with 17 years of
post-fellowship experience and a pediatric orthopedic
surgeon with 13 years of post-fellowship experience,
six measurements were selected for analysis. Measure-
ment techniques were based on existing literature and
were discussed between authors to ensure uniformity
of measurements. Under the guidance of the two senior
authors (B.H.A.,K.E.K.), each of our measurements was
recorded by a third-year orthopedic resident (A.R.) and
a medical school graduate (A.M.). The following MRI
measurements were recorded: lateral trochlear inclination
(Fig. 1), trochlear facet asymmetry (Fig. 2), trochlear
depth (Fig. 3), tibial tuberosity-trochlear groove distance

Fig. 1 Lateral trochlear inclination in a 6-year-old girl. The angle
between the line along the posterior condyles (a) and the lateral
trochlear fact (b) is measured
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Fig. 2 Trochlear facet asymmetry shown in a 6-year-old girl. The
distances of the medial facet (a) and the lateral facet (b) are recorded

(Fig. 4), sulcus angle (Fig. 5) and patellar height ratio
(Fig. 6). To assess intraobserver reliability, measure-
ments in 30 randomly selected patients were repeated.
Each author obtained all measurements individually and
was blinded to the results of the other. The data were
stratified based on age and sex.

All measurements were performed to include cartilag-
inous landmarks on the patella and distal femur. Five
axial measurements were taken at a single sequence
where the distal femoral condylar width was the
greatest. The sixth measurement, patellar height ratio
(i.e., Insall-Salvati Ratio), was assessed on the most
midline sagittal sequence by counting all sequences con-
taining the patella and dividing by two. Using this guid-
ed criteria, each reviewer independently determined

Fig. 3 Trochlear depth in a 6-year-old girl. Posterior condylar reference
line is created (solid white line). Three lines are drawn from the reference
line to the medial facet apex (a), the lateral facet apex (b) and the deepest
portion of the sulcus (c)

Fig.4 Tibial tuberosity — trochlear groove distance measured in a 6-year-
old girl. Superior attachment of patellar tendon at tibial tuberosity is
marked (a) and then transposed on our standard axial sequence (b). The
distance between the marker (*) and solid white line that is extending
through the deep sulcus to the reference line was recorded

Fig.5 Sulcus angle in a 6-year-old girl. The angle (©) between the lateral
and medial facet is measured
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Fig. 6 Patellar height ratio recorded in an 8-year-old girl on sagittal MRI.
Two measurements were recorded: the distance between the superior and
inferior patellar poles (a) and the distance of the patellar tendon at its
attachments from the inferior patella and the tibial tuberosity (b)

which axial and sagittal sequence would be used to
obtain each measurement. The six measurement tech-
niques are outlined in Table 1.

Statistical analysis

Statistical analysis to determine intraobserver and inter-
observer reliability was performed. Mean values,

Table 1  Description of measurements

standard deviation (SD) and 95% confidence intervals
(CI) of all six patellofemoral measurements were deter-
mined. Sex differences were compared in all
patellofemoral measurements using independent f-tests.
Regression analyses were performed on all six
patellofemoral measurements respectively, with age and
sex mutually adjusted in the six regression models. A
statistically significant level was set at «=0.05. All
analyses were performed using SAS 9.3 (Cary, NC).

Results

High correlations were observed between two data re-
corders and test-retest for one data recorder across all
six measurements. All these correlations are statistically
significant, demonstrating high inter- and intraobserver
reliability (Table 2). Table 3 presents total population
mean, SD and 95% CI for the six measurements. There
were no statistically significant differences between boys
and girls on all measurements except for trochlear depth
(P=0.0037).

Table 4 describes the mean values, along with SD, at
each individual age across our six measurements. The
results from our regression analyses showed that after
adjusting for age, two of six measurements showed sta-
tistically significant sex differences, including trochlear
depth (P=0.0084) and patellar height ratio (P=0.0035)
(Table 5). However, all six measurements except for
lateral trochlear inclination showed statistically

Lateral trochlear inclination:

A reference line (a) is drawn along the posterior condyles with a second line (b) placed tangential to the

articular surface of the lateral facet. The angle formed between these two lines is then measured (Fig. 1)
[14]. A measurement of less than or equal to 11° is considered abnormal [14, 15].

Trochlear facet asymmetry:

Two lines are formed extending from the apex of the medial (a) and lateral (b) trochlear facets along the

trochlear surface to the deepest part of the femoral sulcus (Fig. 2). The distance of (a) and (b) was recorded.
Facet asymmetry is the ratio of (a/b) x100% [13]. A value less than 0.40 is considered abnormal [13].

Trochlear depth:

Three lines were drawn perpendicular to the posterior condylar reference line and extended to the apices

of the medial (a) and lateral (b) facets, and to the deepest part of the femoral sulcus (c) (Fig. 3) [7, 13].
The trochlear depth was calculated with the following equation: [(a+b)/2]-c [7, 13]. Pathological
trochlear depth on MRI is suggested at less than 3 mm [13].

Tibial tuberosity — trochlear
groove distance:

The superior attachment of patellar tendon insertion at the tibial tuberosity was marked at its center (Fig. 4).
This marker was then transposed to our standard axial image. A line was then formed through the femoral

sulcus and extended down to the posterior condylar reference line. The distance between the transposed
patellar tendon attachment site (*) and the femoral sulcus line was measured (Fig. 4) [8]. Pathological
results are measurements greater than or equal to 20 mm [3].

Sulcus angle:

This is the angle (f) formed by two lines tangential to the slopes of the medial and lateral facets intersecting

at the femoral sulcus (Fig. 5) [4]. A sulcus angle >145 is considered pathological [1].

Patellar height ratio:

This measurement is performed on midline sagittal MR where patellar length is the greatest. At the most

midline sequence, the patella is measured from the superior to the inferior poles (a), and the patellar tendon
is then measured from the patellar attachment to the tibial tuberosity (b) (Fig. 6). Per the Insall-Salvati (IS)
ratio, the patellar tendon length/patellar height (b/a) was recorded [5, 12]. Values greater than 1.3 are

considered abnormal [12].
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Table 2 Inter- and

intraobserver reliabilities Interobserver  Intraobserver
LTI 0.91** 0.82%*
TFA 0.81%* 0.83%**
TD 0.83%** 0.90**
TTTG 0.97** 0.87**
SA 0.84%* 0.78**
PHR 0.96** 0.83%**

**Pp<0.01

LTI lateral trochlear inclination, PHR pa-
tellar height ratio, S4 sulcus angle, 7FA
Trochlear facet asymmetry, 7D trochlear
depth, TTTG tibial tuberosity - trochlear
groove distance

significant differences in age after adjusting for sex.
Specifically, as age increased, trochlear depth
(P<0.0001), tibial tuberosity-trochlear groove distance
(P<0.0001) and patellar height ratio (P<0.0001) signif-
icantly increased, while trochlear facet asymmetry
(P<0.0001) and sulcus angle (P<0.0001) significantly

Table 3  Patellofemoral measurements

MR measurements » Mean  SD 95% CI P-value
Lateral trochlear inclination (°)
All 144 19.66 4.09 18.99-20.34 0.0656
M 77 2025 3.80 19.39-21.11
F 67 1899 434 17.93-20.05
Trochlear facet asymmetry (%)
All 144 7322 11.71 71.29-75.15 0.2632
M 77 7424 10.61 71.83-76.65
F 67 72.04 12.85 68.91-75.18
Trochlear depth (mm)
All 144 4.6 1.41 437484 0.0037**
M 77 491 1.55 4.56-5.26
F 67 425 1.15 397453
Tibial tuberosity - trochlear groove distance (mm)
All 144 7.84 4.02 7.18-85l1 0.7899
M 77 793 4.04 7.01-8.84
F 67 1.75 4.02 6.77-8.73
Sulcus angle (°)
All 144 146.18 74 144.96-147.40 0.414
M 77 14570 7.94 143.89-147.52
F 67 146.72 6.76  145.07-148.37
Patellar height ratio
All 144 1.04 0.17 1.01-1.07 0.1071
M 77 1.02 0.18  0.98-1.06
F 67  1.06 0.16  1.02-1.10
**P<0.05

CI confidence interval, F female, M male, SD standard deviation

decreased, suggesting a gradual trend toward adult
values with increasing age.

Discussion

Patellar instability is frequently encountered in children with
clinical presentation ranging from mild anterior knee pain to
obligatory instability. An incidence of first-time acute patellar
dislocation is seen in 48 of 100,000 children [16]. Routinely
observed in the second decade of life, patellar instability is a
multifactorial disorder characterized by bony abnormalities or
a dysfunction in the static and dynamic soft-tissue stabilizers
surrounding the knee [3, 16, 17]. During evaluation, the
orthopedist must differentiate between soft-tissue and
osseous abnormalities as operative and nonoperative in-
dications may vary.

Dejour et al. [3] first utilized radiographs to generate a
reproducible and quantitative means of assessing patellar in-
stability, whereupon four factors were found to be most close-
ly associated with symptomatic patellar instability: trochlear
dysplasia, quadriceps dysplasia, patella alta and tibial
tuberosity-trochlear groove distance. More recent studies have
utilized MRI for diagnostic purposes and its ability to differ-
entiate between bony and cartilaginous surfaces [11]. Using
MRI, patellofemoral morphology has been standardized in
adults, but normative data in children is lacking [18, 19].

Kim et al. [19] first utilized adult patellofemoral
measurements in children to describe age- and sex-
related changes throughout skeletal maturation. After
children were stratified based on sex and the presence
of an open or closed physis, no statistically significant
differences were found. However, there were two prima-
ry limitations of their study: The majority of their pa-
tients was older than 10 years of age with half found to
have a closed or closing physis. The lack of children
under 10 years of age may unfavorably distribute the
open physeal group mean values toward adult or closed
physeal values, thus contributing to the lack of statistical
significance. In our study, we included children only
with an open physis and we distributed equally across
all ages. As expected, our total mean values, with the
exception of tibial tuberosity-trochlear distance, were
most similar to those in the open physeal group.

Our regression analysis further depicts the progression of
patellofemoral change that occurs throughout skeletal matura-
tion. The results showed that statistically significant age dif-
ferences were observed in all six measurements with the ex-
ception of lateral trochlear inclination. As age increased, the
mean patellofemoral values were more likely to differ from
those of younger children and began to approach adult norms
[20]. Our data suggest that pediatric patellofemoral measure-
ments should not be compared across all ages, and should be
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Table 4 Mean morphological

values based on age LTI (°) TFA TD (mm) TTTG (mm) SA (°) PHR
Age Mean SD Mean SD Mean SD Mean SD Mean SD Mean SD
1 17.4 54 909 10,0 2.6 0.3 33 26 1517 48 09 0.1
2 20.4 44 840 11.5 33 0.8 4.6 4.1 1517 6.6 09 0.2
3 19.6 35 799 77 3.6 0.6 5.7 1.6 1497 51 09 0.1
4 18.0 35 728 6.0 36 0.7 5.6 36 1503 49 1.0 0.1
5 18.9 4.1 750 129 35 1.0 6.0 26 1505 72 09 0.1
6 20.3 44 738 88 3.7 1.1 8.8 2.1 1504 75 1.0 0.1
7 17.8 44 732 64 39 0.8 7.9 39 1494 60 1.0 0.2
8 17.3 3.7 66.0 11.0 38 0.7 105 46 1509 50 1.0 0.1
9 20.3 3.7 709 119 438 1.0 9.4 4.1 1455 59 1.1 0.2
10 21.0 47 626 8.6 57 0.9 9.3 44 1418 49 1.1 0.1
11 22.4 38 752 121 57 1.3 8.1 44 1408 89 1.1 0.1
12 21.0 3.7 693 122 6.1 1.0 105 34 13877 6.1 1.1 0.2
13 20.7 41 723 179 55 0.7 9.8 28 1403 54 12 0.1
14 20.2 3.6 69.6 64 56 0.8 6.5 37 1429 39 12 0.2
15 20.0 37 711 69 64 1.3 10.1 5.2 1406 75 1.1 0.1
16 17.8 43 742 10.7 6.5 0.7 8.2 42 1421 31 1.1 02

LTT lateral trochlear inclination, PHR patellar height ratio, SA sulcus angle, SD standard deviation, 7F4 trochlear
facet asymmetry, 7D trochlear depth, 777G tibial tuberosity-trochlear groove distance

used judiciously, if at all, in the youngest patients. Further-
more, through comparison of our patellofemoral measure-
ments to the closed physeal patients of Kim et al. [19] and to
the adult mean values as described by Charles et al. [20], we
can appreciate that minimal patellofemoral changes occur af-
ter physeal closure as the knee adopts adult morphology. As
there is an abundance of adult literature, the study by Charles
etal. [20] was selected for comparison due to similar measure-
ment techniques across the six measurements used. As knee

maturation progressed, each of our six measurements
approached adult values [20].

Lateralization of the tibial tubercle is a well-known risk
factor of patellar instability, and can be assessed by measure-
ment of tibial tuberosity-trochlear groove distance [8, 18, 21,
22]. A threshold of 20 mm has traditionally been interpreted as
abnormal in adults, but additional studies have shown that
normative tibial tuberosity-trochlear groove distance values
are subject to considerable variation as patellar instability

Table 5 Regression analysis
adjusting for age and sex

Beta Standard Error P-value
Mean lateral trochlear inclination Age 0.11 0.08 0.18
Gender (F vs. M) -1.14 0.68 0.095
Mean trochlear facet asymmetry Age -0.91 0.22 <0.0001**
Gender (F vs. M) -3.14 1.87 0.095
Mean trochlear depth Age 0.24 0.02 <0.0001**
Gender (F vs. M) —0.41 0.15 0.0084**
Mean tibial tuberosity - trochlear Age 033 0.08 <0.0001**
groove distance Gender (F vs. M) 0.16 0.64 0.80
Mean sulcus angle Age -0.96 0.12 <0.0001%**
Gender (F vs. M) 0.02 1.04 0.98
Mean patellar height ratio Age 0.02 0.00 <0.0001**
Gender (F vs. M) 0.07 0.02 0.0035%*

**P<0.05

F female, M male
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can be seen in patients with a tibial tuberosity-trochlear groove
distance as low as 1020 mm [3, 8, 21-23]. In the pediatric
cohort, Dickens et al. [18] describes tibial tuberosity-trochlear
groove distance chronologically from birth into adulthood,
and determined that tibial tuberosity-trochlear groove distance
can be reliably reproduced in the skeletally immature knee and
will reach adult norms as a child enters adolescence. Although
we utilized a slightly different measurement technique, our
mean of 7.84 mm was similar to Dickens’ mean of 8.6 mm
[18]. Similarly, our age-based means steadily increased as
described by Dickens [18].

Each of the six measurements had excellent reproducibility
regardless of age or sex. During sex-based comparison of
mean measurement values, we found that only trochlear depth
and patellar height ratio were statistically different. The sex-
based differences of trochlear depth have been demonstrated
in a few adult studies [24, 25] and are believed to be due to the
smaller trochlear height-condylar width ratio in girls [24].
These statistical differences may also be the result of a rela-
tively small number of boys and girls within each age group.
Pfirrmann et al. [13] suggests that the most sensitive data
would include axial measurements at 3 cm above the joint
space, but this technique is not reliably replicated in skeletally
immature knees where joint space distances vary considerably
and cartilage cannot be reliably seen at the most craniocaudal
slice [25, 26]. To account for these discrepancies, we used the
axial sequence with the largest femoral condylar width, which
could easily be identified in all children, and has been shown
to be accurate in previous pediatric studies [19]. Of note,
Pfirrmann [13] was able to show statistically significant dif-
ferences in trochlear depth and trochlear facet asymmetry at 1
to 2 cm above the joint space as well, which would more
closely resemble our measurement technique [13].

Our study has several limitations. First, we utilized chro-
nological age, when bone age would be a better predictor of
skeletal maturation. Using bone age to calculate age-predicted
maturation would perhaps change our mean values and result
in statistical significance. However, determination of bone age
in a retrospective review is difficult as the majority of patients
are without adequate imaging to do so. Furthermore, available
orthogonal axial and sagittal sequences within PACS may
differ between individuals resulting in variability in reviewer
slice selection and, therefore, patellofemoral measurements.
This is especially true in the youngest of children where a
small knee may have fewer axial and sagittal sequences from
which to select. There is also evidence that knee positioning
may affect patellofemoral measurements, namely patellar
height ratio and tibial tuberosity-trochlear groove distance
[12, 27]. Although we could not correct for rotational differ-
ences, our institutional protocol utilizes knee flexion angles
<10 degrees in the absence of other musculoskeletal deformi-
ties. Despite these limitations, we maintained excellent inter-
observer reliability between recorders. Ultimately, a direct

comparison with adult norms will be needed to further evalu-
ate ages at which pediatric data can reliably be interpreted
using established adult cutoffs or if new pediatric cutoffs will
become necessary.

Conclusion

By establishing normative pediatric data, we may now con-
sider an age-based approach to patellofemoral evaluation. Our
data verify the development of patellofemoral morphology
with advancing age. We found that six of the most commonly
used patellofemoral measurements in adults can be accurately
reproduced regardless of age; however, there are statistically
significant differences between younger and older children
that must be considered. This will act as a foundation for
future pediatric studies regarding early morphological chang-
es associated with patellar instability and the effect of early
intervention on such knees.
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