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1  |   INTRODUCTION

Tendinopathy refers to the clinical diagnosis of tendon pain 
and dysfunction, whereas tendon pathology is structural 
change within the tendon tissue, usually identified on ultra-
sound or MRI.1 Lower limb tendinopathy and tendon pathol-
ogy are seen in adolescents, with the incidence of symptoms 
increasing up to 18 years of age.2 Pathology at the proximal 
attachment of the patellar tendon has been shown to increase 
the risk of developing pain (patellar tendinopathy (PT)),3-5 
commonly known as jumper’s knee. PT is frequently ob-
served in athletes of sports that involve high volumes of 

jumping, such as basketball, volleyball, and dance. The prev-
alence of tendon pathology in adolescent basketball players 
(aged 14-18 years of age) is similar to the adult population 
(26% in adolescents compared to ~30% in adults4), suggest-
ing that the normal tendon maturation during adolescence is 
disrupted leading to the development of tendon pathology, 
which may remain into adulthood.

Understanding of how the proximal patellar tendon ma-
tures has previously been based on the sparse literature about 
general tendon development, which indicates that tendons 
elongate and thicken at a rate proportional to the growth of 
their associated muscles and bones.6-8 Recent studies have 
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Patellar tendon pathology appears to develop in young athletes. It is not known how 
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imal patellar tendon development during the adolescent growth spurt in young ballet 
dancers and identified whether puberty (estimated by maturity offset) had an effect 
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cent growth spurt). Maturity offset did not affect effect tendon composition before 
peak height velocity; however, after participants passed peak height velocity, matu-
rity offset increased the composition of stable echopattern (P < .05): a 4% differen-
tial increase in type I echopattern, indicative of normal tendon structure, and a 
decrease in type III echopattern (more disorganized echopattern) by 0.7% per year. 
Anterior-posterior thickness increased by 0.2 mm/y (P < .05) measured 2 cm below 
the patella. Following peak height velocity, the proximal patellar tendon attachment 
increased in thickness and demonstrated a more stable echopattern representative of 
aligned fibrillar structure. Future research is required to further understand this nor-
mal maturation and the factors that support this process, with the aim of reducing the 
development of patellar tendon pathology in the adolescent jumping athlete.

K E Y W O R D S
peak height velocity, tendon development, ultrasound tissue characterization

www.wileyonlinelibrary.com/journal/sms
http://orcid.org/0000-0002-5862-9931
http://orcid.org/0000-0001-7051-7548
mailto:dsg351@alumni.ku.dk
http://crossmark.crossref.org/dialog/?doi=10.1111%2Fsms.13235&domain=pdf&date_stamp=2018-07-04


2370  |      RUDAVSKY et al.

investigated the patellar tendon and quadriceps muscle devel-
opment and demonstrated that there is an imbalance between 
quadriceps and patellar tendon cross-sectional area (CSA) 
in adolescents compared to adults.9 Mersmann et al demon-
strated that while transitioning from early to late adolescence, 
the patellar tendon CSA and stiffness increased, as did tendon 
strength.10,11 This evidence supports the hypothesis that ado-
lescence is a critical time for tendon development.

The adolescent growth spurt during puberty is a period of 
rapid growth that may be a critical time for tendon maturation. 
Puberty can be quantified by measuring the peak growth of the 
adolescent growth spurt (peak height velocity (PHV)) that is 
typically achieved around 12 years of age for girls and 14 for 
boys,12 and maturity offset is the distance, in years, from peak 
height velocity. Puberty is a crucial time to assess the proximal 
patellar tendon attachment as tendon tissue must also mature 
by the end of puberty as tendon collagen has been shown to be 
relatively inert after age 17.13 Understanding the normal matur-
ative process of the proximal patellar tendon is critical, as dis-
rupting this process may lead to the development of pathology 
and symptoms, as has been shown at the distal attachment.14,15

Little research has looked at the maturation of the patellar 
tendon and the formation of the proximal and distal patellar 
tendon attachments. Ducher et al looked at the distal attach-
ment of the patellar tendon to the tibia during adolescence 
and showed mature attachments formed on average 2 years 
after PHV in tennis players.14,15 Disruption to normal distal 
tendon development at this critical stage of maturation has 
been associated with pain (Osgood-Schlatter disease).16 To 
investigate whether disruption of the normal development of 
the proximal tendon leads to pain, a clear understanding of 
the formation of a mature proximal patellar tendon attach-
ment during adolescence is critical.

Tendon maturation can be measured by quantifying tendon 
thickness using conventional grayscale ultrasound. Patellar 
tendon thickness has been positively correlated with age in 
11- to 15-year-old volleyball players.17 However, the effect 
of puberty is unclear as no significant difference in patellar 
tendon thickness was found in prepubertal vs postpubertal 
13-year-old athletes.18 Mechanically, Achilles tendon stiff-
ness was greater for post-PHV adolescent males compared 
to a pre-PHV group.19 In a cross-sectional study, the prox-
imal tendon attachment in participants who were less than 
1 year post–peak height velocity had variable appearance on 
grayscale ultrasound, while those who were more than 1 year 
post-PHV had a grayscale appearance similar to mature par-
ticipants between 21 and 40 years of age.20 These findings 
suggest that the period around peak height is critical in the 
formation of an organized and mature tendon attachment. A 
limitation of some of these previous studies was that they re-
lied on subjective measures of tendon structure, where new 
imaging modalities allowing for quantification of structure 
may provide further insight and objectivity.

Ultrasound tissue characterization (UTC) is an ultrasound-
based imaging modality, which has been used to investigate 
the clinical presentation of tendinopathy, but has also pro-
vided insight into subtle changes in response that have previ-
ously not been detected by conventional imaging.21,22 Based 
on the consistency of the grayscale image along the length 
of the tendon, four echotypes are generated that can be quan-
tified as a percentage. These echotypes have been validated 
and shown to discriminate between different pathological 
states,23,24 as well as exhibit excellent interobserver reliabil-
ity24 and intraobserver reliability.25 UTC may be a useful tool 
in investigating the maturation of the tendon, as it does not 
rely on subjective interpretation.

The aim of this longitudinal study was to observe the 
proximal patellar tendon development during the adolescent 
growth spurt in healthy ballet dancers and to determine the 
effect of maturity offset on the tendon over time. Ballet danc-
ers were selected because they have a high jumping volume 
in their sport, which loads the patellar tendon, and they have 
a low attrition rate, which allowed for follow-up over a 2-year 
period. The hypothesis was that the proximal patellar tendon 
would transition toward a mature appearance, thickness, and 
composition during the adolescent growth spurt.

2  |   METHODS

Ballet students from the Australian Ballet School and 
Victorian College of the Arts Secondary School (11-18 years 
of age at the start) participated in this study. Maturity at base-
line varied from prepubertal to postpubertal, and postpuber-
tal participants were included to examine whether change in 
tendon structure occurred after puberty. All participants were 
regularly involved in 4-8 hours of daily dance classes. A typi-
cal 1.5-hours ballet class can include 200 jumps.26 Data were 
collected every 6 months for 2 years, five time points in total. 
As this study aims at investigating normal tendon matura-
tion, dancers exhibiting tendon pathology (indicated by the 
presence of a hypoechoic area at more than one data collec-
tion point) were excluded. Knee pain was not considered as 
this study was primarily focused on the structure of the ten-
don during puberty. Monash University’s Ethics Committee 
approved this study, and all participants, or if aged under 
16 years the participants’ parents, gave informed consent.

2.1  |  Anthropometric measurements
Height (cm) and sitting height (cm) were measured with a 
stadiometer, and weight using electronic scales (kg) was col-
lected at each data point. Sitting height was measured with 
participants sitting tall on a table, thighs fully supported on 
the table and feet supported with knees flexed to 90°. The 
measurement of sitting height was taken from the ischial 
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tuberosity to the top of the participant’s head. Leg length 
was calculated by subtracting sitting height from the stand-
ing height. The interaction between leg length and trunk 
growth rate changes during the adolescent growth spurt and 
can be estimated with peak height velocity (PHV).12 Maturity 
offset is calculated based on the equation by Mirwald, et al 
and is the number of years a person is away from his PHV.12 
Participants were categorized as either pre- or post–peak 
height velocity if their maturity offset was negative or posi-
tive at baseline, respectively.

2.2  |  Ultrasound tissue characterization
Ultrasound tissue characterization (UTC) scans were per-
formed on each participant’s left knee, which was flexed to 
90° while the participant was in a supine position. Scans were 
conducted by one of the two investigators (AR or SD). The 
students were scanned in the middle of dance classes each 
time, which helped to ensure consistency with any possible 
subtle effects of exercise on tendon structure.27 A linear array 
ultrasound transducer (SmartProbe 10L5, Terason 2000+; 
Teratech) mounted in a tracking device with a built-in 
acoustic-coupling standoff pad (UTC Tracker, UTC Imaging) 
was placed on the patellar tendon. Once a clear image of the 
tendon and inferior pole was apparent, the transducer moved 
automatically distally over the length of the tendon capturing 
600 transverse grayscale image every 0.2 mm.

UTC software utilized these 600 contiguous transverse 
ultrasound images to render a three-dimensional grayscale 
image.23 The dedicated software analyzes the stability of the 
echopattern across multiple transverse images categorizing 
the tendon into four echotypes (UTC2010, UTC Imaging): 
echotype I (green) is the most stable, echotype II (blue) is sta-
ble but slightly less organized than type I, echotype III (red) 
is slightly disorganized, and echotype IV (black) is the most 
disorganized.23,24,27 Histopathological specimens from the 
horse have been correlated with UTC echotypes to show it is 
a valid modality to estimate pathology.23 UTC also demon-
strates excellent inter- and intraobserver reliability with ICC 
of 0.95 for determining echotypes I and II.24

The region of interest (ROI) for the patellar tendon was 
selected from the disappearance of the inferior pole of the 
patella, extending 2 cm distally. Manually selected contours 
were placed along the length of the tendon in intervals no 
more than 4 mm. The UTC software automatically inter-
polated contiguous ROIs creating a tendon volume where 
the proportions of each echotype were calculated (0-1 cm 
from the inferior pole and 1-2 cm from the inferior pole). 
Quantification of the UTC echotype was performed by the 
same investigator (AR) blinded to participants’ identity and 
age, with the window size set at 25 (slice thickness 4.8 mm). 
Contours were reviewed by another trained researcher (SD) 
to ensure consistency.

2.3  |  Grayscale score
A classification system developed to categorize the appear-
ance of normal tendon attachments on grayscale imaging was 
based on grayscale imaging features at different maturity lev-
els in the sagittal, transverse, and coronal planes.20 The ten-
don was scored between 0 and 2 based on the appearance in 
each of the three planes, where tendon fibers were classified 
as either clearly not attached to the patellar (score 0), through 
to clearly attached (score 2). The total grayscale score is be-
tween 0 and 6, where 0 represents an immature tendon ap-
pearance and 6 represents a fully mature tendon appearance.

2.4  |  Anterior-posterior thickness
Anterior-posterior thickness (mm) was measured in the axial 
plane using the grayscale ultrasound images on the UTC. 
Measurements were taken at the inferior pole of the patella, 1 
and 2 cm distal. Changes in the AP thickness may vary over the 
length of the tendon {Couppe, 2008 #2399}; therefore, it was 
important not only to capture changes over time in the proximal 
tendon but also to show any changes in the tendon midportion.

2.5  |  Statistical analysis
Analyses were carried out using the plm package in the 
R statistical package. Participants were excluded if they 
missed more than two data points, and all missing time 
points were removed from analyses. Analysis was com-
pleted using a random effects multivariate longitudinal 
data regression model with an interaction term to test 
whether there was a differential effect of maturity offset 
on the outcomes of interest: (echopattern by type (I-IV) 
at 1 and 2 cm distal to the proximal attachment, anterior-
posterior thickness at the inferior pole, 1 and 2 cm distal, 
and grayscale score) after participants reached peak height 
velocity. The random effects longitudinal model allows the 
analysis of between and within individual variation of lon-
gitudinal data.28 For this analysis, maturity offset was the 
independent variable and each of the previously mentioned 
outcomes was the dependent variables. The purpose of the 
interaction term was to determine whether maturity offset 
had a greater marginal effect on the outcomes after the par-
ticipants had passed peak height velocity. The regression 
model is as specified in the following equation:

yit represents the outcome measures of interest,cMaturityOff 
is the maturity offset measure (measured in years), Peak 
Height is an indicator variable equal to 1 if the participant 
is past peak height velocity at the start of the study (16 par-
ticipants) and 0 otherwise (36 participants), and ϵit represents 
the idiosyncratic error term. In the equation, β1 represents the 

yit =α+β1MaturityOff+β2MaturityOff×Peak Height+ϵit
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primary effect of maturity offset on the outcome of interest 
and β2 represents the differential effect of maturity offset if 
a participant is past peak height velocity. Therefore, the total 
effect of maturity offset on the outcome of interests for par-
ticipants past peak height velocity is β1 + β2.

The effect of sex on outcomes was not specifically tested 
because of the small numbers; however, the maturity offset 
calculation is slightly different for males and females, thereby 
controlling for differences in growth spurt by sex. For the analy-
sis, the evaluator was not blinded to time point. Additionally, to 
measure the change in grayscale score over time, grayscale score 
was regressed on time periods relative to the baseline score.

3  |   RESULTS

Sixty-one participants were recruited for this study, in which 
9 were excluded because of the missing data or hypoechoic 
areas. Of the remaining 52 participated, 32 were women and 
20 men, with an age range at baseline 11-18 years. Dancers 
participated in 10-27 hours of dance class and rehearsal per 
week, increasing with age. Of the female participants, 24 
were pre-PHV at baseline and 8 were post-PHV. Of the 20 
male participants, 12 were pre-PHV at baseline.

3.1  |  Ultrasound tissue characterization
Once participants were post-PHV, maturity offset had a posi-
tive relationship with the percentage of echotype I, indicating 
increases in normal aligned tendon bundles after PHV. There 
was also a significant relationship between echotype III, rep-
resenting disorganized fibrillar tissue, and maturity offset on 
participants post-PHV (Figures 1 and S1). No significant re-
lationship was observed between any echotype and maturity 
offset beginning prior to PHV. These findings were similar for 
both the first and second centimeters of the tendon. In both the 
first and second centimeters, a marginal increase of 4.2% and 
4.0% of echotype I was observed after PHV (Tables 1 and S1).

3.2  |  Grayscale score
The grayscale score increased as the group transitioned 
through adolescence, but maturity offset showed no signifi-
cant effects on the grayscale score (Table S2).

3.3  |  Anterior-posterior thickness
Tendon thickness 2 cm distal to the inferior pole was associ-
ated with maturity offset, regardless of whether participants 
were pre- or post-PHV at the start of the study. The tendon 
thickened at a rate of 2 mm/y in second cm (Table S3). The par-
ticipants also demonstrated an increased thickness throughout 
the tendon when they reached peak height velocity (Table S3).

4  |   DISCUSSION

This study demonstrates a transition toward more stable and 
mature tendon tissue post-PHV in adolescent jumping ath-
letes with normal patellar tendons. There was a greater mar-
ginal effect of maturity offset on the UTC echopattern after 
peak height velocity, which showed increases in echotype 
I in the proximal 2 centimeters of the tendon. These UTC 
changes suggest improvements in tendon structure. These 
findings are consistent with the hypothesis that maturative 
structural changes are related to peak height velocity.

Anterior-posterior thickness increased in the patellar ten-
don during adolescence in the second centimeter of the ten-
don with maturity offset. Considering that PHV measures the 
accelerated growth in long bones of the lower limb, it is con-
sistent that after this growth spurt, the patellar tendon would 
thicken. The findings in this longitudinal study are consistent 
with a previous cross-sectional study20 and a longitudinal 
study that found patellar tendon hypertrophy was associated 
with late adolescence10; however, it is inconsistent with an-
other study, which found no change in patellar tendon thick-
ness in asymptomatic tendons over adolescence5 although 
participants were already 15-16 years of age at the start of 
that study. Increasing tendon thickness may be an adaptive 
mechanism to cope with the sudden increase in femur length 
and muscle mass that increases tensile loading on the tendon.

F I G U R E   1   Best-fit line for the predicted value of the effect of 
maturity offset (x-axis) on echopattern (y-axis) based on the estimated 
parameters generated from the interaction effect regression model. The 
estimated parameters from this model are shown in Table 1 for each 
echotype in the proximal first centimeter of the tendon. Key: black 
(type IV), blue (type II), green (type I), and red (type III)
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A previous cross-sectional study found grayscale scores varied 
in the pre- and peri–peak height velocity participants, while post-
PHV participants had subjective features of a mature tendon at-
tachment.20 Interestingly, this longitudinal study showed that there 
was no relationship between grayscale score and maturity offset.

Peak height velocity and the adolescent growth period is a 
critical time for changes within tendon structure and thickness. 
This study supports the concept of tendon maturation occurring 
after peak height velocity, before tendon collagen turnover is 
limited around age 17.13 Because tendons that appear normal by 
age 17 are at a low risk for developing pathology or symptoms 
later in life,29 this maturation process after PHV is an import-
ant developmental stage for ballet dancers and potentially other 
jumping athletes. There is potential to use these data for man-
aging load on adolescent tendons, where key periods of tendon 
development are identified through measures of puberty and 
jumping loads managed to ensure normal tendon development.

Ensuring healthy and normal tendon development in adoles-
cent athletes requires identification of when these changes occur. 
This study supports the hypothesis that the adolescent growth 
spurt is the critical transition phase in proximal patellar tendon 
maturation. Our findings at the proximal patellar tendon attach-
ment are consistent with the findings at the distal patellar tendon 
attachment, which showed a transition to a mature attachment 
2 years after peak height velocity.14,15 To promote developing 
optimal tendon structure, future research must investigate fac-
tors that contribute to or inhibit normal tendon development.

5  |   LIMITATIONS

Some participants in this study were not pre–peak height ve-
locity at the start of the study. Other measures of adolescent 

growth may be more accurate than PHV; however, methods 
such as Tanner staging and wrist X-ray are ethically diffi-
cult. Accuracy of the Mirwald equation in lower body weight 
female athletes who may be late to maturity is not known. 
While other imaging modalities may have been more valid 
for measures of tendon thickness, one of the key advantages 
of UTC, aside from the ability to measure exactly the same 
point in the tendon each time and the control over scanning 
technique that is better than standard US, is its portability. 
It would be impractical to get the participants to an imaging 
facility for repeated MR scans, whereas the UTC was easily 
brought to the schools for each time point. The minimal de-
tectable change in patellar tendons for a UTC scan was iden-
tified as 1.7% of aligned (echotype I+II) and disorganized 
(echotype III+IV) structure.30 While the UTC has not been 
validated in humans, it has been validated in horse tendons, 
which are similar to human tendons23,31,32 although it has not 
specifically been validated for patellar tendon attachments. 
Additionally, the grayscale score has not yet been validated.

6  |   PERSPECTIVES

This study adds to the understanding of how and when the 
proximal patellar tendon matures during adolescence in the ath-
letic population. The period after the adolescent growth spurt 
is a critical time for the proximal patellar tendon to develop, 
with changes observed on UTC indicative of improvements in 
tendon structure. These findings are important for young ath-
letes, coaches, and medical professionals to promote healthy 
tendon maturation. More research is needed to identify factors 
that support this normal development or those that can lead to 
the development of pathology in young jumping athletes.
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T A B L E   1   The estimated parameters of echopattern change based 
on maturity offset, peak height velocity, and their interaction generated 
from the regression model in the proximal first centimeter of the tendon

Type I 
(green)

Type II 
(blue)

Type 
III 
(red)

Type 
IV 
(black)

Maturity offset −0.008 
(0.015)

0.001 
(0.015)

0.004 
(0.003)

0.002 
(0.002)

Peak height −0.006 
(0.020)

−0.008 
(0.021)

0.009 
(0.005)

0.004 
(0.002)

Interaction effect 0.042**
(0.020)

−0.032 
(0.020)

−0.007 
(0.004)

−0.003 
(0.002)

N 222 222 222 222

R2 0.096 0.078 0.049 0.049

Adjusted R2 0.084 0.065 0.036 0.035

F statistic (df = 3; 218) 7.749*** 6.128*** 3.744** 3.709**

**Significant at the 5 percent level.
***Significant at the 1 percent level.
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