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A B S T R A C T

We compared the effects of low intensity concentric (CON) and eccentric (ECC) exercise on the force and neural
responses of the dominant (exercised) elbow flexors (EFs), and studied if these conditions could induce cross-over
effects to the contralateral (non-exercised) EFs. Fifteen subjects (8 males) completed all conditions (CON and ECC:
6 sets of low intensity exercise to failure; control: rest) in separate visits with a randomized order. Maximal
isometric force and electromyography (EMG) of the dominant and contralateral EFs were assessed at pre, im-
mediate-, 24-, and 48-h-post. Two-factor (condition and time) linear mixed-model analyses were performed to
examine the force and EMG responses. Immediately post CON, contralateral EFs force was significantly
(p¼ 0.026) higher (12.41%) than control, but no cross-over effects regarding the neural responses were observed.
Immediately post ECC, dominant EFs force was significantly lower in ECC, compared to CON (p ¼ 0.003) and
control (p< 0.001). This force remained depressed at 24- and 48-h post ECC, when compared to CON (p< 0.001)
and control (p< 0.001). Our data suggests that submaximal unilateral exercises are not likely to impair contra-
lateral muscle strength performance. Instead, concentric exercises may acutely improve muscle strength for the
contralateral limb. However, this effect is not explained by changes in muscle excitation.
Introduction

Most daily tasks and sporting activities require concentric contrac-
tions to initiate movement, while eccentric contractions slow or resist
movement. Additionally, concentric only exercise results in an insignif-
icant level of exercise-induced muscle damage (EIMD),1 and the resulting
short-term decrements in performance are likely attributable to neuro-
muscular fatigue. In contrast, unaccustomed eccentric exercise regularly
results in EIMD and has been shown to result in low-frequency fatigue.2,3

The effects of EIMD are not fully understood but previous literature
suggests it might be a result of damage to the physical structure of the
muscle (e.g., myofibril disruption, alterations in the sarcomeres, etc.).4

The structural damage contributes to the sustained decrements in force,
range of motion (ROM),5,6 maximal rate of force development (RFD),7

persistent muscle soreness (i.e., delayed onset of muscle soreness),4,8 and
changes in force steadiness.9 Therefore, it appears that eccentric exercise
results in prolonged decreases in muscle function, while concentric
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exercise primarily contributes to neuromuscular fatigue only.9–13 How-
ever, less is known about the alterations in muscle function after low
intensity eccentric exercise and how it might affect the neuromuscular
system differently than concentric exercise does. This is particularly
important for athletic and general populations because the majority of
athletic and daily tasks are performed in a submaximal (i.e.,
lower-intensity) manner.

Studies have attempted to determine the mechanistic and neural
differences in force reduction after concentric and eccentric exercise, and
the results obtained have been highly variable. Specific to the elbow
flexors, there was greater force loss after eccentric exercise performed at
40%9 and 100%13 of maximal voluntary isometric contraction (MVIC)
force; minimal force loss difference after 100% MVIC concentric and
eccentric exercise14; and greater force loss after concentric exercise
performed at 20%MVIC.15 In the knee extensors, there was greater force
loss after concentric exercise performed maximally,16,17 and in the dor-
siflexors there was greater force loss after maximal effort concentric
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exercise.18 The neural explanations are also conflicting, specifically
electromyographic amplitude (EMGa), a measurement of the degree of
muscle activation typically represented as the square root of the average
power of the EMG signal for a given time period. For example, studies
have demonstrated minimal changes in maximal EMGa after submaximal
(i.e., 40% MVIC) and maximal concentric and eccentric exercise,
respectively9,12; larger decreases in normalized EMGa after maximal
eccentric exercise14; and similar decrements in normalized EMGa after
maximal concentric and eccentric muscle exercise.13 The results of these
studies have suggested that the loss in voluntary force after performing
concentric and eccentric exercise may plausibly be attributed to a
reduced capacity to maximally activate the muscle(s). If a loss of the
voluntary force occurs after maximal concentric and eccentric exercise,
then it would also be important to determine if a similar finding could be
obtained when performing low intensity concentric and eccentric
exercise.

A more interesting aspect of the effects of concentric and eccentric
exercise, was the examination of the cross-over effects following
concentric and/or eccentric exercise. Cross-over effects are defined as a
decrement in force production of the non-exercised contralateral ho-
mologous muscle or group of muscles, after performing fatiguing ex-
ercise in the unilateral muscle(s). It is generally postulated that cross-
over effects are due to central fatigue, signified by reduced voluntary
activation (i.e., insufficient motor cortical output and/or reduced
responsiveness of the motoneuron pool). Previous research has
demonstrated cross-over effects via reductions in voluntary activation,
normalized EMGa, and maximal EMGa, after performing sustained
MVICs in the contralateral (non-exercised) elbow flexors and knee ex-
tensors, respectively.13,19,20 However, less is still known about how
concentric and eccentric exercise acutely affects the contralateral
(non-exercised) elbow flexors, specifically at a low intensity. Given that
most of the tasks performed daily are composed of low intensity
concentric and eccentric movements, the examinations of these low
intensity fatiguing movements may be of practical importance for er-
gonomic activities of daily living. Furthermore, intriguingly, research
has not attempted to determine how the different types of contractions
affect the contralateral (non-exercised) limb RFD, an important indi-
cator for performance in sport and daily life.21,22 Since there is sug-
gestive evidence for cross-over effects being centrally driven then
suffice it to say that RFD of the contralateral (non-exercised) limb could
potentially be affected as well. This is plausible because it has been
previously demonstrated that neural factors contribute greatly to rapid
force production, especially during the early phase (i.e., <100 ms).23,24

If this were the case, then it would be important for researchers to
understand the mechanisms for the reduction in contralateral RFD.

Therefore, we chose to investigate cross-over effects in the elbow
flexors after performing low intensity concentric and eccentric exercise
for the following reasons: 1) Previous studies have not directly compared
the cross-over effects pertaining to RFD after concentric and eccentric
fatiguing exercise; 2) To possibly provide evidence to health pro-
fessionals (e.g., physical therapists, trainers) toward a better under-
standing of the potential mechanisms involved in the cross-over effects,
by examining additional outcomes other than force; and 3) with the re-
sults of this study, we hope to provide a stepping stone toward devel-
opment of future studies examining how EIMD may plausibly induce
cross-over effects, specific to changes in RFD measures. On the basis of
the aforementioned research we tested several hypotheses. Low intensity
fatiguing eccentric exercise would result in, 1) greater cross-over effects
(i.e., dominant to contralateral elbow flexor); 2) Larger reductions in the
capability of producing maximal force, as well as 3) decrements in the
neural factors (i.e., EMGa, EMG median frequency [MDF], rate of EMG
rise [RER] and RFD; 4) Larger reductions in ROM and 5) increased
muscle soreness (i.e., typically measured using the visual analogue scale
[VAS],25 all of which are plausibly due to the established effects of EIMD
(i.e., structural changes and tissue damage) and the neuromuscular
burden associated with eccentric exercise.4,26
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Material and methods

Experimental design

The experimental design is depicted in Fig. 1. This study employed a
randomized within-subject, counterbalanced, and controlled design. The
foci were to examine the dominant elbow flexors, as well as the cross-
over effects to the nondominant (hereby referred to as contralateral)
elbow flexors after completing a control, low intensity concentric, and
low intensity eccentric exercise conditions. All subjects reported to the
laboratory for ten separate visits, to complete the study. The first visit
included a familiarization of the equipment and experimental procedures
(i.e., concentric and eccentric movements and MVIC). The following
visits were randomized to one of the following conditions: control,
concentric, or eccentric exercise. Importantly, randomization and coun-
terbalancing were employed using a condition randomizer, to mitigate
the effects of one condition on another. Briefly, the concentric and
eccentric conditions included performing six sets of repeated contrac-
tions to momentary failure; while the control condition required resting
quietly. The MVIC force, EMGa, EMG MDF, RFD, and RER measurements
were collected for the dominant and contralateral elbow flexors at
baseline (pre), immediate- (post0), 24- (post24), and 48-h post (post48)
for all conditions. In addition, indirect markers of EIMD (e.g., soreness
via VAS and ROM) were collected for the dominant (exercised) elbow
flexors at all the same time points. These variables have been commonly
measured when examining the effects of concentric and eccentric exer-
cise. Notably, a minimum rest period of two weeks was required to be
between the post48 visit for any condition prior to the first visit of the
next condition, regardless of the order in which they were completed.
Moreover, all follow-up visits were scheduled to be performed within 2 h
of the original exercise session to control for diurnal variations.

Subjects

Prior to recruitment, a statistical power analysis was performed for
sample size estimation using G*Power software (3.1.9.4; Heinrich Heine
University, Dusseldorf, Germany)27 based on data from Ye et al.13

comparing differences between the contralateral and dominant elbow
flexors after performing concentric and eccentric exercise. The effect size
in this study was considered to be small using Cohen's criteria,28 with an
alpha¼ 0.05 and power¼ 0.80. The results recommended a sample size
of 12 thus, this study was adequately powered. Eight males
(mean� standard deviation [SD]¼ age: 20.38� 1.30 years; height:
178.04� 6.39 cm; mass: 73.18� 8.67 kg) and seven females
(mean� SD¼ age: 20.29� 1.98 years; height: 166.01� 8.38 cm; mass:
74.94� 14.71 kg) were recruited for the study. A pre-exercise health and
exercise status questionnaire confirmed that all subjects were considered
to be recreationally active but not resistance or aerobically trained. This
was based on answering “no” to questions pertaining to regular
involvement in resistance or aerobic training and answering “yes” to
questions pertaining to participation in recreational activities. In addi-
tion, based on no report of any current or recent neuromuscular or
musculoskeletal injury or disorder, all subjects were deemed eligible to
participate. All subjects were instructed to maintain continuity in daily
regimens of physical activity, sleep, and eating habits throughout the
entirety of the study. Since caffeine has a known ergogenic benefit in
reducing fatigue,29,30 as well as attenuating the delayed-onset of muscle
soreness,30,31 subjects were instructed to not consume caffeine a mini-
mum of 8 h prior to their scheduled visit. If caffeine was consumed in that
time frame then subjects were rescheduled. Determination of caffeine
consumption was based on the trust of the subjects, and to our knowledge
all subjects complied. Moreover, subjects were not screened for con-
sumption of other supplements or medications that may have a known
ergogenic effect, as we only screened for medications that may increase
the risk of an adverse reaction during fatiguing exercise. It is important to
mention that, although our focus was to not examine sex differences, the



Fig. 1. Experimental protocol for this study.
Subjects performed six sets of exercise to
momentary failure with 25% and 30% of
baseline maximal voluntary isometric
contraction (MVIC) force during concentric
and eccentric exercise bouts, respectively.
The control condition did not perform exer-
cise and subsequently rested quietly in a
seated position. For the contralateral (non-
exercised) elbow flexors among all condi-
tions, the MVIC, electromyography ampli-
tude (EMGa), EMG median frequency (EMG
MDF), rate of force development (RFD) and
rate of EMG rise (RER) from 0 to 50 ms and
0-100 ms were measured. For the dominant
(exercised) elbow flexors among all condi-
tions, the MVIC, RFD, range of motion
(ROM), and muscle soreness (VAS) were
measured. All measurements were completed
at pre, post0, post24, and post48 time points.
The contralateral elbow flexors were always
assessed first for all follow-up assessments,
followed by the dominant elbow flexors. A
minimum rest period of two weeks was
required to be between the post48 visit of
any condition, prior to the first visit of the
next condition, regardless of the order in
which they were completed.
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inclusion of females in studies is imperative, in an effort to enhance the
accuracy and generalizability of the outcome data. Additionally, we did
not control for the menstrual cycle which will be addressed in our limi-
tations. All experimental procedures in this project were in accordance
with the ethical standards of 1964 Helsinki declaration and its later
amendments or comparable ethical standards and were approved by the
University's Institutional Review Board (IRB Protocol # 18–084). All
subjects were informed of the benefits and risks of the investigation prior
to signing an institutionally approved informed consent document to
participate in the study.

Experimental conditions

Concentric exercise condition
A researcher instructed the subjects to sit in an adjustable arm curl

bench (CB-6 Adjustable Arm Curl Bench; Valor Fitness, Seminole, FL,
USA) and to maintain an upright posture, allowing for adjustment of the
45� elbow pad to a comfortable and suitable position. Next, subjects were
provided with verbal and visual instruction on how to perform the
concentric exercise. This exercise condition consisted of elbow flexor
shortening and was performed through a full ROM (i.e., begin at 0� [full
extension] and end at ~140-150� [full flexion]). Subjects were first
provided with a pencil (i.e., providing a visual stimulus) followed by a
small external load (e.g., 5-pound dumbbell), and were instructed to
perform a full ROM elbow flexion movement to a metronome. The
metronome was set at a constant rhythm of 2-s up and 2-s down. When
the subject reached full flexion, the researcher removed the object (e.g.,
pencil or dumbbell), subsequently allowing the subject to return to the
full extension position without a load. Next, the load was then given back
to the subject at the start position. Subjects were also instructed to
complete the following: 1) Always maintain an upright posture and not
allow the shoulder to move anteriorly, as this would provide a me-
chanical advantage; and 2) to keep the posterior aspect of the upper arm
in contact with the 45� elbow pad at all times. Once deemed proficient in
the movement by a researcher (i.e., able to strictly follow the metronome
in a controlled manner) and the subjects verbalized their comfortability
and readiness, familiarization was concluded. The exercise consisted of
performing six sets of elbow flexor shortening contractions to momentary
failure with 1min of rest between each set. At the beginning of the visit
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subjects performed the maximal isometric elbow flexion assessment (i.e.,
MVIC) by maintaining a 90� elbow bend and pulling against an
immovable apparatus. The load used was 25% of the MVIC force which
was applied using a dumbbell. This load was chosen based on pilot
testing in our laboratory and any load higher than 25% greatly reduced
the ability to maintain cadence with the metronome. Momentary failure
was determined under either of the several conditions: 1) A failed
attempt at the beginning of the movement; 2) An attempt lasting longer
than 2 s; or 3) changing the body position (e.g., rolling shoulder anteri-
orly or leaning backward) to provide a mechanical advantage. Lastly, a 2-
week minimum washout period was completed prior to performing the
next experimental condition.

Eccentric exercise condition
This exercise condition consisted of elbow lengthening and was per-

formed through a full ROM (i.e., begin at ~140-150� [full flexion]) and
end at 0� [full extension]. During familiarization and exercise, when the
subject reached full extension, the researcher removed the object (e.g.,
pencil or dumbbell), subsequently allowing the subject to return to the
full flexion position without a load. Next, the load was then given back to
the subject at the start position. The exercise consisted of performing six
sets of elbow lengthening contractions to momentary failure with 1min
of rest between each set. At the beginning of the visit subjects performed
the maximal isometric elbow flexion assessment (i.e., MVIC) by main-
taining a 90� elbow bend and pulling against an immovable apparatus.
The load used was 30% of isometric elbow flexion MVIC force which was
applied using a dumbbell. This load was chosen based on pilot testing in
our laboratory and any load higher than 30% greatly reduced the ability
to maintain cadence with the metronome. That is, loads higher than 30%
of MVIC were highly unstable, thereby disallowing proper control of the
weight. The same guidelines for momentary failure during the concentric
condition were used during the eccentric condition. Importantly, we
believe both concentric and eccentric loads were sufficient, albeit
different, based on our previous statements of the difficulty in performing
at different loads, and especially since the sample being studied was
considered to be untrained regarding resistance training. Additionally,
subjects were instructed to halt contralateral limbmovement during both
conditions which was verified by visual observation of no movement and
minimal to no EMG activity. Importantly, a 2-week minimum washout
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period was completed prior to performing the next experimental
condition.

Control condition
The control condition consisted of completing all pre and post mea-

surements, as well as resting quietly in a seated position for 12min
without performing any elbow flexor lengthening or shortening move-
ments. The 12-min resting time was chosen based on the approximate
time it took subjects to complete the six sets of elbow lengthening and
elbow shortening to momentary failure combined with the 1-min rest in
between each set. Similar to other conditions, a 2-week minimum
washout period was completed prior to performing the next experimental
condition.

Dependent variable measurements

Isometric force testing
Subjects were first familiarized with the MVIC testing protocol uti-

lizing a custom-built isometric station. Each subject was instructed to
maintain a seated upright posture while placing the posterior aspect of
the upper arm onto a square-shaped padded surface. A padded cuff was
placed around the wrist and connected to one end of a tensiometer
(Model SSM-AJ-500; Interface, Scottsdale, AZ, USA), with the other end
of the tensiometer connected to a rigid constraint. Subsequently, subjects
were instructed to obtain a 90� elbow angle which was standardized by
the researcher using a protractor goniometer (EGM-422 – EMI 12”; Elite
Medical Instruments, Fullerton, CA, USA). The warmup consisted of
performing six to eight submaximal (i.e., 50% of perceived maximal
effort) isometric contractions, followed by one to two brief maximal
effort isometric contractions. Once subjects verbalized their comfort-
ability and readiness for MVIC testing, familiarization was terminated.
For all experimental conditions, each subject completed three repetitions
of 5-s MVICs with 2min of rest in between each. The researcher provided
each subject with explicit instructions to “pull as fast as you can, then as
hard as you can,” and ensured each subject maintained 90� of elbow
flexion and performed no countermovement prior to each MVIC.22 Visual
and verbal feedback were provided to the subject during each MVIC. At
baseline, both dominant and contralateral elbow flexors performed the
testing in a randomized order. For all conditions, at the post0, post24,
and post48 time points the contralateral elbow flexors always completed
the testing first, followed by the dominant elbow flexors.

Force acquisition and EMG signal processing
A 16-channel BagnoliTM desktop EMG system (Delsys, Inc., Natick,

MA, USA) sampled the force and EMG signals at 20 kHz. The force and
EMG signals were subsequently handled offline using customized soft-
ware (LabVIEW, National Instruments, Austin, TX). In accordance with
the SENIAM project, skin was shaved to remove debris and hair and
cleansed with an isopropyl alcohol swab before the placement of all
sensors.32 Specifically, per SENIAM guidelines a bipolar surface EMG
sensor (DE 2.1 Single Differential Surface EMG Sensor, 10-mm inter-
electrode distance; Delsys, Inc., Natick, MA, USA) was positioned on the
belly of the muscle for both the dominant and contralateral elbow flexors.
A reference sensor (5.08-cm diameter; Dermatrode HE-R, American
Imex, Irvine, CA, USA) was positioned on the seventh cervical vertebrae.
Electrode location was marked with permanent ink and subjects were
instructed to not remove the ink prior to the post24 and post48 follow-up
visits. The surface EMG signals were pre-amplified (gain: 1000), high-
(20 Hz) and low-pass (450 Hz) filtered, and then smoothed with a 100-ms
zero-shift moving root-mean-square (RMS). The MVIC force was deter-
mined by selecting the peak 1-s window within the plateau region of the
5-s contraction, then it was normalized as a percentage of the baseline
MVIC value during that specific visit. The EMG amplitude (EMGa) (RMS
of the selected EMG signal) and EMG MDF were determined by selecting
the highest 500-ms window of the non-smoothed EMG signal collected
during the MVIC, and subsequently normalized as a percentage of the
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baselineMVIC values for the specific visit. That is, the MVIC performed at
baseline was utilized for normalization to all post-MVICs for each con-
dition separately.

RFD and RER
The onset of force and EMG activity was quantified by visually

selecting the baseline and peak 500-ms windows and determining the
difference between the baseline-to-peak values. Based on the automated
method proposed by Granacher et al.33 the onsets of force and EMG were
the points at which the signals exceeded two percent of the
baseline-to-peak value. The RFD was defined as the slope of the force/-
time curve (Δforce/Δtime) at time intervals of 0-50-ms (RFD50),
0-100-ms (RFD100), and 0-200-ms (RFD200) from the onset of the
contraction. Likewise, the rate of EMG rise (RER) was defined as the slope
of the EMG signal (ΔEMG/Δtime) at time intervals of 0-50-ms (RER50),
0-100-ms (RER100), and 0-200-ms (RER200) from the onset of the
contraction.23 Both RFD and RER were collected for the contralateral
elbow flexors while RFD was collected for the dominant elbow flexors
only, for all conditions at the pre, post0, post24, and post48 time points.

Range of motion
A protractor goniometer (EGM-422 – EMI 12”; Elite Medical In-

struments, Fullerton, CA, USA) was used to measure the fully relaxed
angle (RANG), as well as the fully flexed angle (FANG) of the elbow joint.
The measurement was performed by placing the center of the goniometer
over the lateral epicondyle of the humerus, the stationary arm along the
lateral midline of the humerus toward the acromion process, and the
moving arm along the lateral midline of the radius toward the radial
styloid process. Next, the RANG measurement was performed by
instructing subjects to keep the limb relaxed. Subsequently subjects were
instructed to actively fully flex in a comfortable manner (i.e., minimal
contraction of the biceps brachii) to measure FANG. A minimum of two
measurements (within 2� of each other) each for RANG and FANG were
completed for all conditions, and at all time points. The elbow joint ROM
was determined by calculating the difference between RANG and FANG,
and then averaging the two similar values. ROM of the dominant elbow
flexors was collected for all conditions at pre, post0, post24, and post48
time points.

Muscle soreness
The VAS25 consisting of a 100-mm line with “no soreness” and “un-

bearable pain” on the far left and right ends, respectively, was used to
assess perceived pain for all conditions and at all time points. Subjects
were instructed to actively flex and extend the exercised elbow joint
several times, and then subjectively indicate their soreness by placing a
vertical line on the 100-mm line. In addition, a researcher explained the
difference between “fatigue” and “soreness” to the subject, to ensure the
subjects understand the difference. Subsequently, a researcher verbally
communicated and obtained confirmation from the subject about their
understanding of the scale. The level of muscle soreness was determined
by measuring the distance (in mm) to the vertical mark from the “no
soreness” end (i.e., far left end) of the scale. Soreness of the dominant
elbow flexors was collected for all conditions at pre, post0, post24, and
post48 time points.

Statistical analyses

The normality was tested by generating descriptive statistics and
through visual inspection of histograms and boxplots, and outliers were
determined through examination of boxplots for all dependent variables.
Outliers were cases with values between 1.5 and 3 times the interquartile
range (i.e., beyond the low and high aspect of the whiskers), and extreme
outliers were cases with values more than 3 times the interquartile range.
If outliers were present the data was analyzed with and without the
outliers to determine if the results changed. The formal analyses used a
linear mixed-model to account for missing data, with two factors: con-
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dition (Control vs. Concentric vs. Eccentric) and time (pre vs. post0 vs.
post24 vs. post48) as well as the condition� time interaction as the in-
dependent variables, and MVIC, EMGa, EMG MDF, RFD, RER, ROM and
muscle soreness (VAS), as the dependent variables. A compound sym-
metry covariance structure and restricted maximum likelihood estima-
tion were used. Little's test was conducted to account for the data missing
completely at random assumption.34 When appropriate, follow-up tests
included one-way repeated measures ANOVAs and paired-sample t-tests
with Bonferroni corrections, to compare each of the conditions at each of
the time points. For each one-way repeated measures ANOVA, the
sphericity assumption was tested using Mauchly's test. If sphericity was
violated, Greenhouse-Geisser (G-G) adjusted F and degrees of freedom
were applied. The absolute changes (Δ: post0-pre; post24-pre and
post48-pre) for the elbow flexor ROM and VAS were calculated for
further statistical analyses. Effect sizes (Partial eta-squared [η2p]) were
computed to assess the treatment (Control vs. Concentric vs. Eccentric)
and time (pre vs. post0 vs. post24 vs. post48) effects, and were catego-
rized as small¼ 0.01; medium¼ 0.06; and large¼ 0.14, as suggested by
Cohen.35 In addition, effect sizes (Cohens d) along with the 95% confi-
dence interval (CI) were computed to assess the treatment and time ef-
fects for any pairwise comparisons and were categorized as small¼ 0.2;
medium¼ 0.5; and large¼ 0.8. Independent samples t-tests were used to
assess if any sex differences existed among subject characteristics (i.e.,
mass, height, age) and the exercise data. A paired samples t-test was used
to assess if any differences existed among the number of repetitions
completed between concentric and eccentric exercise conditions. The
alpha was set to 0.05. Notably, based on our hypotheses, the dependent
variables of EMGa, EMG MDF, and RER for the dominant elbow flexors
were collected but not analyzed or presented in this study because they
were not of specific interest. All statistical analyses were conducted using
the statistical software package (IBM SPSS Statistics 25.0; IBM, Armonk,
NY, USA).

Results

Data are presented as mean� standard deviation (SD) throughout the
remainder of the text and tables and mean� standard error (SE) in all the
figures. Descriptive statistics demonstrated data were normally distrib-
uted however, outliers were present. Little's test of missing completely at
random was not significant for MVIC, EMGa, EMG MDF, RFD, ROM, or
VAS. Importantly, there were no significant main effects or condi-
tion� time interactions for EMGa, EMG MDF, RFD, or RER for the
contralateral elbow flexors. With regard to characteristics, males were
significantly (p¼ 0.008) taller than females, but no significant differ-
ences were observed for mass (p¼ 0.779) or age (p¼ 0.918). In Table 1,
the exercise data are presented. The total repetitions completed across all
six sets was significantly greater for the eccentric compared to concentric
condition (p¼ 0.014, d¼ 0.83, 95% CI [0.08,1.58]). The total volume
Table 1
Exercise values among the concentric and eccentric conditions*.

Average repetitions per set

Sex combined
Set 1 2 3 4 5
Concentric 40� 24 25� 25 15� 8 13� 5 12� 11
Eccentric 73� 28 37� 27 24� 20 17� 10 16� 16
Males
Concentric 37� 15 15� 7 14� 9 13� 5 11� 5
Eccentric 67� 31 44� 34 27� 26 17� 11 18� 20
Females
Concentric 44� 33 36� 34 16� 7 14� 5 14� 15
Eccentric 81� 24 28� 11 19� 9 17� 10 13� 9

#Significantly greater total repetitions were completed, p¼ 0.014.
ySignificantly greater volume was completed, p¼ 0.005.
Data are presented as mean� standard deviation.
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across all six sets was significantly greater for the eccentric compared to
concentric condition (p¼ 0.005, d¼ 1.03, 95% CI [0.27,1.79]). Howev-
er, total repetitions completed by males and females was not significantly
different between the eccentric (p¼ 0.748) and concentric (p¼ 0.223)
conditions, and the total volume was also not significantly different be-
tween the eccentric (p¼ 0.053) and concentric (p¼ 0.771) conditions
(Table 1).

Effects of exercise on the isometric force

Contralateral elbow flexors
The baseline values for all dependent variables across all conditions

are presented in Table 2. Linear mixed model analyses indicated a sig-
nificant condition� time interaction, F(6151.25)¼ 2.42, p¼ 0.029,
η2p ¼ 0.087, and main effects for time, F(2151.25)¼ 4.96, p¼ 0.008,

η2p ¼ 0.062, but, no significant main effects for condition (p¼ 0.112). The
one-way repeated measures ANOVA revealed a significant time effect for
the concentric condition, F(1.81,23.47)¼ 4.44, G-G p¼ 0.026,
η2p ¼ 0.255, with significantly greater normalized MVIC force at the post0
compared to post24 time point (post0 vs. post24¼ 108.30� 16.73% vs.
96.81� 13.95%, p< 0.001, d¼ 0.75, 95% CI [0.01,1.49]). A significant
condition effect for the post0 time point, F(2,28)¼ 4.38, p¼ 0.022,
η2p ¼ 0.238 was observed, with significantly greater normalized MVIC
force in the concentric compared to control condition (concentric vs.
control¼ 107.40� 16.55% vs. 94.99� 7.02%, p¼ 0.026, d¼ 1.05, 95%
CI [0.28,1.81]) (Fig. 2).

Dominant elbow flexors
Linear mixed model analyses indicated a significant condition� time

interaction for normalized MVIC force, F(6151.28)¼ 15.40, p< 0.001,
η2p ¼ 0.379. The one-way repeatedmeasures ANOVA revealed a significant
time effect for the concentric condition, F(1.85,24.08)¼ 21.87, G-G
p< 0.001, η2p ¼ 0.627, with significantly greater normalized MVIC force at
pre compared to post 0 (pre vs. post0¼ 100.00� 0.00% vs.
73.18� 14.60%, p< 0.001, d¼ 2.60, 95% CI [1.59,3.60]); post24
compared to post0 (post24 vs. post0¼ 95.94� 12.78% vs.
73.18� 14.60%, p¼ 0.002, d¼ 1.66, 95% CI [0.80,2.51]); and post48
compared to post0 (post48 vs. post0¼ 97.14� 9.22 vs. 73.18� 14.60%,
p¼ 0.001, d¼ 1.96, 95% CI [1.06,2.86]). The one-way repeated measures
ANOVA also revealed a significant time effect for the eccentric condition,
F(3,42)¼ 52.43, p< 0.001, η2p ¼ 0.789, with significantly greater
normalized MVIC force at pre compared to post0 (pre vs.
post0¼ 100.00� 0.00% vs. 46.44� 19.47%, p< 0.001, d¼ 3.89, 95% CI
[2.67,5.11]); post24 (pre vs. post24¼ 100.00� 0.00% vs.
58.46� 19.91%, p< 0.001, d¼ 2.95, 95% CI [1.92,3.99]); and post48
(pre vs. post48¼ 100.00� 0.00% vs. 61.49� 22.80%, p< 0.001,
d¼ 2.39, 95% CI [1.45,3.33]). Significantly greater normalized MVIC
Total average repetitions Average
Load (kg)

Average
Volume (kg)

6 1–6
12� 6 118� 57 6.49� 1.59 751.36� 385.62
14� 16 180� 89# 8.47� 2.85 1509.74� 968.02y

11� 6 101� 43 7.34� 1.53 722.74� 282.23
14� 14 187� 117 10.63� 1.82 1956.31� 1155.25

13� 6 138� 68 5.51� 1.02 784.07� 501.70
13� 11 172� 50 5.99� 1.32 999.36� 244.21



Table 2
Baseline (pre) values of dependent variables for the dominant and contralateral limbs among all three conditions*.

Condition Control Concentric Eccentric

Limb Dominant Contralateral Dominant Contralateral Dominant Contralateral

Variable
MVIC (N) 247.30� 83.61 247.41� 82.72 236.14� 69.99 234.94� 72.40 259.97� 89.20 240.77� 73.45
EMGa (μV) 446.78� 343.57 404.44� 278.77 – 492.61� 336.91 – 413.43� 220.44
EMG MDF (pps) 82.95� 13.55 84.58� 25.03 – 76.31� 11.53 – 85.38� 22.52
RFD50 (N � s-1) 551.00� 513.90 610.75� 703.17 473.91� 392.60 422.51� 294.51 827.40� 912.52 567.65� 662.22
RFD100 (N � s-1) 649.83� 463.79 640.17� 585.83 663.85� 501.91 582.41� 361.02 751.29� 653.95 624.39� 501.23
RFD200 (N � s-1) 627.96� 315.30 563.62� 336.76 579.68� 272.58 514.74� 237.70 629.51� 350.94 578.40� 305.82
RER50 (μV � s-1) 1.47� 2.71 1.89� 2.42 – 1.33� 2.03 – 9.33� 1.25
RER100 (μV � s-1) 1.38� 1.94 1.75� 2.74 – 1.24� 1.49 – 1.03� 1.07
RER200 (μV � s-1) 1.01� 9.12 1.01� 1.01 – 1.02� 1.10 – 8.79� 6.25

Dominant – dominant (exercised) elbow flexor; Contralateral – nondominant (nonexercised) elbow flexor; MVIC – maximal voluntary isometric contraction; N –

newtons; EMGa – electromyography amplitude; μV –microvolts; EMG MDF – electromyography median frequency; pps – pulses per second; RFD50,100,200 – rate of force
development for the 0–50, 0–100, and 0–200ms time windows; N � s-1 – newtons per second; RER50,100,200 – rate of electromyography rise for the 0–50, 0–100, and
0–200ms time windows; μV � s-1 – microvolts per second.
Note. Based on the experimental procedures and equipment, no electromyography (i.e., RER50,100,200, EMGa, EMGMDF) data was collected for the dominant (exercised)
elbow flexors for the concentric and eccentric conditions.
*Data are presented as mean � standard deviation.

Fig. 2. The time course of changes in the normal-
ized force of the contralateral (non-exercised)
elbow flexors for each condition. The y-axis de-
notes normalized force set to a percentage of the
baseline maximal voluntary isometric contraction
(MVIC). There was an augmentation in contralat-
eral elbow flexor force immediately after the
concentric exercise condition.
aSignificantly (p< 0.05) different from the control
condition
Note. Error bars denote� standard error.
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force at post24 compared to post0 (post24 vs. post0¼ 58.46� 19.91% vs.
46.44� 19.47%, p¼ 0.045, d¼ 0.610, 95% CI [0.12,1.34]) and post48
compared to post0 (post48 vs. post0¼ 61.49� 22.80% vs.
46.44� 19.47%, p¼ 0.001, d¼ 0.71, 95% CI [0.03,1.45]), were also
shown. The one-way repeated measures ANOVA showed a significant
condition effect at post0, F(2,28)¼ 46.15, p< 0.001, η2p ¼ 0.767, with
significantly greater normalized MVIC force in the control compared to
eccentric (control vs. eccentric¼ 95.52� 8.00% vs. 46.44� 19.47%,
p< 0.001, d¼ 3.30, 95% CI [2.20,4.40]) and concentric (control vs.
concentric¼ 95.52� 8.00%vs. 72.83� 14.14%, p< 0.001, d¼ 1.98, 95%
CI [1.10,2.85]); and concentric compared to eccentric conditions
(concentric vs. eccentric¼ 72.83� 14.14% vs. 46.44� 19.47%,
p¼ 0.003, d¼ 1.55, 95% CI [0.73,2.37]). A significant condition effect at
post24, F(2,22)¼ 25.251, p< 0.001, η2p ¼ 0.697, was observed, with
significantly greater normalized MVIC force in the control compared to
eccentric (control vs. eccentric¼ 99.63� 9.08% vs. 58.16� 21.65%,
p< 0.001, d¼ 2.50, 95% CI [1.43,3.57]); and concentric compared to
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eccentric (concentric vs. eccentric¼ 95.18� 13.32% vs. 58.16� 21.65%,
p< 0.001, d¼ 2.06, 95% CI [1.07,3.05]). A significant condition effect at
post48, F(2,28)¼ 29.335, p< 0.001, η2p ¼ 0.677, was observed, with
significantly greater normalized MVIC force in the control compared to
eccentric (control vs. eccentric¼ 97.27� 9.19% vs. 61.49� 22.80%,
p< 0.001, d¼ 2.06, 95% CI [1.17,3.94]); and concentric compared to
eccentric (concentric vs. eccentric¼ 96.54� 9.18% vs. 61.49� 22.80%,
p< 0.001, d¼ 2.02, 95% CI [1.14,2.90]) conditions (Fig. 3; Table 2).
Effects of exercise on the EMGa and EMG MDF

Contralateral elbow flexors
For EMGa, linear mixed model analyses indicated no significant

condition� time interaction (p¼ 0.932, main effects for time
(p¼ 0.105), or condition (p¼ 0.116). For EMG MDF, there was no sig-
nificant condition� time interaction (p¼ 0.288) main effects for time
(p¼ 0.508), or condition (p¼ 0.594).



Fig. 3. The time course of changes in the normal-
ized force of the dominant (exercised) elbow
flexors for each condition. The y-axis denotes
normalized force set to a percentage of the baseline
maximal voluntary isometric contraction (MVIC).
The MVIC force dropped immediately after the
concentric and eccentric exercise conditions. After
24 and 48 h, the MVIC force returned near the pre
value for the concentric condition but, remained
depressed after the eccentric condition.
aSignificantly (p< 0.05) different from the eccen-
tric and concentric conditions.
bSignificantly (p< 0.05) different from the eccen-
tric condition
Note. Error bars denote� standard error.
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Effects of exercise on the RFD and RER

Contralateral elbow flexors
For RFD50, linear mixed model analyses indicated no significant

condition� time interaction (p¼ 0.475), main effects for time
(p¼ 0.666), or condition (p¼ 0.458; Fig. 4a). For RFD100, there was no
significant condition� time interaction (p¼ 0.605), main effects for time
(p¼ 0.271), or condition (p¼ 0.268; Fig. 4b). For RFD200, there was no
significant condition� time interaction (p¼ 0.299), main effects for time
(p¼ 0.311) but, the main effect for condition was approaching signifi-
cance (p¼ 0.051). For RER50, linear mixed model analyses indicated no
significant condition� time interaction (p¼ 0.644), main effects for time
(p¼ 0.536), or condition (p¼ 0.089). For RER100, there was no signifi-
cant condition� time interaction (p¼ 0.568), main effects for time
(p¼ 0.442), or condition (p¼ 0.087). For RER200, there was no signifi-
cant condition� time interaction (p¼ 0.463), main effects for time
(p¼ 0.166), or condition (p¼ 0.703).

Dominant elbow flexors
For RFD50, linear mixed model analyses indicated a significant condi-

tion� time interaction, F(6149.05)¼ 4.27, p< 0.001, η2p ¼ 0.147, main

effects for time, F(3149.05)¼ 6.69, p< 0.001, η2p¼¼ 0.119, and no sig-
nificant main effect for condition but, it was approaching significance
(p¼ 0.055). The one-way repeatedmeasures ANOVA revealed a significant
time effect for the eccentric condition only, F(1.34,18.76)¼ 6.63, G-G
p¼ 0.013, η2p ¼ 0.321, however, pairwise comparisons showed no signifi-
cant differences between time points. The one-way repeated measures
ANOVA revealed significant condition effects at pre, F(1.38,19.38)¼ 4.52,
G-G p¼ 0.036, η2p ¼ 0.244; post0, F(1.22,17.03)¼ 4.47, G-G p¼ 0.043,

η2p ¼ 0.242; post24, F(2,22)¼ 5.29, p¼ 0.013, η2p ¼ 0.325; but not post48
(p¼ 0.092) time points. The pairwise comparisons for the pre and post0
time points showed no significant (p> 0.05) differences between condi-
tions. The pairwise comparisons for the post24 time point showed a sig-
nificant difference, with the control being greater than the eccentric
condition (control vs. eccentric¼ 682.21� 599.75N s-1 vs.
290.29� 272.14N s-1, p¼ 0.028, d¼ 0.84, 95% CI [0.01,1.66]) (Fig. 4a).
For RFD100, linear mixed model analyses indicated a significant condi-
tion� time interaction, F(6149.03)¼ 3.76, p¼ 0.002, η2p ¼ 0.131, main

effects for time, F(3149.02)¼ 9.58, p< 0.001, η2p ¼ 0.162, and condition,

F(2149.05)¼ 11.16, p< 0.001, η2p ¼ 0.130. The one-way repeated mea-
sures ANOVA showed significant time effects for the control,
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F(3,33)¼ 6.70, p< 0.001, η2p ¼ 0.378; eccentric, F(3,36)¼ 7.72, p< 0.001,

η2p ¼ 0.392; and concentric, F(3,33)¼ 3.66, p¼ 0.022, η2p ¼ 0.250, condi-
tions. The one-way repeated measures ANOVA revealed no significant
condition effect for pre (p¼ 0.975) but, significant condition effects for
post0, F(2,24)¼ 3.692, p¼ 0.040, η2p ¼ 0.235; post24, F(2,20)¼ 6.351,

p¼ 0.007, η2p ¼ 0.388; and post48, F(1.21,13.34)¼ 8.944, G-G p¼ 0.008,

η2p ¼ 0.448, were observed. The pairwise comparisons for the post0 and
post24 time points showed no significant (p> 0.05) differences among
conditions. For the post48 time point, there was a significant difference,
with the control being greater than the eccentric condition (control vs.
eccentric¼ 559.23� 404.74N s-1 vs. 266.45� 213.77N s-1, p¼ 0.026,
d¼ 0.90,95%CI [0.06,1.74]); andnearing significance,with the concentric
being greater than the eccentric condition (p¼ 0.050; Fig. 4b). For RFD200,
linear mixed model analyses indicated no significant condition� time
interaction (p¼ 0.299), main effects for time (p¼ 0.311), or condition
(p¼ 0.051).

Range of motion and muscle soreness

The ΔROM and ΔVAS values are presented in Table 3. For ΔROM,
linear mixed model analyses indicated a significant condition� time
interaction, F(8,196)¼ 3.05, p¼ 0 0.003, η2p ¼ 0.111, main effects for

time, F(4,196)¼ 5.41, p< 0.001, η2p ¼ 0.099, and condition,

F(2,196)¼ 5.68, p¼ 0.004, η2p ¼ 0.055. The one-way repeated measures
ANOVA revealed a significant time effect for the eccentric condition only,
F(4,56)¼ 18.51, p< 0.001, η2p ¼ 0.569, with a significantly larger
reduction in the ΔROM from post0-pre compared to post48-pre (post0-
pre vs. post48-pre¼�36.53� 21.40 vs. �21.47� 18.88, p¼ 0.025,
d¼�0.75, 95% CI [-1.49,-0.01]. No other significant differences were
observed for the ΔROM. The one-way repeated measures ANOVA
showed a significant condition effect for the ΔROM at the post0-pre time
point, F(1.39,19.44)¼ 30.34, G-G p< 0 0.001, η2p ¼ 0.684, with a
significantly larger reduction in the eccentric compared to control
(p< 0.001, d¼ 2.34, 95% CI [1.41,3.28]); and a significantly larger
reduction in the eccentric compared to concentric (p< 0.001, d¼ 1.88,
95% CI [1.02,2.74]) conditions. The one-way repeated measures ANOVA
showed a significant condition effect for the ΔROM at the post48-pre
time point, F(1.27,17.74)¼ 22.28, G-G p< 0.001, η2p ¼ 0.614, with a
significantly larger reduction in the eccentric compared to con-
trol(p< 0.001, d¼ 1.24, 95% CI [0.47,2.02]); and a significantly larger
reduction in eccentric compared to concentric (p< 0.001, d¼ 1.78, 95%



Fig. 4. The time course of changes in the rate of
force development (RFD) from 0 to 50-ms (RFD50)
(a) and 0-100-ms (RFD100) (b) for the contralateral
(CONTRA) (▪▪▪) (non-exercised) and dominant
(DOM) (�) (exercised) elbow flexors for each con-
dition.
a Twenty-four hours after eccentric exercise, the
dominant elbow flexors RFD50 remained signifi-
cantly reduced compared to the control.
b Twenty-four- and 48-h after eccentric exercise,
the dominant elbow flexors RFD100 remained
significantly reduced compared to the control.
Forty-eight hours after eccentric exercise, the
dominant elbow flexors RFD100 remained signifi-
cantly reduced compared to the concentric condi-
tion. There were no condition or time effects for
RFD50 or RFD100 for the contralateral elbow
flexors.
aSignificantly different from control for dominant
elbow flexors
bSignificantly different from concentric for domi-
nant elbow flexorsNote
Error bars denote� standard error.
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CI [0.94,2.63]) conditions. However, the one-way repeated measures
ANOVA showed no significant condition effect for the ΔROM at the
post24-pre time point (p¼ 0.429). For the ΔVAS, the linear mixed model
analyses indicated a significant condition� time interaction,
F(8,196)¼ 7.13, p< 0.001, η2p ¼ 0.225, main effects for time,

F(4,196)¼ 26.52, p< 0.001, η2p ¼ 0.351, and condition, F(2,196)¼ 36.5,

p< 0.001, η2p ¼ 0.271. The one-way repeated measures ANOVA revealed
a significant time effect for the control condition, F(1.05,12.56)¼ 11.74,
G-G p¼ 0.004, η2p ¼ 0.495, with significantly greater ΔVAS in the post0-
pre compared to post24-pre (post0-pre vs. post24-pre¼ 6.00� 7.43 vs.
�0.62� 2.57, p¼ 0.014, d¼ 1.23, 95% CI [0.38,2.05]); and post0-pre
compared to post48-pre (post0-pre vs. post48-pre¼ 6.00� 7.43 vs.
0.23� 3.42, p¼ 0.014, d¼ 1.02, 95% CI [0.20,1.84]). The one-way
repeated measures ANOVA revealed a significant time effect for the
concentric condition, F(1.03,13.37)¼ 22.15, G-G p< 0.001, η2p ¼ 0.631,
with significantly greater ΔVAS in the post0-pre compared to post24-pre
(post0-pre vs. post24-pre¼ 30.07� 23.19 vs. 2.14� 3.25, p¼ 0.002,
d¼ 1.80, 95% CI [0.93,2.68]); post0-pre compared to post48-pre (post0-
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pre vs. post48-pre¼ 30.07� 23.19 vs.�0.86� 2.21, p¼ 0.001, d¼ 1.88,
95% CI [0.99,2.78]); and post24-pre compared to post48-pre (post24-pre
vs. post48-pre¼ 2.14� 3.25 vs. 0.86� 2.21, p¼ 0.016, d¼ 1.08, 95% CI
[0.29,1.87]). However, no significant time effect for the eccentric con-
dition (p¼ 0 0.359) was observed. The one-way repeated measures
ANOVA revealed a significant condition effect in ΔVAS for the post0-pre,
F(2,28)¼ 8.55, G-G p¼ 0.001, η2p ¼ 0.379; with significantly greater
ΔVAS in the concentric compared to control (p¼ 0.001, d¼ 1.54, 95% CI
[0.73,2.36]) and the eccentric compared to control (p¼ 0.007, d¼ 1.21,
95% CI [0.43,1.99]), but no significant condition difference was
observed between the concentric and eccentric conditions (p> 0.999).
The one-way repeated measures ANOVA revealed a significant condition
effect in ΔVAS for the post24-pre, F(1.04,11.39)¼ 22.91, G-G p< 0.001,
η2p ¼ 0.677, with significantly greater ΔVAS in the eccentric compared to
control (p¼ 0.001, d¼ 2.06, 95% CI [1.07,3.06]) and eccentric
compared to concentric (p¼ 0.003, d¼ 1.82, 95% CI [0.87,2.78]). The
one-way repeated measures ANOVA revealed a significant condition ef-
fect in ΔVAS for the post48-pre time point, F(1.39,19.49)¼ 62.74,
p< 0.001, η2p ¼ 0.817, with significantly greater in the eccentric



Table 3
Change (Δ) in range of motion (ROM) and muscle soreness for the dominant
(exercised) limb among the conditions*.

Range of motion (degrees�) Muscle soreness (mm)

Control Control
ΔPost0-Pre 0.43� 6.29� 5.20� 7.19
ΔPost24-Pre �10.33� 39.76� �0.08� 1.78
ΔPost48-Pre 4.10� 6.11� 0.20� 3.12

Concentric Concentric
ΔPost0-Pre �5.87� 8.72� 31.27� 22.82y
ΔPost24-Pre �5.93� 33.50� 2.42� 3.45
ΔPost48-Pre 3.07� 4.76� 0.47� 5.55

Eccentric Eccentric
ΔPost0-Pre �36.53� 21.40�# 27.67� 25.25
ΔPost24-Pre �22.50� 27.47� 29.50� 20.72z
ΔPost48-Pre �21.47� 18.88�# 35.27� 15.40z

#Significantly larger decrease in ROM compared to control and concentric for
Post0-Pre and Post48-Pre.
ySignificantly greater soreness compared to control and eccentric for Post0-Pre.
zSignificantly greater soreness compared to control and concentric for Post24-Pre
and Post48-Pre.
Note. The elbow joint ROM (measured in degrees [�] was determined by taking
the difference of the average RANG (resting angle) and FANG (flexed angle)
measurements. The muscle soreness was determined through the visual analogue
scale (measured in millimeters [mm]).
*Data are presented as mean � standard deviation.
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compared to control (p< 0.001, d¼ 2.99, 95% CI [1.89,4.10]) and
eccentric compared to concentric (p< 0.001, d¼ 2.88, 95% CI
[1.80,3.96]).

Discussion

Compared to concentric, the eccentric condition induced EMID, re-
flected by our results of the ROM and VAS which confirmed our hy-
potheses that eccentric condition would induce greater losses in ROM
and increase muscle soreness. One of the aims of the study was to
examine the potential cross-over phenomena from the dominant to
contralateral elbow flexors after performing low intensity fatiguing
concentric and eccentric exercise. Contrary to our first hypothesis, no
cross-over effects to the contralateral elbow flexors were observed for the
neural factors (i.e., EMGa, EMG MDF, RFD, RER) following eccentric
exercise in the dominant elbow flexors. Interestingly, there was a cross-
over effect after performing concentric exercise, demonstrating
augmented contralateral elbow flexor MVIC force. The findings related to
MVIC force, ROM, and VAS were mostly expected given the known ef-
fects of fatigue and EIMD resulting from concentric and eccentric exer-
cise, respectively.9–13 This led to failing to reject our second hypothesis
that eccentric compared to concentric exercise would incur greater
decrements in force and neural factors. Therefore, we chose to focus the
discussion on the following: the force augmentation of the contralateral
elbow flexors after concentric exercise in the dominant elbow flexors; the
greater MVIC force loss at the post0 time point after low intensity
eccentric compared to concentric exercise; and the changes in RFD50 and
RFD100.

We wanted to expand upon the research and further investigate if
cross-over effects existed after performing low intensity concentric and
eccentric exercise to failure, because few studies have done so.9,15 Our
results demonstrated, minimal cross-over effects from the dominant to
contralateral elbow flexors regarding force, while no cross-over effects
for RFD were exhibited. An interesting phenomenon we found was that,
contralateral (non-exercised) elbow flexor force was potentiated (12.4%
increase) at the post0 time point after performing low intensity concen-
tric exercise to failure (i.e., 6 sets to with 25%MVIC load). This is a novel
finding with regard to the elbow flexors, but two separate studies
demonstrated a similar potentiation effect in a separate muscle group
(e.g., knee extensors) and with different exercise protocols. For example,
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Grabiner and Owings16 showed cross-over effects as a significant
potentiation (11% increase) of contralateral (non-exercised) knee ex-
tensors force at the post0 time point after performing maximal eccentric
exercise (i.e., 3 sets of 25 repetitions), and no cross-over effects were
observed after maximal concentric exercise (i.e., 3 sets of 25 repetitions).
Grabiner and Owings16 attributed the potentiation outcome toward a
possible learning effect of the contralateral knee extensors. Specifically, a
reduction in contralateral antagonistic knee flexors myoelectric activity
may have occurred alone, or in combination with an increase in
myoelectric activity of the contralateral agonist knee extensors.16 How-
ever, this mechanistic explanation was purely speculative at the time, as
they did not measure EMG of the contralateral agonist or antagonist
muscles. More recently, Ye et al.36 found significant cross-over effects to
the contralateral knee extensors in women, with a potentiation in force of
2% after performing maximal isometric exercise (i.e., 6 sets of 30 s). The
authors also found no interaction or main effects for EMGa in the
contralateral knee extensors. They discussed the possibility of a reduction
in voluntary activation from the central nervous system because the
larger knee extensors muscle group requires greater neural drive. In turn,
the fatigue accrued would affect the contralateral (non-exercised) knee
extensors.36 However, unfortunately, both of the aforementioned studies
found a similar result while using different exercise protocols which
warrants further investigation into the mechanisms of the cross-over.
Nevertheless, the potentiation effect in the lower body (specifically the
knee extensors) is possible and the mechanisms are plausibly related to
the central nervous system. Consequently, this brings about an inter-
esting question as to whether or not the same mechanism plays a role in
the upper body.

The current study performed low intensity eccentric and concentric
only exercise in the elbow flexors and found no cross-over effects after
eccentric exercise, but found an increase (8%) in force of the contralat-
eral elbow flexors after concentric exercise. In the same contralateral
elbow flexors, the EMGa and EMG MDF did not change. In contrast, Ye
et al.13 also examined the elbow flexors after performing maximal (i.e., 6
sets of 10) isokinetic concentric and eccentric exercise and found
decreased EMGa and force (7% and 4%, respectively with conditions
combined) in the contralateral (non-exercised) elbow flexors. The au-
thors attributed the decrease in myoelectric activity theoretically to po-
tential changes in the central nervous system. That is, the exercise bout
provoked a decrease in efferent voluntary output because of reduced
supraspinal input to the motoneuron pool.13 More recently, Ye et al.36

examined the elbow flexors and found a cross-over effect of a decrease in
force and EMGa (7% and 10%, respectively) in the contralateral (non--
exercised) elbow flexors after performing maximal isometric exercise
(i.e., 6 sets of 30 s). As evidenced by the reduction in EMGa, the authors
explained the potential reason for the decrease in force being partially
due to reduced neural drive (i.e., the inability to fully activate) to the
contralateral (nonexercised) elbow flexors after fatiguing exercise in the
opposing limb. Therefore, based on our results and the results of others,
the theory of decreased efferent voluntary output is plausible. However,
the results of the current study demonstrated no change in EMGa or EMG
MDF, which may be due to the neural demand of low intensity concentric
and eccentric not being high enough to elicit changes at the central
nervous system level. However, this still does not explain why potenti-
ation occurred. One of the theoretical bases of potentiation consists of
enhanced central nervous system stimulation, potentially resulting in
greater motor unit recruitment and subsequently force output.37–39 Thus,
one could postulate if a task is highly demanding, such as concentric
exercise to task failure, then the central nervous system may be stimu-
lated to a point in which it could potentiate contralateral (non-exercised)
muscle force. Of the investigations mentioned already, only one also
found a lack of cross-over effects (in relation to force), but it was after
eccentric exercise in the elbow flexors.12 Additionally, previously we
discussed how Grabiner and Owings16 also saw potentiation, but in the
knee extensors, and they attributed the possibly of potentiation to a
reduction in co-contraction in knee flexors. Although we did not measure
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the elbow extensors, the theory of reduced co-contraction cannot be
ruled out because it may have played a role in the increase in force of the
contralateral elbow flexors. The occurrence of force augmentation but no
other evidence of cross-over effects is equally perplexing and intriguing,
and since our results demonstrated no change in EMGa or EMG MDF in
the non-exercised elbow flexors, we believe the lower intensity is not
enough to elicit changes in the nervous system.

At the post0 time point after concentric and eccentric exercise the
normalized MVIC force dropped 27% and 54%, respectively. These re-
sults contrast several previous studies specifically comparing concentric
and eccentric exercise in the elbow flexors. For example, after concentric
and eccentric exercise (i.e., six sets of ten maximal isokinetic contrac-
tions), the force losses were 17% and 21%13; 26% and 25%14; 25.9% and
25.5%,40 respectively. In addition, after performing concentric and
eccentric exercise at 20% of MVIC, force dropped 10% and 14%
respectively15; and force losses of 22% and 45% after performing low
intensity concentric (i.e., ~8 kg) and eccentric (i.e., ~11 kg) exercise.9

There are a number of possibilities for the discrepancy in force loss after
concentric and eccentric exercise between our study and others. Specif-
ically, our experimental design used different loads and free-weights
while others used isokinetic dynamometry13,14 or other machine based
equipment15; six sets to task failure were used in the current study, and
others had subjects perform ten repetitions per set13,14 or a very slow
movement speed (i.e., 7-s concentric or eccentric contraction) to task
failure (i.e., minimum of 120 repetitions).15 Based on the methodological
differences it is difficult to extrapolate why low intensity concentric and
eccentric exercise resulted in greater force loss. With that said, the data in
Table 1 provides some evidence for the differences. Specifically, even
though the overall %MVIC was different between the concentric and
eccentric conditions, the overall average load was not statistically
significantly different (i.e., 6.5 vs. 8.5 kg for concentric and eccentric
conditions, respectively). The biggest contribution to the differences
between conditions may be the total average repetitions and total
average volume; meaning, on average the eccentric condition performed
~68 more repetitions with an overall average volume of ~1510 kg
compared to the concentric condition's ~751 kg. Since the eccentric
condition completed nearly double the total work, it seems highly
plausible that this is the reason for the greater force loss at post0; espe-
cially the exercise was designed to induce task failure for each set. The
potential mechanisms behind the difference may be due to a different
neural activation pattern between concentric and eccentric contractions.
That is, previous research has demonstrated, that during eccentric con-
tractions there is a lower need for motor unit recruitment (via surface
EMG or single motor-unit analysis) to reach a specified force. This is
because the force capacity of the muscle is greater when lengthened and
does not have to overcome the specified force like concentric contrac-
tions.41 However, we measured the EMGa and EMGMDF and showed no
difference, but we did not analyze single motor units. Therefore, we have
provided indirect evidence of how eccentric and concentric exercise
differ, with regard to total volume and repetitions, however, we cannot
pinpoint the exact mechanism for the differences between low intensity
concentric and eccentric exercise.

It has been detailed previously that intrinsic muscle properties and
neural factors are major contributors to rapid force production, especially
in the early contraction phase (<100 ms).23,24,41,42 At this juncture in
time we were likely measuring the effects of fatigue43 rather than EIMD
therefore, this may be a reason why RFD50 and RFD100 were not statis-
tically significantly different between the concentric and eccentric ex-
ercise conditions at the post0 time point for the dominant elbow flexors.
Yet, at post0 RFD50 and RFD100 dropped 70% and 55%, respectively for
the eccentric, and 34% and 41%, respectively for the concentric condi-
tion. Additionally, our study demonstrates indirect evidence for EIMD
because RFD50 and RFD100 remained low at post24 (i.e., 65% and 41%,
respectively) and post48 (i.e., 59% and 53%, respectively). In the
concentric condition, the RFD50 and RFD100 at post24 (i.e., 19% and
11%, respectively) and post48 (i.e., 13% and 15%, respectively) had
150
begun to recover. We cannot state conclusively if the decreases in RFD50
or RFD100 were due to centrally or peripherally mediated fatigue. This
delayed ability to produce explosive force after eccentric exercise may
plausibly be due to changes in the length-tension relationship, which
consequently may change the force-velocity relationship.10 This en-
compasses stretching of the sarcomeres, subsequently requiring longer
lengths to achieve tension in the damaged muscle. In turn, the
excitation-contraction coupling process could be hindered causing fewer
cross-bridges to form. As a result, a reduction in rapid force production
might occur.44 Collectively, the differential RFD50 and RFD100 responses
across time following concentric and eccentric exercise likely reflect the
effects of muscular fatigue and EIMD, respectively.

This study is not without limitations. First, although we provide a
rationale for the differing low-intensites between the concentric and
eccentric protocols, the average volume was greater in the eccentric
compared to concentric group, which may partially explain the differ-
ences in the results. Second, we did not measure or analyze single motor
units or spinal or supraspinal excitability, and the measurement of these
variables could provide a further explanation for the potentiation effect,
as well as the differences in the total volume between conditions. In
addition, our subjects were not screened for consumption of certain
supplements or medications, which could have ergogenic effects to in-
fluence the exercise performance. We also did not control for oral con-
traceptive use and menstrual cycle fluctuations, and previous research
has shown women to be more fatigue resistant during the ovulatory
phase when consuming oral contraceptives.45 Regarding sex, examining
a single sex (i.e., males or females only) may have provided a clearer
picture of the effects of low-intensity concentric and eccentric exercise.
Lastly, we did not measure the antagonist muscle of the dominant
(exercised) limb which may also provide insight into the fatiguing dif-
ferences based on co-contraction.

Implications for sports medicine

An important concept demonstrated in this study that may be
potentially advantageous to practitioners is that low intensity concentric
exercise to failure resulted in an increase in the force of the contralateral
(non-exercised) limb. This finding may be beneficial for developing po-
tential rehabilitation strategies for individuals suffering from unilateral
limb deficits/injuries. It is possible that these could train the upper limb
to provide a stimulus to the contralateral upper limb that is affected. In
addition, the submaximal training load makes this training modality
suitable for the majority of the population. As practitioners are already
aware of EIMD after performing maximal eccentric exercise, here we
demonstrate how low intensity exercise may result in the same effect.
The findings from this study showed large differences in muscular force
with double the force loss after low intensity eccentric compared to
concentric exercise. This is of particular importance to professionals in
our field who train individuals using a lower intensity but with an overall
higher volume because it may result in prolonged decrements in per-
formance if not taken into consideration. It is also important for practi-
tioners outside of sport because the majority of daily tasks are
submaximal (i.e., lower intensity) in nature, where repeated low-to-
medium intensity concentric and eccentric movements are performed.
Daily life requires the repeated development of rapid force, whether it be
during training or competition, performing recreational activities, or
participating in activities of daily living.

Conclusions

In conclusion, the results from this study demonstrated a cross-over
effect after concentric exercise with force being augmented at the
post0 time point in the contralateral (non-exercised) elbow flexors. This
force augmentation was also not linked to neural changes. There was a
reduction in force and RFD after performing six sets of low intensity
concentric and eccentric exercise to failure in the dominant elbow
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flexors. In addition, prolonged decrements in force and RFD were shown
after the eccentric condition only, which was likely a result of EIMD.
More research directly comparing the cross-over effects of low intensity
concentric and eccentric exercise in the elbow flexors is warranted, and
we suggest including specific outcomes measuring spinal and supraspinal
excitability to attempt to determine the mechanisms for the cross-over.
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