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Abstract

Background Patellar tendinopathy (PT) is a common sport injury prone to recurrence. Heavy Slow Resistance
Training (HSR) and High-Dose Therapeutic Ultrasound (TUS) are frequently used interventions for PT. However, the
combined effectiveness of these therapies remains unclear. This study investigated the impact of combination
therapy on functional outcomes in patients with PT.

Methods Fifty-one college students aged 18-25, diagnosed with PT via musculoskeletal ultrasound, were randomly
assigned to one of three groups (n=17 per group): combined HSR and high-dose TUS, HSR training alone, or high-
dose TUS alone. The eight-week intervention included assessments using the Victorian Institute of Sport Assessment-
Patella (VISA-P), Visual Analogue Scale (VAS), Y-balance Test (YBT), Modified Thomas Test (MTT), Horizontal Jumping
Distance, Maximum Isometric Muscle Strength Test, and musculoskeletal ultrasound for patellar tendon thickness
and blood flow. Assessments were conducted at baseline and post-intervention, with a follow-up VISA-P assessment
at week 16. This randomized, single-blind controlled trial was registered on ISRCTN11447397 (www.ISRCTN.com) on
February 17, 2024 (retrospectively registered).

Results All groups demonstrated significant improvements in VISA-P scores at the end of the intervention compared
to baseline (p<0.01), with the combined group showing the greatest improvement (21 points). Follow-up at week 16
revealed continued improvement in VISA-P scores for the combined and HSR groups, while the TUS group showed

a slight decrease (from 74 to 70). All groups displayed significantly reduced VAS scores post-intervention (p < 0.01)
compared to baseline, indicating decreased pain. While no significant between-group differences were observed in
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relief and motor function enhancement.

pre-intervention VAS scores, post-intervention results revealed significant differences between the combined and HSR
groups (p < 0.05), as well as between the combined and TUS groups (p <0.01).

Conclusion Both exercise intervention and high-dose TUS appear effective in reducing pain and improving motor
function in individuals with PT. However, the therapeutic effect of high-dose TUS alone seems limited compared to
exercise intervention. The combined application of both methods yielded the most significant improvements in pain

Keywords Patellar tendinopathy, Heavy slow resistance, Therapeutic ultrasound, Efficiency, Exercise

Introduction

Patellar tendinopathy (PT) is a common chronic sports
injury characterized by significant pain in the proximal
patellar tendon [1]. Patients with this condition often
experience tenderness in the patellar tendon area, accom-
panied by reduced strength and mobility in the surround-
ing region [2]. A study published in the 2020 British
Journal of Sports Medicine highlighted that individuals
with PT frequently face persistent pain and functional
limitations, particularly during weight-bearing activi-
ties or those involving significant impact forces [1]. PT
symptoms typically worsen following activity, and PT is
frequently observed in sports that demand high levels of
speed, strength, and jumps, such as volleyball and basket-
ball, which heavily engage the leg extensor muscles [3].
Research has shown that approximately 52.3% of basket-
ball players suffer from PT, leading to a notable decline
in athletic performance [4]. PT tends to persist as a long-
term issue, posing challenges for effective management
without intervention [5]. Current treatment approaches
for PT encompass a combination of passive and active
modalities [6]. Passive treatments include options such
as medication, injections, extracorporeal shockwave
therapy (ESWT), ultrasound therapy, and low-intensity
laser therapy. Active treatments involve strategies such as
tendon loading training (TLT) [7], heavy slow resistance
(HSR) training [8], and eccentric exercise training(ECC)
[9].

Therapeutic ultrasound (TUS) is a frequently employed
therapeutic modality in the field of physical therapy [10].
Over the years, numerous studies have investigated the
effectiveness of therapeutic ultrasound in treating PT,
with positive outcomes reported in certain instances
[11, 12]. TUS has been shown to stimulate the self-repair
mechanism of the patellar tendon, increase its tempera-
ture, elevate the pain threshold, and promote collagen
elongation [6]. Additionally, high-dose TUS can influ-
ence the tissue structure of the patellar tendon, facilitat-
ing improved energy absorption and dispersion, thereby
enhancing knee joint function in patients with PT [13].
Research has suggested that both high-dose and low-
dose TUS can alleviate PT, with high-dose TUS demon-
strating greater effectiveness [13, 14].

HSR training, which includes barbell squats and dead-
lifts, has been shown to induce localized hypertrophy and
enhance the mechanical properties of the patellar tendon
region [15, 16]. It focuses on stabilizing both the cen-
trifugal and centripetal phases of the loading movement,
which enhances the subject’s neurological adaptations
and leads to greater strength variability. This approach
has been found to be effective in improving tendon swell-
ing and vascularization [17, 18]. HSR training can be uti-
lized as a therapeutic strategy for individuals with patellar
tendon pain and to improve knee extensor strength [8,
19].

Current studies on physical therapy and exercise inter-
ventions in subjects with PT have shown inconsistent
evaluations, and there is a lack of consensus regarding
the optimal treatment regimen for physical therapy [20].
Therefore, exploring combination therapies presents
new research directions for PT treatment. The objective
of this study was to assess the effects of HSR training on
individuals with PT. We conducted a comparative study
of HSR training and therapeutic ultrasound interventions
among young athletes with PT to evaluate the effective-
ness of these different physiotherapy approaches. We
aimed to identify which therapy provides the most ben-
eficial outcomes, thereby establishing a theoretical foun-
dation for optimizing PT treatments.

Methods

DESIGN: This study was designed as a single-blind, ran-
domized controlled trial. Subjects, imaging physicians,
and experimental data collectors were blinded. The par-
ticipants were randomly assigned to groups using the
envelope method. The objective was to assess the effec-
tiveness of HSR therapy in combination with high-dose
therapeutic ultrasound and combined therapy for patellar
tendinopathy by comparing pre- and post-intervention
data. We implemented rigorous experimental proto-
cols, limiting the study to the Sports Intervention Cen-
ter of Wuhan Sports University, employing a consistent
experimental site, and enlisting a highly trained thera-
pist. Accordingly, the confidence level in the experiment’s
validity was significantly elevated.
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Subjects
From October 2022 to May 2023, 53 college students with
chronic patellar tendinopathy, aged 18 to 24 years old,
were recruited at Wuhan Sports University. All partici-
pants underwent a centrally coordinated intervention for
8 weeks. The participants were diagnosed with chronic
patellar tendinopathy by an orthopedic deputy chief
physician with 15 years of clinical experience. Subjects
were included only if the duration of pain was greater
than three months [21]. Provocation tests based on the
patellofemoral pain consensus statement were conducted
to rule out patellofemoral pain in subjects [22]. Table 1
presents the baseline characteristics of the participants.
If a participant experienced bilateral symptoms, the more
symptomatic side was selected for data collection.

The criteria for subject inclusion in the experiment
were as follows:

1. subjects with a Victorian Institute of Sport
Assessment-Patella (VISA-P) questionnaire score of
<80 out of 100 [23, 24],

2. history of patellar tendon pain related to training or
competition,

3. structural changes in the patellar tendon on gray-
scale ultrasound and/or increased tendon vascular
distribution on energy Doppler [25],

4. significant tenderness observed upon palpation
near the distal end of the patellar tendon, with pain
localized to the lower portion of the patella [26],

5. pain exacerbated by activities such as squatting or
jumping.

Table 1 The features of the subjects

(2024) 16:213

Combined HSR group TUS group P-
group (N=17) (N=17) Val-
(N=17) ue
Age (yrs) 214+£15(19-  22.1+£1.6(19- 21+1.5(19-24) >0.05
24) 25)
Height (m) 1.8+£0.08(1.6— 1.8+£0.05(1.7-  1.8+0.08(1.7-  >0.05
1.9) 1.9) 1.9)
Weight(kg) 71.7+£11.2(55- 764+8.0(63- 757+£14.0(55- >0.05
95) 90) 102)
BMI (kg/ 224+22(19.0- 232+16(194- 232+3.0(174- >0.05
m?) 26.9) 25.8) 284)
Symptom 72452 (3-24) 168+18.7(3- 92+7.0(3-24) >0.05
duration 70)
(months)
Gender 14/3 17/0 15/2 >0.05
(male/
female)
Primary 4 Soccer 3 Gymnastics 3 Fitness
sport 6 Running 4 Tennis 3 Golf
2 Basketball 4 Badminton 4 Basketball
3Table Tennis 5 Basketball 1 Badminton
1 Unknown 2 Unknown 3 Fitness
1 Fitness 2 Running
1 Unknown
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Ultrasonographic examination, performed by a sonog-
rapher with 15 years of experience, revealed structural
alterations within the patellar tendon, characterized by
hypoechoic regions, tendon thickening (anterior-poste-
rior diameter exceeding 6 mm), and/or elevated intraten-
dinous Doppler flow [27].

Subjects were excluded based on the following criteria:

1. duration of pain less than three months,

2. history of knee surgery in the past year,

3. history of inflammatory arthropathy and the use of
medications in the past year that could potentially
affect the patellar tendon (e.g., quinolones),

4. use of corticosteroids for intra-articular injections in
the past month,

5. history of patellar tendon rupture,

6. failure to perform a training program or participate
in other treatment programs,

7. participation in an exercise program or another
treatment regimen,

8. physical examination or ultrasound/MRI findings
indicating the presence of additional knee
pathologies,

9. inability to undergo high-energy dose ultrasound
therapy or conditions for which ultrasound may
be contraindicated, such as (active tuberculosis,
bleeding tendency, severe cardiac disease, malignant
tumors, venous thrombosis, and pregnant women).

Each subject provided informed consent after being thor-
oughly informed about the experimental procedures.
All data collection was conducted with appropriate
authorization. Figure 1 presents the flow chart outlining
the experimental procedures and the status of partici-
pants in accordance with the Consolidated Standards of
Reporting Trials (CONSORT) [28]. We confirm that our
research adhered to these CONSORT standards.

Blinding and randomization

Before initiating the study, all participants familiar-
ized themselves with the research procedures follow-
ing a baseline assessment. After including subjects who
met the required criteria, baseline data were collected to
minimize potential data interference. Importantly, non-
research team members collected the baseline data. Ran-
domization was conducted by an experimenter (L.Z.Y.),
who was not involved in follow-up data collection to
ensure allocation concealment. L.Z.Y. recorded the group
assignments on paper, sealed them in opaque envelopes,
and handed them to the subjects. After the baseline data
collection, subjects returned the sealed envelopes to the
interventionist, who implemented the assigned inter-
ventions. Subjects remained unaware of their group
assignments and were instructed not to discuss exercise
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Recruitment

Screening to determine the patients
eligibility(palpation,utlrasound)

Recruitment of subjects(n=54)

Baseline assessment:(VISA-P,
VAS,YBT MTT strength,horizontal

1 withdrew

jump,EMGS,PT thickness)

2 met exclusion criteria

Distribution

RADOMISATION

'

Combined group(n=17)

HSR group(n=17)

TUS group(n=17)

8 weeks of
intervention

2 lost EMGS
5 lost PT thickness

3 lost EMGS
7 lost PT thickness

2 lost EMGS
7 lost PT thickness

Assessment:(VISA-P,VAS,YBT MTT,strength,horizontal jump,EMGS,PT thickness)

Follow-up

16weeks

VISA-P quesionare(n=51)

Fig. 1 Study flow chart

regimens or therapeutic measures during the study
period. The intervention was supervised by two thera-
pists (HJ, NX) who were not blinded to the group assign-
ment. However, the imaging physician remained blinded
during the outcome data collection.

Interventions

HSR training

Heavy slow resistance training methods, as demonstrated
by Kongsgaard [8], involve intervention protocols with
symmetrical loading on both legs. HSR primarily aims to
improve tendon and muscle strength through controlled,
slow movements under heavy loads, maximizing time
under tension. This approach recruits a high number of
motor units and promotes muscle-tendon adaptation,
enhancing functional performance and aiding in injury
prevention [15]. Subjects were asked to perform three
weekly training sessions, each including three move-
ments (squat, leg press, Bulgarian deep squat). These
training movements (Fig. 2) adhered to NSCA-CSCS
standards [29]. Load intensity and repetitions were pro-
gressively adjusted throughout the program: starting
with 12 repetitions maximum (12RM) in the first two
weeks, reducing to 10RM in the third and fourth, 8RM
in the fifth and sixth, and finally 6RM in the seventh and
eighth weeks. During each exercise, subjects followed a

metronome, spending 3 s on both the eccentric and con-
centric phases of the movement, totaling 6 s per move-
ment. To enhance tendon mechanical properties and
facilitate adaptations, the loading protocol followed [19],
with an intensity exceeding 70% of the one-repetition
maximum (1RM), ensuring no more than 12 repetitions
per set. Participants with partial pain (VAS<3) were
allowed to continue as long as pain did not increase in
subsequent sessions. A therapist supervised each session
to ensure accuracy, completion of training maneuvers,
and subject safety. Each session included a pre-training
warm-up and post-training stretching.

High-dose TUS therapy

High-dose TUS therapy was administered to both the
combined and TUS groups as part of the intervention.
High-dose TUS therapy (ULTRASOUND UNIT US-700,
Japan) targeted the entire patellar tendon region. Full
contact was maintained between the subject’s patellar
tendon and the high-energy TUS conductor, with the gel
used as the interface. Throughout the procedure, subjects
were positioned supine with a cushion under the knee
for immobilization, and the knee was slightly flexed at
approximately 20 degrees [13]. The subjects underwent
high-dose therapeutic ultrasound treatment three times
per week for a total of eight weeks. If subjects exhibited
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(a) Squat

(b)Leg press

(c) Bulgarian Deep squat

Fig. 2 Exercise protocol of HSR group, composed of a series of three movements: (a) Squat, (b) Leg press, and (c) Bulgarian deep squat

Table 2 Therapeutic ultrasound (TUS) dosimetric parameters

Parameters Adjusts

Frequency TMHZ

Mode Continuous

Time 10 min

Energy 4920 J / per application
Effective radiation area 5.5cm?

BNR 3.2-3.6%+30%
Intensity 1.5w/cm?

bilateral symptoms, the knee with the more symptomatic
side received high-dose TUS treatment. Details on the
dosage settings and duration of high-dose TUS are pro-
vided in Table 2.

Combination therapy

The combined group followed the same 8-week train-
ing regimen as the training group. Participants per-
formed four sets of each maneuver, taking a 2-minute
rest between sets. Immediately following the training
sessions, subjects received high-dose TUS therapy, using
identical treatment parameters, duration, and materials
as those used in the TUS group.

Outcome measure

The primary outcome was the VISA-P questionnaire
scores [24]. Higher questionnaire scores indicated better
functioning, with a minimal clinically important differ-
ence of 13 points [30]. Patients completed the question-
naires independently without assistance after a brief
explanation provided by the primary researcher assistant
(HJ). The questionnaire was administered at baseline, 8
weeks, and 16 weeks.

The secondary outcomes were as follows. To maintain
data integrity, all data collection was conducted by the
same researchers (L.Y.C, HJ, NX). If a subject experi-
enced a physical injury or requested withdrawal from the

study at any time during data collection or training, the
experiment was immediately terminated.

VAS

We employed a 10-centimeter visual analog scale (VAS)
to evaluate the intensity of patellar tendon pain in the
subjects, with 0 indicating no pain and 10 representing
the most severe pain [31]. After explaining the question-
naire’s content to the subjects, patients were instructed to
squat on a 25-degree inclined platform [32]. They were
then asked to independently assess the degree of patellar
tendon pain during squatting using the VAS scale with-
out any guidance from the evaluator. These assessments
were conducted both before the intervention and again 8
weeks post-intervention.

Lower quarter Y balance test

The Lower Quarter Y Balance Test (YBT-LQ) is an instru-
ment used to assess dynamic postural control, a variant
of the Star Excursion Balance Test (SEBT) that reflects a
subject’s balance ability and has demonstrated reliability
and validity [33, 34]. The test methodology was similar to
Plisky et al. [33], but participants were instructed to place
their hands on their pelvis to eliminate upper extremity
influence on balance. Participants extended the oppo-
site leg to push the test board as far as possible in three
directions: anterior-lateral, posterior-medial, and poste-
rior-lateral (Fig. 3). After each test, they returned to the
starting position without touching the ground or rely-
ing on the test block for support. The push distance was
recorded. Each participant performed four practice tri-
als with each leg in each direction before the official test.
A 5-minute rest was provided before the formal start to
optimize performance [35]. The best of three official tests
was recorded for analysis. To account for individual leg
length and height variations, nudge distance was normal-
ized based on each participant’s lower limb length [36].



Xiao et al. BMC Sports Science, Medicine and Rehabilitation

[
[
I

Fig. 4 The mortified tomas test

The maximum reach distance (%MAXD) was then calcu-
lated using the formula: [(6 X farthest distance) / (sum of
both lower limb lengths, a and b) x 3] X 100%MAXD [36,
37]. YBT tests were measured at baseline and at the end
of the intervention (leg length was recorded as the dis-
tance from the anterior superior iliac spine to the medial
malleolus in the supine position) [36].

6dmaz
MAXD = " _*100
i’ 3%a 4+ b? %

Modified thomas test (MTT)

Insufficient quadriceps muscle flexibility and strength
have been identified as potential pathogenic factors in
patellar tendinopathy [38]. Reduced quadriceps flexibility

(2024) 16:213
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Fig. 5 Standing long jump tester

can lead to a larger knee flexion angle and a smaller hip
flexion angle during landing [39], increasing tendon load-
ing and potentially inducing degenerative changes in the
patellar tendon [40]. To assess quadriceps flexibility, we
employed the modified Thomas test. Participants sat at
the edge of a treatment bed, leaned backward onto the
bed, and brought both knees towards their chests. The
lumbar spine was maintained flat against the bed, and the
pelvis was kept in a posteriorly rotated position. The sub-
ject held the contralateral knee with both arms, ensuring
the leg was in maximum flexion while the affected limb
was relaxed and lowered towards the floor [41] (Figs. 4
and 5). The change in this angle was compared between
baseline and after 8 weeks of training to determine if HSR
training enhanced quadriceps flexibility in our subjects.
Tests were conducted once at baseline and once after the
8-week intervention.

Maximum isometric strength of lower extremity extensors

Subjects were evaluated for isometric maximal strength
of the lower extremities using the Leg-Check 626 lower
extremity strength stirrup machine (Dr. WOLEFF Sports
& Prevention GmbH - Bachumer, Germany). Before
beginning the test, participants were instructed to adjust
the backrest angle and place their legs on the device’s
base plate with their knees at a 90-degree angle (Fig. 2-b).
At the test’s beginning, participants were asked to main-
tain their backs against the backrest and gradually exert
their leg muscles to exhaustion, avoiding sudden bursts
of force that could disrupt the experiment. Tests were
conducted at baseline and after the 8-week intervention.

Horizontal jump

Jump tests are a standard method for evaluating a sub-
ject’s functional performance [42]. Subjects were
assessed using the standing long jump tester (Tsinghua
Tongfang Electronics, CHINA). The therapist provided
a verbal explanation and demonstration of the test, and
participants were instructed to wear non-slip sports
shoes. A 5-minute warm-up session preceded the test.
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Participants then familiarized themselves with the jump-
ing action before starting the test procedure. Subjects
were instructed to stand behind the jumping line with
their feet naturally apart, maintaining their initial posi-
tion. They were then asked to jump forward simultane-
ously, ensuring no additional steps or preliminary jumps
were taken. Each participant performed the test twice,
and the highest value from the two valid attempts was
recorded. Tests were conducted at baseline and after the
8-week intervention.

Musculoskeletal ultrasound image

Ultrasound imaging was conducted using a GE LOGIQ
E11 ultrasound machine with an acquisition frequency of
9.0 MHz. The procedure adhered to the guidelines of the
European Society of Musculoskeletal Radiology: subjects
were positioned supine on an examination table with
a pillow placed under the popliteal fossa, maintaining a
knee flexion of approximately 30° [43]. The sensor probe
was positioned longitudinally over the popliteal fossa.
The transducer probe was placed longitudinally in the
middle of the patellar tendon and maintained gentle con-
tact with the skin without applying additional pressure to
prevent interference with the measurement. Patellar ten-
don thickness was measured 1 cm from the patellar apo-
neurosis using the scanner’s built-in software [44]. Color
Doppler imaging was used to observe blood flow within
the patellar tendon.

Statistical analysis

Data were presented as meanststandard deviation
(SD) and range. Statistical analyses were performed
using GraphPad Prism Version 9.0.0 and G*Power ver-
sion 3.1.9.4. The data passed the Shapiro-Wilk normal-
ity test, confirming a normal distribution and meeting
the assumption of homogeneity of variance. Bartlett’s
test verified that the measurement data followed a nor-
mal distribution. Paired samples t-tests were conducted
within the pre- and post-intervention groups. One-way

VISA-P

-@- Combined
- HSR
-4+ TUS

visa-p( points)

50=L— r T r .
0 8 16
weeks

Fig. 6 Subjects'VISA-P scores before the intervention, at week 8 after the
end of the intervention, and at week 16 follow-up
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repeated measures ANOVA by ranks was used to assess
differences in values and relative change between groups.
In cases of significant differences, a post hoc Tukey’s
multiple comparisons test was employed to determine
significance between groups. All tests were conducted as
two-tailed with an alpha level of 0.05.

The sample size was calculated using G*Power 3.1 soft-
ware for the repeated ANOVA design. An F test was used
with the following parameters: effect size f=0.25, a error
probability=0.05, power (1-p error probability)=0.8,
number of groups=3, number of measurements=6, and
correlation among repeated measures=0 [45]. The soft-
ware determined a minimum sample size of 45, requiring
15 participants per group. Recruitment successfully met
this minimum sample size requirement. All statistical
analyses were performed by X.L.E.

Results

Primary outcome measure

VISA-P

A two-factor repeated measures ANOVA was conducted
to analyze VISA-P scores at baseline, 8, and 16 weeks of
follow-up. The analysis assessed the treatment’s impact
over time. Results indicated a significant main effect of
“group” on VISA-P scores (F=39.16, p<0.001), suggesting
differences between the treatment groups. Additionally, a
significant main effect of “time” was observed (F=7.52,
p=0.0016), indicating score variations across time points.
Furthermore, a significant interaction between “group”
and “time” was identified (F=28.4, p<0.0001), demon-
strating that the treatment effect on VISA-P scores dif-
fered based on the time of measurement.

Post-hoc analysis using Tukey’s multiple comparisons
test revealed no significant pairwise differences among
the groups at baseline. However, at the 8-week post-
intervention assessment, the Combined group exhibited
significantly higher VISA-P scores than the TUS group
(p=0.002). At 16 weeks, both the Combined group and
the HSR group demonstrated significantly higher VISA-
P scores than the TUS group (p<0.0001 and p=0.006,
respectively). These results are illustrated in Fig. 6;
Table 3. Given that the VISA-P scores include an assess-
ment of both pain symptoms and motor function, the
findings suggest that the combined group experienced
greater improvement in PT subjects compared to the
TUS group.

Secondary outcome measure

VAS

A repeated-measures ANOVA was conducted on the
collected VAS scores. Pre-intervention between-group
comparisons of VAS scores among the three groups
revealed no significant differences at baseline (F=0.22,
p=0.82). However, post-hoc multiple comparisons
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Visual Analogue Scale
##

&

Bl Dbaseline
Hl 8 weeks

VAS ( points)

Combined

HSR TUS

Fig. 7 Changes in VAS of three groups of subjects before and after
intervention

Table 3 Changes in subjects'VISA-P scores at baseline, 8-week
and 16-week follow-ups(values are means+SD)

Combined group HSR group TUS group

(N=17) (N=17) (N=17)
VISA-P-baseline 62.1+94 60.0+11.8 678+7.3
VISA-P-8w 82.8+6.2** 77.3+104% 74.0+7.5%
VISA-P-16w 84.7 +6.4** 80.0+9.0** 700+83

** means Pair t test significantly different from baseline(p<0.01)

analysis following the 8-week intervention demonstrated
a significant difference (F=6.97). Post-hoc multiple com-
parison tests identified significant differences between
the combined group and both the HSR training group
(p=0.048) and the TUS treatment group (p=0.001), indi-
cating superior pain reduction efficacy in the combined
group. Furthermore, paired-samples within-group t-tests
revealed significant reductions in VAS scores for all three
treatments from baseline to post-intervention, as shown
in Table 4; Fig. 7.

(2024) 16:213
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YBT

A repeated measures ANOVA was conducted on the
YBT data of the subjects collected before and after the
intervention. The results indicated no significant differ-
ence in the subjects’ YBT test ability between the groups
before the intervention (F=2.11, p=0.13). Addition-
ally, no significant difference was observed between the
groups after the 8-week intervention (F=0.85, p=0.91).
However, a within-group comparison of the three groups
of subjects using paired-samples t-tests revealed a sig-
nificant difference in YBT scores before and after the
intervention for all three groups. This suggests that the
subjects exhibited some degree of improvement in bal-
ance following the intervention, although these changes
were not significant between groups, as shown in Table 4;
Fig. 8.

MTT

A one-way repeated measures ANOVA was conducted
on the MTT test data collected from subjects before and
after the 8-week intervention. Between-group compari-
sons of the three groups prior to the intervention revealed
no significant differences in MTT (F=0.92, p=0.40). Sim-
ilarly, post-intervention comparisons showed no signifi-
cant differences between the groups (F=0.89, p=0.43).
However, following the 8-week intervention, a signifi-
cant difference emerged between the groups (F=5.18,
p=0.009), as detailed in Table 3. Post-hoc analysis indi-
cated that the MTT results of subjects in the combined
group significantly differed from those in the TUS group,
suggesting that the combined treatment was more effec-
tive in improving quadriceps flexibility. A paired-sample
t-test assessed within-group differences in MTT scores
before and after the intervention. The combined group
showed a significant improvement compared to the HSR

Table 4 Changes in selected indicators before and after intervention(values are means + SD)

Combined group HSR group TUS group P-Value F

(N=17) (N=17) (N=17)
VAS-baseline(points) 6.8+1.6 70+15 6.7+£1.2 0.8 0.22
VAS-8w(points) 2.1 41 oxx8d 29+1.1% 33+0.9%* 0.002 6.9
YBT-baseline(ratio) 0.88+0.07 0.93+0.08 0.92+0.07 0.13 211
YBT-8w(ratio) 0.97 £0.08** 0.99+0.07*%* 0.96£0.08** 043 092
MTT-baseline(degrees) 516+1.3 517422 524+19 04 0.9
MTT-8w(degrees) 548+1.7%# 544+22%% 528+20 0.009 518
MIMS-baseline(kg) 216.7£56.0 2544+36.9 235.6+46.1 0.07 273
MIMS-8w(kg) 2954+73.6** 326.7 £78.8** 2824+90.3* 0.27 1.33
Horizontal Jump-baseline(cm) 2253+257 231.1+£2291 229.5+32.09 0.81 0.20
Horizontal Jump-8w(cm) 232.1£180 2313£215 231.1£27.1 0.65 0.008

** means Pair t test significantly different from baseline(p<0.01)

*means Pair t test significantly different from baseline(p<0.05)

# means Tukey’s multiple comparisons test significantly different from TUS group(p<0.05)
#means Tukey’s multiple comparisons test significantly different from TUS group(p<0.01)

&means Tukey’s multiple comparisons test significantly different from HSR group(p<0.05)
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Fig. 9 Changes in MTT before and after intervention in three groups

group after 8 weeks, indicating that both the combined
intervention and training regimen effectively enhanced
quadriceps muscle flexibility. In contrast, no significant
changes were observed in the TUS group, suggesting that
the improvement in quadriceps flexibility following TUS
treatment was relatively limited, as depicted in Fig. 9.

Maximum isometric strength of lower extremity extensors
A one-way repeated measures ANOVA was used to ana-
lyze the maximum isometric contraction moments of the
lower extremity extensors of the subjects before and after
the intervention among groups. The results indicated
no significant differences between the pre-intervention
groups (F=1.34, p=0.27) or between the post-interven-
tion groups (F=2.74, p=0.07). Subsequent within-group
comparisons were conducted using paired samples t-tests
to assess changes before and after the intervention. All
three intervention modalities significantly improved the
maximal isometric contraction strength of the lower
extremity extensors, with p-values of <0.0001 in the
combined group, 0.0018 in the HSR group, and 0.03 in
the TUS group. The improvement was most pronounced
in the combined group, as shown in Table 3; Fig. 10.
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Fig. 11 The horizontal jump distance in the three groups before and after
the intervention

Horizontal jump

A within- and between-group comparison of pre- and
post-intervention data was conducted. Results indicated
no significant differences between groups at either pre-
intervention (F=0.21, p=0.81) or post-intervention time
points. Paired samples t-tests revealed no significant
within-group differences among the three groups before
and after the intervention (p=0.23, 0.95, and 0.77), as
shown in Table 3; Fig. 11.

Musculoskeletal ultrasound imaging

At the conclusion of the 8-week intervention, patellar
tendon thickness was measured in the subjects using an
ultrasound device, following the same procedure as at
baseline. Due to various reasons, some subjects were sent
to competitions, so they could not participate in the final
musculoskeletal ultrasound measurement. At baseline,
the three groups (Combined group, n=12, HSR group,
n=10, TUS group, n=10) had patellar tendon thicknesses
of 0.51+£0.20 c¢m, 0.59+0.15 c¢m, and 0.43+0.12 cm,
respectively (p=0.10, F=2.52). After 8 weeks of interven-
tion, these values were 0.54+0.54 cm, 0.631+0.14 cm, and
0.4910.10 cm, respectively (p=0.12, F=2.23). The com-
bined and HSR groups showed a slight increase in patel-
lar tendon thickness from baseline, but this change was
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not statistically significant. In contrast, the TUS group
exhibited a more pronounced and significant increase in
patellar tendon thickness from baseline (p<0.05). Com-
parative analysis of the three groups revealed no signifi-
cant differences in tendon thickness before or after the
intervention, as shown in Fig. 12. Additionally, compared
to pre-intervention measurements, the blood flow signal
within the patellar tendon decreased in all three groups,
as illustrated in Fig. 13.

Discussion

Heavy slow resistance training and therapeutic ultra-
sound are commonly used in musculoskeletal disorder
rehabilitation. While both are often employed for patellar
tendinopathy, their individual effectiveness can be lim-
ited in certain cases [20, 46]. Research suggests that HSR
training can increase collagen production in the tendon,
leading to pain relief [8]. However, this effect might be
diminished in individuals with severe squatting difficul-
ties or intense pain during squatting [47]. Conversely,
high-dose TUS can elevate the tendon’s internal tem-
perature, promoting healing [13]. This study evaluated
the efficacy of combining HSR training with high-dose
TUS for treating patellar tendinopathy, focusing on pain
reduction, strength, athletic performance, and balance.
At the conclusion of the 8-week intervention, the VISA-P
score questionnaire results indicated that participants in
the HSR training group experienced an average improve-
ment of 17 points compared to their baseline scores. In
contrast, the TUS treatment group exhibited an average
increase of 6 points, while the combined group demon-
strated an average improvement of 21 points. Our study
suggests that combining high-dose TUS with HSR train-
ing had a significant short-term positive effect on patel-
lar tendinopathy. Although the high-dose TUS group
exhibited significant improvements in VISA-P scores
post-intervention, these improvements did not reach the
minimum clinically important difference (MCID) of 13
points for PT symptom improvement [30]. The results
revealed that the combined and HSR groups maintained
more sustained improvements after the intervention
ended, whereas the TUS group experienced a significant

(a) Combined
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Fig. 12 Changes in patellar tendon thickness before and after interven-
tion in three groups with musculoskeletal ultrasound imaging

decrease in treatment effectiveness post-intervention.
This suggests that in clinical settings using ultrasound
therapy for patellar tendon disease, the continuity of
treatment should be emphasized. Further research is
necessary to determine the optimal treatment duration
for tendon adaptive changes, as indicated in the supple-
mentary data. Our study utilized a TUS dosage of 4920
joules; however, given the limited research on the opti-
mal TUS dosage for tendinopathy treatment, it is highly
conceivable that the lower dosage parameters employed
may not have been sufficient to generate significant clini-
cal effects.

We hypothesized that the combined group would
exhibit more significant improvements in standing jump
distance post-training, given that PT is often associated
with pain during jumping and landing [20]. However,
the results demonstrated considerable variability, with-
out significant differences between pre- and post-inter-
vention assessments (p>0.05). This variability could be
attributed to the focus of HSR training on eccentric and
concentric contractions, which may not fully align with
the explosive nature of vertical jumps. Moreover, all three
experimental groups exhibited significant improvements
in balance abilities, particularly the combined group, sug-
gesting the potential benefits of HSR training in enhanc-
ing dynamic stability and balance through improved
muscle control over postural changes. In contrast,

Fig. 13 Blood flow inside the patellar tendon in each group before and 8 weeks after intervention
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therapeutic ultrasound therapy, a common physical ther-
apy modality, primarily relies on thermal and mechanical
effects to facilitate tissue repair and regeneration. While
previous studies have shown some therapeutic effects
of ultrasound therapy on certain musculoskeletal con-
ditions [10, 13], its impact on balance abilities remains
insufficiently studied and confirmed. Some participants
initially reported pain hindering their performance in the
YBT during baseline measurements, but this hindrance
was notably reduced after 8 weeks of intervention. Con-
sequently, the improvement in balance abilities among
the TUS group participants may be linked to pain relief.
However, further research and discussion are required to
explore the influence of pain on test outcomes.

HSR training significantly contributed to the improve-
ment of quadriceps flexibility, while the ultrasound group
demonstrated limited improvements. This difference is
likely attributable to the specific exercises chosen. These
findings suggest that resistance training offers notable
benefits for enhancing muscle flexibility [48]. The closed-
chain lower limb exercises we employed not only directly
impact the muscles but also influence the entire lower
limb movement pattern, potentially modifying the flex-
ibility of the quadriceps. However, whether these changes
in movement patterns primarily lead to improved quadri-
ceps femoris flexibility or if enhanced quadriceps femoris
flexibility is the primary driver of changes in movement
patterns remains an area requiring further exploration.
Future research efforts could focus on rigorously inves-
tigating the causal connections between improvements
in quadriceps femoris flexibility and modifications in
lower limb movement patterns. By employing advanced
research techniques and biomechanical assessments, a
deeper understanding of the reciprocal influence mecha-
nisms between muscle flexibility and movement patterns
may be achieved.

About MIMS, the combined group demonstrated a
42% increase compared to pre-intervention levels, while
the training group experienced a 30% increase, suggest-
ing multiple factors may have contributed to this growth.
The rise in strength can be partially attributed to neu-
romuscular adaptation effects. Through strength train-
ing, muscle tissue undergoes various adaptive changes,
such as increased muscle fibers and enhancements in the
nervous system, which enable muscles to generate force
more efficiently [49]. These findings align with previous
research indicating that prolonged training can enhance
muscle strength [8, 46, 50]. This finding may be beneficial
for in-season athletes, as the combined intervention pro-
gram can both reduce pain and maintain muscle strength
to ensure optimal athletic performance.

Patellar tendon color Doppler ultrasonography in
the present study revealed a notable reduction in blood
flow within the tendon following an 8-week exercise
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intervention compared to pre-intervention. This finding
aligned with the results of Koenig et al’s research [8, 51].
Exercise intervention may facilitate the normalization of
blood vessel distribution around the tendon, diminish the
formation of abnormal vessels within the patellar tendon,
and lower the concentration of specific neurotransmit-
ters in the tendon blood vessels [52], potentially contrib-
uting to the observed decrease in pain levels. Regarding
changes in patellar tendon thickness, participants in
all three groups exhibited varying degrees of increased
thickness post the 8-week intervention period [53].
Nonetheless, Kongsgaard et al's study [8] noted a sig-
nificant 45% decrease in tendon thickness among sub-
jects in the HSR exercise group by week 12, approaching
the original fiber morphology of healthy tendons [16].
It is highly conceivable that between the 8th and 12th
weeks post-intervention, the tendons underwent adap-
tive changes, resulting in a reduction in thickness for
tendons that initially thickened during the early inter-
vention period. Agergaard et al. [54] conducted musculo-
skeletal ultrasound measurements of patellar tendons in
two high-speed resistance exercise intervention groups at
baseline, 6 weeks, 12 weeks, and 52 weeks. They observed
an initial increase in tendon thickness in both groups
from baseline to 6 weeks, followed by a decrease in ten-
don thickness from 6 to 12 weeks, aligning with our ini-
tial hypothesis. However, it is important to acknowledge
that variations in ultrasound measurement techniques
can contribute to discrepancies in results. Future studies
should consider employing standardized musculoskeletal
ultrasound measurements. Tsai et al. [55] proposed that
extracorporeal ultrasound can promote tendon healing;
however, the specific mechanisms underlying this pro-
cess remain unclear. Our study demonstrated a signifi-
cant increase in patellar tendon thickness in participants
after 8 weeks of extracorporeal high-energy ultrasound
treatment compared to baseline measurements. Since we
did not conduct ultrasound assessments at 12 weeks, the
potential effects of prolonged extracorporeal ultrasound
intervention on tendon thickness are still unknown. In
summary, we hypothesize that damaged tendons undergo
a thickening process during recovery, leading to the for-
mation of healthy tendon structures, possibly due to the
development of new scar tissue. Further comprehensive
studies are needed to elucidate the precise timeline of
scar tissue formation and regression within the tendon.

A key strength of this study was the high adherence of
most participants to a thrice-weekly supervised exercise
program. Training and rest periods were closely moni-
tored to ensure compliance and follow-up assessments
were conducted in controlled environments at 16 weeks
to minimize external interference. The sample consisted
of university athletes from Wuhan Sports University, rep-
resenting a representative population.
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Several limitations of this study should be acknowl-
edged. The instructors were not blinded, which may have
influenced outcomes, although additional training was
provided to ensure consistency. Despite efforts to restrict
unrelated physical activities, some participants may have
engaged in other sports, potentially affecting results.
Kinematic evaluations involved squatting on an inclined
platform, with a few participants experiencing patellar
tendon pain during baseline testing. Adjustments were
made for safety, but all participants could squat to the
specified angle in the post-intervention test, potentially
increasing the risk of Type I errors. The VISA-P follow-
up was limited to 16 weeks, restricting the assessment of
long-term intervention effects on patellar tendon disor-
ders. Further research is necessary to evaluate long-term
efficacy.

In conclusion, our research findings demonstrate that
the combination of Heavy Slow Resistance training and
high-dose ultrasound therapy significantly improves pain
and functionality among patients with patellar tendinop-
athy. This combined approach is particularly effective in
reducing symptoms in chronic patients, making it a suit-
able protocol for individuals with severe symptoms or
those seeking enhanced athletic performance.

Abbreviations

BF Biceps femoris

ESWT Extracorporeal shockwave therapy
EET Eccentric exercise training
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MIMS Maximal isometric muscle strength
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