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A B S T RAC   T
BACKGROUND: This study aimed at assessing how chronic exposure to specific exercise training (high-intensity intervals vs. endurance), 
comparing experienced basketball-players (BP, N.=16), cyclists (CY, N.=16), and non-specifically trained individuals (CN, N.=16), influences 
the structural and functional characteristics of both lower limb and respiratory musculotendinous structures.
METHODS: Vastus lateralis, gastrocnemius lateralis, and medialis, diaphragm muscles, as well as patellar tendon and Achilles tendon, were 
assessed using B-mode ultrasonography. Maximal voluntary isometric and passive torque measurements were conducted in the knee-extensors 
and plantar-flexors. Additionally, a subset of participants (N.=10 for each group) underwent a fatigue-inducing exercise-till-exhaustion protocol, 
and the strength of lower limb and respiratory muscles was evaluated immediately before and after the trial.
RESULTS: Athletes had bigger and stronger musculotendinous structures and greater endurance to fatigue than CN (P<0.05). BP had bigger 
plantar-flexors and diaphragm, greater fascicles length, more explosive plantar-flexors and respiratory muscles and bigger tendons than CY 
(P<0.05). On the other hand, CY showed greater muscle pennation angle and greater endurance to fatigue for both, lower limb, and respiratory 
muscles (P<0.05).
CONCLUSIONS: The present study emphasizes that chronic and specific exercise training leads to distinctive adaptations, not only in lower 
limb musculotendinous structures but also in other components such as respiratory muscles.
(Cite this article as: Cesanelli L, Saveikis D, Conte D, Satkunskiene D. Discipline-specific adaptation patterns in respiratory and lower limb muscu-
lotendinous structures: cyclists vs. basketball players. J Sports Med Phys Fitness 2025;65:493-506. DOI: 10.23736/S0022-4707.24.16429-8)
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Exercise training is acknowledged as one of the stron-
gest stimuli for inducing musculotendinous remodel-

ing. Indeed, the mechanical trigger derived from exercise 
initiates molecular signaling cascades, that under chronic 
exposure, ultimately determine a specific musculotendi-
nous phenotype, reflecting the specificity of the task being 
performed.1, 2 In this sense, previous studies indicate that 
experienced athletes, chronically exposed to specific exer-
cise modalities, exhibit unique muscle-tendon unit (MTU) 
features.3-6 For instance, prolonged engagement in weight-

bearing activities compared, for example, to water sports, 
has been associated with larger and stiffer lower limb 
tendons.5 In general, greater adaptive responses in lower 
limb musculotendinous structures have been reported in 
individuals subjected to repetitive loads (e.g., runners) or 
intermittent loads (e.g., volleyball or basketball players) 
compared to those in sports that do not involve such stim-
uli or in sedentary individuals.7 Furthermore, exercises in-
volving repeated stretch-shortening cycles primarily pro-
mote increases in fascicle length, while athletes engaged in 
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and concentric-dominant exercise, and basketball, marked 
by high-intensity training, impact forces, and continuous 
stretch-shortening cycles, highlight key differences in 
musculotendinous adaptations. Basketball requires short, 
powerful bouts of exercise, necessitating a rapid buildup 
of intra-abdominal pressure, leading to greater ventila-
tory muscle strength and increased diaphragm size.4, 6 In 
contrast, cycling that stimulates predominantly respiratory 
muscle endurance, may well result in less hypertrophy 
and strength of these muscles compared to sports requir-
ing intense, maximal efforts.4, 6 Moreover, investigating 
how chronic exercise training may influence adaptations 
not only in load bearing (i.e., lower limbs muscles and 
tendons) but also accessory (i.e., the respiratory muscles) 
musculotendinous structures, enhances the importance of 
this experimental model. Indeed, exploring these aspects 
could elucidate the impact of the long-term exposition to 
different training modalities, and in turn, paving the way 
for implementing cross-training among different activities 
and sports disciplines.19 Such approach could be valuable 
in targeting specific adaptations, whether in rehabilita-
tion contexts or optimizing performance.20 Therefore, this 
study aims to assess how chronic exposure to different 
forms of exercise (i.e., high intensity intervals vs. endur-
ance), comparing experienced basketball players and cy-
clists, and non-specifically trained individuals, influences 
the structural and functional characteristics of both lower 
limb and respiratory musculotendinous structures. More-
over, the hypothesis posits that basketball players, com-
pared to cyclists, would exhibit larger musculotendinous 
structures, greater force production, but lower fatigue re-
sistance in both lower limbs and respiratory muscles.

Materials and methods

Study design and participants

Forty-eight male participants, including 16 cyclists (CY), 
16 basketball players (BP), and 16 control subjects (CN) 
voluntarily participated in this cross-sectional study (Table 
I). To be included, the athletes had to fulfil at least two of 

sports with predominantly concentric work tend to develop 
greater muscle pennation angle.3, 4 The different character-
istics of the exercise, encompassing factors like the type of 
contractile work, acting stresses, and operating length of 
the MTU, has been then hypothesized to contribute to the 
observed differences in musculotendinous properties such 
as architectural features, passive mechanical properties, 
functional capacity, and fatiguability among different ath-
letes.3-6, 8 Moreover, previous studies indicate that adaptive 
changes extend beyond primary load-bearing musculoten-
dinous structures engaged in specific exercise tasks, to in-
clude structures supporting them, such as the respiratory 
muscles.9-15 For example, in sports where contraction of 
ventilatory muscles, such as the diaphragm, is essential 
for generating intra-abdominal pressure to support exer-
cise execution, greater ventilatory muscle strength and in-
creased diaphragm size have been reported.11 Indeed, the 
type of sport, and the exercise demands placed on the mus-
culoskeletal system, significantly influence the physiologi-
cal adaptation of the respiratory system. Athletes involved 
in disciplines requiring intense, high-intensity, and pow-
erful movements tend then to display higher ventilatory 
capacity and hypertrophy of the respiratory muscles.10-14 
Moreover, musculotendinous size, strength and fatiguabil-
ity of the lower limbs and respiratory muscles seem to be 
intertwined, where one can have an influence on the other 
one.8, 16-18 These findings were corroborated not only in 
athletes but also in individuals with conditions such as sar-
copenia, where exercise interventions targeting peripheral 
muscles had a positive impact on respiratory function.18 
In this context, it is evident that prolonged exposure to 
specific exercise training can lead to distinct musculoten-
dinous adaptations in both the structures responsible for 
generating the movement and the accessory ones exerting 
a supportive function to perform the activity. These adap-
tations align with the demands of exercise, ultimately en-
hancing physical performance. Experienced athletes dedi-
cated to particular sports, and exposed to specific exercise 
modalities, provide a robust model for understanding the 
impact of chronic training on musculotendinous structure 
and function. Cycling training, characterized by endurance 

Table I.—��Characteristics of the three groups.
Variables CY BP CN F P η2

Age (years) 24±3.9 22±3.2 24±4.1 2.127 0.105 0.097 (S)
Body mass (kg) 81±6.9 87±10.8 81±8.5 2.463 0.097 0.111 (S)
Height (cm) 184±3.4a 193±5.4c 183±7.1 16.517 <0.001 0.423 (L)
CY: cyclists; BP: basketball players; CN: control.
aP<0.05 CY vs. BP; cP<0.05 BP vs. CN.
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patellar tendon (PT), and Achilles tendon (AT). Follow-
ing a standard warm-up on a stationary bike, participants 
underwent a passive resistive protocol test and a maxi-
mal voluntary isometric contraction test for knee exten-
sors and plantar flexors using a calibrated Biodex System 
4 dynamometer (Biodex Medical Systems, Shirley, NY, 
USA). For the recording of muscle activity, self-adhesive 
preamplified electrodes (F3010 FIAB) were attached to 
shaved, abraded, and cleaned skin regions over the rectus 
femoris, vastus lateralis, gastrocnemius lateralis and so-
leus muscles, following SENIAM recommendations,23, 24 
with ground electrodes fixed over the patella and mal-
leolus. Surface electromyographic (sEMG) signals were 
sampled at 1000 Hz and synchronized with the dynamom-
eter through a Biopac 12-bit-to-digital converter system 
(EL254S; Biopac Systems, Inc., Goleta, CA, USA) and 
AcqKnowledge software (version 4.1; Biopac Systems). 
Athletes then underwent respiratory function assessments, 
including spirometry procedures (MetaLyzer 3B; Cortex 
Biophysik, Leipzig, Germany) and a maximal inspiratory 
(MIP) and expiratory (MEP) pressure test (RPCheck; MD 
Diagnostics Ltd, Kent, UK). A subset of participants (CY, 
N.=10; BP, N.=10; CN, N.=10) performed a fatigue proto-
col on a separate day. The fatigue protocol began with an 
incremental ramp test on a cycle ergometer (Lode Excali-
bur Sport, Lode BV; Groningen, the Netherlands) to mea-
sure peak oxygen consumption (VO2peak) (MetaLyzer 3B; 
Cortex Biophysik), followed by an exercise to exhaustion 
session. Respiratory function and maximal voluntary con-
traction tests were conducted again immediately (5 min-
utes) before and after the time trial protocol. A summary of 
the study procedures is provided in Figure 1.

Musculoskeletal ultrasound imaging

Images of the VL, GL, GM and DIA muscles, PT and AT 
were obtained using a grayscale B-mode ultrasonogra-
phy linear array transducer (10- to 15-MHz transducer, 
Echoblaster 128, UAB; Telemed). The settings of the ul-
trasound system were standardized (kept identical) for all 
participants and recorded using EchoWave II video-based 
software (Telemed), following the recommendations of 
the European Society of Muscoloskeletal Radiology.5 The 
probe was positioned at 70% of the femoral length from 
the knee joint space to the greater trochanter on the VL, at 
the midpoint of the GL and GM muscle belly, and between 
the 7th and 10th intercostal space in the mid-axillary line 
for the DIA, where the coronal view of the right hemi-
diaphragm was identified (Figure 2). Additionally, images 
of PT and AT were collected, with the knee angle fixed at 

the “highly trained athlete” criteria described by McKay 
et al.21 In addition, the exclusion criteria included self-re-
ports of knee injuries that impeded maximal muscle con-
traction, a history of anterior knee pain, Osgood-Schlatter 
disease, cardiovascular disorders, medical history of dia-
betes, respiratory and neuromuscular diseases, or disclo-
sure of drug abuse. The CY group comprised athletes from 
two continental UCI teams and one amateur national-level 
team, boasting an average of 11.0±5.3 years of experience. 
The cyclists covered an average distance of 13,932±5,811 
km per year, equating to 9 to 15 hours of training per week. 
Differently, the BP group consisted of players competing 
within a first-league team engaged in international compe-
titions and a second-league team playing only at national 
level. Athletes in the BP participants had an average experi-
ence of 8.0±5.1 years and trained for 8-12 hours per week. 
CN participants were sourced from the local community in 
Lithuania, with some of them being sport science students 
at a public Lithuanian university. To the best of author’s 
knowledge, no previous studies with a similar design and 
investigating similar dependent variables have reported ef-
fect sizes, preventing us from precisely estimating sample 
sizes through power analysis. Consequently, we opted for 
a convenient sample of 16 participants per group, align-
ing with previous investigations involving similar popula-
tions and with similar research aims.4, 6 Participants were 
provided with detailed information about the experimental 
procedures, purposes, as well as the associated risks and 
benefits before signing a written informed consent. The re-
search protocol adhered to the Declaration of Helsinki and 
was approved by the Ethics Committee of the Lithuanian 
Sports University (MNL-SVA(M)-2023-556).

Testing procedures

All participants were instructed to refrain from vigorous 
physical activity for 24 hours prior to the testing session 
and to maintain their regular diet. To ensure consistency, 
the same group of investigators conducted all measure-
ments. The testing protocol began with the collection of 
anthropometric measurements, including body mass us-
ing a Tanita-305 body-fat analyzer (Tanita Corp), skinfold 
thickness measurements (GIMA Skinfold Caliper, GIMA 
S.p.A.), and body girths (ROLLFIX® DIA Ø, Hoechst-
mass Balzer GMBH, Sulzbach, Germany), following the 
guidelines from the International Society for the Advance-
ment of Kinanthropometry (ISAK).22 B-mode ultrasound 
(Telemed, Vilnius, Lithuania) was then used to examine 
the vastus lateralis (VL), gastrocnemius lateralis (GL), 
gastrocnemius medialis (GM), diaphragm (DIA) muscles, 
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namely proximal, medial, and distal (Figure 2).25 The 
CSAPT and CSAAT were measured by defining the tendon 
borders inferior to the first hyperechoic region between 
the subcutaneous tissue and the deep fascia layer in the 
transverse plane image. Videos of the DIA muscle were 
recorded with the subject in semi recumbent position and 
using the mid-axillary intercostal approach at the zone of 
apposition during tidal and forced breaths. Diaphragm 
thickness calculated at the functional residual capac-
ity position (MTDIAee), at end of tidal breaths (MTDIAei) 
and of the maximal inspiratory efforts (MTDIAeimax).27, 28 
Furthermore, the DIA thickening fraction TF=[(MT DIA 
end inspiration - MT DIA end espiration)/ MT DIA end 
espiration]×100 was calculated in both positions (tidal 
and maximal breaths).27, 28 Three ultrasound images were 

30° and the ankle joint angle at 90°, respectively. Images 
were collected in both longitudinal and transverse planes 
to measure the tendon thickness and cross-sectional area 
(CSA).25 The images were later imported into ImageJ 
(version 1.46, US National Institutes of Health).26 The Lf 
(fascicle length), PA (pennation angle), and MT (muscle 
thickness) were measured as the length of the fascicular 
path between the superficial and deep aponeuroses (when 
the transducer was not able to capture the whole length 
of the fascicles, the line of the fascicle was extrapolated 
beyond the frame of the image), the angle between the 
fascicular path and deep aponeurosis, and the distance 
between superficial and deep aponeurosis, respectively 
(Figure 2).26 The PT and AT cross-sectional area (CSAPT 
and CSAAT) were analyzed at three anatomical landmarks, 

Figure 1.—Schematic representation of the study procedures: A) between groups comparison testing procedures; and B) fatigue protocol testing 
procedures.

Figure 2.—Details of the ultrasound imaging procedures, featuring detailed views of various muscles and tendons. A-C) DIA muscle, VL muscle, 
PT, the GL and GM muscles, and the AT. Specifically, DIA ultrasound images were recorded at the zone of apposition during tidal and forced breaths, 
while VL, GL, GM, PT, and AT images were captured in longitudinal and transversal plane, respectively.
DIA: diaphragm; VL: vastus lateralis; PT: patellar tendon; GL: gastrocnemius lateralis; GM: gastrocnemius medialis; AT: Achilles tendon.
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aligned the femoral lateral epicondyle with the dynamom-
eter axis. The dominant leg was fixed above the medial 
malleolus, minimizing joint movement and vertical dis-
placement. For the plantar flexors, the athletes were lying 
prone, legs fully extended, with the thighs, the hips and 
the shoulders secured. The dominant ankle joint was se-
curely strapped to a footplate connected to the level arm of 
the dynamometer. The input axis of the dynamometer was 
carefully adjusted to the axis of rotation of the ankle joint. 
Athletes were signaled to contract as fast and forcefully as 
possible upon supervisor instruction, receiving robust ver-
bal encouragement during the test.33 The athletes executed 
three maximal contractions, each lasting 2 seconds, with a 
2-min recovery period between each contraction. For the 
knee extensors the contractions were performed, respec-
tively at 80°, 90° and 100° knee joint angles, while for the 
plantar flexors at 90°, 80° and 70° ankle joint angles. The 
maximal voluntary torque (MVT) represented the peak 
isometric torque (Nm) during the contraction. Contractile 
rate of torque development (RTD) was calculated as av-
erage slope (Nm/s) in early (RTDE) (0-100 ms) and late 
(RTDL) (0-300 ms) phases.33 Contraction onset was de-
fined as knee extensor torque surpassing 2.5% of the base-
line-to-peak torque difference.33 The sampling frequency 
was set at 100 Hz by the dynamometer acquisition hard-
ware. All values were normalized by the athletes’ body 
mass raised to the power of ⅔.29 The MVT and RTD data 
obtained from the best of the three repetitions of the high-
est voluntary contraction were analyzed. The sEMG signal 
of the VL, rectus femoris, GL and soleus muscles were 
recorded and the sEMGmax value quantified by calculat-
ing the root mean squared over a 0.05-sec period around 
the peak torque achieved during the maximal voluntary 
contractions. Additionally, 5% of the maximum sEMG 
value was determined to analyze muscle activity during 
the passive-resistive torque test, assessing the validity of 
the measurement.34

Respiratory function

Pulmonary function was assessed by conducting maximal 
flow volume loops35 using a stationary spiroergometric de-
vice (MetaLyzer 3B, Cortex Biophysik), calibrated before 
each test according to the manufacturer’s guidelines. Max-
imal static inspiratory (MIP) and expiratory (MEP) pres-
sure, as well as the maximal rate of inspiratory (MRIPD) 
and expiratory (MREPD) pressure development – defined 
as the average slope between the onset of pressure (pres-
sure surpassing 2.5% of the baseline-to-peak pressure 
difference) and its peak (cmH2O/s) – were measured as 

recorded and analyzed for each participant in the differ-
ent anatomical landmarks, and the measured values were 
averaged. MT, and CSA data were analyzed as absolute 
but they were also normalized by the participant’s body 
mass raised to the power of ⅔29 while the Lf was normal-
ized by the participant’s height raised to the power of ¼.30 
Intra-rater repeatability was calculated for all variables, 
and the values ranged from ICC=0.92 to ICC=0.97 and 
CV=2.09% to CV=4.37%.4

Passive resistive torque

The passive resistive torque protocol utilized a Biodex 
System 4 isokinetic dynamometer to measure torque re-
sistance during passive stretch, capturing knee and ankle 
joint angle and angular velocity. For the knee extensors, 
participants lay supine with the pelvis and dominant leg 
straight, parallel to the floor, and securely strapped to 
minimize secondary movements. The opposite hip and 
knee were fixed at 90° flexion to limit pelvic and lum-
bar motion, aligning the knee axis with the dynamom-
eter’s rotational axis. With the participant fully relaxed, 
the dynamometer passively flexed the knee to 120° at 
4° per second.31 For the plantar flexors, participants lay 
prone with fully extended legs, secured by adjustable lap 
belts. The dominant ankle joint was strapped to a foot-
plate connected to the dynamometer’s lever arm, align-
ing the dynamometer’s input axis with the ankle joint’s 
rotation axis. In this configuration, and with the partici-
pant fully relaxed, the dynamometer passively flexed 
the ankle from 10° dorsiflexion to 30° plantarflexion at 
4° per second.32 The procedure was repeated three times 
with a 1-minute rest between sets. Passive stiffness of the 
MTU was calculated by dividing the change in passive 
torque by the change in ankle joint angle, expressed as 
Stiffness=ΔTorque/ΔROM, considering the slope of the 
curve between 80% and 100% of the total ROM and af-
ter correcting for gravity by using a custom-made Excel 
spreadsheet for calculations. Stiffness values were nor-
malized by the athletes’ body mass raised to the power of 
⅔.29 Passive resistive torque measurements were deemed 
valid only if sEMG activity was <5% of the maximum 
sEMG value (sEMGmax) recorded during the maximal 
voluntary contraction test.

Maximal voluntary isometric contractions

For the maximal voluntary isometric contraction test, ath-
letes were securely strapped to a Biodex System 4 dyna-
mometer using transverse belts. For the knee extensors, 
athletes were seated with 90° hip and knee flexion and 
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flexors in isometric torque production from the different 
joint angles.

Statistical analysis

The data analysis was conducted using IBM SPSS Statis-
tics (version 21.0; IBM Corp., Armonk, NY, USA), and 
graphical representations were created using GraphPad 
Prism (version 7.0; GraphPad Software, San Diego, CA, 
USA). Descriptive statistics (mean ± standard deviation 
[SD]) were calculated for each variable, and the normality 
of the sample distribution was assessed using the Shapiro-
Wilk Test. Accordingly, a one-way analysis of variance 
(ANOVA) was carried out to determine if there were sig-
nificant differences in the mean values of all tested vari-
ables among the three groups (CY, BP, and CN). In the 
event of a significant between-group effect, a Tukey-Cor-
rected post-hoc Test was employed to evaluate the statisti-
cal significance of differences between mean values across 
the three groups. Furthermore, a 2×3 Mixed ANOVA was 
employed to evaluate the effect of the fatigue protocol (pre 
to post; time effect) between the three groups (CY, BP, and 
CN; group effect). Effect size was determined based on 
Cohen’s guidelines,39 with standardized effect (η2) being 
small (S) for η2>0.1, medium (M) for η2>0.25, and large 
(L) for η2>0.4, and with the standardized mean difference 
(d) for the pairwise comparisons interpreted as trivial, 
<0.20; small, 0.20 to 0.59; moderate, 0.60 to 1.19; large, 
1.20 to 1.99; and very large, ≥2.00.40 The critical level of 
statistical significance was set at a α level of 0.05.

Results

The characteristics of the subjects are reported in Table 
I. Body mass and height were higher in BP compared to 
CY (P<0.05) (Table I). The body fat percentage and body 
girths did not differ significantly between CY and BP 
groups, while the CN group showed significantly greater 
body fat and reduced lower limb girths (Supplementary 
Digital Material 1: Supplementary Table I).

Musculotendinous morphology

Significant between-group differences were observed for 
VL architecture: MTVL (F=18.462; P<0.001; η2=0.451; 
L), LfVL (F=9.776; P<0.001; η2=0.303; M) and PAVL 
(F=28.236; P<0.001; η2=0.557; L). More in detail, BP and 
CY exhibited greater values than CN (P<0.001; d=1.44; 
large) with CY showing greater PA than BP and CN 
(P<0.001; d=1.65; large) (Figure 3). Significant between-
group differences were observed for GL and GM archi-

indexes of respiratory muscle strength. This was done us-
ing a handheld mouth pressure meter fitted with a flanged 
mouthpiece (RPCheck, MD Diagnostics Ltd). Inspira-
tory and expiratory maneuvers were performed in a sit-
ting upright position, initiated from residual volume and 
total lung capacity, respectively, and sustained for at least 
1-sec. At least three valid attempts were recorded, and the 
maximum value from these attempts was used for subse-
quent analysis.

Fatigue protocol

Ten subjects from each group (CY, BP and CN) willingly 
participated in the fatigue protocol, with at least one week 
between the preceding testing procedures. To determine 
VO2peak, participants started with a standardized warm-
up at 120 W for 5 minutes, followed by an incremental 
ramp test protocol (20 W/min) on an electromagnetically 
braked ergometer (Lode Excalibur Sport, Lode BV).36, 37 
Athletes had the freedom to choose their pedaling ca-
dence, and the ergometer’s configuration was customized 
to individual preferences and requirements. Real-time 
analysis of gas exchange was carried out using a station-
ary spiroergometric device operating in breath-by-breath 
mode (MetaLyzer 3B; Cortex Biophysik), with the gas 
analyzer calibrated before each session. Heart rate was 
continuously monitored via a chest strap heart rate moni-
tor (Polar H10, Polar Electro). The test was considered 
concluded if the cadence dropped by more than 10 rpm 
from the average maintained throughout the test for a du-
ration exceeding 10-sec, even with consistent verbal en-
couragement. The highest attained VO2, quantified both 
absolutely and relative to the participant’s body mass, 
was determined from each test as the highest consecu-
tive 20-sec average value achieved during the test.37 From 
the VO2peak test, an exercise to exhaustion (ETE) proto-
col was planned, considering the 90% power output from 
VO2peak power. To evaluate perceived exertion in the three 
groups after the ETE, all subjects completed the session-
RPE scale (BORG-CR10) with values ranging from 0 
(no exertion at all) to 10 (maximal exertion).38 The ETE 
was performed at least 48 hours after the VO2peak test. 
Five minutes before and after the ETE test, all athletes 
underwent respiratory function and maximal voluntary 
isometric contraction tests (for both knee extensors and 
plantar flexors) following the previously described pro-
cedures. Test completion times were monitored to ensure 
adherence to the fixed time window for all procedures. 
Delta (∆) values were used for analyses, with an aver-
age value considered for the knee extensors and plantar 
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erate) (Figure 5). Significant between-group differences 
were observed for MTDIA at the three different respira-
tory stages analysed: functional residual capacity position 
(MTDIAee: F=24.160; P<0.001; η2=0.518; L), at end of tidal 
breaths (MTDIAei: F=24.547; P<0.001; η2=0.522; L) and of 
the maximal inspiratory efforts (MTDIAeimax: F=24.547; 
P<0.001; η2=0.505; L). Specifically, BP exhibited great-
er MTDIA at all stages compared to CY (P<0.01; d=0.69; 
moderate) and CN (P<0.001; d=2.07; very large), with CY 
showing higher values than CN (P<0.01; d=1.34; large) 
(Figure 6). The normalization of MT, Lf, and CSA for an-
thropometric measurements did not reveal any additional 
differences or alter any trends, thus confirming the results 
obtained with the absolute values.

tecture: MTGL (F=22.414; P<0.001; η2=0.499; L), MTGM 
(F=23.866; P<0.001; η2=0.515; L), LfGL (F=13.009; 
P<0.001; η2=0.366; M), LfGM (F=17.282; P<0.001; 
η2=0.434; L), PAGL (F=18.218; P<0.001; η2=0.447; L), 
PAGM (F=5.340; p=0.008; η2=0.192; S). Specifically, BP 
and CY demonstrated higher values than CN (P<0.001 
d=1.55; large). BP had greater MT and Lf than CY (P<0.01; 
d=1.13; large), whereas for PA, CY exhibited higher val-
ues than BP (P<0.01; d=0.97; moderate) (Figure 4). Signif-
icant between-group differences were observed for CSAPT 
(F=14.392; P<0.001; η2=0.390; M) and CSAAT (F=97.930; 
P<0.001; η2=0.813; L). More in detail, BP and CY exhibit-
ed greater values than CN (P<0.01; d=1.09; large) with BP 
showing greater values than CY (P<0.01; d=0.85; mod-

Figure 3.—Differences in MTVL, 
LfVL and PAVL between the three 
groups.
VL: vastus lateralis; MTVL: VL 
muscle thickness; LfVL: fascicle 
length; PAVL: pennation angle; CY: 
cyclists; BP: basketball players; 
CN: control.
aP<0.05 CY vs. BP; bP<0.05 CY vs. 
CN; cP<0.05 BP vs. CN.

Figure 4.—A-C) Differences in GL and GM MTVL, LfVL and PAVL between the three groups.
MTVL: VL muscle thickness; LfVL: fascicle length; PAVL: pennation angle; GL: gastrocnemius lateralis; GM: gastrocnemius medialis; CY: cyclists; 
BP: basketball players; CN: control.
aP<0.05 CY vs. BP; bP<0.05 CY vs. CN; cP<0.05 BP vs. CN.
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production capacity and passive stiffness (P<0.05) (Table 
III). Specifically, CY and BP exhibited greater values for 
isometric peak torque and rate of torque development than 
CN, both for absolute and normalized values (P<0.01) (Ta-
ble III). Furthermore, isometric rate of torque development 
was higher in BP than CY (P<0.05). BP showed higher 
plantar flexors’ passive stiffness than CY and CN (P<0.01).

Respiratory function

Significant between-group differences emerged for part of 
the variables characterizing the respiratory function test 
(P<0.05) (Table IV). Specifically, CY and BP exhibited 

Isometric strength and passive mechanical properties

Significant between-group differences emerged for knee 
extensors’ isometric torque production capacity and pas-
sive stiffness (P<0.05) (Table II). Specifically, CY and BP 
exhibited greater values for isometric peak torque and rate 
of torque development than CN, both for absolute and nor-
malized values (P<0.01) (Table II). Furthermore, isometric 
rate of torque development, particularly in the late phases 
of contraction, was higher in BP than CY (P<0.05). On the 
contrary, CY showed higher knee extensors’ passive stiff-
ness than BP and CN (P<0.01). Significant between-group 
differences emerged for plantar flexors’ isometric torque 

Figure 5.—A, B) Differences in 
PT and AT CSA between the three 
groups.
CSA: cross-sectional area; CY: cy-
clists; BP: basketball players; CN: 
control; PT: patellar tendon; AT: 
Achilles tendon.
aP<0.05 CY vs. BP; bP<0.05 CY vs. 
CN; cP<0.05 BP vs. CN.

Figure 6.—Differences in dia-
phragm thickness between groups 
at three different respiratory stag-
es: functional residual capacity 
position (MTDIAee), at end of tidal 
breaths (MTDIAei) and of the maxi-
mal inspiratory efforts (MTDIAei-
max).
CY: cyclists; BP: basketball play-
ers; CN: control.
aP<0.05 CY vs. BP; bP<0.05 CY vs. 
CN; cP<0.05 BP vs. CN.
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Fatigue response

Significant between-group differences emerged for VO-
2peak values, peak power output and ETE completion time 
(P<0.001), with CY showing greater values than BP and 
CN (P<0.001), and BP greater than CN (P<0.001) (Supple-

greater values for FVC, FEV1, PIF than CN (P<0.05), 
without differences between the two athlete groups (Ta-
ble IV). BP showed greater MIP, MEP, RIPD, and REPD 
than CY and CN (P<0.05), significance of differences that, 
however, disappeared once data were normalized for sub-
jects’ body mass (Table IV).

Table II.—��Differences in knee extensors isometric contractile capacity and passive stiffness.
Variables CY BP CN F P η2

KEPT100° (Nm) 326±58b 344±86c 251±49 8.614 <0.001 0.277 (M)
nKEPT100° (Nm/kg2/3) 6.0±0.9b 5.9±1.1c 4.7±1.1 7.763 0.001 0.257 (M)
KEPT90° (Nm) 365±72b 367±93c 282±61 6.333 0.004 0.220 (S)
nKEPT90° (Nm/kg2/3) 6.8±1.1b 6.3±1.1c 5.3±1.5 5.588 0.007 0.199 (S)
KEPT80° (Nm) 354±85b 336±88c 274±68 4.353 0.019 0.162 (S)
nKEPT80° (Nm/kg2/3) 6.6±1.4b 5.7±1.1c 5.2±1.8 3.519 0.038 0.135 (S)
KERTDE100° (Nm/s) 2022±247b 2224±445c 1562±214 17.587 <0.001 0.439 (L)
nKERTDE100° (Nm/s/kg2/3) 37.7±3.2b 38.5±6.3c 29.4±6.2 13.693 <0.001 0.378 (M)
KERTDL100° (Nm/s) 1299±190ab 1647±349c 1002±154 27.421 <0.001 0.549 (L)
nKERTDL100° (Nm/s/kg2/3) 24.2±2.9b 28.5±5.0c 18.8±4.2 7.630 0.001 0.253 (M)
KERTDE90° (Nm/s) 2170±351b 2255±351c 1675±286 10.902 <0.001 0.326 (M)
nKERTDE90° (Nm/s/kg2/3) 40.4±4.9b 39.1±6.7c 31.6±8.4 5.705 0.006 0.202 (S)
KERTDL90° (Nm/s) 1393±206ab 1664±369c 1075±169 20.06 <0.001 0.471 (L)
nKERTDL90° (Nm/s/kg2/3) 25.9±2.8b 28.7±4.8c 20.3±4.8 21.585 <0.001 0.490 (L)
KERTDE80° (Nm/s) 2138±425b 2202±501c 1650±336 18.179 0.001 0.263 (M)
nKERTDE80° (Nm/s/kg2/3) 39.7±6.2b 38.0±6.6c 31.2±9.4 15.509 <0.001 0.423 (L)
KERTDL80° (Nm/s) 1348±223ab 1625±378c 1040±179 10.054 <0.001 0.447 (L)
nKERTDL80° (Nm/s/kg2/3) 25.1±3.2b 28.0±4.6c 19.6±5.3 14.322 <0.001 0.389 (M)
KEstiffness (Nm/deg) 0.80±0.10ab 0.58±0.06c 0.49±0.17 74.926 <0.001 0.769 (L)
nKEstiffness (Nm/deg/kg2/3) 0.015±0.001ab 0.009±0.001 0.008±0.001 66.322 <0.001 0.747 (L)
CY: cyclists; BP: basketball players; CN: control; KE: knee extensors; PT: peak torque; RTD: rate of torque development; E: early; L: late; N.: normalized.
aP<0.05 CY vs. BP; bP<0.05 CY vs. CN; cP<0.05 BP vs. CN.

Table III.—��Differences in plantar flexors isometric contractile capacity and passive stiffness.
Variables CY BP CN F P η2

PFPT0° (Nm) 142±34b 163±39c 109±27 10.054 <0.001 0.309 (M)
nPFPT0° (Nm/kg2/3) 2.6±0.6b 2.8±0.6c 2.1±0.6 6.614 0.003 0.227 (S)
PFPT10° (Nm) 172±43b 191±47c 133±54 7.740 0.001 0.256 (M)
nPFPT10° (Nm/kg2/3) 3.2±0.8b 3.3±0.6c 2.5±0.8 4.846 0.012 0.177 (S)
PFPT20° (Nm) 213±56b 229±33c 164±46 5.617 0.007 0.200 (S)
nPFPT20° (Nm/kg2/3) 3.9±1.0b 3.9±0.8c 2.5±0.8 3.721 0.032 0.142 (S)
PFRTDE0° (Nm/s) 694±144ab 981±232c 536±114 27.741 <0.001 0.552 (L)
nPFRTDE0° (Nm/s/kg2/3) 12.9±2.3ab 16.9±3.2c 10.1±2.7 24.548 <0.001 0.522 (L)
PFRTDL0° (Nm/s) 445±116ab 773±217c 343±90 35.111 <0.001 0.609 (L)
nPFRTDL0° (Nm/s/kg2/3) 13.7±2.6ab 17.2±3.3c 10.7±2.8 19.399 <0.001 0.463 (L)
PFRTDE10° (Nm/s) 738±154ab 998±241c 570±123 22.879 <0.001 0.504 (L)
NpfrtdE10° (Nm/s/kg2/3) 14.7±3.1ab 17.8±3.3c 11.5±3.2 15.468 <0.001 0.407 (L)
PFRTDL10° (Nm/s) 466±123ab 805±27c 360±96 35.400 <0.001 0.611(L)
nPFRTDL10° (Nm/s/kg2/3) 8.3±3.0ab 13.3±3.0c 6.4±1.8 35.851 <0.001 0.614 (L)
PFRTDE20° (Nm/s) 789±178ab 1033±58c 610±142 18.769 <0.001 0.455 (L)
nPFRTDE20° (Nm/s/kg2/3) 8.7±2.2ab 13.8±2.9c 6.7±1.9 36.705 <0.001 0.620 (L)
PFRTDL20° (Nm/s) 504±120ab 830±224c 389±94 33.878 <0.001 0.601 (L)
nPFRTDL20° (Nm/s/kg2/3) 9.4±2.1ab 14.3±3.0c 7.3±1.9 35.165 <0.001 0.610 (L)
PFstiffness (Nm/deg) 1.56±0.32ab 2.18±0.40c 1.11±0.22 53.549 <0.001 0.704 (L)
nPFstiffness (Nm/deg/kg2/3) 0.029±0.006ab 0.039±0.004c 0.020±0.004 55.565 <0.001 0.712 (L)
CY: cyclists; BP: basketball players; CN: control; PF: plantar flexors; PT: peak torque; RTD: rate of torque development; E: early; L: late; N.: normalized.
aP<0.05 CY vs. BP; bP<0.05 CY vs. CN; cP<0.05 BP vs. CN.
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Discussion

The study highlights how chronic exposure to specific ex-
ercise training (i.e., high intensity intervals vs. endurance), 
such as cycling and basketball, induces distinct adaptive 
signatures not only in the lower limb musculotendinous 
structures, directly involved in the movements, but also in 
structures such as the respiratory muscles. BP displayed 
larger muscles and tendons, longer fascicles but lower PA, 
and quicker muscle contractions, albeit with lower fatigue 
resistance than CY.

mentary Digital Material 2: Supplementary Table II). Sig-
nificant time (P<0.001) and time × group effects (P<0.05) 
emerged for the knee extensors and plantar flexors’ iso-
metric peak torque and rate of torque development. Simi-
larly, significant time (P<0.001) and time x group effects 
(P<0.05) emerged for the respiratory muscles’ strength 
markers. More in detail, CN experienced greater reduc-
tion in isometric contractile capacity and respiratory mus-
cles strength induced by fatigue compared to the athlete 
groups. Furthermore, BP were characterized by a higher 
fatigue effect compared to CY (P<0.05) (Figure 7).

Figure 7.—Differences in pre- to 
post-∆ values (%) between the 
three groups: A-D) isometric con-
tractile capacity; and E-H) respira-
tory muscles strength indicators.
CY: cyclists; BP: basketball play-
ers; CN: control; KE: knee ex-
tensors; PF: plantar flexors; PT: 
peak torque; RTD: rate of torque 
development; MIP: maximal in-
spiratory pressure; MEP: maximal 
expiratory pressure; RIPD: rate of 
inspiratory pressure development; 
REPD: rate of expiratory pressure 
development; N.: normalized.
aP<0.05 CY vs. BP; bP<0.05 CY vs. 
CN; cP<0.05 BP vs. CN.

Table IV.—��Differences in respiratory function between the three groups.
Variables CY BP CN F P η2

FVC (L) 6.7±1.0b 6.5±0.9c 5.6±0.9 4.703 0.014 0.173 (S)
FEV1 (L) 5.4±0.8b 5.3±0.7c 4.7±0.8 4.203 0.021 0.157 (S)
FEV1/FVC (%) 82.4±2.1 82.5±2.2 82.6±2.8 1.324 0.276 0.056 (S)
FIVC (L) 5.0±0.4 5.0±0.3 4.6±0.8 2.964 0.062 0.116 (S)
PIF (L/s) 7.2±1.1b 7.6±1.1c 6.6±1.1 3.229 0.049 0.126 (S)
MIP (cmH20) 149.0±14.8ab 157.3±19.9c 139.3±8.5 5.881 0.005 0.207 (S)
nMIP (cmH20/kg2/3) 2.8±0.3 2.8±0.6 2.6±0.3 0.795 0.458 0.034 (S)
RIPD (cmH20/s) 1441.7±261.4ab 1749.7±221.5c 1344.7±199.3 17.132 <0.001 0.432 (L)
nRIPD (cmH20/s/kg2/3) 27.3±5.5b 31.7±6.9c 25.0±3.2 6.351 0.004 0.220 (S)
MEP (cmH20) 187.5±25.7ab 208.6±15.5c 175.1±18.3 11.18 <0.001 0.332 (L)
nMEP (cmH20/kg2/3) 3.6±0.5b 3.7±0.5c 3.2±0.4 3.147 0.044 0.122 (S)
REPD (cmH20/s) 2226.7±260.6ab 2530.5±199.1c 2088.9±252.6 14.293 <0.001 0.388 (L)
nREPD(cmH20/s/kg2/3) 42.8±6.9b 45.4±6.5c 39.0±5.2 3.022 0.046 0.118 (S)
CY: cyclists; BP: basketball players; CN: control; FVC: forced vital capacity; FEV1: forced expiratory volume in the first second; FIVC: forced inspiratory vital 
capacity; PIF: peak inspiratory flow; MIP: maximal inspiratory pressure; MEP: maximal expiratory pressure; RIPD: rate of inspiratory pressure development; REPD: 
rate of expiratory pressure development; N.: normalized.
aP<0.05 CY vs. BP; bP<0.05 CY vs. CN; cP<0.05 BP vs. CN.
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es on the tendons.5, 44, 45 These mechanical stimuli likely 
contribute to tendon hypertrophy as an adaptive response 
to the repetitive and intense loading during basketball ac-
tivities, where adaptation depends not only on the extent 
of tendon damage incurred during exercise but also on the 
speed at which the tendon repairs itself. The degree of dam-
age appears to be closely related to the amount of stretching 
imposed on the tendon structures and consequently, being 
constantly exposed to such stimulus may induce quicker 
and successful adaptations, manifesting in bigger and stiff-
er tendons.46 Moreover, the finding that both CY and BP 
exhibited larger tendons than CN emphasizes the positive 
adaptations induced by exercise in various forms, not only 
in muscles but also in tendinous structures. This suggests 
that chronic exposure to different forms of exercise leads 
to specific structural adaptations within the MTU to meet 
the unique demands imposed by each type of activity. The 
exercise-specificity effect observed in this study extend-
ed beyond the primary muscles involved in the activity. 
Specifically, the DIA, recognized as the main respiratory 
muscle, exhibited greater thickness in BP compared to CY. 
This highlights how distinct exercise modalities not only 
impact the primary musculotendinous structures but also 
have discernible effects on accessory muscles involved in 
related physiological function, such as respiration. These 
findings align with previous studies that have investigated 
the structural and dimensional characteristics of respira-
tory muscles in both non-specifically trained individuals 
and athletes.9-15 Moreover, they contribute to the broader 
understanding of the impact of exercise training, having 
respiratory muscles as not the main targeted muscle, on the 
structure and function of respiratory muscles.11, 47, 48 Exer-
cises involving the trunk, emphasizing maximal strength 
or explosive movements like yoga, strength training, or 
powerlifting, have demonstrated improvements in re-
spiratory muscle function.11, 48, 49 Engagement of trunk 
muscles in strength-based and explosive exercises leads 
to increased intra-abdominal and diaphragmatic pressure, 
inducing muscle fatigue and potentially providing sus-
tained adaptive stimuli to the diaphragm.50 These findings 
suggest that respiratory muscles are highly responsive to 
intra-thoracic pressure fluctuations during various exercise 
training modalities, including resistance, high-intensity, 
and endurance regimens. The recurrent exposure to high 
intra-abdominal pressures during explosive or strength 
exercises such as jumping, sprinting, and weightlifting, 
as experienced by BP, may offer a more potent stimulus 
compared to the effects of static endurance training (CY), 
providing a possible explanation for our results.

Musculotendinous structural adaptive signatures

The findings reveal that muscles of CY generally exhib-
ited greater PA, while BP had longer Lf. Conversely, BP 
showed thicker DIA and plantar flexor muscles compared 
to CY. Overall, athletes, at all anatomical landmarks ex-
amined, displayed larger muscles than CN, either through 
increased PA or increased Lf. Moreover, BP had larger 
tendons than CY, particularly the AT, with athletes exhib-
iting greater values than CN. Considering these findings 
and aligning with previous hypotheses,41 these differences 
may delineate the impact of distinct type of chronic train-
ing, based on whether cycling or basketball serves as the 
primary form of exercise. Thus, these alterations could be 
attributed to elements and specificity of the exercise train-
ing, including the intensity of the mechanical stimulus, 
presence or absence of impact forces acting on the MTUs, 
and the lengths at which muscles operate in the two distinct 
disciplines. The observation that BP’s muscles may under-
go more eccentric work while CY may predominantly en-
gage in concentric contractions further contributes to these 
differences.4, 42 In this context, a muscle’s architecture 
is believed to mirror its in-vivo function, encompassing 
exercise-specific operating lengths and the characteristics 
of the applied load.4, 42, 43 Concentric loading is suggested 
to induce a greater increase in PA compared to eccentric 
contractions, possibly resulting in hypertrophy-induced 
parallel addition of sarcomeres rather than an increase in 
Lf observed with eccentric loading.42 From a functional 
standpoint, BP may benefit from increased Lf, enhanc-
ing velocity during identical tendon excursions and po-
tentially improving sprinting and jumping performances. 
By contrast, in CY, a greater PA, indicative of the packing 
of more sarcomeres in parallel, is linked to greater force 
output during contractions against high loads. The use of 
higher loads (gear combinations) and the biomechanics of 
pedaling in cyclists may therefore account for the differ-
ent muscle architecture observed in comparison with BP. 
These concepts are consistent with earlier findings, dem-
onstrating that CY exhibit greater PA and lower fascicle 
length Lf compared to high-intensity athletes engaged in 
rapid movements characterized by stretch-shortening cy-
cles and ground impact forces acting on the MTUs.3, 4 The 
observed differences in PT and, more significantly, in AT 
dimensions, where BP displayed greater values than CY, 
further contribute to delineating this picture. The larger 
tendons observed in BP compared to CY may be attributed 
to the specific demands of basketball training, which often 
involves explosive movements, rapid changes in direction, 
and frequent jumps, all of which impose substantial stress-
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musculotendinous structural and functional features. BP 
exhibited significantly higher RIPD and REPD, indicat-
ing faster respiratory muscles than CY. This parallels the 
observations in lower limb muscles, where the RTD was 
also higher in BP than CY, aligning with the characteristics 
of their respective activities (i.e., high intensity intervals, 
explosive jumps and sprints, resistance training vs. pro-
longed intervals and endurance prevalent training).

Fatigue response

Considering the impact of training specificity on muscu-
lotendinous structure and function, an additional research 
question was posed: does the adaptive response extend be-
yond maximal and explosive strength markers to include 
fatigue resistance? Given that BP exhibited greater explo-
sive strength, and, in some measures, maximal strength 
compared to CY, the anticipation was that, on the opposite, 
CY would excel in fatigue resistance, both for lower limb 
and respiratory muscles. As expected, athletes demonstrat-
ed superior fatigue resistance compared to CN, with CY 
exhibiting greater endurance and lower levels of fatigue 
in both lower limb and respiratory muscles compared to 
BP. Prior research has highlighted a connection between 
fatigue in lower limb muscles and respiratory muscles 
during whole-body exercises.8, 9, 18 Fatigue in one muscle 
group can potentially impact the other, suggesting an inter-
dependence between them.

Limitations of the study

This study highlights how chronic exercise training in-
fluences not only primary musculotendinous structures 
but also accessory ones, such as the respiratory muscles. 
These findings suggest potential applications for cross-
discipline training to target specific adaptations that may 
be difficult to achieve within a single discipline, or to ad-
dress gaps in the physical performance profiles of athletes 
from specific sports. Moreover, during rehabilitation after 
an injury, monitoring the effects of inactivity or detraining 
on both the injury site and supporting structures, such as 
the respiratory muscles, may reveal “hidden” consequenc-
es. Addressing these factors promptly could facilitate and 
expedite the recovery process. Additionally, our study 
suggests that incorporating various exercises interchange-
ably could not only optimize performance but also help 
bridge structural and functional deficits caused by injuries 
or periods of forced inactivity. While the present study 
has notable strengths, there are acknowledged limitations. 
Future studies involving larger sample sizes, incorporat-
ing a broader array of sports, could enhance the robust-

Musculotendinous functional adaptive signatures

Regarding muscle contractility, BP and CY did not ex-
hibit differences in terms of maximal isometric strength. 
However, BP demonstrated greater explosive isometric 
strength than CY. Athletes, in general, displayed higher 
maximal and explosive strength compared to CN. Fur-
thermore, CY had greater stiffness in the knee extensors’ 
MTU than BP, while BP had greater stiffness in the plantar 
flexors’ MTU, with athletes showing higher stiffness than 
CN. Differences in the contractility of primary muscles 
engaged in different sport disciplines and, consequently, 
distinct exercise training have been documented.3, 4 In this 
context, it appears that the specificity of the task being 
performed dictates the structural adaptations of muscu-
lotendinous structures and, consequently, their functional 
characteristics. Indeed, from a functional standpoint, the 
architecture and the stiffness of the MTU is thought to in-
fluence the time course of force production by affecting 
the efficiency of force transmission from the muscle to the 
bone, and therefore its contractile characteristics.43, 51 A 
stiffer MTU would theoretically transfer force to the bone 
more effectively, resulting in a shorter time to achieve a 
specific force level and a more efficient movement.51 This 
suggests a potential role of chronic exposure to specific 
exercises with different muscle mechanics in influencing 
MTU passive stiffness. On one hand, activities like jump-
ing, sprinting, and weightlifting, encountered by BP, po-
tentially present a more robust stimulus compared to the 
impact of static endurance training (CY). This distinction 
could elucidate our findings, particularly concerning the 
plantar flexors MTUs. In the case of BP, these muscles 
serve as primary effectors in supporting dynamic tasks, 
whereas in CY, their role mainly revolves around stabi-
lizing the ankle joint to facilitate proper force transmis-
sion to the pedals. Therefore, the differences in isometric 
contractile function and MTU passive stiffness could be 
attributed to the specific characteristics of the exercise 
training being performed. No significant differences were 
observed between CY and BP in terms of spirometry, but 
BP exhibited higher maximal and explosive strength in 
respiratory muscles compared to CY. Respiratory func-
tion indicators were superior in athletes compared to CN. 
Previous studies have suggested that exercise specificity 
plays a role also in establishing differences in respiratory 
function among athletes from different sport disciplines, 
with BP and high-intensity athletes generally showing 
greater pulmonary capacity than endurance athletes like 
CY.13, 14 In this context, our results align with the observa-
tions emerged from lower limb muscles, both in terms of 
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Ventilatory Function Outcome: Differences Between Trained Athletes and 
Healthy Untrained Persons. Adv Exp Med Biol 2021;1289:89–97. 
11.  Brown PI, Venables HK, Liu H, de-Witt JT, Brown MR, Faghy MA. 
Ventilatory muscle strength, diaphragm thickness and pulmonary function 
in world-class powerlifters. Eur J Appl Physiol 2013;113:2849–55. 
12.  Pałac M, Sikora D, Wolny T, Linek P. Relationship between respi-
ratory muscles ultrasound parameters and running tests performance in 
adolescent football players. A pilot study. PeerJ 2023;11:e15214. 
13.  Durmic T, Lazovic B, Djelic M, Lazic JS, Zikic D, Zugic V, et al. 
Sport-specific influences on respiratory patterns in elite athletes. J Bras 
Pneumol 2015;41:516–22. 
14.  Mazic S, Lazovic B, Djelic M, Suzic-Lazic J, Djordjevic-Saranovic 
S, Durmic T, et al. Respiratory parameters in elite athletes—does sport 
have an influence? Rev Port Pneumol (2006) 2015;21:192–7. 
15.  Pereira RN, Abreu MFR, Gonçalves CB, Corrêa WF, Mizuhira DR, 
Moreno MA. Respiratory muscle strength and aerobic performance of 
wheelchair basketball players. Motriz 2016;22:124–32. 
16.  Formenti P, Umbrello M, Castagna V, Cenci S, Bichi F, Pozzi T, et 
al. Respiratory and peripheral muscular ultrasound characteristics in ICU 
COVID 19 ARDS patients. J Crit Care 2022;67:14–20. 
17.  Umbrello M, Guglielmetti L, Formenti P, Antonucci E, Cereghini S, 
Filardo C, et al. Qualitative and quantitative muscle ultrasound changes 
in patients with COVID-19-related ARDS. Nutrition 2021;91-92:111449. 
18.  Flor-Rufino C, Barrachina-Igual J, Pérez-Ros P, Pablos-Monzó A, 
Martínez-Arnau FM. Resistance training of peripheral muscles benefits 
respiratory parameters in older women with sarcopenia: randomized con-
trolled trial. Arch Gerontol Geriatr 2023;104:104799. 
19.  Issurin VB. Training transfer: scientific background and insights for 
practical application. Sports Med 2013;43:675–94. 
20.  Paquette MR, Peel SA, Smith RE, Temme M, Dwyer JN. The Impact 
of Different Cross-Training Modalities on Performance and Injury-Relat-
ed Variables in High School Cross Country Runners. J Strength Cond Res 
2018;32:1745–53. 
21.  McKay AK, Stellingwerff T, Smith ES, Martin DT, Mujika I, 
Goosey-Tolfrey VL, et al. Defining Training and Performance Caliber: 
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ness of conclusions. Morphological data collection at rest 
in an extended leg position might be seen as a limitation, 
as it may not fully capture the dynamic nature of muscle 
behavior during activity. Future research could employ dy-
namic ultrasound analysis for a more nuanced exploration 
of discipline-specific differences in muscle architecture 
during contractions. Additionally, the fatigue protocol’s 
focus on voluntary activation as a marker of fatigue may 
not fully capture peripheral fatigue. Another crucial aspect 
is the impact of the exercise specificity experienced by the 
athletes. BP might be more accustomed to generating max-
imal contractions due to their frequent resistance training. 
In contrast, CY might have an advantage in the fatigue 
protocol, given its resemblance to their regular training. 
Although ETE protocols on bike ergometers are widely 
used in labs to induce fatigue, future studies could explore 
various fatigue protocols to further investigate and expand 
upon our findings. Interpretation of our results should also 
consider the oversimplification inherent in using knee ex-
tensors and plantar flexors as surrogates for overall leg 
muscle fatigue in a complex motor task. These limitations 
provide avenues for future research to expand and refine 
our findings.

Conclusions

Our study underscores the significance of exercise-specific 
musculotendinous adaptations resulting from chronic ex-
posure to distinct training regimens, specifically compar-
ing basketball players and cyclists, alongside non-specif-
ically trained individuals. Consistent with our aims, we 
found that basketball players exhibited larger musculo-
tendinous structures, greater force production, and lower 
fatigue resistance in both lower limbs and respiratory 
muscles compared to cyclists. These adaptations were ob-
served across three key areas: I) muscle and tendon dimen-
sions and architectural changes, II) mechanical properties 
and strength, and III) fatigue resistance. The intrinsic dif-
ferences in the exercises performed by the athletes, includ-
ing high-intensity intervals in basketball versus endurance 
cycling, highlight the crucial role of discipline-specific 
mechanical stimuli in shaping the structural and functional 
adaptations of both primary and accessory musculotendi-
nous structures.

References
1.  Flück M, Hoppeler H. Molecular basis of skeletal muscle plastic-
ity—from gene to form and function. Rev Physiol Biochem Pharmacol 
2003;146:159–216. 



CESANELLI�DI SCIPLINE-SPECIFIC MUSCULOTENDINOUS ADAPTATION PATTERNS

506	 The Journal of Sports Medicine and Physical Fitness	A pril 2025 

36.  Pettitt RW, Clark IE, Ebner SM, Sedgeman DT, Murray SR. Gas Ex-
change Threshold and V[Combining Dot Above]O2max Testing for Ath-
letes: an Update. J Strength Cond Res 2013;27:549–55. 
37.  Bayles MP. ACSM’s Exercise Testing and Prescription. Philadelphia, 
PA: Lippincott Williams & Wilkins; 2023. p.855.
38.  Arney BE, Glover R, Fusco A, Cortis C, de Koning JJ, van Erp T, et 
al. Comparison of RPE (Rating of Perceived Exertion) Scales for Session 
RPE. Int J Sports Physiol Perform 2019;14:994–6. 
39.  Hopkins WG, Marshall SW, Batterham AM, Hanin J. Progressive sta-
tistics for studies in sports medicine and exercise science. Med Sci Sports 
Exerc 2009;41:3–13. 
40.  Fritz CO, Morris PE, Richler JJ. Effect size estimates: current use, 
calculations, and interpretation. J Exp Psychol Gen 2012;141:2–18. 
41.  Rassier DE, MacIntosh BR, Herzog W. Length dependence of active 
force production in skeletal muscle. J Appl Physiol 1999;86:1445–57. 
42.  Ema R, Akagi R, Wakahara T, Kawakami Y. Training-induced chang-
es in architecture of human skeletal muscles: current evidence and unre-
solved issues. J Phys Fit Sports Med 2016;5:37–46. 
43.  Roberts TJ, Eng CM, Sleboda DA, Holt NC, Brainerd EL, Stover 
KK, et al. The Multi-Scale, Three-Dimensional Nature of Skeletal Muscle 
Contraction. Physiology (Bethesda) 2019;34:402–8. 
44.  Bohm S, Mersmann F, Arampatzis A. Human tendon adaptation in 
response to mechanical loading: a systematic review and meta-analysis 
of exercise intervention studies on healthy adults. Sports Med Open 
2015;1:7. 
45.  Earp JE, Newton RU, Cormie P, Blazevich AJ. Faster Movement 
Speed Results in Greater Tendon Strain during the Loaded Squat Exercise. 
Front Physiol 2016;7:366. 
46.  Stauber T, Blache U, Snedeker JG. Tendon tissue microdamage and 
the limits of intrinsic repair. Matrix Biol 2020;85-86:68–79. 
47.  McCool FD, Benditt JO, Conomos P, Anderson L, Sherman CB, Hop-
pin FG Jr. Variability of diaphragm structure among healthy individuals. 
Am J Respir Crit Care Med 1997;155:1323–8. 
48.  DePalo VA, Parker AL, Al-Bilbeisi F, McCool FD. Respiratory 
muscle strength training with nonrespiratory maneuvers. J Appl Physiol 
2004;96:731–4. 
49.  Mandanmohan null, Jatiya L, Udupa K, Bhavanani AB. Effect of 
yoga training on handgrip, respiratory pressures and pulmonary function. 
Indian J Physiol Pharmacol 2003;47:387–92.
50.  Strongoli LM, Gomez CL, Coast JR. The effect of core exercises on 
transdiaphragmatic pressure. J Sports Sci Med 2010;9:270–4.
51.  Wilson GJ, Murphy AJ, Pryor JF. Musculotendinous stiffness: its 
relationship to eccentric, isometric, and concentric performance. J Appl 
Physiol 1994;76:2714–9. 

22.  Marfell-Jones M, Olds T, Stewart A, Carter L. International standards 
for anthropometric assessment. Potchefstroom: ISAK; 2006.
23.  Hermens HJ, Freriks B, Disselhorst-Klug C, Rau G. Development of 
recommendations for SEMG sensors and sensor placement procedures. J 
Electromyogr Kinesiol 2000;10:361–74. 
24.  Beggs I, Bianchi S, Bueno A, Cohen M, Bianchi S. European So-
ciety of Musculoskeletal Radiology. Musculoskeletal Ultrasound Techni-
cal Guidelines. Vienna: European Society of Musculoskeletal Radiology; 
2016.
25.  Nishida Y, Nishino T, Tanaka K, Onishi S, Kanamori A, Yamazaki 
M. An Objective Measure of Patellar Tendon Thickness Based on Ultra-
sonography and MRI in University Athletes. J Clin Med 2021;10:4092. 
26.  Sarto F, Spörri J, Fitze DP, Quinlan JI, Narici MV, Franchi MV. Im-
plementing Ultrasound Imaging for the Assessment of Muscle and Tendon 
Properties in Elite Sports: Practical Aspects, Methodological Consider-
ations and Future Directions. Sports Med 2021;51:1151–70. 
27.  Patel Z, Franz CK, Bharat A, Walter JM, Wolfe LF, Koralnik IJ, et 
al. Diaphragm and Phrenic Nerve Ultrasound in COVID-19 Patients and 
Beyond: Imaging Technique, Findings, and Clinical Applications. J Ultra-
sound Med 2022;41:285–99. 
28.  Somhorst P, Gommers D, Endeman H. Advanced respiratory moni-
toring in mechanically ventilated patients with coronavirus disease 
2019-associated acute respiratory distress syndrome. Curr Opin Crit Care 
2022;28:66–73. 
29.  Jaric S. Muscle strength testing: use of normalisation for body size. 
Sports Med 2002;32:615–31. 
30.  Obialor A, Ihentuge C, Akpuaka F. Determination of Height Using 
Femur Length in Adult Population of Oguta Local Government Area of 
Imo State Nigeria. FASEB J 2015;29:LB19. 
31.  Krause F, Wilke J, Niederer D, Vogt L, Banzer W. Acute effects of 
foam rolling on passive stiffness, stretch sensation and fascial sliding: A 
randomized controlled trial. Hum Mov Sci 2019;67:102514. 
32.  Fouré A, Nordez A, Guette M, Cornu C. Effects of plyometric train-
ing on passive stiffness of gastrocnemii and the musculo-articular com-
plex of the ankle joint. Scand J Med Sci Sports 2009;19:811–8. 
33.  Maffiuletti NA, Aagaard P, Blazevich AJ, Folland J, Tillin N, Ducha-
teau J. Rate of force development: physiological and methodological con-
siderations. Eur J Appl Physiol 2016;116:1091–116. 
34.  Muanjai P, Jones DA, Mickevicius M, Satkunskiene D, Snieckus A, 
Rutkauskaite R, et al. The effects of 4 weeks stretching training to the 
point of pain on flexibility and muscle tendon unit properties. Eur J Appl 
Physiol 2017;117:1713–25. 
35.  Miller MR, Hankinson J, Brusasco V, Burgos F, Casaburi R, Coates 
A, et al.; ATS/ERS Task Force. Standardisation of spirometry. Eur Respir 
J 2005;26:319–38. 

Conflicts of interest
The authors certify that there is no conflict of interest with any financial organization regarding the material discussed in the manuscript.
Authors’ contributions
Leonardo Cesanelli and Danguole Satkunskiene have given substantial contributions to the study conception and design; Daniele Conte and Deividas 
Saveikis contributed to the data acquisition, analysis, and interpretation; all authors have contributed to the manuscript draft, Daniele Conte and Danguole 
Satkunskiene revised it critically. All authors read and approved the final version of the manuscript.
History
Article first published online: October 28, 2024. - Manuscript accepted: September 24, 2024. - Manuscript revised: September 12, 2024. - Manuscript re-
ceived: July 2, 2024.
Supplementary data
For supplementary materials, please see the HTML version of this article at www.minervamedica.it


