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Abstract  
The aim of this study was to assess changes in indirect markers 
of muscle damage and type I collagen degradation, as well as, 
patellar and Achilles tendon morphological differences during 
nine daily drop-jumps sessions with constant load alternated 
with rapid increases in load to test the hypothesis that frequent 
drop-jump training results in negative muscular and tendon 
adaptation. Young men (n = 9) performed daily drop jump 
workouts with progression every 3 days in terms of number of 
jumps, platform height and squat amplitude. Voluntary and 
electrically evoked knee extensor torque, muscle soreness, 
blood plasma creatine kinase (CK) activity and carboxyterminal 
cross-linked telopeptide (ICTP), patellar and Achilles tendon 
thickness and cross-sectional area (CSA) were assessed at dif-
ferent time points during the training period and again on days 
1, 3, 10 and 17 after the training. The findings were as follows: 
(1) steady decline in maximal muscle strength with major re-
covery within 24 hours after the first six daily training sessions; 
(2) larger decline in electrically induced muscle torque and 
prolonged recovery during last three training sessions; (3) in-
crease in patellar and Achilles tendons CSA without change in 
thickness towards the end of training period; (4) increase in 
jump height but not in muscle strength after whole training 
period. Our findings suggest that frequent drop-jump sessions 
with constant load alternated with rapid increases in load do not 
induce severe muscle damage or major changes in tendons, 
nonetheless, this type of loading is not advisable for muscle 
strength improvement. 
 
Key words: Stretch-shortening cycle; neuromuscular adapta-
tion; electrical stimulation; Achilles tendon; patellar tendon. 
  

 

 
Introduction 
 
Stretch-shortening cycle (SSC) exercise is defined as the 
eccentric contraction of an active muscle immediately 
followed by a concentric contraction (Komi, 1984). Pre-
vious studies have shown that high-force exercises with a 
large eccentric component impair muscle function (Byrne 
et al., 2004; Skurvydas et al., 2011), simultaneously in-
ducing muscle swelling, stiffness, acute inflammation 
reaction, an increase of muscle enzymes such as creatine 
kinase (CK) activity in the bloodstream, delayed-onset of 
muscle soreness (DOMS, Chen et al., 2013; Nosaka and 
Clarkson, 1996), as well as changes in muscle fiber ultra-
structural integrity (Hortobágyi et al., 1998; Féasson et 
al., 2002; Lauritzen et al., 2009). These changes are wide-

ly accepted as markers of exercise-induced muscle dam-
age (Clarkson and Hubal, 2002) or represent muscle re-
modeling (Yu et al., 2002). Moreover, high-force rapid 
exercises place great stress on the tendons, which act as a 
buffering mechanism during eccentric contraction 
(Reeves and Narici, 2003; Roberts and Konow, 2013). 
Indicators of connective tissue injury are well document-
ed histologically (Maffulli et al., 2000), biochemically 
(Waśkiewicz et al., 2012) and by imaging (Grigg et al., 
2009). 

SSC exercise such as drop jumping has been ex-
tensively used to enhance power abilities for athletes or 
healthy non-professionals for review see (Markovic, 
2007). The positive effects are mainly associated with 
improvement in muscle and tendon strength and proper-
ties, as well as the ability to use elastic energy (Kubo et 
al., 2005). On the other hand, SSC exercise should be 
used with caution because high-volume training protocols 
lead to chronic fatigue and decreased exercise perfor-
mance (Seene et al., 2008). 

Our recent observations have shown that the neu-
romuscular system is sensitive to the strategy of load 
increase during SSC training (Kamandulis et al., 2011, 
2012). Detrimental muscle damage can be avoided by 
gradual introduction of more demanding exercise induced 
by increasing the volume, intensity and muscle stretch 
amplitude (Kamandulis et al., 2011). However, the mag-
nitude of improvement in muscle function is greater after 
constant loads are alternated with steep increases in load, 
than that induced by a continuous constant progression-
loading pattern with small gradual load increments in 
each training session (Kamandulis et al., 2012). 

The frequency of SSC exercise is another factor 
that should be taken into consideration because of the 
training effect on human neuromuscular system adapta-
tion. In the field of athletic conditioning, maximal SSC 
exercise is performed no more than 2–3 times per week to 
provide sufficient time for muscle power generating ma-
chinery to recover completely. The concern is that more 
frequent SSC training loads might lead to muscle and 
tendon overuse and injuries. However, it is not always a 
case, especially in top level sports. By the end of condi-
tioning phase, some coaches apply high intensity training 
more frequently than three times per week for short peri-
od of time (micro cycle of 5-9 days). Some coaches im-
plements shock microcycles in pre-season training apply-
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ing high intensity workouts more frequently than three 
times per week for short periods of time. This purposely 
induces great amounts of fatigue and damage with very 
challenging loads expecting superior positive supercom-
pensation in subsequent phase of reduced loading. In 
addition, Chen and Hsieh (2001) have reported that daily 
repeated constant magnitude maximal isokinetic eccentric 
exercises did not exacerbate muscle damage and inflam-
mation within a 7-day training period, suggesting that a 
short time between training stimuli does not lead to mus-
cle damage accumulation. However, it is not known if 
observations made using constant loads are mirrored by 
applying a more demanding rapid load increase strategy. 
Also, there is a lack of data in the literature regarding the 
impact of frequent SSC training loads on structural altera-
tion of tendons.  

The aim of this study was to assess changes in in-
direct markers of muscle damage and type I collagen 
degradation, as well as patellar and Achilles tendon mor-
phological differences during nine daily drop-jump ses-
sions with constant load alternated with rapid increases in 
load magnitude. Based on data for recovery requirements, 
it was hypothesized that neuromuscular performance 
would decline during the period of frequently repeated 
SSC exercise training, which might consequently lead to 
negative muscular and connective tissue adaptation. In the 
present study, the training program used by Kamandulis 
et al. (2012) was performed daily instead of three times 
per week to simulate indirect comparison regarding train-
ing frequency. 
 
Methods 
 
Experimental approach to the problem 
Upon arrival at the laboratory, each participant subjective-
ly scored his level of muscle soreness and samples of 
venous blood were collected to measure CK activity be-
fore each training session and at 1, 3, 10 and 17 days after 
the final training session. After initial measurements, the 
participants completed warm-up exercises, and were then 
seated in an isokinetic dynamometer chair. Maximal iso-
metric voluntary and electrically evoked knee extensor 
torque as well as countermovement jump height was 
measured before and within 2–5 minutes after each train-
ing session and again at 1, 3, 10 and 17 days after comple-
tion of the training. Biochemical analysis for markers of 
type I collagen degradation as well as patellar (PA) and 
Achilles (AT) tendons measurements by ultrasound were 
made before the experiment and at 24 h after training 
sessions 1, 4, 7 and 9 (upon arrival at the laboratory just 
before training session on days 2, 5, 8 and 10). The simi-
lar experimental protocol was used in previous study 
(Kamandulis et al., 2012). 
 
Subjects 
Nine healthy physically active untrained young men 
(mean ± standard deviation (SD), age 21.6 ± 3.2 years, 
body weight 80.5 ± 11.5 kg and height 1.80 ± 0.06 m) 
volunteered to participate in this study. They had not been 
involved in any strength or plyometric training programs 
in the 3 months before the experiment. The participants 

were instructed to abstain from any exercise 2 weeks 
before the experiment and were not allowed to participate 
in additional physical activities throughout the experi-
mental period including 3-week follow-up phase. Each 
participant read and signed a written informed consent 
form consistent with the principles outlined in the Decla-
ration of Helsinki. The Regional Ethics Committee ap-
proved this study. 
 
Procedures 
Familiarization: A familiarization session was performed 
1 week before the initial exercise. Participants were seat-
ed in the isokinetic dynamometer chair and asked to acti-
vate their knee extensor muscles isometrically. Then 
participants’ tolerance to electrical stimulation was as-
sessed. The intensity of electrical stimulation was deter-
mined on an individual basis by applying tetanic stimula-
tion to the muscle. During this procedure, the voltage was 
increased until no increment in torque response was elic-
ited by an additional 10% increase in voltage. 

Warm-up: A warm-up preceded all test sessions. It 
comprised 8 min of stationary cycling with the power (W) 
approximately equal to the participant’s body weight (kg), 
followed by some light stretching exercises. 

Training program: The participants performed in-
termittent (20 s interval between jumps) drop jumps (DJs) 
from a platform with immediate maximal rebound. The 
training sessions were performed daily for 9 days. Pro-
gression in terms of jump number, platform height and 
squat amplitude was applied every 3 days. During the first 
three training sessions (1–3), the jump number was 40, 
the platform height was 20 cm and the knee angle squat 
amplitude was up to 90° (0° = full knee extension). Dur-
ing training sessions 4–6, the jump number was 70, the 
platform height was 60 cm and the knee angle squat am-
plitude was up to 90°. In the final three training sessions 
(7–9), the jump number was 70, the platform height was 
80 cm and the knee angle range was increased to exceed 
110° knee flexion angle (the squat amplitude increased). 
The same training program with the lower frequency of 
training sessions was executed in previous study (Kaman-
dulis et al., 2012). All jumps were performed on a contact 
mat (Newtest Powertimer Testing System, Oulu, Finland) 
and the jump height and contact time was monitored for 
all jumps. The knee joint angle was controlled visually by 
an experienced researcher, and if the angle diverged from 
the intended target angle during the exercise, the partici-
pant was instructed immediately to modify the way the 
jump was performed. The jumps were performed as 
quickly as possible during the ground-contact phase. The 
hands were placed on the waist. Each participant received 
verbal feedback about his performance after each jump 
and was in this way encouraged to jump as high as possi-
ble. 

Dynamometry and electrostimulation: The isomet-
ric torque of the dominant leg knee extensor (KE) mus-
cles was measured using an isokinetic dynamometer (Sys-
tem 3; Biodex Medical Systems, Shirley, USA). The 
participant sat upright in a dynamometer chair with their 
knee joint positioned at 70° (full knee extension = 0°). 
Shank, trunk and shoulders were stabilized by belts. Max-
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imal voluntary isometric contraction (MVC) torque was 
measured twice, each separated by a 2 min rest interval. 
The participants were instructed to perform MVC as hard 
as possible and maintain the peak for 3 s before relaxa-
tion. The equipment and procedure for electrical stimula-
tion were essentially the same as described previously 
(Skurvydas et al., 2010). Direct muscle stimulation was 
applied using three carbonized rubber electrodes covered 
with a thin layer of electrode gel (ECG–EEG Gel, Medi-
gel, Modi’in, Israel). Two of the electrodes (6 cm × 11 
cm) were placed transversely across the width of the 
proximal portion of the quadriceps femoris muscle next to 
the inguinal ligament. A third electrode (6 cm × 11 cm) 
covered the distal portion of the muscle above the patella. 
A standard electrical stimulator (MG 440; Medicor, Bu-
dapest, Hungary) was used. The electrical stimulation was 
delivered in square-wave pulses, each 1 ms in duration. 
Tetanic torque of the KE muscles was evoked by 1 s 
trains of electrical stimulation at 20 Hz (P20) and 100 Hz 
(P100), separated by a 5 s rest interval. 20/100 Hz torque 
ratio decline indicates the presence of low-frequency 
fatigue (Warren et al., 2001). The intra-class correlation 
coefficient (ICC) of voluntary contraction force was 0.93, 
while ICC of electrically evoked force varied from 0.85 to 
0.95 depending on stimulation frequency.  

Counter-movement jump: The participants per-
formed control jumps from an upright standing position 
with counter-movement to a knee angle of about 90° 
before the first training session and 1, 3, 10 and 17 days 
after the final training session. The same equipment as 
during the training was used. The jump height was calcu-
lated with the formula: jump height (cm) = 122.625 × 
(Tf)2, where Tf = time of flight (s) (Bosco et al., 1982). 
The highest of the five jumps was selected for analysis. 
The ICC of counter-movement jumps was 0.95.   

Muscle soreness: Muscle soreness was reported 
daily throughout the study using a scale of 0–10, where 0 
represented “no pain” and 10 represented “intolerably 
intense pain” (Skurvydas et al., 2010). Each participant 
indicated the severity of soreness in both legs quadriceps 
muscle separately during 2–3 squats performed slowly (2-
3 sec each) to a 90° knee angle. The scores were almost 
identical for both legs, therefore dominant leg values were 
used for further analysis.   

Biochemical measures: Samples of venous blood 
were collected, immediately centrifuged, and analyzed for 
plasma CK activity using a SpotchemTM EZSP-4430 
biochemical analyzer (Menarini Diagnostics, Reading, 
UK) with soft reagent strips (ArkRay Factory Inc, Shiga, 
Japan). The normal reference range for human plasma CK 
activity using this method is between 56 and 244 IU·L–1 
according to the manufacturer. Coefficient of variation for 
CK assay was less than 8 % as calculated from the ratio of 
standard deviation to the mean in repeated measurements 
(n = 8) of the same sample. 

Biochemical analysis for serum levels of carboxy-
terminal cross-linked telopeptide of type I collagen deg-
radation (ICTP) was performed using venous blood. Se-
rum samples were obtained by centrifugation (3500 rpm, 
15 min) and were stored in a deep-freezer (–82°C) until 
use. ICTP levels were measured using an ELISA kit (TSZ  

ELISA, USA, coefficient of variation < 12.0%).   
Ultrasonographic measurement: Patellar and 

Achilles tendon measurements were conducted with a 
with a General Electric Logiq 7 device (Solingen, Germa-
ny) using a 7–12 MHz linear probe. Before study, the 
overall joint condition of the participants was examined 
by ultrasound. Participants with pathological changes of 
PA and AT or fluid collections were excluded from the 
study. Repeated measurements using this technique have 
previously shown high reliability – the ICC for patella 
and Achilles tendons thickness and cross sectional area 
were 0.88 – 0.96 (Reeves et al., 2003; Neves et al., 2014). 
Ultrasonographic measurements were performed by a 
radiologist with nearly ten years of experience in muscu-
loskeletal examination.  

Patellar tendon examination was performed on the 
longitudinal and transverse axis of both knees while the 
participant was in a supine position with their knees sup-
ported and flexed. The examination was performed at the 
most appropriate degree of knee flexion (approximately 
30° and 45°) at which the tendon is taut with well-defined 
margins and is homogeneous. The PA was assessed in 
three areas near (1 cm from) the apex of the patella, in the 
central part, and at the tibial attachment. The CSA and 
thickness at each location of PA were measured. 

To assess the AT, participants were placed in a 
prone position and the feet were dorsiflexed to maximum 
to make the AT taut. AT thickness of both feet was 
scanned (longitudinally and transversely) approximately 
1, 3 and 4.5 cm above the calcaneal insertion and the 
cross-sectional area of tendons at analogous sites was 
measured. Average of both legs thickness and CSA meas-
urements were taken for analysis. Transverse images 
values are presented in the results.  
 
Statistical analysis 
The descriptive data are presented as mean ± SD. A Kol-
mogorov–Smirnov test was used to check normality of 
data distribution. Baseline differences were assessed us-
ing paired t test. A 2-way repeated-measures analysis of 
variance (ANOVA) was used to determine the effects of 
time (pre and post) and training sessions (1-9) on volun-
tary and electrically evoked torques. The same method 
was used to compare changes relative to baseline value 
for muscle torque measures of  training sessions and acti-
vation mode (100 Hz vs. MVC), training sessions and 
stimulation frequency (20 Hz vs. 100 Hz) as well as time  
and training phase (1-3 vs. 7-9 training sessions). One-
way repeated measures ANOVA was used to test the 
effect of training sessions on jump height, contact time, 
biochemical markers (CK and ICTP) and ultrasound 
measures (thickness and CSA). In all cases, changes dur-
ing the nine training sessions (before and immediately 
after) were analyzed separately from recovery data after 
training period (baseline and 1, 3, 10 and 17 days after). 
When a significant main effect was identified by ANO-
VA, a pairwise Sidak test was applied to locate the signif-
icant difference between time points. The level of signifi-
cance was set at P < 0.05. Muscle soreness was evaluated 
using a non-parametric Wilcoxon signed-rank test since 
values were not normally distributed. For a One-Tailed 
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hypothesis with α = 0.05 and statistical power level 0.80, 
the number of subjects required to detect a change is 
8  based on changes in the data of high frequency stimula-
tion (100 Hz) evoked muscle torque of the KE muscles in 
a previous study (Kamandulis et al., 2012). All data anal-
ysis was performed using SPSS version 13.0 (SPSS Inc, 
Chicago, IL, USA).  

 
Results 
 
Baseline values 
The mean baseline values were different between MVC 
torque and electrically evoked tetanic torques as well as 
between tetanic torques evoked by high and low stimula-
tion frequencies (p < 0.001 for both). 
 

 

 
 
 

Figure 1. Drop jump height and ground contact time during 
each of nine training sessions (group mean ± SD). * p < 0.05 
compared to value of the first training session.  
 
Damaging exercise 
The average height of the DJs was similar during training 
sessions (except session 7), while ground-contact time 
increased non-significantly (p > 0.05) in training sessions 
4–6  and  then  increased  significantly in training sessions 
7–9  (F = 53.1,  p < 0.001 for training phase effect; Figure 
1) compared to baseline values. 

Muscle strength 
Both MVC torque and electrically evoked tetanic torques 
of the dominant leg KE muscles decreased significantly 
after each of the nine training sessions (p < 0.001; Figure 
2). A significant effect of time by training session interac-
tion on P100 (F = 2.8, p = 0.047) and P20 (F = 3.4, p = 
0.004) but not on MVC (F = 1.8, p > 0.05) showed that 
electrically evoked strength changes were significantly 
different within the training period.  

Despite the reduction magnitude, MVC torque had 
returned to the pre-training level before the next training 
session on each occasion except after training session 1 
(Figure 2a). There was a tendency for a greater extent of 
MVC torque recovery up to training session 7, while an 
opposite tendency was observed after the final three train-
ing sessions (p > 0.05). At the same time, P100 recovered 
completely until the next training after sessions 2–6. 
However, the drop in P100 was largest after sessions 8 
and 9 and peak torque did not recover during the 24 h 
after sessions 7–9 (F = 7.1, p < 0.001 for training phase 
and time interaction; Fig. 2c). As predicted, the reduction 
was greater in tetanic torque evoked by 20 Hz compared 
with that evoked by 100 Hz stimulation (F = 12.9, p < 
0.001 for training sessions and stimulation frequency 
interaction).  In response to training, P20 decreased more 
than 60% after sessions 8 and 9 (F = 5.7, p = 0.002 for 
training phase and time interaction; Fig. 2b), and did not 
recover during 24 h beyond training session 3. A similar 
tendency to P20 changes for the 20/100 Hz torque ratio 
was observed during the course of training (Figure 2d).  

Following the training period, there was a need for 
1, 3 and 10 days’ rest for complete MVC, P100 and P20 
restoration, respectively. However, neither isometric peak 
torque exceeded pre-training values within 17 days after 
the end of training. By contrast, counter-movement max-
imal jump height increased from a pre-training value of 
39.6 ± 4.8 cm to 42.3 ± 5.2 cm (7.0% increase, p = 0.031) 

 
 

 
 
 

Figure 2. Maximal torque of dominant leg m. quadriceps obtained during maximal voluntary isometric contraction (MVC, a) 
and electrically evoked torque of m. quadriceps femoris using stimuli trains at 100 Hz (P100, c) and 20 Hz (P20, b) and ex-
pressed as 20/100 Hz torque (d) ratio immediately before (Pre) and 10 min after (Post) each of nine training sessions as well 
as 3, 10 and 17 days after cessation of training (group mean ± SD). * P < 0.05 compared to value before the first training session.  
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and 42.7 ± 5.4 cm (7.9% increase, p = 0.007) at 10 and 17 
days following the final training session, respectively. 
 

 

 
 
 

Figure 3. Soreness of dominant leg m. quadriceps (a) and 
plasma CK activity (b) immediately before (Pre) and at 24 h 
each of nine training sessions as well as 3, 10 and 17 days 
after cessation of training (group mean ± SD). * P < 0.05 
compared to before the first training session; # P < 0.05 compared to 
value at 24 h after the first training session. 
 
Muscle soreness 
Participants reported mild quadriceps muscle soreness 
(about 2 points on average) in dominant leg throughout 
the study (Figure 3a). The greatest value was at 24 h after 
training  session 2  (3.4 points, p < 0.05 compared to train 
 
 

ing session 1), which was probably a cumulative effect of 
the first two training loads. 

 
 

 
 
 

Figure 4. Serum levels of carboxyterminal cross-linked telo-
peptide of type I colagen degradation (ICTP) immediately 
before (Pre) and at 24 h after training sessions 1, 4, 7 and 9 
(group mean ± SD).  
 
Biochemical markers 
CK activity in the blood increased threefold at 24 h after 
the first session (p = 0.025; Figure 3b), then decreased 
slightly, and then had the tendency to increase again after 
sessions 8 and 9 (p > 0.05). The variability of CK re-
sponse was large with the SD value almost reaching the 
average level. No significant changes were found in ICTP 
during the training period, measured at 24 h following 
exercise (Figure 4). 

 
Ultrasound measures 
No significant changes were found in the thickness of the 
PT or AT during or after the training period (Figure 5a 
and 5b). However, a CSA increase was observed after 24 
h following the final training session in both the PT and 
AT (p < 0.05; Figure 5c and 5d).  

 

 
 
 

Figure 5. Patellar tendon (diagram a and c) and Achilles tendon (diagram b and d) ultrasonography measure-
ments (group mean ± SD). * P < 0.05 compared to value before the first training session. 
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Discussion 
 
In the present study, daily drop jumping was applied with 
constant load and alternated with rapid increases in load 
magnitude to test the hypothesis that neuromuscular per-
formance would decline during the period of frequently 
repeated SSC training. The main findings were as fol-
lows: (1) steady decline in maximal muscle strength with 
major recovery within 24 hours after the first six daily 
training sessions; (2) larger decline in electrically induced 
muscle torque and prolonged recovery during last three 
training sessions; (3) increase in PA and AT tendons CSA 
without change in thickness towards the end of training 
period; (4) increase in jump height but not in muscle 
strength after whole training period. These findings sup-
port in part the present study hypothesis of performance 
deterioration during frequent SSC, together with a minor 
longitudinal effect for muscle function suggesting the 
minimal value of such a training strategy. 

Isometric torque change recorded during the train-
ing period was used as a key marker of exercise-induced 
muscle damage in participants. There were quite long 
periods between jumps (20 s) to avoid metabolic fatigue. 
In addition, drop jumps with an active phase (subjects in 
contact with the mat) of 0.3–0.4 s are unlikely to induce 
any significant changes in energy metabolites (Sahlin and 
Ren, 1989). Absence of metabolic fatigue implies that 
peak torque reduction immediately after eccentric exer-
cise is associated with muscle damage. In general, decline 
in muscle strength was observed after each training ses-
sion in the present study, indirectly supporting the find-
ings of other researchers that eccentric exercises induce 
damage to exercised muscles (Clarkson and Hubal, 2002; 
Lauritzen et al., 2009). However, the extent of muscle 
damage observed was quite small and remained stable 
during the first six training sessions despite rapid augmen-
tation of load magnitude by an increase in jump number 
and intensity (platform height increase, training session 
4). Changes in muscle torque within the first six training 
sessions were similar to those seen in previous studies, 
when participants underwent a similar load extending to 3 
weeks of training, three times per week (Kamandulis et 
al., 2011; 2012). Our data are in agreement with those of 
other researchers who have concluded that because of 
adaptive response during the repair process after an initial 
bout of eccentric exercise muscle fibers become more 
resistive to damage in repeated bout of exercise (Chen 
and Nosaka, 2006). In the present study muscle torques 
have decreased to similar extent after training sessions 1 
and 2 despite the fact that the second drop jumping was 
performed with the voluntary and electrically evoked 
torque still depressed. Similar trend was observed for 
tetanic force evoked by low frequency electrical stimula-
tion changes. Protective effect have manifested itself 
before muscle full recovery signifying that adaptation is at 
least partly associated with neural factors (Chen and 
Hsieh, 2001; McHugh et al., 1999). Rests of training 
sessions are already influenced by previous jumping even 
though training load have been changed every three days. 

However, the increase in range of motion during 
jumping and height of platform (exercise intensity) in 

training session 7 led to a decrease in electrically evoked 
tetanic peak torque (P100 and P20), which was not recov-
erable within 24 h, forcing participants to perform the 
next training session with incomplete muscle recovery. In 
addition, low-frequency fatigue remained similar within 
the six training sessions, but tended to increase later in the 
training. There was a trend for isometric voluntary and 
electrically evoked torque production to reach their lowest 
values after training sessions 8 and 9. All these findings 
suggest that training beyond training session 7 appeared 
to bring increased muscle damage. Possibly this damage 
could be associated with frequent load repetition without 
allowing sufficient time for participant recovery in the 
present study. It also might be related to the fact that 
muscle stretch amplitude and height of platform were 
greater during the final three training sessions compared 
with those earlier. However, this possibility is less likely 
because changes in isometric torque were more severe 
indirectly compared with the identical protocol performed 
less frequently in a previous study (Kamandulis et al., 
2012). The authors of that study concluded that muscle 
damage did not increase even when more demanding 
exercise conditions were introduced by varying the vol-
ume, intensity, and stretch amplitude. Compared with 
these previous findings, increase in training frequency 
produced greater decline in isometric torque during final 
training phase, probably reflecting enlargement of muscle 
stress.  

It is not surprising that a rapid increase in load dur-
ing a drop-jump training program leads to a specific re-
sponse of exercise-induced damage markers. Different 
markers address possibly unrelated sites of exercise-
induced damage. In the present study, the effect of per-
formance deterioration during frequent SSC was most 
noticeable for isometric torque, but not for soreness or 
plasma CK activity. Indeed, tetanic torque decreases ob-
served in muscle contraction evoked by low-frequency 
(20 Hz) stimulation were greater and the recovery rate 
was smaller compared with high-frequency (100 Hz) 
stimulation, indicating a very strong manifestation of low-
frequency fatigue, which is associated with disturbances 
in Ca2+ release from the sarcoplasmic reticulum to myo-
plasma, or decreased myofibrillar Ca2+ sensitivity (Allen 
et al., 2008). Our results indicate that SSC-induced long-
lasting low-frequency fatigue tends to increase if exercise 
is performed frequently with a large range of motion. In 
view of this, frequent SSC exercise appears to induce 
additional stress on muscle fiber excitation–contraction 
coupling, which reflects the impairment of Ca2+ kinetics 
(Westerblad et al., 1993; Warren et al., 2001). 

It is well established that an increase in CK activi-
ty is associated with ultrastructural skeletal muscle mem-
brane damage (Brancaccio et al., 2007). CK activity in-
crease was most significant after the first training session, 
while it remained elevated during all training periods in 
the present study. A lack of substantial CK activity in-
crease during the training period suggests a reduction of 
ultrastructure damage to myofibril membranes and is 
consistent with the findings of previous studies (Kaman-
dulis et al., 2011; 2012). The variables responsible for 
membrane strengthening remain unknown while upregu-
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lation of the matrix-related protein tenascin C (Mackey et 
al., 2011) and α7β1 integrin (Boppart et al., 2006) were 
both proposed to induce protection against further mem-
brane damage. Moreover, it is interesting that previous 
studies have shown that muscles are protected by an ini-
tial exercise bout-induced adaptation and further training 
results in attenuation or absence of soreness even if more 
work is performed in the following training sessions 
(Lavender and Nosaka, 2008). In the present study, slight 
soreness was observed during all training periods, possi-
bly compromising everyday functionality. 

Serum ICTP is widely used as a marker of colla-
gen degradation (Langberg et al., 2000), while it reflects 
bone degradation to a large degree because collagen type 
I is present mainly in bones (Rosenquist et al., 1998). 
Although it is assumed that the use of serum ICTP as 
tendon tissue collagen type I degradation marker is lim-
ited, increase in ICTP might be related with tendon/bone 
micro-damage. Overall, collagen degradation did not 
change from pre-exercise levels throughout the present 
study. In accordance to this observation, the ultrasound 
data revealed no changes in tendon thickness of either the 
PT or AT at 24 h after loading. These data suggest that 
chosen training loads and frequency provide rather minor 
stress to the tendons/bones and allow them sufficient time 
for recovery before a subsequent exercise bout. Changes 
seen in the present study are in general agreement with 
the opinion that only very prolonged loading is capable of 
changing the size and mechanical properties of human 
tendons (Couppé et al., 2008; Kjaer et al., 2009). 

By contrast, an increase in tendon CSA of PT and 
AT was evident after the final training session in the pre-
sent study. This increase may be explained by a higher 
water content and/or hyperemia in the tendons and serves 
as a sign of connective tissue damage (Shalabi et al., 
2004). However, we noticed that despite the group aver-
age reaching statistical significance, only a few partici-
pants demonstrated a marked increase in total tendon 
volume. These findings indicate that some of the partici-
pants were more sensitive than others to SSC loads. 
Therefore, frequently repeated training sessions resulted 
in an increase in signs of connective tissue damage in 
their tendons. Results of previous studies have been in-
consistent; for example, some studies found a decrease or 
no change in tendon dimensions (Grigg et al., 2009; 
Freund et al., 2011), while in other studies, tendon thick-
ness and volume increase were observed (Shalabi et al., 
2004; Van Drongelen et al., 2007). These discrepancies 
might be related to methodological differences, variance 
in study design and population (Tardioli et al., 2012). 

It is important to note that in a similar study with 
the lower frequency of training sessions (Kamandulis et 
al., 2012) significant increases in muscle strength and 
jump height were found after completion of the full train-
ing period. Moreover, the performance of participants 
continued to increase within 3 weeks after training com-
pletion. In the present study, we did not find any increase 
in muscle strength, while a significant increase in jump 
height was evident. Jump height increase could possibly 
be explained by improved jump technique during the 9-
day training. Further, it might be attributed to neural ad-

justments in motor unit recruitment and/or firing frequen-
cy, enhanced reflex potentiation or changes in muscle and 
connective tissue elastic properties (Kubo et al., 2007; 
Van Ingen Schenau et al., 1997). Lack of muscle strength 
gains advocates that a frequency of three times per week 
for SSC training is preferred to achieve adaptation to the 
human neuromuscular system. 

There are some limitations to the present study. A 
study design that included more frequent ultrasound and 
biochemical measurements may have provided better 
vision of the changes related to connective tissue ar-
rangement. Given the trends in tendon dimensions and 
CK activity changes it is possible that a type I error could 
be induced with such a small sample, but the significant 
results of the study compromise with data from the litera-
ture. Finally, the application of training loads was limited 
in previous studies to simulate comparison with regard to 
training frequency. However, more stress or training ex-
tended beyond nine training sessions possibly might lead 
to deeper muscle weakness and may expose further signs 
of high risk of muscle and tendon injury. 
 
Conclusion 
 
A modest degree of muscle damage with a substantial 
increase after rapid increases in movement range and 
exercise intensity late in the training and minor changes in 
tendons were found in young men during daily drop-
jumping exercise. Jump height but not isometric voluntary 
and electrically evoked muscle torques increased noticea-
bly during the post-training recovery period. Our findings 
suggest that frequent drop-jump sessions with constant 
load alternated with rapid increases in load does not in-
duce severe muscle damage or major changes in tendons; 
nonetheless, this type of loading is not advisable for im-
provement in muscle strength. 
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Key points 
 
• Frequent drop jump training induces activation 

mode dependent muscle torque depression late in 
the training period. 

• No significant changes in the thickness of patellar 
and Achilles tendons are observed during frequent 
training, while CSA increases towards the end of 
training period.   

• Longitudinal effect for jump height but not for 
muscle strength is evident after the whole training 
period. 
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