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Objectives:  Although  expected,  tendon  adaptations  in  adolescent  elite  athletes  have  been  underreported.
Morphologically,  adaptations  may  occur  by  an  increase  in  collagen  fiber  density  and/or  organization.
These  characteristics  can  be  captured  using  spatial  frequency  parameters  extracted  from  ultrasound
images.  This  study  aims  to compare  Achilles  tendon  (AT) morphology  among  sports-specific  cohorts  of
elite adolescent  athletes  and  to  compare  these  findings  to recreationally  active  controls  by use  of  spatial
frequency  analysis.
Design: Cross-sectional  observational  study.
Method:  In total,  334  healthy  adolescent  athletes  from  four  sport  categories  (ball,  combat,  endurance,
explosive  strength)  and  35  healthy  controls  were  included.  Longitudinal  ultrasound  scans  were  per-
formed  at  the  AT insertion  and  midportion.  Intra-tendinous-morphology  was  quantified  by  performing
spatial  frequency  analysis  assessing  eight  parameters  at standardized  ROIs.  Increased  values  in  five
parameters  suggest  a higher  structural  organization,  and  in two parameters  higher  fiber  density.  One
parameter  represents  a quotient  combining  both  organization  and  fiber  density.
Results: Among  athletes,  only  ball sport  athletes  exhibited  an  increase  in  one  summative  parameter  at
pre-insertion  site  compared  to  athletes  from  other  sport  categories.  When  compared  to  athletes,  controls
had  significantly  higher  values  of four  parameters  at pre-insertion  and  three  parameters  at  midportion

site  reflecting  differences  in both,  fiber  organization  and  density.
Conclusions:  Intra-tendinous-morphology  was  similar  in all groups  of  adolescent  athletes.  Higher  values
found in  non-athletes  might  suggest  higher  AT  fiber  density  and  organization.  It is  yet  unclear  whether
the  lesser  structural  organization  in  young  athletes  represents  initial  AT  pathology,  or  a physiological
adaptive  response  at the  fiber cross-linking  level.

© 2019 Sports  Medicine  Australia.  Published  by  Elsevier  Ltd.  All  rights  reserved.
ractical implications

Spatial frequency analysis enables differentiation of Achilles ten-
don morphology between adolescent athletes and recreationally
active controls.

Lower parameters in healthy adolescent athletes indicate an
increased disorganization of intra-tendinous fiber alignment
compared to controls.

∗ Corresponding author.
E-mail address: mcassel@uni-potsdam.de (M.  Cassel).

1 Contributed equally to this work.

ttps://doi.org/10.1016/j.jsams.2019.03.011
440-2440/© 2019 Sports Medicine Australia. Published by Elsevier Ltd. All rights reserve
• Results suggest that Achilles tendons fail to respond to higher
loading by an increase in fiber density.

• It has to be clarified, whether the lower fiber density and orga-
nization among adolescent athletes represent a physiological
adaptive response (increase on fiber cross-linking level) or an
initial pathological alteration.

1. Introduction
Physiological tendon thickness adaptation in response to load-
ing is debatable.1–3 On one hand, Achilles tendon (AT) thickness
among 12 year old adolescent athletes has been found to be at adult
athletes’ level.4 On the other hand, adolescent athletes from ball

d.

https://doi.org/10.1016/j.jsams.2019.03.011
http://www.sciencedirect.com/science/journal/14402440
http://www.elsevier.com/locate/jsams
http://crossmark.crossref.org/dialog/?doi=10.1016/j.jsams.2019.03.011&domain=pdf
mailto:mcassel@uni-potsdam.de
https://doi.org/10.1016/j.jsams.2019.03.011


M. Cassel et al. / Journal of Science and Medicine in Sport 22 (2019) 882–886 883

Table  1
Anthropometrics and training data of 4 sports categories (B = Ball sports; C = Combat sports; E = Endurance sports; S = Explosive strength sports), athletes and
controls  [mean ± SD].
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#Data not normally distributed.
*Significantly different between sport categories: anthropometric data (ANOV

ports and cycling have significantly higher AT thickness compared
o recreationally active controls. Longitudinal, three-year, follow-
p of this cohort during maturation has not shown an increase in
T thickness, neither in athletes of different sport categories nor in
ontrols, although a significant increase in body height and weight
eading to higher tendon loading has been reported.5 Consequently,
t is speculated that during maturation tendon adaptation to higher
oading occurs by physiological intra-tendinous changes suggestive
f increase in collagen fiber density and/or organization.5–7

Spatial frequency analysis using eight parameters developed
y Bashford et al.8 can be used to evaluate intra-tendinous-
orphology, collagen fiber alignment and organization.8,9 The
ethod has shown to be sensitive in capturing loading induced

hanges of intra-tendinous-morphology. Immediately following
endon loading, intra-tendinous-morphology exhibited increased
alues in spatial frequency parameters related to tendon structure,
eflecting higher fiber density and organization.9 Furthermore,
he method has been able to discriminate between healthy and
endinopathic tendons.10 Comparison of volleyball athletes with
nd without patellar tendinopathy has revealed significant lower
alues in the parameter “peak spatial frequency radius” in symp-
omatic compared to asymptomatic participants.11 Investigations
egarding reliability have revealed high intersession reliability
n image acquisition of healthy and tendinopathic ATs among
dults.8,10 In adolescents, intra-tendinous-morphology has not yet
een evaluated. The use of sonographic spatial frequency analy-
is in healthy adolescent athletes and recreationally active controls
ight provide insight into tendon structural properties and their

daptive capacity.
This study aims to compare AT morphology among healthy

dolescent elite athletes (1) from different sports, and (2) to recre-
tionally active controls, using spatial frequency parameters. It is
ypothesized that adolescent athletes from sports with high and
epetitive loading of the lower extremity (i.e. ball sport) present
igher AT density and organization than athletes from other sports
s well as recreationally active controls indicated by changes in
patial frequency parameter values.

. Methods
In this retrospective cross-sectional observational study of 402
articipants (<18 years of age), AT ultrasound images obtained from
34 healthy adolescent elite athletes (m/f: 214/120) and 35 healthy
ecreationally active control participants (m/f: 17/18) were ana-
0.006), training data (p < 0.003) and midportion thickness (p = 0.015).

lyzed. Adolescent athletes from 17 different sport disciplines were
recruited by a sports medicine physician during a pre-participation
examination or annual health evaluation for elite schools of
sports at a university outpatient clinic. Control participants were
recruited from a local secondary school. Participants having
clinical and/or imaging-based signs of Achilles tendinopathy (intra-
tendinous alterations in ultrasound: hypo/hyperechogenicities,
pathological intratendinous vascularization higher than grade I
according to Öhberg-score) were excluded (31 participants) from
this analysis.12–14 Likewise, adolescents with history apophysitis
calcanei (1 subject) and rheumatic disease (1 subject) were not
included. Anthropometric and training related data are presented
in Table 1. Parents and participants of the athletic and control popu-
lation gave their written informed assent and consent before study
inclusion. This investigation was approved by the local ethics com-
mittee.

Ultrasound examinations were performed with the same
portable high-resolution commercial ultrasound machine (Viamo
SSA-640A Toshiba, Tokyo, Japan) using a wideband linear trans-
ducer (PLT-704SY) with standardized transducer settings (center
frequency 11 MHz, gain = 93, DR = 50, penetration depth = 3 cm,  one
transmit focus at 0.5 cm).4,15 The examinations were performed by
three examiners, trained in musculoskeletal ultrasound imaging.
Participants lay in the prone position on an examination table with
the ankle being passively placed and held by the examiners thigh
in neutral position (0◦ of the ankle). Both left and right ATs were
scanned longitudinally in B-mode with the transducer being placed
strictly parallel and orthogonal to the fiber direction. AT thickness
was assessed at the proximal calcaneal insertion and in tendon mid-
portion (thickest distance). All scans were stored as JPEG files for
subsequent analysis of intra-tendinous-morphology analysis.

All ultrasound images were imported into MATLAB (Mathworks,
USA R2016a) to select a polygonal region of interest (ROI) for spa-
tial frequency analysis (performed by one examiner) described by
Bashford et al.8 The ROI was selected in a standardized manner
by measuring 1 cm longitudinally proximal to the most proximal
visible point of the calcaneus (pre-insertion), and 1 cm longitudi-
nally in the tendon midportion. Subsequently, the locations of all
2 mm  × 2 mm sub-ROI’s (“kernels”) that fit within the vertices of
the main ROI were identified. For each kernel, a two-dimensional

Fast Fourier Transformation (FFT) based procedure was performed
extracting 8 spatial frequency parameters. The eight resulting spa-
tial frequency parameters named “Peak Spatial Frequency Radius”
(“PSFR”), “P6 width”, “Q6 Factor”, “Mmax”, “Mmax Percent”, “Axis
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Table 2
Results of reliability testing among spatial frequency parameters (Intraclass correlation coefficient [ICC], standard error of measurement [SEM], test-retest variability [TRV]).

Location Test PSFR P6 Width Q6 Factor Mmax  Mmax% Axis Ratio Ellipse Rot Sum

Pre-insertion

ICC 0.52 0.28 0.47 0.79 0.83 −0.31 0.64 0.91
SEM  0.21 0.03 0.27 673 0.66 0.07 0.55 3617
SEM  % 11.2 4.0 10.3 8.6 8.8 4.2 0.6 3.4
TRV  ± SD 14.8 ± 11.8 6.0 ± 4.4 12.8 ± 10.4 10.4 ± 8.3 10.6 ± 8.6 5.5 ± 2.6 0.9 ± 0.6 4.2 ± 2.2

Midportion

ICC 0.9 0.36 0.89 0.83 0.84 0.79 0.71 0.95
SEM  0.13 0.01 0.19 492 0.54 0.05 0.76 3090
SEM  % 6.9 1.3 7.3 5.8 6.0 3.1 0.8 3.3
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TRV  ± SD 8.0 ± 4.7 3.5 ± 4.7 8.3 ± 5.8

EM% = (SEM/mean M1&M2)×100.

atio”, “Ellipse Rotation”, and “Sum” were then saved in an excel
heet for statistical analysis.8 Higher values of parameters “PSFR”,
P6 width”, and “Q6 Factor” primarily indicate a more “pure” (par-
llel) alignment of tendon fibers. “Axis Ratio” is a measure of
ber alignment anisotropy. “Ellipse Rotation” indicates the angle
f acoustic beam with the tendon. Higher values of “Mmax” and
Sum” represent the density of the most prominent fiber spacing
nd the overall tissue density, respectively. “Mmax  Percent,” a com-
arison of the strength of dominant and randomly-aligned fibers,
ontains both aspects (fiber organization and density) as it is a ratio
f “Mmax” to the total intensity of pixels in the 2-D FFT.8,9,11

To investigate test-retest reliability of intra-tendinous-
orphology assessment, ultrasound images were acquired

rom AT pre-insertion and midportion of 6 healthy athletes at two
easurement time-points with an interval of 2 h by one examiner.
ntraclass correlation coefficient (ICC 2.1) and standard error
f measurement (SEM, SEM%) as well as test-retest variability
TRV, [%]) were calculated for all spatial frequency parameters.
nterpretation of ICC followed recommendations of Landis and

Table 3
Spatial frequency parameters for AT pre-insertion and midportion of 4 sport cate
strength sports), from all athletes (n = 334) and controls (n = 35) [mean ± SD].

#Data not normally distributed.
+Data at attachment missing in 1 participant of the group.
*Indicates significant higher Sum of B (ANOVA: p = 0.019) in comparison to C (p = 0.0
10.0 ± 6.1 8.3 ± 8.2 3.0 ± 2.8 0.9 ± 0.8 3.9 ± 2.5

Koch17 being “poor” (<0.0), “slight” (0.0–0.20), “fair” (0.21–0.40),
“moderate” (0.41–0.60), “substantial” (0.61–0.80), and “excellent”
(0.81–1.00).16,17 Table 2 summarizes results of reliability analysis,
showing only fair results for P6 width and pre-insertional axis
ratio and moderate results for pre-insertional PSFR and Q6 Factor.
All other parameters showed substantial to excellent reliability
at both locations. SEM% varied from 0.6% in “Ellipse Rotation” to
11.2% of “PSFR” at pre-insertion and from 0.8% in “Ellipse Rotation”
to 6.9% of “PSFR” in midportion location, TRV ranged from 1 to 15%
(Table 2).

Adolescent elite athletes were categorized into 4 groups accord-
ing to their sports discipline (ball sports (B, n = 89), combat sports
(C, n = 85), endurance sports (E, n = 50) and explosive strength
sports (S, n = 110); Table 1)5. Descriptive statistics for anthropo-
metric, training-related, tendon thickness and spatial frequency

analysis data are presented with mean and SD for all athletes, dif-
ferent sport categories and controls. Tendon thickness and spatial
frequency analysis data is shown as means of both AT sides. Dif-
ferences of spatial frequency parameters between sport categories

gories (B = Ball sports; C = Combat sports; E = Endurance sports; S = Explosive

04), E (p = 0.021), S (p = 0.013) and E (p = 0.033) at pre-insertion.
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ere tested either by one-way ANOVA (post-hoc Tukey-Kramer)
r Kruskal-Wallis- ANOVA (post-hoc Wilcoxon test) depending on
ata distribution in Kolmogorov-Smirnov-test. Comparisons of all
thletes versus controls were performed using an unpaired t-test or
ann-Whitney U-test. Regression analysis was performed to and

ontrol for the effect of age, sex, anthropometric data (weight and
eight) and training amount (hours/week and training years) on
patial frequency parameters. Results with p ≤ 0.05 were consid-
red significant.

. Results

Anthropometric and training related data as well as midpor-
ion thickness were slightly different between athletes of different
port categories (Table 1; p ≤ 0.01). Controls had slightly higher age,
eight, weight (p ≤ 0.02) and presented with lower training amount
p < 0.01) as well as midportion thickness (p = 0.03) than athletes
Table 1).

At pre-insertion, ball sport athletes presented with higher “Sum”
ompared to athletes from other sport categories (Table 3; p = 0.02).
ther parameters were not significantly influenced by type of

port participation (p > 0.05). Compared to all athletes, controls
howed higher values of “PSFR” (p = 0.04), “Q6 Factor” (p = 0.05),
Axis ratio” (p = 0.05) and “Sum” (p = 0.02; Table 3). Regression anal-
sis revealed an influence of female sex on an increased “PSFR”
m:  1.82; f: 1.88; t = 2.7, p < 0.01) and “Q6 Factor” (m:  2.53; f: 2.60;

 = 2.6, p = 0.01). Higher age was associated with a slightly higher
Mmax” (t = 4.1; p < 0.01) and “Mmax%” (t = 4.8; p < 0.01) as well
s lower “Ellipse Rotation” (t=-2.6; p = 0.04). Higher weight led to
ncreased “Mmax%” (t = 2.1; p = 0.04) and decreased “Axis ratio”
t = 3.0; p < 0.01), an increased height to higher “Axis ratio” (t = 2.7;

 < 0.01). Higher training amount (h/week) was found to be associ-
ted with higher “Mmax%” (t = 2.9; p < 0.01).

At midportion, no relevant differences were detected between
ifferent sport categories (Table 3; p > 0.05). In contrast, controls
resented higher but statistically insignificant “PSFR” and “Axis
atio” (p = 0.08) as well as significantly higher “Mmax” (p = 0.03),
Ellipse Rotation” and “Sum” (p ≤ 0.01) compared to all athletes.
emale sex was associated with slightly lower “Mmax%” (m:  8.32;
: 8.0; t = 2.7; p < 0.01) and higher “Sum” (m:  89928; f: 94816;

 = 3.8; p < 0.01). Higher age led to higher “Mmax” (t = 4.2; p < 0.01)
nd “Mmax%” (t = 4.7; p < 0.01). Higher weight was  associated with
ower “Axis ratio” (t = 3.0; p < 0.01) and “Ellipse rotation” (t = 2.6;

 = 0.01), an increased height led to higher “Axis ratio” (t = 2.7;
 < 0.01). An increased training amount (h/week) was associated
ith slightly lower “Axis Ratio” (t = 2.5; p = 0.02), “Ellipse Rotation”

t = 2.7; p < 0.01) and “Sum” (t = 2.1; p = 0.04).

. Discussion

The present retrospective study investigated AT morphology
sing spatial frequency analysis parameters on B-mode ultrasound

mages of asymptomatic, sonographically inconspicuous ATs of
lite adolescent athletes from different sports and recreationally
ctive controls. Contrary to the hypothesis, adolescent athletes
rom sports disciplines with high and repetitive loading of the
ower extremity (i.e. ball sport) did not present alterations in spatial
requency parameters compared to athletes from other sport dis-
iplines. Instead, controls had higher values in some parameters at
oth tendon sites, suggesting higher fiber density and organization

n control participants.

Several studies have investigated tendon thickness as a pos-

ible adaptive mechanism to increasing loads during growth or
ncreased athletic participation. Data indicate that tendon thick-
ess adaptation has physiological limits.3,18,19 Among athletes as
dicine in Sport 22 (2019) 882–886 885

well as recreationally active adults an upper limit of the physio-
logical AT thickness of 6 mm  in midportion has been reported.3,20

Previous data among 131 adolescent elite athletes and 24 con-
trols suggests that AT thickness reaches adult athletes’ level at
12 years of age. Longitudinal follow-up data did not see a further
increase in AT thickness between 12 and 15 year old adolescents,
neither in athletes nor in controls.5 Furthermore, a recent investiga-
tion has revealed sex-specific differences in tendon thickness with
females presenting thinner tendons compared to males, indepen-
dent of sports participation.5 Taken together, the literature strongly
indicates that thickness itself is not a metric of physiological AT
adaptation to exercise and sport-dependent load.

Reference values for physiological AT morphology (collagen
fiber organization and density) and their age-related develop-
ments determined by use of spatial frequency analysis are not yet
available. However, this method has shown to be sensitive to acute
changes in tendon fiber organization and density. By use of this
method, healthy patellar tendons of 15 nineteen year old males
assessed before and during maximal isometric tendon loading
have revealed an increase in “PSFR”, “Axis ratio” and “Sum”.9 These
alterations have been explained by the viscoelastic characteristics
of tendons during elongation leading to a so called “uncrimping”
of fibers in longitudinal direction.21 Thereby a closer longitudinal
fiber orientation with less water content was reflected as stronger
signals in “PSFR”, “Axis ratio” and “Sum”.9 Related to these findings,
a recently published study found an adaptive response behavior
of the AT with a reduced cross-sectional-area during tendon
loading.22 This supports findings from spatial frequency analysis
of patellar tendon intra-tendinous-morphology behavior under
loading.9 Results of the present study show higher values in six
out of eight parameters (“PSFR”, “Q6 Factor”, “Mmax”, “Axis Ratio”,
“Ellipse Rotation”, “Sum”) in controls compared to athletes. This
potentially indicates a more aligned tertiary collagen fiber organi-
zation as well as higher fiber tissue density of ATs among controls.

The hypothesis of a physiologic adaptation of AT morphology
to sport-specific loading has been rejected. Only one parame-
ter (“Sum”) at pre-insertion could be shown to be higher in ball
sport athletes compared to athletes of other categories. The linear
relationship of higher age with a slight increase in “Mmax” and
“Mmax%” at both sites potentially indicates slight changes dur-
ing maturation leading to a denser intra-tendinous-morphology
over time. Therefore, the slightly higher age of controls versus
athletes has to be considered when interpreting these results. How-
ever, the fact that controls revealed consistently higher values
for “PSFR”, “Q6 Factor”, “Mmax”, “Axis Ratio” and “Sum” in both
pre-insertion and midportion location negates the conclusion of a
primary age-dependent difference. Lower values representing fiber
organization (“PSFR”, “Q6 factor” and “Axis Ratio”) among athletes
might potentially also be interpreted as an increase in collagen
fiber cross-linking associated with higher loading.7,23 This would
be in line with data of Couppé et al.,24 showing old compared to
young men  having lower patellar tendon collagen mass in biopsies,
but compensating tendon mechanical properties with higher colla-
gen cross-links concentrations.24 Results of longitudinal follow-up
investigations by use of spatial frequency parameter analyses,
among young athletes, might clarify this speculation. Additionally,
training studies performing standardized tendon loading protocols
examining tissue adaptation using biopsies and diagnostic ultra-
sound could help inform the results presented here.

Conversely, lower values in spatial frequency parameters
among athletes compared to controls might present the first sign
of intra-tendinous-morphological degeneration in direction of

tendon pathology since lower values in the analysis were shown
in degenerated tendons of symptomatic athletes.10,25,26 The asso-
ciation of lower “Axis Ratio” and “Sum” at midportion with higher
training amount might support this interpretation. It is also in line
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ith data in patellar tendons of asymptomatic volleyball players
ged 21 years showing slightly lower PSFR values than recreation-
lly active controls.11 However, since the study only examined
he “PSFR” further comparisons cannot be drawn.11 Possibly,
patial frequency analysis might have the potential to discrimi-
ate for early pathological changes of tendon tissue quality (i.e.
arly cellular and ground substance changes or intra-tendinous-
uptures) assumed to be the first sign of tendinopathy leading
lso to pain development.19,26 A further improvement as well as

 better understanding of these imaging modalities is required to
dentify early intra-tendinous-morphological disorganization in
endon structure helping to understand development of pain in
endinopathy.26 This would require identifying reference values
or tendon-specific spatial frequency parameters among different
opulations (children, adolescents, adults, elderly, athletes and
edentary) including the parameter transition values between
ealthy and tendinopathic tissue.

This cross-sectional study aimed to compare AT morphology
etween adolescent elite athletes of different sports categories.
urthermore, it aimed to compare data of the athletes to a recre-
tionally active control group. Different sample size of sport
ategories and especially low number of controls has to be consid-
red when interpreting the results. Furthermore, the ultrasound
mage acquisition and the image analysis have been performed
y three different examiners, which could have led to a certain
ias. Intra-observer test-retest reliability analysis showed rela-
ively high stability of values for most relevant spatial frequency
arameters. Therefore the use of the same ultrasound machine
ith standardized settings (identical probe and setup guidelines)

or all examinations is essential. Nevertheless, the lower reliability
ound for pre-insertion site has to be taken into account. Addi-
ional inter-rater reliability comparisons might be useful for a more
omprehensive statement of methodological measurement error.

. Conclusions

Contrary to the hypothesis, Achilles tendon morphology does
ot differ between adolescent elite athletes from sports disci-
lines with different loading demands of the lower extremity.
oreover, recreationally active controls presented higher values

f relevant spatial frequency parameters than athletes, suggest-
ng more dense and organized tendon material in controls. This
otentially indicates that Achilles tendons do not respond to higher

oading by an increase in fiber density. It is yet unclear whether the
ncreased disorganization of intra-tendinous-morphology in young
thletes already represents the first sign of tendon pathology,26

r a physiological adaptive response at the fiber cross-linking
evel.7 Longitudinal follow-up investigations are required to con-
rm the present findings and to identify the predictive value of the

ntra-tendinous-morphology analysis in development of tendon
athology (tendinosis) and tendon pain (Achilles tendinopathy).
cknowledgements
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