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amplitude, and peak power during concentric contrac-
tions at the seven loads and at 60° s−1 decreased (P < 0.05) 
similarly in the men and women. At 48 h post-exercise, the 
MVIC torque, power (for loads ≥20–60% MVIC), and vol-
untary activation remained depressed (P < 0.05), but the 
resting twitch had returned to baseline (P > 0.05) with no 
sex differences.
Conclusion  Central mechanisms were primarily responsi-
ble for the depressed maximal force production up to 48 h 
after repeated eccentric contractions of the knee extensors 
and these mechanisms were similar in men and women.

Keywords  Muscle fatigue · Peripheral fatigue · Central 
fatigue · Sex differences · Gender · Muscle damage 
(DOMS)

Abbreviations
ANOVA	� Analysis of variance
EMG	� Electromyography
MVCC	� Maximal voluntary concentric contraction
MVIC	� Maximal voluntary isometric contraction
RT	� Resting twitch
RMS	� Root mean square
VA	� Voluntary activation

Introduction

Eccentric or lengthening muscle contractions occur when 
an external force applied to the muscle exceeds the force 
produced, resulting in the muscle fibers lengthening while 
being activated (Lindstedt et  al. 2001). Eccentric contrac-
tions help promote neuromuscular adaptations during train-
ing and rehabilitation to increase muscle mass, strength, 
balance, and power. These adaptations are possible because 

Abstract 
Purpose  This study examined the mechanisms for force 
and power reduction during and up to 48 h after maximal 
eccentric contractions of the knee extensor muscles in 
young men and women.
Methods  13 men (22.8 ± 2.6  years) and 13 women 
(21.6 ± 2.2 years) performed 150 maximal effort eccentric 
contractions (5 sets of 30) with the knee extensor mus-
cles at 60°  s−1. Maximal voluntary isometric contractions 
(MVIC) and maximal voluntary concentric contractions 
(MVCC) were performed before and after the 150 eccentric 
contractions. The MVCCs involved a set of two isokinetic 
contractions at 60°  s−1 and sets of isotonic contractions 
performed at seven different resistance loads (1  N  m, 10, 
20, 30, 40, 50, and 60% MVIC). Electrical stimulation was 
used during the MVICs and at rest to determine changes in 
voluntary activation and contractile properties.
Results  At baseline, men were stronger than women 
(MVIC: 276 ± 48 vs. 133 ± 37  N  m) and more powerful 
(MVCC: 649 ± 77 vs. 346 ± 78  W). At termination of the 
eccentric contractions, voluntary activation, resting twitch 
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of the large forces obtained during eccentric contractions 
that exceed isometric or concentric (shortening) maximal 
force and at a relatively low metabolic cost (LaStayo et al. 
2003, 2014). When a muscle is actively lengthened, the 
cross bridges develop more tension as they operate higher 
on the force-tension curve. The actin–myosin bonds may be 
broken largely by mechanical means, so in comparison to 
concentric activation, less adenosine triphosphate (ATP) is 
required for cross bridge cycling (Nishikawa 2016). How-
ever, the high forces can lead to myofibril damage when 
muscles are required to perform repetitive unaccustomed 
lengthening contractions (Nishikawa 2016). Symptoms of 
muscle damage include disruption of the sarcomeres, sar-
colemma, and extracellular matrix, as well as delayed-onset 
muscle soreness and inflammation that peaks 24–72 h after 
the eccentric contractions (Byrne et al. 2004).

Fatigability (often referred to a muscle fatigue) is the 
exercise induced reduction in force or power of muscle 
(Enoka and Duchateau 2008). In contrast to muscle dam-
age, it is reversible usually within several hours (Allen 
2001). While motor output is ultimately reduced at the 
muscle, force reductions can originate from various neu-
romuscular sites including inadequate activation of the 
motor units by the central nervous system and processes at 
the contractile proteins of the exercising muscles (Gande-
via 2001). Thus, immediately after eccentric contractions, 
the reduction in muscle function could be due to processes 
associated with muscle fatigue, muscle damage, or both. 
For eccentric exercise, it has been suggested that impair-
ment in excitation–contraction coupling is largely respon-
sible for acute force reduction (muscle fatigue), whereas 
muscle damage may account for reduction in muscle func-
tion observed up to 72 h days following eccentric contrac-
tion tasks (Martin et al. 2004).

Isometric contractions and repeated concentric con-
tractions do not generally cause muscle damage, and 
women are usually less fatigable than men during fatigu-
ing contractions with these contraction types (Hunter 2014, 
2016a). For repeated eccentric contractions, however, there 
is a poor understanding of whether men and women dif-
fer in their recovery of muscle function. Several studies 
indicate that there were no sex differences immediately 
after or up to 72 h after eccentric contractions for maximal 
voluntary isometric contraction (MVIC) force, work rate, 
and rate of torque development (Hubal et al. 2008; Sayers 
and Clarkson 2001; Rinard et al. 2000; Hicks et al. 2016). 
However, Sewright and colleagues (2008) reported that 
women had a greater loss of strength in the elbow flexor 
muscles immediately following maximal eccentric contrac-
tions compared with men, with no sex differences during 
the 10-day recovery period of maximal strength nor in the 
time-course of muscle soreness (Sewright et al. 2008). For 
a lower limb muscle, the ankle dorsiflexors, Power and 

colleagues (2013) showed that MVIC was depressed more 
so in women than men during recovery at 10-min–24-h 
post-task (Power et al. 2013). Furthermore, they also found 
that women had a greater loss of power at higher force 
loads (≥60% MVIC) during maximal voluntary shortening 
contractions, with a delayed recovery for up to 48 h follow-
ing the eccentric task, despite similar levels of self-reported 
soreness for men and women (Power et  al. 2013). The 
mechanisms for the sex differences at the high-force con-
tractions were attributed to muscular mechanisms involving 
excitation–contraction coupling and reduced rates of torque 
development (Power et al. 2013).

Given the paucity of data on other muscle groups such 
as the knee extensor muscle that are important for loco-
motion and during rehabilitation and sports performance, 
the purpose of this study was to compare the reduction in 
muscle function and indices of neural and muscular mecha-
nisms following repeated eccentric contractions of the knee 
extensor muscles in men and women. We hypothesized that 
after 150 maximal effort eccentric contractions of the knee 
extensors, women would have greater reductions than men 
in maximal strength and power immediately after and up 
to 48 h of recovery. We also hypothesized that both neural 
and muscular mechanisms would contribute to the reduc-
tions in strength and power of the knee extensor muscles in 
both sexes, but any sex difference would be primarily due 
to deficits in contractile function in the women. Finally, to 
determine the long-term effects of the repeated eccentric 
contractions, we quantified muscle function and indices of 
neural and muscular mechanisms 14 days after the eccen-
tric contractions in a subset of participants.

Methods

Thirteen young men (22.8 ± 2.6 years) and thirteen young 
women (21.5 ± 2.2 years) volunteered to participate in the 
study. Participants were recreationally active college stu-
dents, who did not participate in regular exercise training 
and were not college athletes. They were asked to refrain 
from strenuous exercise 48 h prior to the first testing ses-
sion, and to avoid additional exercise throughout the 3-day 
testing period. All participants provided informed con-
sent prior to participation. This study was approved by the 
Michigan Technological University’s Institutional Review 
Board for the Protection of Human Subjects.

All participants attended a familiarization session 
involving a physical activity questionnaire (Kriska and 
Bennett 1992), and the collection of physical characteris-
tics (height, weight, and age). Body fat percentage of each 
participant was estimated from electrical impedance with a 
Tanita body composition analyzer (BC-418, Tanita Corp., 
Tokyo, Japan). All participants were habituated to the 
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electrical stimulation of the quadriceps muscles and prac-
ticed MVICs, MVCCs, and eccentric contractions during a 
submaximal effort (<20% MVIC) for ten repetitions only 
to familiarize the participant without eliciting considerable 
fatigue or muscle damage. Subjects used their non-domi-
nant leg for the familiarization session, while the domi-
nant leg was used for the testing protocol. One exception 
occurred where a female participant used her non-dominant 
leg for both the familiarization session and testing pro-
cedure, due to a knee injury on her dominant leg. Hand 
dominance was estimated using the Edinburgh Handedness 
Inventory (Oldfield 1971). Dominant leg was based on a 
combination of both the Edinburgh Handedness Question-
naire as well as the subject self-reporting which leg they 
favor in sports (i.e., kicking a soccer ball, snowboarding, 
jumping, etc.).

Experimental set up and mechanical recordings

Experimental sessions were performed with the participant 
seated in a Biodex multi-joint dynamometer (System 4 Pro; 
Biodex Medical System, Shirley, NY, USA). Each partici-
pant was seated in a slightly reclined position with the hip 
and knee angles at 95° and 90°, respectively. Participant’s 
shank was strapped to the distal end of the Biodex lever, 
with the lateral epicondyle of the femur aligned with the 
axis of rotation of the dynamometer.

All voluntary and evoked isometric contractions were 
performed at 90° of flexion (0° being where the knee joint 
is fully extended and the lower limb horizontal). This angle 
was kept consistent to compare relative changes in angle 
and force production throughout the testing sessions (De 
Ruiter et  al. 2004). Shortening (concentric) contractions 
moved through a 60° range of motion from 90° to 30° of 
flexion and lengthening (eccentric) contractions moved 
from 30° back to 90° of flexion. Torque, angle, and angu-
lar velocity data were sampled at a rate of 2000 Hz using 
a micro 1401 AD converter and Spike 2 software [Version 
8, Cambridge Electronics Design (CED), Cambridge, UK]. 
Torque signal was displayed on a 70-in TV monitor (Sharp 
Electronics, New Jersey, USA) located 2.5 m in front of the 
subject.

Electrical recordings

Surface electromyography (EMG) (Bagnoli 16; Delsys, 
Natick, MA, USA) was used to record muscle activity of 
the knee extensors, including the rectus femoris (RF), vas-
tus lateralis (VL), and vastus medialis (VM). Electrode 
placement was determined according to recommendations 
by Surface Electromyography for the Noninvasive Assess-
ment of Muscles (SENIAM Project) (Hermens et al. 2000). 
The ground electrode was positioned over the patella. The 

skin was scrubbed with alcohol soaked cleansing cloths 
before electrode placement, and location was marked via a 
permanent pen to ensure that placement was consistent for 
the entirety of the testing sessions. The EMG signal was 
amplified (100×), bandpass filtered (10–450 Hz), and sam-
pled at a rate of 2000 Hz using a micro 1401 AD converter 
and Spike 2 software (CED, Cambridge, UK).

Electrical stimulation

All four quadriceps muscles were electrically stimulated 
to determine contractile properties from a single maximal 
stimulus at rest and an additional stimulus was also applied 
during MVICs to determine voluntary activation. A single 
electrical pulse (square wave, 100-μs duration) was elicited 
via a pair of self-adhesive surface electrodes placed over the 
muscle (6.98 × 12.7 cm, Dura-Stick plus DJO Brands) and 
with a computer-controlled stimulator (D185; Digitimer, 
Welwyn Garden City, UK). Although multiple stimulations 
can decrease variability in the interpolated twitch torque 
(Suter and Herzog 2001), a single pulse was used to min-
imize discomfort and is sensitive to changes with fatigue 
(Bampouras et al. 2006; Kennedy et al. 2015; Yoon et al. 
2007). The exact electrode positions were marked with a 
permanent pen, allowing the investigator to replicate posi-
tioning of electrode pads for subsequent trials. The superior 
aspect of the proximal electrode (anode) was positioned in 
line with the greater femoral trochanter with the midline of 
the electrode aligned with the anterior–superior iliac spine 
(Pietrosimone et  al. 2011). The distal electrode (cathode) 
was positioned, so that the inferior aspect of the electrode 
sat ~3 cm superior to the patella, with the medial border of 
the electrode aligned with the midline of the patella (Piet-
rosimone et al. 2011). At the start of each testing session, 
the stimulation voltage was increased until the twitch force 
response plateaued. Voltage was further increased by an 
additional 20% to ensure full activation of all motor units 
by supramaximal stimulation. This supramaximal voltage 
intensity (120%) was used for all electrically evoked con-
tractions for the remainder of the testing session for each 
individual.

Muscle soreness and perceived exertion

Muscle soreness was assessed using a 10-cm visual analog 
scale, self-reported by the subject (Lau et  al. 2015). The 
left anchor of the scale was titled “no pain”, and the right 
anchor titled “worst pain ever”. While performing a 10-s 
sustained isometric contraction at 20% of MVIC of base-
line, participants indicated their level of soreness of their 
quadriceps muscles. This measure was performed at base-
line, after warm-up and following each set of task measures 
during recovery.
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Rating of perceived exertion (RPE) was assessed with 
the modified Borg ten-point scale (Borg 1982). The partici-
pants were instructed to focus the assessment on the effort 
of their knee extensor muscles while performing the eccen-
tric contraction fatiguing task. The scale was anchored, so 
that 0 represented “resting state” and 10 represented “maxi-
mal exertion” that the knee extensors could perform. The 
RPE was measured at regular intervals occurring once 
during each of the five sets of the eccentric fatigue task, at 
approximately the 25th repetition.

Experimental protocol

Baseline measures

Maximal voluntary isometric contractions (MVIC)  Three 
MVICs were performed by each participant, for 3–5 s fol-
lowed by 2-min rest between trials. If two of the three MVICs 
values were not within 5% of each other, a fourth trial was 
performed. Visual feedback of the torque-time tracing was 
given to the participants on a 70-in TV monitor, as well as 
verbal encouragement to ensure maximal effort during all 
MVICs. During each MVIC, electrical stimulation was elic-
ited to evoke a superimposed twitch. An additional twitch 
was evoked at rest (resting twitch) ~1 s following the MVIC.

Maximal voluntary concentric contractions 
(MVCCs)  There were two types of shortening contrac-
tion modes used—isokinetic and isotonic contractions. It 
should be noted that due to mechanical limitations of the 
dynamometer, the isotonic contractions cannot be consid-
ered truly isotonic because of the dynamometer’s inability 
to maintain an internal constant load throughout the com-
plete range of motion (Power et al. 2011). For both contrac-
tion modes, the dynamometer was programmed to allow the 
active range of motion at the knee joint to extend from 90° 
to 30° and the dynamometer passively returned the shank 
back to the 90° starting position. Familiarization and warm-
up for these shortening contractions consisted of a total of 
ten submaximal repetitions (two sets of five reps, with 30-s 
rest period between sets) of isotonic contractions at moder-
ate load (35 N m for women, 50 N m for men).

After 5 min of rest following the warm-up, two repeti-
tions of isokinetic shortening contractions at 60° s−1 were 
performed for baseline values to assess changes in muscle 
series compliance. Participants were asked to maximally 
extend the dynamometer arm throughout the full 60° range 
of motion of knee extension. Participants were provided 
with verbal encouragement and real-time torque feedback 
was displayed on a TV monitor (Campenella et al. 2000).

After 5  min of rest following the isokinetic shortening 
contractions, seven sets of isotonic contractions at various 
predetermined resistance loads were performed, including 

1 N m, 10, 20, 30, 40, 50, and 60% of MVIC. These loads 
were performed by each participant in randomized order, 
and for each participant, this order remained constant for 
the duration of the testing procedures. Participants were 
instructed to move the resistance load as “fast and hard as 
possible” throughout the full 60° range of motion. Partici-
pants were provided with verbal encouragement and real-
time torque feedback displayed on a TV monitor to encour-
age a maximal effort (maximal velocity) (Campenella et al. 
2000). Two consecutive repetitions at each resistance were 
performed to improve the chances that true maximal veloc-
ity was reached. Thirty seconds of rest separated the sets 
of contractions. The peak velocity reached at each resist-
ance load was used to establish baseline values for angular 
velocity at each of the seven resistance loads, with the peak 
angular velocity (obtained at 1 N m) considered the maxi-
mal shortening velocity. Power was calculated across each 
of the seven resistance loads, with the peak power being the 
highest product of torque and velocity at any given time-
point during the contraction.

Repeated lengthening contractions

Participants performed 5 sets of 30 repetitions of maximal 
effort eccentric contractions at 60° s−1, with 10 s between 
each set. Participants were asked to maximally resist the 
lowering of the shank by the dynamometer to forced flex-
ion throughout the full range of motion (30–90°). The 
shank was then passively returned to the start position of 
30° of flexion. Verbal encouragement and visual feedback 
of the real-time torque curve on the TV screen were pro-
vided to the participant to encourage maximal effort (Kellis 
and Baltzopoulos 1996).

Recovery measures

MVIC and MVCCs (both isokinetic and isotonic contrac-
tions) measures were performed during recovery at the fol-
lowing times: immediately upon completion of eccentric 
fatiguing task, and then at 10, 20, 30 min, 24, and 48 h fol-
lowing the task (see Fig. 1). In addition, 9 of 26 men and 
women (4 men, 5 women) in this study were tested after 
14  days following 150 maximal eccentric contractions of 
the knee extensors.

Data analysis

Data analysis of angle, torque, velocity, power, and EMG 
signals was performed offline with Spike 2 software. The 
torque signal was low-pass filtered with a 10-Hz cut-off fre-
quency. MIVC torque was quantified as the average torque 
of 100-ms duration prior to electrical stimulation during 
the MVIC.
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Voluntary activation was assessed by measuring the 
torque response in knee extensor electrical stimulation. 
Both the peak amplitude of the interpolated twitch (IT) and 
the resting twitch (RT) produced by electrical stimulation 
in a relaxed but potentiated muscle (1  s after the MVIC), 
were used to calculate voluntary activation with the follow-
ing formula: voluntary activation (%) = 100 × (1  −  IT/RT) 
(Gandevia 2001).

Optimal angle of torque production during the 60°  s−1 
isokinetic contraction was identified as the angle at which 
the maximal torque was produced during each contrac-
tion. The change in optimal angle of torque production was 
calculated as the difference between the optimal angle of 
torque production before and after the eccentric task.

Knee extension power (watt) was calculated as the prod-
uct of torque (N  m) and angular velocity (rad  s−1). Peak 
power was determined for each of the seven predetermined 
loads used in the isotonic contractions.

EMG activity of the knee extensor muscles was deter-
mined as the root-mean-squared (RMS) value over 100-
ms interval, which was time interval used to determine the 
MVIC torque. All subsequent MVIC RMS values were 
normalized to the level obtained during the baseline MVIC.

Statistical analysis

Data are reported as means ± SD within the text and dis-
played as means ± SEM in the figures. Normality and 
homogeneity were tested using the Shapiro–Wilk and Lev-
ene tests, respectively. Because voluntary activation data 
were not normally distributed, Friedman’s ANOVA and 
Mann–Whitney U test were performed. Univariate analy-
ses were used to compare subject characteristics, physical 
activity levels, baseline variables including MVIC torque, 
resting twitch amplitude, maximal velocity during maxi-
mal isokinetic contraction; peak power during maximal 
isotonic contraction in men and women. Two-way analy-
sis of variance (ANOVA) with repeated measures was 
used to compare variables in men and women across time-
points (baseline, post, 10, 20, 30  min, 24, and 48  h). For 
the nine participants who completed the testing at 14-day 
post-exercise, same two-way ANOVA with repeated meas-
ures was performed to compare variables. When an interac-
tion (sex × time) was found, independent t tests were used 
to compare groups at each time interval. The variables 
include MVIC torque, voluntary activation, resting twitch, 
peak power, and optimal angle of torque production. The 

Fig. 1   Schematic experimental protocol (a) and representative data 
(b). White solid rectangles indicate MVICs. Gray solid triangles indi-
cate maximal isokinetic dynamic shortening contractions. Vertical 
striped gray rectangle indicates isotonic loaded dynamic shortening 
contractions. Black rectangles indicate a set of 30 maximal eccentric 

contractions. Recovery time-points were immediately upon task ter-
mination, 10, 20, 30 min, 24, and 48 h. Representative MVIC record-
ings in a man and woman (left and right, respectively). Solid line 
baseline, gray line post fatigue
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strength of an association between fatigue-related vari-
ables is reported as the Pearson product-moment correla-
tion coefficient (r). To test the difference in coefficients 
between men and women, Fisher r-to-z transformation tests 
were also performed. Significant differences were noted at 
P < 0.05.

Results

Baseline measures

Table 1 shows the subject characteristics and baseline data. 
Self-reported physical activity levels were similar for men 
and women (P = 0.97); however, men were taller, leaner, 
and had more body mass than women (P < 0.05). Men 
were stronger and more powerful, and had a greater resting 
twitch torque amplitude compared with women (P < 0.05). 
There was no differences between men and women in their 
optimal angle for torque development during a 60°  s−1 
maximal isokinetic shortening contraction, the relative load 
in which peak power occurred during maximal isotonic 
contractions, nor the level of voluntary activation during 
MVICs at baseline (Table 1).

Fatigue and recovery from dynamic lengthening 
fatiguing session

MVIC torque decreased following the eccentric fatigu-
ing contractions from baseline by 39.4 ± 21.5% (fatigue 
effect, F1,24  =  84.0, P < 0.001, η2

p  =  0.778). The rela-
tive decline was similar in men and women (40.7 ± 21.1 
vs. 38.1 ± 22.8% respectively; sex × time; F1,24  =  0.098, 

P = 0.757, η2
p  =  0.004). During recovery, MVIC torque 

increased (recovery effect; F5,24  =  3.88, P = 0.012, 
η2

p = 0.139), and the relative increase was similar in men 
and women (recovery × sex; F5,24  =  1.373, P = 0.258, 
η2

p  =  0.054). MVIC had not reached baseline levels by 
48 h of recovery with both sexes showing reduced MVIC 
torque at 48-h recovery compared with baseline (recov-
ery, F1,24 = 41.7, P < 0.001, η2

p = 0.635). See Fig. 2.
Resting twitch torque decreased following the eccen-

tric fatiguing contractions from control values by 
26.4  ±  28.7% (fatigue effect, F1,24  =  21.2, P < 0.001, 
η2

p = 0.469). The relative decrease was similar for men 

Table 1   Subject characteristics 
and baseline data

Displays initial baseline data for both men and women averaged. Significant differences are highlighted in 
bold. Values are displayed as mean ± standard deviation (SD)
MVIC maximal voluntary isometric contraction, MVCC maximal voluntary concentric contraction, RT rest-
ing twitch torque, % percent, dev development, cm centimeters, kg kilograms, N m newton meters, MET 
metabolic equivalents, h hour, wk week, deg degree, s seconds

Variables Unit Men (n = 13) Women (n = 13) P value

Age years 22.8 ± 2.6 21.5 ± 2.2 0.205
Height cm 180 ± 3.8 163 ± 7.2 <0.001
Weight kg 86.3 ± 13 62.4 ± 17 <0.001
Body fat % 17.6 ± 8.7 26.7 ± 12 0.040
Physical activity MET h/wk 37.3 ± 20.6 36.9 ± 27.9 0.970
MVIC torque N m 276 ± 48 133 ± 37 <0.001
Peak power during MVCC watt 649 ± 77 346 ± 78 <0.001
% MVIC peak power occurred % 29.3 ± 19 26.8 ± 17 0.924
RT torque amplitude N m 70.6 ± 17 34.7 ± 10 <0.001
Peak velocity deg s−1 374.3 ± 25 341 ± 30 0.003
Optimal angle for torque dev deg s−1 72.4 ± 4.6 71.9 ± 7.6 0.855
Voluntary activation % 90.00 ± 5.0 90.96 ± 9.2 0.746

Fig. 2   Maximal voluntary isometric contraction torque before and in 
recovery from the eccentric fatiguing task. Men were stronger than 
women at baseline (P < 0.05). MVIC decreased following the eccen-
tric contraction task for both men and women (P < 0.05), and did not 
recover after 48  h of rest (P < 0.05). No sex differences in the rela-
tive fatigue or recovery pattern for MVIC were seen. Neither sex fully 
recovered MVIC strength by 48 h. *Time effect, P < 0.05; †sex effect, 
P < 0.05
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and women (sex × fatigue, F1,24  =  0 0.012, P = 0.913, 
η2

p = 0 0.001). During recovery, twitch amplitude was 
depressed for 30 min and increased after 24 h of recov-
ery (recovery effect; F5,24 = 49.8, P < 0.001, η2

p = 0.675). 
The relative increase was similar for men and women 
(sex × recovery; F5,24  =  0.633, P = 0.533, η2

p  =  0.026). 
For both sexes, resting twitch recovered by 48  h in 
comparison to baseline (recovery effect, F1,24  =  2.591, 
P = 0.121, η2

p = 0 0.097). See Fig. 3a.
Voluntary activation during MVICs decreased 

13.7 ± 22.1% following the eccentric fatiguing contractions 
from control values (fatigue effect, P < 0.001). The rela-
tive decrease was similar for men and women (sex effect, 
P = 0.840). Voluntary activation values did not return 
to baseline levels by 48  h after the task (P = 0.049). See 
Fig. 3b.

Peak power for all loads with the exception of the 
1 N m condition (F1,23 = 9.36, P = 0.059, η2

p = 0.147) sig-
nificantly decreased following the eccentric fatiguing con-
tractions (0 < P < 0.05). The relative decline was similar 
in men and women for all resistance loads (sex × fatigue, 
0.169 < P < 0.807). During recovery, peak power at 10% 
MVIC increased (recovery effect, F5,24 = 2.847, P = 0.040, 
η2

p  =  0.106), and this increase was similar for both men 
and women (sex × recovery, F1,24  =  1.433, P = 0.238, 
η2

p = 0.056). Peak power at 20–50% MVIC did not recover 
to baseline levels for either men or women (recovery 
effect, 0.053 < P < 0.456). However, peak power at 60% 
MVIC increased (recovery effect, F5,22 = 4.124, P = 0.013, 
η2

p  =  0.158) and the relative increase was different for 
men and women (sex × recovery, F1,22  =  3.99, P = 0.015, 
η2

p  =  0.154). This was because men increased power 
between 30 min and 24 h, but women showed a decrease in 
power during this time period. See Fig. 4.

EMG activity during MVIC decreased from baseline 
following the eccentric fatiguing task for rectus femo-
ris (fatigue effect, F1,23  =  7.519, P = 0.012, η2

p  =  0.246), 
vastus medialis (fatigue effect, F1,23  =  23.7, P = 0.001, 
η2

p  =  0.507), and vastus lateralis (fatigue effect, 
F1,23 = 12.2, P = 0.002, η2

p = 0.347). The change in RMS 
EMG during the MVIC immediately following the fatigu-
ing task was similar between men and women for the 
rectus femoris (fatigue × sex, F1,23  =  2.643, P = 0.118, 
η2

p = 0.103), vastus medialis (fatigue × sex, F1,23 = 0.002, 
P = 0.964, η2

p = 0.001), and vastus lateralis (F1,23 = 0.324, 
P = 0.576, η2

p  =  0.14). Furthermore, during recovery, the 
EMG activity during the MVIC changed similarly for 
men and women up to 30-min post-eccentric contrac-
tions for the rectus femoris (recovery × sex, F3,23 = 2.192, 
P = 0.114, η2

p  =  0.087), vastus medialis (recovery × sex, 
F3,23  =  0.434, P = 0.658, η2

p  =  0.019), and vastus later-
alis (recovery × sex, F3,22 = 0.325, P = 0.774, η2

p = 0.015). 
The RMS EMG during the MVIC decreased following 

the eccentric contractions did not recover to baseline after 
30 min of recovery in men and women for the rectus femo-
ris (79.0 ± 9.5 vs. 84.7 ± 7.5%, respectively), vastus media-
lis (68.2 ± 6.7 vs. 78.6 ± 13.9%, respectively), and vastus 
lateralis (66.6 ± 9.7 vs. 74.3 ± 12.8%, respectively).

Muscle soreness reported on an analog scale of 1–10 
by each participant while performing a 10 s sustained iso-
metric contraction at 20% of MVIC, increased from base-
line after completion of the eccentric contraction fatigu-
ing task, and continued to increase up until 30  min after 
the task (time effect, F5,24 = 6.07, P = 0.001, η2

p = 0.202) 
for both men and women (from baseline to 30  min: 
0.01 ± 0.1–2.2 ± 2.2 vs. 0.03 ± 0.03–2.1 ± 2.7 respectively). 
By 48  h, muscle soreness remained elevated (recovery 
effect, F1,24  =  17.1, P < 0.001, η2

p  =  0.416) for men and 

Fig. 3   Resting twitch (a) and voluntary activation (b) before and in 
recovery from the eccentric fatiguing task. RT decreased following 
the eccentric contraction task for both men and women (P < 0.05), 
and recovered after 24 and 48  h of rest (P > 0.05). VA decreased 
following the eccentric contraction task for both men and women 
(P < 0.05), and did not recover after 48 h of rest. No sex differences in 
the relative fatigue and recovery pattern between the sexes were seen 
in either RT or VA. *Time effect, P < 0.05; †sex effect, P < 0.05
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women (1.7 ± 2.1 vs. 1.7 ± 2.0, respectively). There were 
no sex differences in muscle soreness values at baseline 
or at any time-points following the eccentric contractions 
(time × sex, F5,24 = 0.176, P = 0.971, η2

p = 0. 007).
Rating of perceived exertion (RPE) increased (time 

effect, F = 31.5, P < 0.001, η2
p = 0.022) during the eccen-

tric fatiguing task from 4.2 ± 1.7 during the first set of 30 
contractions to 7.3 ± 2.3 during the last (5th) set of contrac-
tions. The relative increase was similar for both men and 
women (time × sex, F = 0.543, P = 0.619, η2

p = 0.022).

Recovery at 14‑day post‑exercise for a subgroup (4 men 
and 5 women)

The MVIC torque and voluntary activation increased from 
48-h post-eccentric contractions to 14-day post-contrac-
tions. However, recovery was not complete, so that by day 
14, MVIC torque was at 77.9 ± 37% of baseline (P = 0.007, 
η2

p  =  0.673) and voluntary activation had recovered to 
86.5 ± 18% (P = 0.008, η2

p  =  0.658). In contrast, resting 
twitch amplitude had recovered to baseline levels by day 14 
(P = 0.658, η2

p = 0.030, compared to baseline).

Associations with reductions in strength and power

The reduction in the MVIC torque performed immediately 
after the 150 eccentric contractions was associated with 
the reduction of voluntary activation (r = 0.626, r2 = 0.392, 
P = 0.001) and also with the reduction of the resting 
twitch amplitude (r = 0.490, r2 = 0.240, P = 0.011) at the 
same time-point in recovery (see Fig. 5). Thus, those par-
ticipants who had a greater reduction in MVIC also had a 
greater decrease in their level of voluntary activation and 
amplitude of their resting twitch immediately after the 
eccentric contractions. When the correlations were per-
formed in men and women separately, reduction in MVIC 
in men was associated with decline in voluntary activa-
tion only (r = 0.691, r2 = 0.477, P = 0.009). The reduction 
in MVIC in women was associated with both the loss of 
voluntary activation (r = 0.579, r2 = 0.335, P = 0.038) as 
well as decline in the resting twitch (r = 0.709, r2 = 0.503, 
P = 0.007). Despite the differences in correlations, the cor-
relation coefficients between the reduction in MVIC and 
the loss of voluntary activation in men and women were not 
different when tested with the Fisher r-to-z transformation 
(P = 0.285).

During the period immediately after the fatigue task and 
to 48-h recovery, the change in MVIC was associated with 
recovery of voluntary activation (r = 0.764, P < 0.001) and 
recovery of resting twitch (r = 0.714, P < 0.001) for both 
men and women over the same time-course.

The association between power reduction immediately 
measured after the eccentric contraction task and the reduc-
tion in resting twitch was r = 0.396 (P = 0.050).

Discussion

This study compared reductions of strength and power of 
the knee extensor muscles in young men and women after 
repeated maximal eccentric contractions performed at 
60° s−1. The new findings from this study were that (1) both 
reductions in voluntary activation and contractile function 
(resting twitch torque) were associated with the reduc-
tions in MVIC torque immediately after the termination of 
the eccentric contraction exercise; (2) there were no sex-
related differences in either muscle soreness, the reduction 
of maximal isometric strength, or recovery of peak power 
up to 48  h after repeated maximal eccentric contractions; 
and (3) the loss in MVIC torque at 48 h was primarily due 
to central mechanisms, because voluntary activation was 
reduced and the resting twitch amplitude had recovered to 
baseline levels. Thus, while DOMS persisted to 48 h after 
repeated eccentric contractions in the knee extensor mus-
cles, the mechanisms for the reduction in maximal force 
were largely neural in origin. Finally, in a subgroup of nine 

Fig. 4   Peak power during isotonic MVCCs across multiple torque 
loads. Each graph represents a time-point during recovery from 
the eccentric fatiguing task. Peak power decreased following the 
eccentric contraction task for both men and women for every inten-
sity condition (P < 0.05), with the exception of the 1-N m condition 
(P > 0.05). The magnitude of reduction in peak power following the 
eccentric contractions increased as contraction intensity increased. 
The higher intensity loads also took longer to recover. The moder-
ate intensity loads (20–60% MVIC) did not fully recovery by 48  h 
(P < 0.05)
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men and women, maximal isometric strength and voluntary 
activation remained depressed 14  days after the eccentric 
contractions, although the resting twitch torque had fully 
recovered. Thus, functional recovery was not complete in 
men or women 14 days after exercise primarily due to neu-
ral mechanisms despite full recovery of muscle soreness.

Acute reductions is muscle function after eccentric 
exercise

Neither sex showed a reduction of power at the 1-N m con-
dition immediately following the eccentric task. For the 
higher intensity contractions (10–60% MVIC), fatigue did 
occur and the magnitude of fatigue increased as the inten-
sity of contraction increased, although the relative decline 
was similar in men and women at each intensity. Because 
power is the product of torque and the angular veloc-
ity, both groups experienced a similar decrease in angu-
lar velocity given the similar decrease in strength. These 

results are similar to the findings of the previous study 
(Power et  al. 2013) and consistent with the changes in 
MVIC torque for both sexes as discussed below.

Immediately after the eccentric contractions, the reduc-
tion in MVIC torque of the knee extensor muscles (~39%) 
was large but also similar in the men and women. This loss 
of strength was consistent with the previous findings tested 
with the elbow flexors (Borsa and Sauers 2000; Hubal et al. 
2008; Sayers et  al. 1999; Rinard et  al. 2000), dorsiflexors 
(Power et al. 2013), and knee extensors (Hicks et al. 2016). 
In contrast to our findings, there was a greater decrease in 
strength of the elbow flexor muscles in women compared 
with men (57.8 vs 50.4%, respectively) after eccentric exer-
cise (Sewright et al. 2008), and men had a greater reduction 
in isometric strength than women after 240 maximal eccen-
tric contractions with knee extensors (bilaterally) (Minahan 
et al. 2015).

In general, the lack of sex difference in the decline in 
torque and power immediately after the eccentric contrac-
tions are in contrast to the large sex difference fatigability 
observed after isometric and or slow-dynamic concentric 
fatiguing contractions. Typically, women are less fatiga-
ble for isometric and slow-dynamic shortening contrac-
tions (Avin et  al. 2010; Wust et  al. 2008; Hunter et  al. 
2004; Clark et al. 2005) (see Hunter 2016a, b for reviews), 
although isometric and concentric contractions do not 
typically elicit muscle soreness. Furthermore, there was 
no association between baseline strength and the decline 
in torque as has been shown for isometric and concen-
tric fatiguing tasks in young adults (Pincivero et al. 2000; 
Hunter and Enoka 2001; Billaut and Bishop 2012; Hunter 
2016a, b). These results indicate that immediately after 
exercise, fatigability assessed with maximal isometric 
strength was dependent on the fatiguing task and contrac-
tion type. After repeated eccentric contractions, the reduc-
tion in torque may be due to fatiguing processes that will 
recover within hours, or muscle damage that can last up to 
72 h (Byrne et al. 2004). Determining whether the reduc-
tion in MVIC torque immediately post-eccentric exercise is 
due to fatigability or muscle damage, however, was not able 
to be distinguished in this study.

Consistent with the MVIC torque, there was no differ-
ence between men and women in the average reduction in 
the resting twitch (indicative of muscular mechanisms) and 
the decline in voluntary activation from baseline (neural 
mechanisms) immediately post-eccentric exercise. These 
findings are inconsistent with other studies that reported no 
change in voluntary activation following lengthening con-
tractions of ankle dorsiflexors (Power et  al. 2010, 2013), 
but is consistent with other studies (Doguet et  al. 2016; 
Prasartwuth et  al. 2005; Racinais et  al. 2008). We also 
found that there were significant associations between the 
reduction in MVIC post-exercise with the decline in the 

Fig. 5   Associations with reductions in MVIC. Reduction in MVIC 
immediately after the fatigue task was associated with the a reduction 
in RT (P < 0.05) and b reduction in VA immediately after the eccen-
tric fatiguing task (P < 0.05) in men (filled circle) and women (open 
circle)
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resting twitch and the reduction in voluntary activation. 
However, when correlations with each sex were considered 
individually, the findings indicate some sex-specificity. The 
reduction in MVIC for men was only significantly associ-
ated with reduction in voluntary activation, whereas reduc-
tion in MVIC for women was associated with both reduc-
tion in voluntary activation as well as reduction in resting 
twitch. During lower limb fatiguing contractions, men have 
been more susceptible to reductions in maximal torque due 
to reduction in voluntary activation (Russ and Kent-Braun 
2003; Martin and Rattey 2007). It is plausible that a slightly 
different contribution of mechanisms for men and women 
contributed to their reductions in MVIC torque post-eccen-
tric contractions.

RMS EMG of knee extensor muscles during MVIC 
contraction decreased immediately following the eccentric 
task, and this was similar between men and women. These 
results contrast with the previous findings of other stud-
ies where there was no change in EMG activity following 
lengthening contractions of the ankle dorsiflexors (Power 
et  al. 2010, 2013). The decline in RMS EMG during the 
maximal contraction may result from a decline in the drive 
from the central nervous system (Bigland-Ritchie et  al. 
1983), although there are many other factors that can influ-
ence the global EMG activity (Farina et  al. 2004, 2014). 
The decreased RMS EMG was not recovered to baseline 
after 30 min of recovery in both men and women, which is 
consistent with the declines in voluntary activation. Collec-
tively, our results support that neural mechanism contrib-
uted to decrements in torque immediately after the repeated 
eccentric contractions similarly in men and women.

Reductions is muscle function 24–48‑h post‑eccentric 
exercise

At 24  h after exercise, fatiguing processes are primarily 
recovered, so any changes in function post 24 h of eccentric 
contractions are likely due to muscle damage (Byrne et al. 
2004). The recovery pattern for MVIC torque at the 24- and 
48-h post-exercise was similar in men and women, which 
is consistent with the previous studies that compared the 
recovery up to a 10-day post-exercise (Hicks et  al. 2016; 
Sewright et al. 2008; Rinard et al. 2000). Others, however, 
observed a faster recovery in men compared with women 
(Power et  al. 2013) and in contrast a faster recovery in 
women than men (Minahan et al. 2015). The reason for the 
differing results between the recovery of men and women 
across studies is not clear but might be in part be attributed 
to the prior exercise conditioning of men and women and 
the involved muscle group.

Power recovered by 48 h at the lower resistance loads 
(≤10% MVIC), but had not recovered for the moderate 
and high resistance loads (≥20% MVIC). The intensity 

at which the absolute peak power occurred (greatest 
power output across all intensity conditions) also shifted 
to lower intensities. Furthermore, for both sexes, MVIC 
strength did not recover, but power at the high veloc-
ity, low intensity contractions did recover. These results 
suggest that after eccentric contractions, the force rather 
than velocity is more impaired when power production is 
required.

Both central and peripheral factors contributed to 
MVIC recovery for both sexes up to 24-h post-eccentric 
contractions, because the recovery pattern of resting 
twitch and voluntary activation was similar. However, 
the incomplete recovery of voluntary activation at 48-h 
post-exercise suggests that the impaired torque and power 
production were primarily due to central impairments 
in both sexes. These findings are inconsistent with other 
studies that have shown voluntary activation was well 
maintained after task and 48 recovery (Power et al. 2013) 
or recovered fully within 2–24 h after the eccentric task 
(Doguet et  al. 2016; Prasartwuth et  al. 2005). However, 
a previous study also found the incomplete recovery in 
voluntary activation up to 48  h after a-30-min downhill 
walking exercise (Racinais et al. 2008) and suggested that 
this long-lasting decrement in voluntary activation could 
be due to long-lasting muscle pain after eccentric exer-
cise (Le Pera et al. 2001).

In general, there were minimal sex differences recov-
ery pattern of power, although for the 60% MVIC load 
condition, there were sex differences between 30-min and 
24-h recovery (indicated by a sex × time interaction) in 
that the men had a faster recovery than the women. How-
ever, when each time-point was assessed for relative sex 
differences using independent t tests, no sex differences 
in any time-points were found. In addition, because a 
similar pattern was not seen with the 50% MVIC condi-
tion, we concluded that this one data point did not pro-
vide enough evidence for sex differences in overall recov-
ery pattern of power after eccentric exercise.

After the eccentric contractions, we expected to see a 
shift of optimal length (angle) to longer muscle lengths, 
indicating changes in muscle series compliance and mus-
cle damage. However, there was no change in the optimal 
angle for torque production as measured by an isokinetic 
MVCC at 60°  s−1, despite the reported muscle sore-
ness. Interestingly, recent work (Coratella et  al. 2015) 
found that after a lower limb fatigue task, the knee flex-
ors showed a shift in optimal torque/angle relationship, 
whereas this did not occur for the knee extensor muscles. 
The knee extensors are often involved in eccentric con-
tractions in sports and even in daily living (e.g., descend-
ing stairs), possibly explaining the lack of change in the 
optimal angle for force production that we observed.
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Reductions is muscle function 14‑day post‑eccentric 
exercise

Fourteen days following 150 maximal eccentric contrac-
tions of the knee extensors, maximal strength (MVIC) 
had recovered similarly in the men and women, although 
both groups did not fully recover to the baseline levels. 
Recovery periods after repeated eccentric contractions 
can range from 24 h (Power et al. 2013) and up to 89 days 
(Sayers et al. 1999) before full recovery to baseline lev-
els of function. The extent of recovery likely depends 
on the different protocols (50–240 contractions), mus-
cle groups (elbow flexors, dorsiflexors, and knee exten-
sors), and intra-individual variability (0–76% strength 
loss immediately after the task of this study) (Sewright 
et al. 2008). Our study, however, showed that the resting 
twitch amplitude for both sexes was fully recovered, but 
voluntary activation values were still depressed suggest-
ing that the reduced strength at 14 days of recovery was 
due primarily to central mechanisms and independent of 
pain, because soreness had recovered.

One potential limitation of the study is that we used a 
single pulse of percutaneous stimulation to evoke force 
during the MVC to quantify voluntary activation. Thus, 
not all muscle fibers in the knee extensor muscles were 
stimulated as can be done with femoral nerve stimula-
tion. In addition, it is suggested that a doublet rather than 
a single stimuli will provide greater sensitivity to the 
measure of voluntary activation in large muscles (Suter 
and Herzog 2001). Nevertheless, the amplitude of rest-
ing twitch was >20% of MVC force with no difference 
between men and women (25.5 and 26.4%, respectively), 
and these values are comparable to that achieved during 
supramaximal nerve stimulation. In addition, we did not 
quantify the maximal compound muscle action potential 
(M wave) and so we were not able to normalize the sur-
face global EMG activity to account for any contribution 
to the EMG from potential changes in neuromuscular 
propagation.

In conclusion, there were minimal to no sex-related 
differences in fatigue and recovery following maximal 
eccentric fatiguing contractions of knee extensors. Nei-
ther men nor women had fully recovered their strength or 
power by 48  h of recovery and this was due to impair-
ment of voluntary activation. Importantly, 14-day post-
eccentric exercise, a subgroup of individuals still showed 
a 28% reduction in maximal strength primarily due to 
neural mechanisms. Considering the importance of 
eccentric exercise in training and rehabilitation, the func-
tional recovery from eccentric contractions may require 
more time than initially thought.
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