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of Health Sciences Brandenburg, University of Potsdam, Potsdam, Germany

Objective: This study investigated intraindividual differences of intratendinous blood
flow (IBF) in response to running exercise in participants with Achilles tendinopathy.

Design: This is a cross-sectional study.
Setting: The study was conducted at the University Outpatient Clinic.

Participants: Sonographic detectable intratendinous blood flow was examined in
symptomatic and contralateral asymptomatic Achilles tendons of 19 participants
(42 £ 13 years, 178 &+ 10 cm, 76 + 12 kg, VISA-A 75 + 16) with clinically diagnosed
unilateral Achilles tendinopathy and sonographic evident tendinosis.

Intervention: IBF was assessed using Doppler ultrasound “Advanced Dynamic Flow”
before (Upre) and 5, 30, 60, and 120 min (U5-U120) after a standardized submaximal
constant load run.

Main Outcome Measure: IBF was quantified by counting the number (n) of
vessels in each tendon.

Results: At Upre, IBF was higher in symptomatic compared with asymptomatic tendons
[mean 6.3 (95% ClI: 2.8-9.9) and 1.7 (0.4-2.9), p < 0.01]. Overall, 63% of symptomatic
and 47% of asymptomatic Achilles tendons responded to exercise, whereas 16 and
11% showed persisting IBF and 21 and 42% remained avascular throughout the
investigation. At U5, IBF increased in both symptomatic and asymptomatic tendons
[difference to baseline: 2.4 (0.3-4.5) and 0.9 (0.5-1.4), p = 0.05]. At U30 to U120, IBF
was still increased in symptomatic but not in asymptomatic tendons [mean difference to
baseline: 1.9 (0.8-2.9) and 0.1 (-0.9t0 1.2), p < 0.01].

Conclusion: Irrespective of pathology, 47-63% of Achilles tendons responded to
exercise with an immediate acute physiological IBF increase by an average of one to
two vessels (“responders”). A higher amount of baseline IBF (approximately five vessels)
and a prolonged exercise-induced IBF response found in symptomatic ATs indicate a
pain-associated altered intratendinous “neovascularization.”

Keywords: Achilles tendinopathy, tendinosis, neovascularization, ultrasound, Advanced Dynamic Flow,
sonography
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INTRODUCTION

Midportion Achilles tendinopathy is a frequent diagnosis in
running and jumping athletes (Hirschmiiller et al., 2010) but
is also found in the general population (de Jonge et al., 2011).
It is characterized by tendon pain, local swelling, and morning
stiffness and often results in impaired performance (Maffulli
et al., 1998; van Dijk et al., 2011; Cook et al., 2016). The clinical
diagnosis can be based on a positive history of tendon pain
combined with pain on palpation of the tendon (Hutchison
et al., 2013). A sonographic examination additionally enables
the evaluation of degenerative tissue alterations (tendinosis)
visible as spindle-shaped thickening or hypo/hyperechogenic
areas (Hirschmiller et al, 2012). The diagnostic value of
intratendinous blood flow (IBF) detectable with Doppler
ultrasound, however, is controversially discussed (Peers et al,
2003; Yang et al., 2010; Tol et al., 2012).

IBF has been detected in up to 88% of Achilles tendinopathy
patients (Tol et al, 2012) and has been associated with the
ingrowth of neo-innervation responsible for the onset of Achilles
tendon pain in the context of a failed healing response (Cook and
Purdam, 2009). However, cross-sectional as well as prospective
studies have reported no clear relation between the amount of
IBF and pain, functional impairment, or treatment outcome
(Malliaras et al., 2008, 2013; Boesen et al., 2012). Moreover,
the detectability of a low amount of IBF in up to 35% of
asymptomatic Achilles tendons has led researchers to question its
mere association with pain and pathology (Boesen et al., 2006b;
Hirschmiiller et al., 2010). A threshold to distinguish between
occurrence of low physiological (one to two vessels) and high
pathological IBF amount (> 2 vessels) has been proposed but,
so far, lacks evidence (Boesen et al., 2012, 2006b). In athletes,
a frequent occurrence of IBF at rest as well as an exercise-
induced IBF increase detected directly following competition
has been considered to indicate a long-term adaptation to
mechanical loading (Malliaras et al, 2008) and an acute
physiological response due to increased metabolic demands
(Boesen et al., 2006a,b; Malliaras et al., 2008). In patients with
Achilles tendinopathy, exercise-induced IBF increase has been
reported in a majority of tendons following eccentric exercise.
In asymptomatic Achilles tendons, running had a similar effect
(Boesen et al., 2006b). Overall, it remains questionable whether
sonographic detectable IBF is a physiological finding or is
associated with pain and pathology. Therefore, the aim of this
study was to investigate intraindividual differences of Achilles
tendon IBF before and after a standardized running exercise in
patients with unilateral Achilles tendinopathy, comparing the
symptomatic and contralateral asymptomatic side.

MATERIALS AND METHODS

Nineteen patients (3 females/16 males, 42 £ 13 years,
178 + 10 cm, 76 £ 12 kg) with clinically diagnosed
unilateral midportion Achilles tendinopathy combined with
sonographically confirmed presence of structural alterations
(tendinosis) were included in this cross-sectional study after

providing written informed consent. Since training level
does not influence exercise-induced IBF (Risch et al., 2021),
participants were included irrespective of their amount of
habitual physical activity. Exclusion criteria were any known
systemic diseases (e.g., cardiovascular, metabolic, or rheumatic
disease), prior partial or complete Achilles tendon ruptures,
bilateral tendinopathy, or a history of tendon pain in the currently
unaffected limb, as well as injections or surgical interventions
at the Achilles tendon. Physiotherapy/physical therapy treatment
was not considered. Appropriate inclusion was ensured by a
medical examination performed by a sports medicine physician.
The criteria for the presence of tendinopathy were history of
Achilles tendon pain as well as pain on palpation of the tendon
(Hutchison et al.,, 2013). Tendinotic tissue alterations were
defined as sonographically detectable hypoechogenicity and focal
thickening of the tendon (Figure 1; Hirschmiiller et al., 2012;
Hutchison et al., 2013). Furthermore, all participants filled out the
Victorian Institute of Sports Assessment-Achilles questionnaire
to quantify pain and functional impairment (VISA-A score from
0 to 100; lower score referring to more pain/impairment; Lohrer
and Nauck, 2009).

The study consisted of two measurement days (M1, M2)
separated by a minimum of 2 days. On M1, all participants
performed a maximum incremental treadmill running exercise
test with lactate and heart rate measurements to determine the
individual anaerobic threshold. On M2, participants performed
a 30-min constant load treadmill running exercise (additional
9 min warm-up with incremental increase of velocity to target
speed; lactate and heart rate measurement during constant load
running every 10 min to control for steady state) with the velocity
set to 5% below the individual anaerobic threshold. All running
tasks were performed shod and on the same treadmill (Pulsar,
h/p/cosmos Sports & Medical, Nussdorf-Traunstein, Germany)
with a constant incline of 0.4% (Mugele et al., 2018). Doppler
ultrasound examinations were conducted before (Upre) constant
load running and 5, 30, 60, and 120 min (U5-U120) afterward.
All participants were asked to abstain from physical activity 24 h
prior to the measurement to eliminate any effect of exercise on
the baseline ultrasound examination. In between postexercise
ultrasound examinations, participants were asked to stay passive.
Applicability and high reliability of the running exercise and
ultrasound examination protocol have already been reported

FIGURE 1 | B-mode ultrasound image showing a hypoechogenic area
(arrows) and spindle-shaped thickening (red lines) of a symptomatic Achilles
tendon.

Frontiers in Physiology | www.frontiersin.org

July 2021 | Volume 12 | Article 617497


https://www.frontiersin.org/journals/physiology
https://www.frontiersin.org/
https://www.frontiersin.org/journals/physiology#articles

Risch et al.

Exercise-Induced Intratendinous Doppler Flow

FIGURE 2 | Momentary images from intratendinous blood flow (IBF) video
sequences of an asymptomatic (top) and symptomatic (bottom) Achilles
tendon.

previously (Risch et al., 2018a). The study was approved by the
local ethics committee.

All examinations were performed by the same observer
(2 years of regular practice, not blinded to the participant)
with the same high-resolution ultrasound device (Xario SSA-660
A, Toshiba, Japan) using a multifrequency linear transducer at
14 MHz (PLT-120 AT). Achilles tendons (ATs) were examined
in prone position with the participants’ feet hanging over the
distal end of the examination table. Baseline examinations on
M1 included longitudinal and transverse B-mode ultrasound
scans (gain = 80, DR = 65, penetration depth = 3 cm,
focus = 0.5 cm) to assess hypoechoic tissue alterations as
well as maximal anterior-posterior tendon thickness in the
midportion with the ankle passively placed at 90° angle to
tibia. On M2, IBF was assessed throughout the tendon (from
calcaneal insertion to musculotendinous junction, excluding the
paratenon/peritendinous tissue) with the feet hanging free to
avoid obliteration of vessels, performing longitudinal recordings
using the broadband color DU “advanced dynamic flow” (box
region of interest 2 x 1 cm, presettings: color gain 42, color
velocity 1.5 cm/s, pulse repetition frequency 13.7 kHz) saving
video sequences of 5 s duration (Risch et al., 2016, 2018a;
Figure 2). The order of the left and right tendon examination
was randomized (irrespective of the site of pain) for each
measurement time point. IBF was quantified using the counting
score which has shown to be an easily applicable and reliable

quantification method (Risch et al, 2018b). For this score,
the number of vessels (n) throughout each Achilles tendon
is determined by counting each vessel branch as one vessel
(Risch et al., 2018b).

Anthropometric data and tendon characteristics were
analyzed descriptively with mean =+ SD, percentage, and
minimum to maximum range. Normal distribution of data
was checked with the Shapiro-Wilk test. Side differences
regarding tendon thickness were analyzed with the Students
t-test. Intraindividual differences in IBF between the number
of baseline vessels in the symptomatic and contralateral
asymptomatic ATs are presented in absolute values. Changes
of IBF over time are presented as mean difference (delta) to
baseline. Side differences of absolute baseline IBE, delta change
from Upre to U5, and mean delta change from Upre to U30
to U120 are presented with mean and 95% confidence interval
(CI). Statistical significance of side differences was tested with
the Wilcoxon signed rank test. A minimum change of two vessels
following exercise was considered a responder according to a
standard error of measurement between 0.99 and 1.47 (Risch
et al., 2018b). Association between baseline VISA-A score (total
score) and IBF in the symptomatic tendon at each measurement
time point was determined with the Spearman’s rho correlation
coeflicient. Alpha-level was set to < 0.05.

RESULTS

From the 25 recruited participants with Achilles tendinopathy,
one participant was excluded due to a cardiovascular disease,
four participants were excluded due to a history of pain in both
Achilles tendons, and one participant dropped out of the study
after M1 due to an intense onset of Achilles tendon pain. The
19 participants with unilateral Achilles tendinopathy included in
this analysis reported a VISA-A score of 75 & 16 (range 60-94).
The duration of tendon pain ranged from 2 months to 4 years. All
participants were in a state of subacute or chronic pain enabling a
continuation of training/activity. Regular physical activity ranged
from 1 up to 40 h per week including running, fitness, cycling,
and swimming. The mean running velocity during the constant
load exercise (M2) was 11.5 £ 2.1 km/h. Tendon anterior—
posterior thickness was higher in symptomatic compared with
asymptomatic ATs (6.7 = 1.3 vs. 5.9 = 1.1 mm, p < 0.01).

TABLE 1 | Tendon characteristics of the symptomatic and asymptomatic side.

Symptomatic
side (n = 19)

Asymptomatic
side (n = 19)

Spindle-shaped thickening 19/19 (100%)
19/19 (100%)
14/19 (74%)
14/19 (74%)
12/19 (63%)
7/19 (37%)
3/19 (16%)
4/19 (21%)

3/19 (16%)
8/19 (42%)
8/19 (42%)
5/19 (26%)
9/19 (47%)
10/19 (53%)
2/19 (11%)
8/19 (42%)

Hypoechogenicity

IBF (Upre)

IBF (Upre) and structural alterations
IBF responders

IBF non-responders

-With persisting IBF

-With no IBF at all
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Baseline IBF - side differences
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FIGURE 3 | Side differences between IBF at baseline (Upre) in the
symptomatic and asymptomatic Achilles tendon (AT). Positive values indicate
higher amount of IBF in the symptomatic AT, dashed line indicates mean
difference.

Hypoechogenic areas and focal tendon thickening were visible
in all symptomatic ATs, whereas hypoechogenicity was also
detected in eight and focal thickening in three asymptomatic ATs
(Table 1). In 13 participants, the amount of IBF was higher in the
symptomatic compared with the asymptomatic AT with a mean
difference of 4.6 vessels (95% CI 1.5-7.7) (Figure 3).

IBF side differences are presented in Figures 3-5. At baseline,
IBF was detectable in 74% (14/19) of symptomatic ATs [whole
group: mean 6.3 (95% CI: 2.8-9.9), absolute range from 0 to 25
vessels] and in 42% (8/19) of asymptomatic ATs [whole group: 1.7

(0.4-2.9), absolute range from 0 to 10 vessels]. Side differences
were statistically significant (p < 0.01, Figure 4). At U5, IBF
responded to exercise in 63% (12/19) of symptomatic ATs with
a difference to baseline of 2.4 vessels [(0.3-4.5), absolute range
from 0 to 20 vessels]. In asymptomatic ATs, 47% (9/19) responded
to exercise at U5 with a mean IBF increase of 0.9 [(0.5-1.4),
absolute range from 0 to 12 vessels]. The amount of increase
from baseline to U5 was not significantly different between the
symptomatic and asymptomatic ATs (p = 0.05, Figures 4, 5). In 10
from 12 responding symptomatic AT, IBF remained elevated up
to U120 with a mean difference to baseline of 1.9 (0.8-2.9) vessels.
In seven from nine responding asymptomatic tendons, exercise-
induced IBF increase returned to baseline values at U30-U120,
with a mean difference to baseline of 0.1 (-0.9 to 1.2) vessels.
Mean IBF difference to baseline at U30-U120 was significantly
higher for the symptomatic compared with the asymptomatic
tendon (p < 0.01, Figures 4, 5). While 16% (3/19) of all
symptomatic and 11% (2/19) of all asymptomatic ATs showed
no changes of IBE, 21% (4/19) and 42% (8/19), respectively,
remained without detectable IBF throughout the investigation.
A higher IBF amount in symptomatic ATs measured before as
well as after exercise was negatively correlated to the VISA-A
score (r =-0.61 to -0.67, p < 0.01, Figure 6).

DISCUSSION

The aim of this study was to investigate intraindividual
differences of IBF occurrence in response to running exercise
in patients with unilateral Achilles tendinopathy comparing
the symptomatic and asymptomatic side. At baseline, IBF was
detected more frequently in symptomatic tendons with an
average amount of six vessels compared with asymptomatic
tendons with an average amount of two vessels. The immediate
effect of acute submaximal running exercise on IBF did not
differ with respect to tendon pain: 47-63% of Achilles tendons
were “responders,” reacting with an increase of one to two
vessels detectable directly after exercise, whereas 37-53% of

Resting IBF Acute IBF response to exercise Prolonged IBF response to exercise
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FIGURE 4 | Diamond plots showing mean and 95% Cl of IBF at baseline (resting IBF), difference between U5 and Upre (acute response), and mean difference
between U30-120 and Upre (prolonged response). *Indicates significant intraindividual differences (o < 0.01).

Frontiers in Physiology | www.frontiersin.org

July 2021 | Volume 12 | Article 617497


https://www.frontiersin.org/journals/physiology
https://www.frontiersin.org/
https://www.frontiersin.org/journals/physiology#articles

Risch et al.

Exercise-Induced Intratendinous Doppler Flow

10 - Mean delta IBF response
z 8-
«
Fi
26 w— Sym ATS
‘g asym ATs
5 %1
Qo
£
2 2
0 +—F —_—
Upre us u3o u60o U120

FIGURE 5 | Mean IBF changes in response to exercise (difference to baseline)
for symptomatic (sym) and asymptomatic (asym) ATs over the course of time
(Upre-U120).
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FIGURE 6 | Scatterplot with trend lines indicating the association between the
number of vessels in symptomatic tendons for each measurement time point
and the VISA-A score assessed at baseline.

Achilles tendons were “non-responders,” showing no change
of IBF or no IBF at all. In responding asymptomatic Achilles
tendons, exercise-induced IBF increase returned to baseline
level after 30 min, whereas exercise-induced IBF increase in
responding symptomatic ATs continued to be detectable up to
120 min after running.

In line with the literature, symptomatic Achilles tendons
revealed a more frequent occurrence and higher amount of
(resting) IBF compared with asymptomatic Achilles tendons
(Zanetti et al., 2003; Reiter and Ulreich, 2004; Boesen et al.,
2006b; Sengkerij et al., 2009). Previous studies have found
IBF in 50-88% of tendinopathic Achilles tendons (Peers et al.,
2003; Zanetti et al,, 2003; Reiter and Ulreich, 2004; de Vos
et al, 2007) but only in 4-35% of asymptomatic controls
(Zanetti et al., 2003; Boesen et al, 2006b; Sengkerij et al.,
2009; Hirschmiiller et al., 2010). The amount of IBF has been
rated with various scoring procedures, consistently reporting
a lower amount in asymptomatic tendons (Zanetti et al,
2003; Reiter and Ulreich, 2004; Boesen et al., 2006b; Sengkerij
et al, 2009). The present findings comparing intraindividual

differences of IBF between the symptomatic and contralateral
asymptomatic tendon, furthermore, support the assumption
that altered IBF is a local finding related to tendon pain.
Various studies have suggested IBF to be associated with
ingrowth of neo-innervation responsible for the onset of
symptoms (Ohberg and Alfredson, 2002; Alfredson et al., 2003;
Andersson et al, 2007; Tol et al, 2012). The continuum
model of tendon pathology introduced by Cook and Purdam
(2009) has described IBF occurrence especially in the stages
of tendon disrepair and degeneration with severe tissue
turnover in chronically overloaded tendons. Although Doppler
examinations have shown increased blood flow in symptomatic
degenerated Achilles tendons (Ohberg et al, 2001; Alfredson
et al, 2003; Boesen et al., 2006b), simultaneously observed
high levels of lactate (at rest) have suggested a hypoxic
condition negatively affecting tissue regeneration (Alfredson
et al, 2002; Jarvinen, 2020). It has been hypothesized that
“neovascularization” occurring due to the hypoxia-induced
expression of vascular-endothelial growth factors consists of
non-functional, hyperpermeable vessels that fail to supply
the tendon tissue that is attempting to heal (Tol et al,
2012; Jarvinen, 2020). In this context, elevated resting IBF
found in symptomatic degenerated Achilles tendons compared
with the contralateral asymptomatic Achilles tendon in the
present study can be rated as neovascularization associated
with tendon pain and pathology. The moderate association
between the amount of IBF and pain severity/functional
impairment assessed by the VISA-A questionnaire (Lohrer and
Nauck, 2009), moreover, supports a quantitative relationship
between the degree of IBF and pain level also reported
by Reiter and Ulreich (2004).

In contrast to the hypothesis of a mere association between
IBF and the onset of tendon pain (Ohberg and Alfredson, 2002),
the present investigation found IBF in 42% of contralateral
asymptomatic Achilles tendons presenting up to 10 vessels
at rest. Sonographic detectable IBF in up to 35% of healthy
Achilles tendons has been assumed to represent a physiological
occurrence due to increasing sensitivity of ultrasound devices
to low blood flow (Boesen et al., 2006b, 2012; Tol et al.,
2012). Boesen et al. (2012) have suggested a threshold to
differentiate between the low amount of physiological IBF
(one to two vessels) and the higher amount of pathological
IBF (> 2 vessels). However, this threshold lacks evidence
and seems too low in light of the present findings. The
use of the high-sensitive Doppler mode “advanced dynamic
flow” with a wider frequency range and higher frame rate
resulting in improved resolution and a more precise visualization
of IBF compared with conventional Doppler modes (Heling
et al., 2004; Risch et al, 2016) has enabled a very detailed,
reliable quantification and monitoring of vessels with the
use of the counting score (Risch et al, 2018b). The clear
differentiation of neighboring vessels due to less overpainting
of vessel walls has most likely resulted in a higher number
of detected vessels. Therefore, the definition of a threshold
seems to depend on the technical quality and setting of the
device and, furthermore, requires an adequate, sensitive scoring
procedure (Boesen et al., 2006b, 2012; Risch et al., 2018b).
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What should be taken into consideration when interpreting
the present data in comparison with previous studies on healthy
controls is that the majority of asymptomatic Achilles tendons
with IBF also revealed structural alterations. It is known from
previous literature that the unaffected tendon in patients with
tendinopathy is frequently involved in asymptomatic tendinosis
(Richards et al, 2005) and previous studies have associated
structural alterations with the occurrence of IBF (Ohberg et al,,
2001; Zanetti et al., 2003; Malliaras et al., 2008). Consequently,
these asymptomatic tendons cannot be considered as “healthy;”
inconspicuous control tendons, and it can be argued that the
presence of IBF could also represent early tissue degeneration
(Fahlstrom and Alfredson, 2010; Cassel et al., 2015) or a
predisposition to tendon pathology (Hirschmiiller et al., 2012).
Opverall, the diagnostic relevance of sonographic detectable IBF
in the absence of pain remains yet to be clarified.

Submaximal running exercise resulted in an immediate
increase of approximately one to two vessels in both symptomatic
and asymptomatic Achilles tendons, supporting the theory of
an acute physiological reaction to tendon loading activity,
irrespective of pain and pathology (Boesen et al., 2006a,b; Risch
et al., 2018a). Although previous studies have also reported an
increase of IBF following exercise in tendinopathy patients as well
as in healthy athletes and non-athletes (Boesen et al., 2006a,b;
Fahlstrom and Alfredson, 2010; Pingel et al,, 2013a,b; Risch
et al., 2018a), comparability to the present data is limited due
to varying exercise and examination procedures. Interestingly,
only 47-63% of Achilles tendons showed an increase of IBF
following exercise and are considered “responders,” whereas 37-
53% of Achilles tendons were “non-responders” without IBF
changes. Since this condition occurred in both symptomatic
and asymptomatic tendons, an association to pain or pathology
seems unlikely. Nevertheless, it remains unclear why exercise-
induced IBF appears in approximately half of the tendons,
whereas tendon perfusion in the other half remains below
the sensitivity threshold of ultrasound devices (Pingel et al.,
2013a,b).

In 80% of responding asymptomatic tendons in the present
study, increased IBF was solely detectable 5 min after running
which is comparable with the vasodilatory effect with exercise
resulting in increased perfusion seen in muscle tissue (Hellsten
et al, 2012). Intratendinous blood flow is suggested to
temporarily increase above the sensitivity threshold of ultrasound
devices thereby appearing in Doppler examinations before
decreasing and becoming invisible again after 30 min. In 85%
of responding symptomatic Achilles tendons, however, the acute
increase following exercise remained detectable up to 120 min,
suggesting altered vascularization which seems to be associated
with pain. It is hypothesized that this prolonged elevation
of exercise-induced IBF is a consequence of pathological,
dysfunctional “neovascularization” (Cook et al., 2005; Tol
et al., 2012; Jarvinen, 2020), in contrast to the physiological
short-term increase seen in asymptomatic tendons directly
after exercise. Therefore, prolonged detectability of exercise-
induced IBF is proposed to be an indicator of tendon pain
and pathology, and the examination time point enables a

differentiation between physiologically increased IBF, detectable
after 5 min, and pathologic increased IBF, detectable after
30 min. A limitation of the study which may influence the
generalizability of the presented results is the rather small sample
size. Due to a lack of previous data with a similar methodological
approach and tendon/patient characteristics, no power analysis
was performed. Nevertheless, the sample size is comparable with
earlier studies investigating exercise-induced IBF (Boesen et al.,
2006b; Malliaras et al., 2012; Pingel et al., 2013a).

In conclusion, a more frequent occurrence (74%) and a
higher amount (six vessels on average) of IBF in symptomatic
Achilles tendons compared with contralateral asymptomatic
Achilles tendons (42%, two vessels) are local pathological findings
associated with tendon pain. Irrespective of pain and pathology,
exercise results in an immediate IBF increase of one to two
vessels which is considered a physiological response. This
response can be observed in approximately 50% of all tendons.
In 80% of asymptomatic responding Achilles tendons, this
physiological exercise-induced increase of IBF returns to baseline
after 30 min, whereas 85% of symptomatic responding Achilles
tendons show a prolonged exercise-induced increase of IBF
detectable up to 120 min after exercise indicating pathological
neovascularization.

DATA AVAILABILITY STATEMENT

The raw data supporting the conclusions of this article will be
made available by the authors, without undue reservation.

ETHICS STATEMENT

The studies involving human participants were reviewed and
approved by the Ethics Committee University of Potsdam. The
patients/participants provided their written informed consent to
participate in this study.

AUTHOR CONTRIBUTIONS

LR was responsible for developing and performing the study and
writing the manuscript. JS, AS, and TE were involved in data
interpretation and developing the manuscript. FM and MC were
involved in developing the study design, data interpretation, and
revising the manuscript. All authors contributed to the article and
approved the submitted version.

ACKNOWLEDGMENTS

We thank all the participants for their time and support and
Janine Merten for her technical assistance. We acknowledge
the support regarding publication fees of the “Deutsche
Forschungsgemeinschaft” and Open Access Publishing Fund of
the University of Potsdam.

Frontiers in Physiology | www.frontiersin.org

July 2021 | Volume 12 | Article 617497


https://www.frontiersin.org/journals/physiology
https://www.frontiersin.org/
https://www.frontiersin.org/journals/physiology#articles

Risch et al.

Exercise-Induced Intratendinous Doppler Flow

REFERENCES

Alfredson, H., Bjur, D., Thorsen, K., Lorentzon, R., and Sandstrém, P. (2002).
High intratendinous lactate levels in painful chronic Achilles tendinosis. An
investigation using microdialysis technique. J. Orthop. Res. 20, 934-938. doi:
10.1016/S0736-0266(02)00021-9

Alfredson, H., Ohberg, L., and Forsgren, S. (2003). Is vasculo-neural ingrowth
the cause of pain in chronic Achilles tendinosis? An investigation using
ultrasonography and colour Doppler, immunohistochemistry, and diagnostic
injections. Knee Surg. Sports Traumatol. Arthrosc. 11, 334-338. doi: 10.1007/
500167-003-0391-6

Andersson, G., Danielson, P., Alfredson, H., and Forsgren, S. (2007). Nerve-related
characteristics of ventral paratendinous tissue in chronic Achilles tendinosis.
Knee Surg. Sport Traumatol. Arthrosc. 15,1272-1279. doi: 10.1007/s00167-007-
0364-2

Boesen, A. P., Boesen, M. L, Torp-Pedersen, S., Christensen, R., Boesen, L.,
Hoélmich, P., et al. (2012). Associations between abnormal ultrasound color
Doppler measures and tendon pain symptoms in badminton players during
a season: a prospective cohort study. Am. J. Sports Med. 40, 548-555. doi:
10.1177/0363546511435478

Boesen, M. I, Boesen, A., Koenig, M. J., Bliddal, H., and Torp-Pedersen, S. (2006a).
Ultrasonographic investigation of the Achilles tendon in elite badminton
players using color Doppler. Am. J. Sports Med. 34, 2013-2021. doi: 10.1177/
0363546506290188

Boesen, M. I, Koenig, M. J., Torp-Pedersen, S., Bliddal, H., and Langberg, H.
(2006b). Tendinopathy and Doppler activity: the vascular response of the
Achilles tendon to exercise. Scand. J. Med. Sci. Sports. 16, 463-469. doi: 10.1111/
j.1600-0838.2005.00512.x

Cassel, M., Baur, H., Hirschmiiller, A., Carlsohn, A., Frohlich, K., and Mayer, F.
(2015). Prevalence of Achilles and patellar tendinopathy and their association
to intratendinous changes in adolescent athletes. Scand. J. Med. Sci. Sports. 25,
310-318 e. doi: 10.1111/sms.12318

Cook, J. L., Kiss, Z. S., Ptasznik, R., and Malliaras, P. (2005). Is vascularity more
evident after exercise? Implications for tendon imaging. Am. J. Roentgenol. 185,
1138-1140. doi: 10.2214/AJR.04.1205

Cook, J. L., and Purdam, C. R. (2009). Is tendon pathology a continuum?
A pathology model to explain the clinical presentation of load-induced
tendinopathy. Br. J. Sports Med. 43, 409-416. doi: 10.1136/bjsm.2008.051193

Cook, J. L, Rio, E., Purdam, C. R., and Docking, S. I. (2016). Revisiting the
continuum model of tendon pathology: what is its merit in clinical practice and
research? Br. J. Sports Med. 50, 1187-1191. doi: 10.1136/bjsports-2015-095422

de Jonge, S., van den Berg, C., de Vos, R. J., van der Heide, H. J., Weir, A,,
Verhaar, J. A., et al. (2011). Incidence of midportion Achilles tendinopathy in
the general population. Br. J. Sports Med. 45, 1026-1028. doi: 10.1136/bjsports-
2011-090342

de Vos, R.-J., Weir, A., Cobben, L. P. J., and Tol, J. L. (2007). The value of power
Doppler ultrasonography in Achilles tendinopathy: a prospective study. Am. J.
Sports Med. 35, 1696-1701. doi: 10.1177/0363546507303116

Fahlstrom, M., and Alfredson, H. (2010). Ultrasound and Doppler findings in the
Achilles tendon among middle-aged recreational floor-ball players in direct
relation to a match. Br. J. Sports Med. 44, 140-143. doi: 10.1136/bjsm.2008.
047316

Heling, K. S., Chaoui, R., and Bollmann, R. (2004). Advanced dynamic flow -
a new method of vascular imaging in prenatal medicine. A pilot study of its
applicability. Ultraschall. Med. 25, 280-284. doi: 10.1055/s-2004-813383

Hellsten, Y., Nyberg, M., Jensen, L. G., and Mortensen, S. P. (2012). Vasodilator
interactions in skeletal muscle blood flow regulation. J. Physiol. 590, 6297-6305.
doi: 10.1113/jphysiol.2012.240762

Hirschmiiller, A., Frey, V., Deibert, P., Mayer, F., Sidkamp, N., Helwig, P., et al.
(2010). [Achilles tendon power Doppler sonography in 953 long distance
runners - a cross sectional study]. Ultraschall. Med. 31, 387-393. doi: 10.1055/
5-0029-1245189

Hirschmiiller, A., Frey, V., Konstantinidis, L., Baur, H., Dickhuth, H. H., Stiddkamp,
N. P, et al. (2012). Prognostic value of Achilles tendon Doppler sonography in
asymptomatic runners. Med. Sci. Sports Exerc. 44, 199-205. doi: 10.1249/MSS.
0b013e31822b7318

Hutchison, A., Evans, R., Bodger, O., Pallister, L., Topliss, C., Williams, P., et al.
(2013). What is the best clinical test for Achilles tendinopathy? Foot Ankle Surg.
19, 112-117. doi: 10.1016/j.fas.2012.12.006

Jarvinen, T. A. H. (2020). Neovascularisation in tendinopathy: from eradication to
stabilisation? Br. . Sports Med. 54:608. doi: 10.1136/bjsports-2019-100608

Lohrer, H., and Nauck, T. (2009). Cross-cultural adaptation and validation of
the VISA-A questionnaire for German-speaking achilles tendinopathy patients.
BMC Musculoskelet. Disord. 10:134. doi: 10.1186/1471-2474-10-134

Maffulli, N., Khan, K. M., and Puddu, G. (1998). Overuse tendon conditions:
time to change a confusing terminology. Arthroscopy 14, 840-843.
http://www.ncbi.nlm.nih.gov/pubmed/9848596 (accessed April 27, 2014).

Malliaras, P., Barton, C. J., Reeves, N. D., and Langberg, H. (2013). Achilles and
patellar tendinopathy loading programmes: A systematic review comparing
clinical outcomes and identifying potential mechanisms for effectiveness. Sport
Med. 43, 267-286. doi: 10.1007/s40279-013-0019-z

Malliaras, P., Chan, O., and Simran, G. (2012). Martinez de Albornoz P, Morrissey
D, Maffulli N. Doppler ultrasound signal in Achilles tendinopathy reduces
immediately after activity. Int. J. Sports Med. 33, 480-484. doi: 10.1055/s-0032-
1304636

Malliaras, P., Richards, P. J., Garau, G., and Maffulli, N. (2008). Achilles tendon
Doppler flow may be associated with mechanical loading among active athletes.
Am. J. Sports Med. 36,2210-2215. doi: 10.1177/0363546508319052

Mugele, H., Plummer, A., Baritello, O., Towe, M., Brecht, P., and Mayer, F.
(2018). Accuracy of training recommendations based on a treadmill multistage
incremental exercise test. PLoS One. 13:€0204696. doi: 10.1371/journal.pone.
0204696

Ohberg, L., and Alfredson, H. (2002). Ultrasound guided sclerosis of neovessels in
painful chronic Achilles tendinosis: pilot study of a new treatment. Br. J. Sports
Med. 36, 173-175.

Ohberg, L., Lorentzon, R., and Alfredson, H. (2001). Neovascularisation in Achilles
tendons with painful tendinosis but not in normal tendons: an ultrasonographic
investigation. Knee Surg. Sports Traumatol. Arthrosc. 9, 233-238.

Peers, K. H. E,, Brys, P. P. M., and Lysens, R. J. ]. (2003). Correlation between
power Doppler ultrasonography and clinical severity in Achilles tendinopathy.
Int. Orthop. 27, 180-183. doi: 10.1007/s00264-002-0426-5

Pingel, J., Harrison, A., Simonsen, L., Suetta, C., Biilow, J., and Langberg, H.
(2013a). The microvascular volume of the Achilles tendon is increased in
patients with tendinopathy at rest and after a 1-hour treadmill run. Am. J. Sports
Med. 41, 2400-2408. doi: 10.1177/0363546513498988

Pingel, J., Harrison, A., Suetta, C., Simonsen, L., Langberg, H., and Biilow, J.
(2013b). The acute effects of exercise on the microvascular volume of Achilles
tendons in healthy young subjects. Clin. Physiol. Funct. Imag. 33, 252-257.
doi: 10.1111/cpf.12021

Reiter, M., and Ulreich, N. (2004). Dirisamer a, Tscholakoff D, Bucek R a. Colour
and power Doppler sonography in symptomatic Achilles tendon disease. Int. J.
Sports Med. 25, 301-305. doi: 10.1055/s-2004-815828

Richards, P. J., Win, T., and Jones, P. W. (2005). The distribution of microvascular
response in Achilles tendonopathy assessed by colour and power Doppler.
Skeletal Radiol. 34, 336-342. doi: 10.1007/s00256-004-0834-2

Risch, L., Cassel, M., and Mayer, F. (2018a). Acute effect of running exercise on
physiological Achilles tendon blood flow. Scand. J. Med. Sci. Sports 28, 138-143.
doi: 10.1111/sms.12874

Risch, L., Wochatz, M., Messerschmidt, J., Engel, T., Mayer, F., and Cassel, M.
(2018b). Reliability of Evaluating Achilles Tendon Vascularization Assessed
With Doppler Ultrasound Advanced Dynamic Flow. J. Ultrasound Med. 37,
737-744. doi: 10.1002/jum.14414

Risch, L., Cassel, M., and Messerschmidt, J. (2016). Is Sonographic Assessment
of Intratendinous Blood Flow in Achilles Tendinopathy Patients Reliable?
Ultrasound Int. Open. 02, E13-E18. doi: 10.1055/s-0035-1569286

Risch, L., Mayer, F., and Cassel, M. (2021). Doppler Flow Response Following
Running Exercise Differs Between Healthy and Tendinopathic Achilles
Tendons. Front. Physiol. 12:650507. doi: 10.3389/fphys.2021.650507

Sengkerij, P. M., de Vos, R.-J., Weir, A., van Weelde, B.]. G., and Tol, J. L. (2009).
Interobserver reliability of neovascularization score using power Doppler
ultrasonography in midportion achilles tendinopathy. Am. J. Sports Med. 37,
1627-1631. doi: 10.1177/0363546509332255

Frontiers in Physiology | www.frontiersin.org

July 2021 | Volume 12 | Article 617497


https://doi.org/10.1016/S0736-0266(02)00021-9
https://doi.org/10.1016/S0736-0266(02)00021-9
https://doi.org/10.1007/s00167-003-0391-6
https://doi.org/10.1007/s00167-003-0391-6
https://doi.org/10.1007/s00167-007-0364-2
https://doi.org/10.1007/s00167-007-0364-2
https://doi.org/10.1177/0363546511435478
https://doi.org/10.1177/0363546511435478
https://doi.org/10.1177/0363546506290188
https://doi.org/10.1177/0363546506290188
https://doi.org/10.1111/j.1600-0838.2005.00512.x
https://doi.org/10.1111/j.1600-0838.2005.00512.x
https://doi.org/10.1111/sms.12318
https://doi.org/10.2214/AJR.04.1205
https://doi.org/10.1136/bjsm.2008.051193
https://doi.org/10.1136/bjsports-2015-095422
https://doi.org/10.1136/bjsports-2011-090342
https://doi.org/10.1136/bjsports-2011-090342
https://doi.org/10.1177/0363546507303116
https://doi.org/10.1136/bjsm.2008.047316
https://doi.org/10.1136/bjsm.2008.047316
https://doi.org/10.1055/s-2004-813383
https://doi.org/10.1113/jphysiol.2012.240762
https://doi.org/10.1055/s-0029-1245189
https://doi.org/10.1055/s-0029-1245189
https://doi.org/10.1249/MSS.0b013e31822b7318
https://doi.org/10.1249/MSS.0b013e31822b7318
https://doi.org/10.1016/j.fas.2012.12.006
https://doi.org/10.1136/bjsports-2019-100608
https://doi.org/10.1186/1471-2474-10-134
https://doi.org/10.1007/s40279-013-0019-z
https://doi.org/10.1055/s-0032-1304636
https://doi.org/10.1055/s-0032-1304636
https://doi.org/10.1177/0363546508319052
https://doi.org/10.1371/journal.pone.0204696
https://doi.org/10.1371/journal.pone.0204696
https://doi.org/10.1007/s00264-002-0426-5
https://doi.org/10.1177/0363546513498988
https://doi.org/10.1111/cpf.12021
https://doi.org/10.1055/s-2004-815828
https://doi.org/10.1007/s00256-004-0834-2
https://doi.org/10.1111/sms.12874
https://doi.org/10.1002/jum.14414
https://doi.org/10.1055/s-0035-1569286
https://doi.org/10.3389/fphys.2021.650507
https://doi.org/10.1177/0363546509332255
https://www.frontiersin.org/journals/physiology
https://www.frontiersin.org/
https://www.frontiersin.org/journals/physiology#articles

Risch et al.

Exercise-Induced Intratendinous Doppler Flow

Tol, J. L., Spiezia, F., and Maffulli, N. (2012). Neovascularization in Achilles
tendinopathy: have we been chasing a red herring? Knee Surg. Sports Traumatol.
Arthrosc. 20, 1891-1894. doi: 10.1007/s00167-012-2172-6

van Dijk, C. N, van Sterkenburg, M. N., Wiegerinck, J. I, Karlsson, J., and
Maffulli, N. (2011). Terminology for Achilles tendon related disorders. Knee
Surg. Sports Traumatol. Arthrosc. 19, 835-841. doi: 10.1007/s00167-010-
1374-z

Yang, X., Pugh, N. D., Coleman, D. P., and Nokes, L. D. M. (2010). Are Doppler
studies a useful method of assessing neovascularization in human Achilles
tendinopathy? A systematic review and suggestions for optimizing machine
settings. J. Med. Eng. Technol. 34, 365-372. doi: 10.3109/03091902.2010.49
7892

Zanetti, M., Metzdorf, A., Kundert, H.-P., Zollinger, H., Vienne, P., Seifert,
B., et al. (2003). Achilles tendons: clinical relevance of neovascularization

diagnosed with power Doppler US. Radiology. 227, 556-560. doi: 10.1148/
radiol.2272012069

Conflict of Interest: The authors declare that the research was conducted in the
absence of any commercial or financial relationships that could be construed as a
potential conflict of interest.

Copyright © 2021 Risch, Stoll, Schomdller, Engel, Mayer and Cassel. This is an
open-access article distributed under the terms of the Creative Commons Attribution
License (CC BY). The use, distribution or reproduction in other forums is permitted,
provided the original author(s) and the copyright owner(s) are credited and that the
original publication in this journal is cited, in accordance with accepted academic
practice. No use, distribution or reproduction is permitted which does not comply
with these terms.

Frontiers in Physiology | www.frontiersin.org

July 2021 | Volume 12 | Article 617497


https://doi.org/10.1007/s00167-012-2172-6
https://doi.org/10.1007/s00167-010-1374-z
https://doi.org/10.1007/s00167-010-1374-z
https://doi.org/10.3109/03091902.2010.497892
https://doi.org/10.3109/03091902.2010.497892
https://doi.org/10.1148/radiol.2272012069
https://doi.org/10.1148/radiol.2272012069
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
https://www.frontiersin.org/journals/physiology
https://www.frontiersin.org/
https://www.frontiersin.org/journals/physiology#articles

	Intraindividual Doppler Flow Response to Exercise Differs Between Symptomatic and Asymptomatic Achilles Tendons
	Introduction
	Materials and Methods
	Results
	Discussion
	Data Availability Statement
	Ethics Statement
	Author Contributions
	Acknowledgments
	References


