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Abstract
Purpose To examine and compare the effects of three days of dynamic constant external resistance (DCER) and isokinetic 
(ISOK) training and subsequent detraining on thigh muscle cross-sectional area (TMCSA) and thigh lean mass (TLM), ISOK 
peak torque (PT), DCER strength, isometric force, muscle activation, and percent voluntary activation (%VA).
Methods Thirty-one apparently-healthy untrained men (mean ± SD age = 22.2 ± 4.2 years; body mass = 77.9 ± 12.9 kg; 
height = 173.9 ± 5.4 cm) were randomly assigned to a DCER training group (n = 11), ISOK training group (n = 10) or control 
(CONT) group (n = 10). Subjects visited the laboratory eight times. The first visit was a familiarization session, the second 
visit was a pre-training assessment, the subsequent three visits were for unilateral training of the quadriceps (if assigned to 
a training group), and the last three visits were the post-training assessments conducted at three days, one week, and two 
weeks after training ended.
Results DCER strength increased from pre- to post-training assessment 1 in both limbs for the DCER group only, and 
remained elevated during post-training assessments 2 and 3 (P < 0.05). In addition, surface EMG for the biceps femoris was 
higher at post-training assessment 3 than at the pre-training assessment, and post-training assessments 1 and 2 (P < 0.05). 
No other training-related changes were found.
Conclusion The primary finding of this study was that DCER strength of the trained and untrained limbs can be increased 
with three days of training. This has important implications for injury rehabilitation, where in the initial period post-injury 
strength gains on an injured limb can possibly be obtained with short-term contralateral resistance training.
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Abbreviations
BF%  Body fat %
BM  Body mass
CSA  Muscle cross-sectional area
DCER  Dynamic constant external resistance
DXA  Dual-energy X-ray absorptiometry
EMG  Electromyography

ISOK  Isokinetic
MMG  Mechanomyography
MVC  Maximum voluntary contraction
PT  Peak torque
TF%  Thigh fat %
TLM  Thigh lean mass
TMCSA  Thigh muscle cross-sectional area
RPE  Rating of perceived exertion
%VA  Percent voluntary activation

Introduction

Resistance training has been the hallmark of exercise and 
rehabilitation programs. Recently, interest has been shifted 
to short-term resistance training. Allied health professionals, 
such as physical therapists and athletic trainers, may ben-
efit from a rapid increase in strength of a patient or athlete 
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recovering from injury [3, 11, 15]. In theory, if an individu-
al’s strength can be increased within a short amount of time, 
they are more likely to comply with a rehabilitation program 
and perhaps decrease the risk of reinjury [3]. Accordingly, 
short-term resistance training has been shown to increase 
muscle strength and isokinetic performance after only days 
of training [5, 11, 15, 55]. Those who are injured could ben-
efit greatly from this type of training because they often 
receive limited physical rehabilitation treatments due to 
minimal insurance coverage or lack of compliance [11, 15, 
70], or simply because not enough time is available before 
an athlete needs to return to play. If patients do not improve 
quickly, the risk of injury reoccurrence may increase [15]. 
In addition, if short-term resistance training can improve 
performance quickly, patient compliance may increase, risk 
of reinjury might be reduced, and it may offer an alternative 
to more expensive and oftentimes invasive procures [11, 15]. 
Because of this potential for short-term resistance training to 
improve muscular performance in a relatively shorter period 
of time, it would have important implications for profession-
als working in rehabilitation settings [3, 11, 15].

Increases in muscular strength following a resistance 
training program can be attributed to neural and hyper-
trophic factors [23, 42, 46, 57, 58, 60, 64]. Thus, voluntary 
strength increases due to not only the quantity and qual-
ity of muscle mass, but also to the extent that the muscle 
mass is able to activate [6, 58]. In general, neural factors 
are believed to account for most of the increases in strength 
in the early stage of a resistance training program, whereas 
hypertrophic factors gradually become prevalent after sev-
eral weeks of training [23, 36, 38, 40, 46, 47, 58]. Hence, 
initial improvements in strength and muscular performance 
reported following short-term resistance training are gener-
ally attributed to neural adaptation instead of muscle fiber 
hypertrophy [1, 46]. For example, Akima et al. [1] reported 
increases in peak torque (PT) after two weeks of resistance 
training but no changes in muscle cross-sectional area (CSA) 
or fiber area suggesting strength increases occurred with-
out muscle hypertrophy [1]. Nevertheless, Akima et al. [1] 
suggested future studies should investigate the mechanisms 
underlying strength gains obtained with short-term resist-
ance training [1].

When training a muscle on one limb, strength can be 
increased on the contralateral side in an outcome termed 
contralateral strength training effect [9] or cross-education 
[12, 25, 39, 43, 49]. A meta-analysis concluded that overall, 
unilateral resistance training led to -2.7% to 21.6% changes 
in the initial strength of the untrained limb, with a mean 
improvement of 7.8%, which was 35.1% of the effect on the 
trained limb [49]. A more recent meta-analysis reported a 
pooled mean increase in strength of 15.9% with isotonic 
training compared to 11.3% with concentric-only training 
[43]. Nevertheless, the mechanisms for contralateral strength 

gains are unclear and there is no consensus on proposed 
mechanisms [49]. In addition, most of the increases in 
strength found with resistance training are lost after several 
weeks of training [13, 28, 29, 35, 50, 66]. However, Col-
liander and Tesch [13] revealed that a resistance training 
program incorporating combined concentric and eccentric 
leg extension repetitions retained more of the recently-
acquired strength gains than the concentric-only repetitions 
[13]. Because isokinetic muscle action training is primarily 
concentric in nature, it is unknown whether dynamic con-
stant external resistance (DCER) training, which uses cou-
pled concentric and eccentric muscle actions, or isokinetic 
training would affect detraining differently.

The neuromuscular system undergoes numerous adapta-
tions following a resistance training program [1, 23, 42, 46, 
47, 57, 64]. Research suggests early adaptations to resist-
ance training programs are related to improvements in neu-
romuscular efficiency, which perhaps indicates an increased 
capacity to activate skeletal muscle voluntarily [1, 11, 15, 
40, 55, 60]. However, the specific mechanisms of such adap-
tations in short-term training are not fully understood [11]. 
Traditionally, isokinetic muscle actions have been used in 
rehabilitation and testing scenarios. Several studies have 
examined the effects of isokinetic training on strength and/
or muscle CSA, and isokinetic training allows development 
of maximum tension throughout the range of motion [1, 3, 
5, 11, 15, 55]. However, DCER training would offer a more 
accessible, convenient, cost-effective, and practical method 
of training, in addition to perhaps providing a greater stimu-
lus to elicit increases in strength [14, 39, 41]. Therefore, 
the purpose of this study was to examine and compare the 
effects of three days of DCER or isokinetic (ISOK) training 
and subsequent detraining on thigh muscle CSA and thigh 
lean mass, isokinetic PT, DCER strength, isometric force, 
surface electromyography (EMG) and mechanomyography 
(MMG) of the leg extensors during maximal leg extension 
muscle actions, and percent voluntary activation (%VA).

Methods

Subjects

Thirty-one healthy men between the ages of 18 and 35 who 
were naïve to the intent of the experiment volunteered to 
participate in this study (Table 1). Prior to any testing, all 
subjects read and signed an Informed Consent form and 
completed a health and exercise status questionnaire. Any 
individual with degenerative neuromuscular or joint disor-
ders or injuries distal to the waist within six months prior to 
screening were also excluded from the study. Subjects were 
untrained in resistance training within six months prior to 
the start of the study. Thus, those who reported engaging 
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in one or more lower-body resistance training exercises for 
six months prior to the start of the study were excluded. 
Subjects were asked to maintain their daily activities, but 
refrain from any exercise and/or nutritional supplements 
throughout the course of the study. In addition, individuals 
who had been taking nutritional supplements three months 
prior to screening were not allowed to volunteer. This study 
was approved by the university’s Institutional Review Board 
for the protection of human subjects.

Research Design

A mixed factorial design was used to examine the effects 
of three days of DCER versus ISOK training with the leg 

extensors. Participants were randomly assigned to a DCER 
training group, ISOK training group, or CONT group. Par-
ticipants visited the laboratory on 8 occasions separated 
by 2–7 days. The first visit was a familiarization session, 
the second visit was a pre-training assessment, the subse-
quent three visits were for training, and the last three visits 
were the post-training assessments (Fig. 1). Pre-training 
assessments were performed 48 h prior to the start of train-
ing. Dependent variables in this study were [a] body mass 
(BM); [b] body fat % (BF%); [c] thigh fat % (TF%); [d] 
thigh lean mass (TLM); [e] thigh muscle cross-sectional 
area (TMCSA); [f] isokinetic PT; [g] DCER strength; [h] 
isometric force; [i] EMG; [j] MMG; [k] percent of voluntary 
muscle activation (%VA) at 30%, 50%, 70% and 100% of 

Table 1  Sample sizes and means (± SE) for age (yr), body mass (kg), height (cm), body fat percentage (%), thigh fat (%), thigh lean mass (g), 
and thigh muscle cross-sectional area  (cm2) for the DCER, ISOK, and CONT groups

DCER dynamic constant external resistance, ISOK isokinetic, CONT control, BM body mass, HT height, BF body fat, TF thigh fat, TLM thigh lean 
mass, TMCSA thigh muscle cross-sectional area

Groups Age (year) BM (kg) HT (cm) BF% TF% TLM (g) TMCSA  (cm2)

DCER (n = 11) 20.3 ± 0.5 77.9 ± 3.6 173.2 ± 2.2 24.4 ± 2.5 30.3 ± 2.7 6570.3 ± 298.5 152.1 ± 9.5
ISOK (n = 10) 23.7 ± 1.8 79.4 ± 3.4 176.3 ± 1.3 20.6 ± 2.0 25.4 ± 1.7 7064.5 ± 284.6 171.0 ± 9.6
CONT (n = 10) 22.9 ± 1.3 77.3 ± 5.3 172.3 ± 1.2 24.8 ± 2.9 28.1 ± 2.9 6329.6 ± 278.0 151.4 ± 9.9

Fig. 1  Study design flowchart
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maximum voluntary contraction (MVC); and (l) rating of 
perceived exertion (RPE). After the three training sessions, 
post-training assessments were performed in an identical 
manner to the pre-training assessments. In order to examine 
the time course of the effects of the different training modes, 
post-training assessments were performed 72 h, 1 week and 
2 weeks after the final training session. All pre- and post-
training assessments were conducted at approximately the 
same time of day.

Familiarization Trial

During the familiarization visit, subjects underwent screen-
ing and upon approval, were familiarized with the ISOK and 
DCER leg extension machines and exercises to allow the 
inexperienced participants to become better accustomed to 
the proper exercise technique execution. In order to reduce 
the potential of any learning effect, all strength assessments 
were practiced during the familiarization session. The 
familiarization visit included anthropometric assessments 
(BM, height and body composition) followed by the maxi-
mal isometric force, ISOK PT and DCER strength tests (in 
listed order). These assessments and tests were performed 
in an identical manner during the pre- and post-training 
assessments.

Dual‑Energy X‑ray Absorptiometry

Dual-energy X-ray absorptiometry (DXA) (Lunar Prodigy 
Advance 300532, General Electric Healthcare, Madison, 
WI) was used to assess BF%, TF% and TLM. Each day 
prior to testing, a quality assurance phantom was scanned 
to ensure calibration. Before each assessment, the sub-
jects’ height, BM, sex, and race were entered into the com-
puter DXA software program (enCORE™ 2006, version 
10.50.086). Subjects were positioned supine on the DXA 
table with hands pronated and flat on the table. Total body 
mode was selected for each scan, and scanning thickness 
was determined by the DXA software. Thigh lean mass was 
determined using regions of interest around the dominant 
thigh. Region of interest markers were placed by the pri-
mary investigator (P.B.C.) using the DXA software crossing 
diagonally the femoral neck and horizontally through the 
inferior border of the femur condyles (Fig. 2).

Muscle Cross‑Sectional Area

Thigh muscle CSA (TMCSA) was estimated by measur-
ing circumference and correcting for subcutaneous fat [46, 
47]. In short, the circumference of the thigh was measured, 
the radius calculated, and TMCSA was estimated by sub-
tracting the mean of four skinfolds [46]. Thigh circumfer-
ence was measured at the midpoint between the inguinal 

crease and the proximal border of the patella [69]. Cir-
cumference was measured to the nearest millimeter using 
a tension-gauged measuring tape (Gullick II; Country 
Technology, Inc., Gays Mills, WI). Skinfold thickness was 
measured using four skinfolds from the anterior, lateral, 
posterior, and medial region of the thigh, and measured to 
the nearest millimeter using a Lange caliper (Santa Cruz, 
CA), midway between the proximal border of the patella 
and the inguinal crease [69]. The skinfold values were 
averaged after three measurements were taken at each site. 
Muscle CSA was estimated using the equation by Moritani 
and deVries [46, 47]:

where Circumference is defined as the circumference of 
the thigh, and skf is defined as the thigh skinfold thickness 
of each of the four sites.

CSA = �
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Fig. 2  Region of interest around the dominant thigh
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Isokinetic Assessments

Maximal concentric ISOK PT of the left and right leg exten-
sors was measured using a calibrated Biodex System 3 ISOK 
dynamometer (Biodex Medical Systems, Inc., Shirley, NY) 
at the randomly-ordered velocities of 90 and 180°/s. Subjects 
were in a seated position with restraining straps over the 
pelvis, trunk, thigh, and ankle in accordance with the Biodex 
User’s Guide (Biodex Pro Manual, Applications/Operations. 
Biodex Medical Systems, Inc., Shirley, NY. 1998). The input 
axis of the dynamometer was aligned with the axis of rota-
tion of the knee. Prior to the ISOK assessment, each partici-
pant’s range of motion was individually determined and limb 
weight measured for subsequent gravity correction. Three 
submaximal warm-up repetitions of increasing intensities 
(i.e., approximately 25%, 50% and 75% of the subject’s per-
ceived maximum) preceded three maximal muscle actions at 
each velocity. During the tests, loud verbal encouragement 
was provided by the investigator such that each subject was 
instructed to “kick out” as hard as possible throughout the 
entire range of motion. A 1-min rest was allowed between 
velocities [52].

Dynamic Constant External Resistance Assessments

The maximal strength of both leg extensors was assessed 
using a DCER Nautilus leg extension machine (Nautilus, 
Inc. Vancouver, WA) (Fig. 3). The input axis of the machine 
was aligned with the axis of rotation of the knee. The distal 
anterior portion of the leg superior to the ankle was used 
as the load bearing point. Three submaximal warm-up sets 
of increasing tester-selected intensities (i.e., 6–8, 3–5 and 
1–2 repetitions) preceded the maximal strength attempt. 
When one attempt was successful, the load was increased 

by 2–5 kg until a failed repetition occurred. A failed repeti-
tion was defined as the inability to complete the full range of 
motion with the assigned load. During the tests, loud verbal 
encouragement was provided by the investigator. Each sub-
ject was instructed to provide maximal effort throughout the 
entire range of motion. The greatest load moved through a 
complete leg extension range of motion was considered the 
one repetition maximum 1-RM. A 1-min rest was allowed 
between each successive attempt [44, 68].

Electromyography

Pre-amplified, bipolar surface EMG electrodes (EL254S, 
Biopac Systems Inc.; Santa Barbara, CA, gain = 350) with 
a fixed center-to-center inter-electrode distance of 20 mm 
were taped over the rectus femoris (RF), vastus lateralis 
(VL), and biceps femoris (BF) muscles of the dominant leg. 
For the RF, the electrodes were placed at 50% of the dis-
tance between the inguinal crease and the superior border 
of the patella. For the VL, the electrodes were placed at 
the anterior border of the iliotibial band along the muscle’s 
longitudinal axis at 50% of the distance from the greater 
trochanter to the lateral epicondyle of the femur. Finally, the 
electrodes for the BF were placed at the midpoint of the dis-
tance between the ischial tuberosity and the lateral epicon-
dyle of the tibia. A single pre-gelled, disposable electrode 
(Ag–Ag Cl, Quinton Quick Prep, Quinton Instruments Co., 
Bothell, WA) was placed over the spinous process of the 7th 
cervical vertebrae to serve as a reference electrode. Prior to 
electrode placement, the skin was shaved to remove hair and 
the recording sites were carefully abraded with an abrasive 
pad and cleaned using isopropyl alcohol to reduce the inter-
electrode impedance. All electrodes were placed in accord-
ance with the recommendations of Hermens et al. [32]. The 
EMG signals (recorded in microvolts) were differentially 
amplified with a bandwidth of 1 to 500 Hz, input imped-
ance of 2 M (differential), common mode rejection ratio of 
110 dB, maximum input voltage of 10 V, sampling rate of 
1,000 (ISOK PT) and 10,000 (%VA) Hz, and gain of 1,000 
(EMG100C; Biopac Systems, Inc., Santa Barbara, CA). 
After the electrodes were removed, a permanent marker was 
used to indicate the positions of the electrodes for replace-
ment during subsequent post-training assessments.

Mechanomyography

The MMG signals were detected with active miniature 
accelerometers (EGAS-FS-10-/VO5, Intran Inc., Fairfield, 
NJ) that were pre-amplified with a gain of 200, frequency 
response of 0–200 Hz, sensitivity of 70 mV/ms2 and range 
of ± 98.1 mV/ms2. The accelerometers were placed over 
the RF and VL muscles, respectively, and fixed to the skin 
with double-sided foam tape (3M, ST. Paul, MN). MMG 

Fig. 3  Dynamic constant external resistance assessment set-up with 
isokinetic dynamometer on the background
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accelerometers were placed superior to the EMG electrodes. 
After the accelerometers were removed, a permanent marker 
was used to indicate the positions of the electrodes for 
replacement during subsequent post-training assessments.

Isometric Assessments

Two isometric MVCs were recorded using a Biodex Sys-
tem 3 ISOK dynamometer (Biodex Medical Systems, Inc., 
Shirley, NY) configured for isometric mode and modified 
with an in-line load cell (Omegadyne LC402, Stamford, 
CT). The participant was seated in a similar manner as the 
isokinetic assessments, with the input axis of the dynamom-
eter aligned with the axis of rotation of the knee and the leg 
fixed at an angle of 90° below the horizontal plane. During 
the tests, loud verbal encouragement was provided by the 
investigator such that each subject was instructed to “kick 
out” as hard as possible for approximately 4–6 s. A 1-min 
rest was allowed between each assessment. The highest force 
output between the two trials was selected as the representa-
tive MVC value.

After the MVC trials, each subject performed submaxi-
mal isometric step muscle actions at 30%, 50% and 70% of 
the peak MVC. The order of the submaximal isometric step 
muscle actions was randomly ordered during each experi-
mental trial. During the isometric step, participants were 
asked to track their force production on a computer monitor 
placed in front of them that displayed in real-time, digitized 
force signals overlaid onto a programmed template. Hori-
zontal lines were programmed as templates on the computer 
monitor that served as the target force lines. The isometric 
step muscle action templates and real-time force overlay 
were programmed and displayed using LabView version 
8.5 (National Instruments, Austin, TX). A 1-min rest was 
allowed between each isometric assessment.

Twitch Interpolation

The twitch interpolation technique was used to determine 
%VA at 30%, 50%, 70% and 100% of MVC. Transcuta-
neous electrical stimuli were delivered to the femoral 
nerve using a high-voltage (maximal voltage = 400 V), 
constant-current stimulator (Digitimer DS7AH, Herthford-
shire, UK). A small bipolar electrode was pressed over 
the lateral portion of the femoral triangle. Single stimuli 
were administered to the femoral nerve at a low current 
(amperage = 20 mA) to determine the optimal probe loca-
tion by the investigator based on visually inspecting a 
computer monitor displaying the compound muscle action 
potential (M-wave) and Hoffmann reflex (H-reflex) of the 
RF muscle. Once the best location was determined and 
marked, the maximal M-wave was achieved with incre-
mental (5 mA) amperage increases until a plateau in the 

peak-to-peak (p-p) M-wave was observed after three 
successive amperage increases. To ensure a supramaxi-
mal stimulus, 120% of the stimulus intensity (mA) that 
elicited the maximal M-wave was used during the evoked 
twitches and TI procedures. A single stimulus was defined 
as a 200-µs duration square wave impulse, while a doublet 
consisted of two single stimuli delivered successively at 
100 Hz. Doublets were administered with the supramaxi-
mal stimulus intensity during the MVC trials to increase 
the signal-to-noise ratio and minimize the series elastic 
effects on force production [20]. In accordance with the 
TI procedure, supramaximal stimuli were administered 
3–5 s into the MVC plateau (superimposed twitch) and 
again 3–5 s after the MVC trial at rest (control twitch). 
The extent of voluntary activation was quantified by the 
following equation [2, 45]:

where the Superimposed Twitch is the force increase 
during the MVC at the time of stimulation and the Control 
Twitch is the response in the relaxed muscle.

Signal Processing

ISOK torque, EMG and MMG signals were sampled at 
1000 Hz during ISOK PT assessments and at 10,000 Hz 
during MVC force and %VA assessments. Signals were 
recorded simultaneously with a Biopac data acquisition 
system (MP150WSW, Biopac Systems, Inc.; Santa Bar-
bara, CA) during each assessment from the dynamom-
eter interfaced with a laptop computer (Inspiron 8200, 
Dell Inc., Round Rock, TX) using proprietary software 
(AcqKnowledge version 3.7, Biopac Systems, Inc., Santa 
Barbara, CA) and stored on a personal computer for off-
line analysis. Torque, force, EMG and MMG signals were 
processed off-line with custom-written software (LabView 
8.5, National Instruments, Austin, TX). ISOK PT was cal-
culated as the highest 0.25-s average torque value for the 
repetition that yielded the highest PT value. Consequently, 
the same (concurrent) 0.25-s epochs were selected for all 
EMG and MMG signals. Isometric MVC force (N) was 
calculated as the highest average force value that occurred 
during a 0.05-s epoch. The force value for the TI was cal-
culated during a 0.25-s epoch immediately prior to the 
stimulation for all submaximal and the two MVC (ITT 
MVC) trials. EMG and MMG signals were filtered with 
a bandpass (zero phase 4th order Butterworth filter) of 
10–500 Hz and 5–100 Hz, respectively. The amplitudes of 
the EMG and MMG signals were quantified by calculating 
the root-mean-square (RMS) values for each signal epoch.

%VA =

[

1 −

(

Superimposed Twitch

Control Twitch

)]

× 100
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Isokinetic and Dynamic Constant External 
Resistance Training Protocol

After a rest period of 48 h following the pre-training 
assessment, the training groups performed three ISOK 
or DCER training sessions separated by 48 h. Participants 
in the training groups performed 4 sets of 10 repetitions 
of knee extension muscle actions. For the ISOK train-
ing group, a velocity of 90°/s was used, whereas moder-
ate speed in a controlled manner was used for the DCER 
training group. Each training session began with ten 
warm-up repetitions at approximately 25% of the resist-
ance used for the DCER training session and 25% of the 
individual’s perceived maximal for the ISOK training ses-
sion. Approximately 80% of the 1-RM obtained during 
the DCER maximal strength assessment was used as the 
starting load for the DCER group. A 2-min rest period 
was allowed between each training set. Training load for 
the DCER group was continually increased and adjusted 
as each participant was able to tolerate a given load with 
ease in order to assure that the subject reached failure 
at approximately the  10th repetition. Participants of the 
ISOK training program were seated and strapped to the 
machine similarly to the manner used during the maximal 
ISOK assessment. All participants taking part in either 
ISOK or DCER training interventions were supervised 
during all training sessions.

Rating of Perceived Exertion

Rating of perceived exertion (RPE) was used to compare 
effort between the DCER and ISOK training modes [17, 
21, 22, 26, 65]. Prior to the start of the study, subjects 
received instructions on how to use the RPE scale to rate 
their perceived exertion. A Category-Ratio scale (CR-10) 
was used, where “0” was classified as rest (no effort) 
and “10” was classified as maximal effort (most stressful 
exercise ever performed). The CR-10 has been slightly 
modified to reflect American English (e.g., easy and hard 
instead of light and strong, respectively) [26]. Subjects 
were asked to provide a number on the scale to rate their 
overall effort immediately after each set was completed 
and after the entire training session. These RPE assess-
ments were conducted during each session by showing 
the scale and asking subjects “How would you rate your 
effort?” and “How would you rate your entire workout?” 
immediately after each set of training and after each train-
ing session, respectively. Therefore, in this study, “set 
RPE” was defined as the RPE reported by the subject 
after each set, while “session RPE” was defined as the 
RPE reported each day after the training session was 
completed.

Statistical Analyses

Four one-way factorial ANOVAs were used to compare the 
means at baseline for age, BM, height, BF%, TF%, TLM, 
and TMCSA among the DCER, ISOK, and CONT groups. 
Five two-way mixed factorial ANOVAs (time [pre- vs. 
post-training assessment 1 vs. post-training assessment 2 
vs. post-training assessment 3] × group [ISOK vs. DCER 
vs. CONT]) were used to analyze the anthropometric, body 
composition, and MVC data. A three-way mixed factorial 
ANOVA (time [training session 1 vs. training session 2 vs. 
training session 3] × group [ISOK vs. DCER] × set [1 vs. 2 
vs. 3 vs. 4]) was used to analyze RPE assessed after each set 
during training. A two-way mixed factorial ANOVA (time 
[training session 1 vs. training session 2 vs. training session 
3] × group [ISOK vs. DCER]) was used to analyze training 
session RPE. One three-way mixed factorial ANOVA (time 
[pre- vs. post-training assessment 1 vs. post-training assess-
ment 2 vs. post-training assessment 3] × group [ISOK vs. 
DCER vs. CONT]) × limb [right vs. left]) was used to ana-
lyze 1-RM data. A four-way mixed factorial ANOVA (time 
[pre- vs. post-training assessment 1 vs. post-training assess-
ment 2 vs. post-training assessment 3] × group [ISOK vs. 
DCER vs. CONT]) × velocity [90 vs. 180°/s] × limb [right 
vs. left]) was used to analyze ISOK PT. A three-way mixed-
factorial ANOVA (time [pre- vs. post-training assessment 
1 vs. post-training assessment 2 vs. post-training assess-
ment 3] × group [ISOK vs. DCER vs. CONT]) × intensity 
[30% vs. 50% vs. 70% vs. 100%]) was used to analyze the 
TI data. A four-way mixed factorial ANOVA (time [pre- vs. 
post-training assessment 1 vs. post-training assessment 2 
vs. post-training assessment 3] × group [ISOK vs. DCER vs. 
CONT]) × muscle [RF vs. VL] × velocity [90 vs. 180°/s]) 
was used to analyze quadriceps EMG and MMG. A three-
way mixed factorial ANOVA (time [pre- vs. post-training 
assessment 1 vs. post-training assessment 2 vs. post-training 
assessment 3] × group [ISOK vs. DCER vs. CONT]) × veloc-
ity [90 vs. 180°/s]) was used to analyze the BF EMG. When 
appropriate, follow-up analyses were performed using lower-
order two- and one-way repeated measured ANOVAs, and 
paired sample t-tests. An alpha level of P < 0.05 was con-
sidered statistically significant for all comparisons. Predic-
tive Analytics SoftWare (PASW) version 18.0.0 (SPSS Inc., 
Chicago, IL) was used for all statistical analyses.

Results

Anthropometric and Body Composition 
Characteristics

There were no significant differences among groups for 
anthropometric measurements (age, BM, height, BF%, TF%, 
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TLM and TMCSA) at baseline (P > 0.05) (Table 1). Table 2 
displays the means (± SE) for all anthropometric data. There 
was no two-way interaction for time × group for BM, BF%, 
TF%, TLM or TMCSA (P > 0.05). However, there was a sig-
nificant main effect for time for body mass (P < 0.05). Post-
hoc pairwise comparisons for the marginal means (collapsed 
across groups) indicated a mean decrease of 0.6 (± 2.3) kg 
from pre- to post-training assessment one for all three groups 
(P < 0.05). There were no other significant anthropometric 
changes for BM, BF%, TF%, TLM or TMCSA (P > 0.05).

Isokinetic Assessments

Table 3 contains the means (± SE) for ISOK PT assess-
ments for the dominant and non-dominant legs. There was 
no four-way interaction for time × group × velocity × limb, 
no three-way interactions for time × limb × velocity, 
time × group × velocity, time × group × limb, or group × veloc-
ity × limb, and no two-way interactions for time × limb, 
group × time, or group × limb (P > 0.05). However, there 
were significant two-way interactions for time × velocity, 
limb × velocity and group × velocity (P < 0.05). Post-hoc pair-
wise comparisons for the marginal means (collapsed across 
time and group, group and limb, and time and limb) indicated 

that PT for the dominant leg was significantly higher than the 
non-dominant leg and PT was significantly higher at 90°/s 
than 180°/s (Table 3) (P < 0.05).

Dynamic Constant External Resistance Assessments

Table 4 contains the means (± SE) for 1-RM strength in the 
dominant and non-dominant legs. There was no three-way 
interaction for time × group × limb (P > 0.05), no two-way 
interaction for group × limb (P > 0.05), but there were signif-
icant two-way interactions for time × group and time × limb 
(P < 0.05). Post-hoc pairwise comparisons for the marginal 
means (collapsed across limb) indicated that 1-RM increased 
from pre- to post-training assessment 1 in both limbs for 
the DCER group only, and remained elevated during post-
training assessments 2 and 3 (P < 0.05) (Fig. 4). There were 
no differences in 1-RM strength for the DCER group among 
post-training assessments 1, 2 and 3 (P > 0.05). In addition, 
post-hoc pairwise comparisons for the marginal means (col-
lapsed across group) indicated that 1-RM was higher for the 
dominant leg than non-dominant leg (P < 0.05). No other 
changes were found for the ISOK training or CONT groups 
(P > 0.05).

Table 2  Means (± SE) for anthropometric and body composition data

BM body mass, BF% body fat percentage, TF% thigh fat percentage, TLM thigh lean mass, TMCSA thigh muscle cross-sectional area, ISOK isoki-
netic, CONT control
a Denotes significant change from pre- to 1

Parameters Pre-training assessment 1 Post-training assessment 1 Post-training assessment 2 Post-training assessment 3

BM (kg)
 DCER 77.9 ± 3.7 77.5 ± 3.7a 78.0 ± 3.6 77.7 ± 3.6
 ISOK 79.4 ± 3.6 78.8 ± 3.4a 78.9 ± 3.5 78.8 ± 3.7
 CONT 77.6 ± 5.1 76.8 ± 5.1a 77.0 ± 5.2 76.8 ± 5.3

BF%
 DCER 24.4 ± 2.5 24.0 ± 2.5 24.1 ± 2.1 24.3 ± 2.4
 ISOK 20.6 ± 2.0 20.5 ± 2.0 20.2 ± 2.0 20.4 ± 1.9
 CONT 24.8 ± 2.9 24.7 ± 2.9 24.5 ± 2.8 24.3 ± 2.8

TF%
 DCER 30.3 ± 2.7 30.3 ± 2.8 30.5 ± 2.6 30.2 ± 2.7
 ISOK 25.4 ± 1.7 25.0 ± 1.9 24.8 ± 1.8 25.1 ± 1.9
 CONT 28.1 ± 2.9 28.3 ± 2.9 28.7 ± 2.9 28.0 ± 2.9

TLM
 DCER 6570.3 ± 298.5 6582.1 ± 300.0 6595.5 ± 285.9 6494.3 ± 310.9
 ISOK 7064.5 ± 284.6 7072.8 ± 305.6 7046.3 ± 285.1 7046.3 ± 360.6
 CONT 6329.6 ± 278.0 6315.9 ± 260.3 6257.0 ± 263.7 6310.8 ± 254.3

TMCSA
 DCER 152.1 ± 9.5 150.9 ± 12.4 148.7 ± 12.1 151.0 ± 11.3
 ISOK 171.0 ± 9.6 173.4 ± 10.2 170.1 ± 9.9 175.4 ± 11.3
 CONT 151.4 ± 9.9 151.8 ± 8.4 153.0 ± 9.3 153.8 ± 7.8
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Isometric Assessments

There was no interaction for time × group and no main effect 
for times or group (P > 0.05). Table 5 displays the means 
(± SE) for isometricathle MVC for all groups.

Surface Electromyography

There was no four-way interaction for time × group × mus-
cle × velocity, no three-way interactions for time × mus-
cle × velocity, time × group × velocity, time × group × mus-
cle, time × muscle × velocity, or group × muscle × velocity, 
and no two-way interactions for time × muscle, time × group, 
time × velocity, group × muscle, velocity × muscle, or 

velocity × group for the EMG amplitude of the RF and VL 
(P > 0.05). However, there was a significant main effect for 
velocity (P < 0.05). Post-hoc pairwise comparisons for the 
marginal means (collapsed across time, group and muscle) 
indicated EMG amplitude was significantly higher at 180°/s 
than 90°/s (P < 0.05). Figure 5 displays the means (± SE) for 
EMG amplitude collapsed across groups, quadriceps mus-
cles, and velocity.

For the BF, there was no three-way interaction for 
time × group × velocity, and no two-way interactions 
for time × velocity, time × group, or group × velocity 
(P > 0.05). However, there were significant main effects 
for time and main effect for velocity (P < 0.05). Post-hoc 
pairwise comparisons for the marginal means (collapsed 

Table 3  Means (± SE) for 
isokinetic strength testing

PT peak torque, DCER dynamic constant external resistance, ISOK isokinetic, CONT control

Pre-training 
assessment 1

Post-training 
assessment 1

Post-training 
assessment 2

Post-training 
assessment 3

PT (N m)
DCER
 Dominant 90°/s 184.0 ± 11.4 188.3 ± 13.1 185.3 ± 11.0 186.4 ± 10.2

180°/s 131.5 ± 10.1 139.2 ± 11.6 133.9 ± 11.8 142.1 ± 8.4
 Non-dominant 90°/s 173.0 ± 11.7 168.1 ± 13.7 171.9 ± 13.5 168.3 ± 12.3

180°/s 131.8 ± 10.0 133.7 ± 12.1 137.2 ± 11.9 133.3 ± 13.4
ISOK
 Dominant 90°/s 196.1 ± 13.3 207.0 ± 13.7 197.9 ± 14.5 200.8 ± 15.2

180°/s 136.9 ± 8.1 154.0 ± 9.3 145.5 ± 9.7 184.7 ± 11.6
 Non-dominant 90°/s 187.0 ± 10.6 185.1 ± 12.5 183.1 ± 11.3 145.6 ± 10.5

180°/s 141.5 ± 8.1 144.2 ± 7.6 139.5 ± 7.5 144.8 ± 7.2
CONT
 Dominant 90°/s 159.6 ± 9.2 159.1 ± 10.5 152.9 ± 11.6 155.2 ± 9.5

180°/s 127.9 ± 7.9 128.7 ± 11.9 114.6 ± 8.5 121.8 ± 7.9
 Non-dominant 90°/s 157.8 ± 9.6 146.5 ± 8.9 139.2 ± 7.4 134.7 ± 4.9

180°/s 124.3 ± 7.2 125.2 ± 9.4 117.8 ± 9.5 116.6 ± 6.8

Table 4  Means (± SE) for 
dynamic constant external 
resistance 1-RM

1RM 1 repetition maximum, DCER dynamic constant external resistance, ISOK isokinetic, CONT control
a Denotes significant change from pre- to post-assessment 1

Pre-training 
assessment 1

Post-training 
assessment 1

Post-training 
assessment 2

Post-training 
assessment 3

1RM (kg)
 DCER
  Dominant 43.2 ± 2.7 52.4 ± 3.4a 50.3 ± 3.1a 50.8 ± 3.0a

  Non-dominant 42.3 ± 2.5 48.9 ± 3.8a 48.9 ± 3.5a 48.9 ± 3.2a

 ISOK
  Dominant 46.4 ± 4.2 49.5 ± 4.3 49.7 ± 4.3 48.0 ± 4.7
  Non-dominant 45.5 ± 4.0 47.7 ± 4.0 48.4 ± 4.1 46.5 ± 4.0

 CONT
  Dominant 40.5 ± 2.3 40.8 ± 2.1 40.7 ± 2.3 41.7 ± 1.7
  Non-dominant 40.7 ± 2.3 40.3 ± 2.2 40.2 ± 2.3 41.1 ± 1.8
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across group and velocity) indicated that EMG amplitude 
for the BF at post-training assessment 3 was significantly 
greater than the pre-training assessment, post-training 
assessment 1, and post-training assessment 2 (P < 0.05). 
In addition, post-hoc pairwise comparisons for the mar-
ginal means (collapsed across group and time) indicated 

that EMG amplitude for the BF was significantly greater at 
180°/s than 90°/s (P < 0.05). Figure 6 displays the means 
(± SE) for EMG amplitude collapsed across groups and 
velocities for the BF muscles.

Twitch Interpolation

There was no significant three-way interaction for 
time × group × intensity, and no two-way interactions 
for time × intensity, group × intensity, or time × group 
(P > 0.05). However, there was a significant main effect 
for intensity (P < 0.05). Post-hoc pairwise comparisons 
for the marginal means (collapsed across group and time) 
indicated voluntary activation significantly increased from 
30% to 100% of MVC intensity (P < 0.05). Figure 7 dis-
plays the means (± SE) for voluntary activation collapsed 
across groups and time.

Fig. 4  Means of percent change 
for leg extension (kg) 1-RM for 
the dominant (A) and non-
dominant (B) leg. *Denotes 
significant difference from the 
pre-test for the DCER group. 
DCER dynamic constant exter-
nal resistance, ISOK isokinetic, 
CONT control

Table 5  Means (± SE) for isometric maximal voluntary contraction

1RM 1 repetition maximum, DCER dynamic constant external resist-
ance, ISOK isokinetic, CONT control, MVC maximal voluntary con-
traction

Pre-training 
assessment 1

Post-training 
assessment 1

Post-training 
assessment 2

Post-training 
assessment 3

MVC (N)
 DCER 643.2 ± 44.2 668.2 ± 44.1 654.5 ± 42.8 667.8 ± 51.2
 ISOK 664.2 ± 52.5 657.7 ± 55.7 698.0 ± 47.9 734.3 ± 56.9
 CONT 463.3 ± 32.9 479.4 ± 35.6 493.7 ± 28.6 502.8 ± 27.9
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Mechanomyography

There was no four-way interaction for time × group × mus-
cle × velocity, no three-way interactions for time × muscle × velocity, 

time × group × muscle, time × group × velocity, or time × mus-
cle × velocity, and no two-way interactions for time × muscle, 
time × group, time × velocity, group × muscle, muscle × velocity, 
or group × velocity (P > 0.05). However, there was a significant 

Fig. 5  Means (± SE) for electromyographic amplitude collapsed across group, muscle, and velocity

Fig. 6  Means (± SE) for electromyographic amplitude collapsed groups and velocities for the BF muscles. *Denotes significant difference 
between tests
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three-way interaction for muscle × velocity × group (P < 0.05). 
Post-hoc pairwise comparisons for the marginal means (col-
lapsed across time) indicated a significant main effect for velocity 
(P < 0.05). MMG amplitude was significantly higher at 180°/s than 
90°/s for all groups (P < 0.05). Figure 8 displays the means (± SE) 
for MMG amplitude collapsed across groups, quadriceps muscles, 
and velocity.

Rating of Perceived Exertion

There was no three-way interaction for time × group × set, and 
no two-way interactions for time × set or time × group for set 
RPE (P > 0.05). However, there was a significant set × group 
interaction for training (P < 0.05). Post-hoc pairwise compari-
sons for the marginal means (collapsed across time) indicated 
a significant main effect for set RPE (P < 0.05) (Fig. 9). RPE 
increased significantly (P < 0.05) from the first until the last set 
within all sessions for both training groups. For session RPE, 
there was no two-way interaction for time × group and no main 
effect for time or main effect for group (P > 0.05) (Fig. 10).

Discussion

Perhaps the most important finding of the present study 
was the increases in DCER strength acquired in the DCER 
group. DCER strength increased similarly in both limbs for 
the DCER groups. In addition, the DCER group retained the 

strength gains during post-training assessments 2 and 3 over 
a two-week period. Typically, increases in strength obtained 
in longer resistance training programs are diminished after 
several weeks of training [13, 28, 29, 35, 50, 66]. Colliander 
and Tesch [13] compared the effects of resistance training 
and detraining using concentric-only and combined concen-
tric and eccentric muscle actions of the leg extensors and 
reported that the group performing coupled concentric and 
eccentric muscle actions had a greater overall increase in PT 
after training and detraining than the concentric-only group 
[13]. These authors suggested a resistance training program 
incorporating combined concentric and eccentric repetitions 
of leg extension can retain more of the obtained strength 
gains than the training program with concentric-only rep-
etitions [13]. Likewise, Farthing found eccentric muscle 
action training elicited greater strength gains than concentric 
training [24]. Similarly, Knight et al. [41] suggested isotonic 
muscle actions may be more effective at increasing torque 
because isokinetic resistance is accommodating, hence, it 
decreases with fatigue [41]. These findings [13, 24, 41], 
along with the findings of the current study may indicate an 
advantage of DCER over ISOK resistance training programs 
when conducted over a relatively short period of time.

No training-related PT changes were observed for any 
of the groups. The unique aspect of the present study was 
that both DCER and ISOK modes of training were used 
and neither resulted in increased ISOK strength. Overall, 
these results are consistent with studies that have reported 

Fig. 7  Means (± SE) for voluntary activation collapsed across group and time. *Denotes significant difference between percentages of maximum 
voluntary contraction. TI twitch interpolation
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no increases in PT after short-term ISOK training [3, 5, 55]. 
Brown and Whitehurst [5] reported no changes in PT after 
two days of leg extensors ISOK training [5]. Likewise, Beck 
et al. [3] reported no changes in PT after two days of forearm 
flexors and extensors ISOK training [3]. The results of the 
current study are partially in agreement with the findings 
of Prevost et al. [55], who reported no increases in PT after 
two days of ISOK training at the velocities of 30 and 150°/s 

[55]. However, these findings are in contrast with previous 
studies reporting ISOK PT increases after short-term ISOK 
training [11, 15].

The non-dominant leg increased strength, despite train-
ing only the dominant leg. Unilateral resistance training of 
a limb can increase the strength of the contralateral limb in 
a concept termed cross-education [25, 39, 43, 49]. Increases 
in the contralateral, untrained limb, have been extensively 

Fig. 8  Means (± SE) for MMG amplitude collapsed across groups, quadriceps muscles, and velocity

Fig. 9  Mean (± SE) for set 
rating of perceived exertion 
collapsed across both training 
groups.*Denotes significant 
change over sets within each 
training session
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reported in the literature [9, 14, 39, 43, 49, 53]. Perhaps 
an important finding of the current study is that short-term 
resistance training also elicits this cross-education effect. 
This has important implications for injury rehabilitation 
[25, 54, 70], in particular muscle strains and knee-related 
sprains, where in the initial period post-injury strength gains 
on an injured limb can possibly be obtained with short-term 
contralateral resistance training. Contralateral strength gains 
have been hypothesized to be attributed to central neural 
adaptations (i.e., excitation of the cortex), increased moto-
neuron output, and improved postural stabilization [9, 39, 
49, 53, 56]. In addition, eccentric muscle actions as seen 
with the DCER training group have been shown to cause 
reduced intracortical inhibition and increased corticospinal 
excitability compared to concentric muscle actions from the 
ISOK training group, suggesting eccentric muscle actions 
provide an unique stimulus for contralateral training [39].

Strength gains were also maintained during the two-week 
detraining period in the DCER group. Although subjects 
were untrained in the present study, these findings were 
similar to those of Hortobagyi et al. [34], who reported 
two weeks of detraining in resistance-trained athletes did 
not cause a significant decrease in maximal bench press, 
squat, isometric, or concentric isokinetic strength [34]. In 
addition, Ogasawara et al. [51] demonstrated strength was 
maintained following a three-week detraining period in pre-
viously untrained men [51]. Similarly, Shaver [61] found that 
recently acquired strength can be maintained in both trained 
and untrained limb for up to one week [61]. To our knowl-
edge, the current study is the first to demonstrate short-
term DCER is superior to ISOK training in increasing and 
maintaining strength for a two-week period in trained and 
untrained limbs. In contrast, other authors have suggested 
strength gains that have been recently acquired may dimin-
ish faster than in more experienced strength-trained athletes 
[48, 61]. Therefore, the history experience with resistance 

training (novice versus well-trained athletes) should be con-
sidered when interpreting the results of a short-term resist-
ance training program and its potential lasting effects.

Isometric MVC force did not change for any of the groups 
in the present study. These results are similar to those found 
by Beck et al. [3] who reported no changes in isometric PT 
after two days of forearm ISOK training [3]. These results are 
in contrast with those of Christie and Kamen [10], who com-
pared the effects of short-term training in young and older 
subjects [10]. These authors reported increases in MVC force 
after six sessions of isometric dorsiflexor exercises [10]. The 
discrepancies between their findings and the results of the 
current study are likely due to exercise specificity and/or the 
number of training sessions, as participants trained and tested 
in the same mode of muscle action (isometric) compared 
to the current study in which participants engaged in either 
DCER or ISOK muscle actions. The specificity principle 
was also demonstrated in the present study by the increase 
in DCER strength in the DCER training group only. Ruther-
ford et al. also demonstrated the specificity principle [56]. 
The authors reported large improvements in training load 
for dynamic leg extensions that were not reflected by a com-
parable magnitude of increases in isometric strength [56]. In 
addition, Christie and Kamen [10] trained their subjects for 
six training sessions while in the present study, participants 
only took part in three training sessions [10].

No changes in RF or VL EMG amplitude occurred in the 
present study. These results are in agreement with previous 
short-term resistance training studies reporting no change in 
muscle activation [3, 11, 15, 33]. For example, Beck et al. 
[3] reported no changes in EMG amplitude after two days of 
forearm flexors and extensors ISOK training [3]. Similarly, 
Coburn et al. [11] found increases in PT, but no changes 
in EMG amplitude after three days of short-term isokinetic 
training [11]. The authors suggested gains in PT after train-
ing were not caused by increases in muscle activation [11]. 
Further, Holtermann et al. [33] reported increases in isomet-
ric MVC strength but no increases in EMG after five days of 
isometric training [33]. Likewise, Cramer et al. [15] found 
no changes in EMG amplitude, but reported increases in PT 
[15]. Coburn et al. [11] suggested increases in PT without 
accompanying increases in EMG can be possible because of 
a decrease in the antagonist’s muscle coactivation induced 
by the training program and/or an increased ability in coordi-
nating stabilizing/synergistic muscles [11]. The results of the 
current study along with the findings of previous studies [11, 
15] suggest a greater duration of training may be necessary 
to induce detectable increases in muscle activation. Thus, 
an increase in PT without a concomitant increase in EMG 
amplitude could perhaps be due to other neural changes, 
such as synchronization of motor units and/or optimization 
of motor unit firing rates [33], or a decrease in reciprocal 
coactivation of the antagonist muscles [15].

Fig. 10  Mean (± SE) for session rating of perceived exertion col-
lapsed across both training groups
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Beck et al. [3] reported no changes in EMG amplitude 
of the antagonist muscles after two days of forearm flexors 
and extensors training ISOK [3]. However, EMG amplitude 
for the BF muscles increased at the post-training assess-
ment 3 in the current study. Other studies have also found 
an increase in antagonist coactivation as a result of training 
[18, 63, 67]. A decreased coactivation could theoretically 
increase force production, but evidence for mechanisms of 
increased agonist activation and decrease antagonist activa-
tion is equivocal [67]. An increase in reciprocal coactivation 
of the BF after training could be interpreted as a protective 
mechanism in an effort to maintain, rather than compromise, 
joint stability [18, 67]. Future studies should further investi-
gate the effects of antagonist muscle coactivation from short-
term resistance training.

There were no changes in %VA activation in the pre-
sent study as determined by the TI technique. These results 
are similar to those demonstrated by Tillin et al. [67], who 
reported no changes in %VA after four weeks of isometric 
training [67]. Likewise, although using a different method 
to determine muscle activation, Christie and Kamen [10] 
also found no changes in central activation after six days of 
isometric training [10]. In addition, the authors reported all 
subjects were able to fully activate their muscles voluntarily 
and thus, suggested increases in MVC isometric force were 
not due to an increased ability to activate their muscles fully 
[10]. The results of the current study are also in agreement 
with studies reporting no changes in percent of voluntary 
activation as assessed by the TI technique following resist-
ance training [4, 7, 8, 16, 27, 30, 31, 37, 59, 67]. In fact, 
Brown et al. [6] reported slight decreases in %VA activa-
tion following eight weeks of resistance training after an 
initial increase in the first four weeks [6]. Lack of changes in 
muscle activation are hypothesized to be attributed to com-
plete voluntary muscle activation prior to training, training 
and testing conducted using different muscle actions (i.e., 
dynamic and isometric), and some muscles displaying only 
a slight deficit in voluntary activation leaving only a small 
window of improvement [62]. The mean %VA in the present 
study ranged from 85%–87% for all groups over all assess-
ments. Perhaps longer training and/or higher training volume 
(i.e., more exercises) are necessary to increase %VA.

No changes in mechanomyography were found in the pre-
sent study. These findings are similar to those demonstrated 
by Cramer et al. [15]. In that study, the authors reported 
no changes in MMG amplitude after two days of isokinetic 
short-term resistance training with and without eight days of 
creatine supplementation [15]. In addition, the results in the 
current study indicate MMG amplitude was greater at 180°/s 
than 90°/s for all groups. These findings are also consistent 
with those of Cramer et al. [15], who reported MMG ampli-
tude increased from 30°/s to 150°/s to 270°/s [15]. Since 
the authors reported increases in PT but no increases in 

EMG or MMG amplitude, it was suggested these increases 
in strength from training were due to increases in motor unit 
firing rate rather than motor unit recruitment [15].

There was a minor decrease in BM for all groups from 
pre-training assessment to post-training assessment 1. 
No other changes in anthropometric or body composition 
occurred. These findings were in agreement with short-term 
resistance training studies, in which no significant hypertro-
phy or other body composition changes have been reported 
[1, 5, 11, 15, 55]. For example, Akima et al. [1] reported no 
increases in muscle CSA or fiber area after two weeks of 
resistance training. In contrast, DeFreitas et al. [19] reported 
increases in muscle CSA after six resistance training ses-
sions [19]. However, in addition to taking part in six training 
sessions compared to three in the present study, subjects 
trained in three lower body exercises involving agonist and 
antagonist muscle groups [19], which may explain the dif-
ference between the present findings and those of DeFreitas 
[19].

Some of the present study’s limitations were the use of 
DXA and anthropometric measures to assess lean mass and 
muscle CSA, respectively. In addition, the present study used 
apparently healthy but minimally-active participants, which 
may not replicate the results of injured patients. Further-
more, the findings of the current study with the quadriceps 
may not generalize to other muscle groups.

Conclusions

The primary finding of this study was that DCER strength 
can be increased with three days of training. Another impor-
tant result from the present study is that short-term resist-
ance training induces a cross-education effect increasing the 
strength in the untrained limb. This has important applica-
tions for injury rehabilitation, where in the initial period 
post-injury strength gains on an injured limb can possibly 
be obtained with short-term contralateral resistance training. 
The neuromuscular system undergoes numerous adaptations 
following a resistance training program [1, 23, 42, 46, 47, 
57, 64]. However, the specific mechanisms of such adapta-
tions in short-term training have not been fully understood 
[11]. Nevertheless, evidence has shown improvements in 
muscle performance can be observed in a shorter period than 
what is typically used in longer traditional training programs 
[1, 15, 46]. Although increases in strength following resist-
ance training have been attributed to neural and hypertrophic 
factors [23, 42, 46, 57, 58, 64], no increases in TMCSA, 
TLM, EMG and MMG amplitude, or %VA, were found in 
the current study. Therefore, strength gains observed after 
DCER resistance training were due to an unidentified factor. 
Future studies should investigate the precise physiological 
components responsible for short-term strength gains. The 
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findings of the current study may indicate an advantage of 
DCER over ISOK resistance training programs when con-
ducted over a relatively short period of time. When com-
pared to ISOK training, traditional DCER resistance train-
ing appears to be a better and more cost-effective option 
when rapid increases in strength are desired and a longer 
period of time is not available. These findings have impor-
tant implications in clinical rehabilitation settings, sports 
injury prevention, as well as in other allied health fields 
such as physical therapy, occupational therapy, and athletic 
training. Therefore, future studies should examine the effects 
of short-term resistance training on injury prevention and 
injury rehabilitation. Furthermore, muscle imbalance has 
also been associated with injury risk. Thus, future studies 
should also investigate the effects of short-term training to 
minimize muscle imbalances.

Authors' contributions PC and JC conceived and designed the research. 
PC and AH conducted experiments. TH wrote the analyses programs 
and contributed to data analyses. PC and JC analyzed and interpreted 
the data. PC wrote the manuscript and all authors contributed to edit-
ing and proofreading. All authors read and approved the manuscript.

Funding No funding was obtained for this particular investigation.

Availability of data and material Not applicable.

Code availability Software used are either widely available, or 
custom-written.

Declarations 

Conflicts of interest None of the authors have a conflict of interest to 
declare.

Ethics approval This study was approved by the university’s Institu-
tional Review Board for the protection of human subjects.

Informed consent Prior to any testing, all subjects read and signed an 
Informed Consent form.

Consent for publication All authors consent to the publication of this 
work.

References

 1. Akima H, Takahashi H, Kuno S Y, Masuda K, Masuda T, Shimojo 
H, Anno I, Itai Y, Katsuta S. Early phase adaptations of muscle 
use and strength to isokinetic training. Med Sci Sports Exerc. 
1999;31(4):588–94. https:// doi. org/ 10. 1097/ 00005 768- 19990 
4000- 00016.

 2. Allen GM, Gandevia SC, McKenzie DK. Reliability of measure-
ments of muscle strength and voluntary activation using twitch 
interpolation. Muscle Nerve. 1995;18(6):593–600. https:// doi. org/ 
10. 1002/ mus. 88018 0605.

 3. Beck TW, Housh TJ, Johnson GO, Weir JP, Cramer JT, Coburn 
JW, Malek MH, Mielke M. Effects of two days of isokinetic train-
ing on strength and electromyographic amplitude in the agonist 

and antagonist muscles. J Strength Cond Res. 2007;21(3):757–62. 
https:// doi. org/ 10. 1519/R- 20536.1.

 4. Brown AB, McCartney N, Sale DG. Positive adaptations 
to weight-lifting training in the elderly. J Appl Physiol. 
1990;69(5):1725–33. https:// doi. org/ 10. 1152/ jappl. 1990. 69.5. 
1725.

 5. Brown LE, Whitehurst M. The effect of short-term isokinetic 
training on force and rate of velocity development. J Strength 
Cond Res. 2003;17(1):88–94. https:// doi. org/ 10. 1519/ 1533- 
4287(2003) 017< 0088: teost i>2. 0. co;2.

 6. Brown N, Bubeck D, Haeufle DFB, Weickenmeier J, Kuhl E, Alt 
W, Schmitt S. Weekly time course of neuro-muscular adaptation 
to intensive strength training. Front Physiol. 2017;8:329. https:// 
doi. org/ 10. 3389/ fphys. 2017. 00329.

 7. Cannon J, Kay D, Tarpenning KM, Marino FE. Compara-
tive effects of resistance training on peak isometric torque, 
muscle hypertrophy, voluntary activation and surface EMG 
between young and elderly women. Clin Physiol Funct Imaging. 
2007;27(2):91–100. https:// doi. org/ 10. 1111/j. 1475- 097X. 2007. 
00719.x.

 8. Carolan B, Cafarelli E. Adaptations in coactivation after isometric 
resistance training. J Appl Physiol. 1992;73(3):911–7. https:// doi. 
org/ 10. 1152/ jappl. 1992. 73.3. 911.

 9. Carroll TJ, Herbert RD, Munn J, Lee M, Gandevia SC. Contralat-
eral effects of unilateral strength training: evidence and possible 
mechanisms. J Appl Physiol. 2006;101(5):1514–22. https:// doi. 
org/ 10. 1152/ jappl physi ol. 00531. 2006.

 10. Christie A, Kamen G. Short-term training adaptations in maximal 
motor unit firing rates and afterhyperpolarization duration. Muscle 
Nerve. 2010;41(5):651–60. https:// doi. org/ 10. 1002/ mus. 21539.

 11. Coburn JW, Housh TJ, Malek MH, Weir JP, Cramer JT, Beck TW, 
Johnson GO. Neuromuscular responses to three days of velocity-
specific isokinetic training. J Strength Cond Res. 2006;20(4):892–
8. https:// doi. org/ 10. 1519/R- 18745.1.

 12. Coleman AE. Effect of unilateral isometric and isotonic con-
tractions on the strength of the contralateral limb. Res Q. 
1969;40(3):490–5. https:// doi. org/ 10. 1111/j. 1748- 1716. 1992. 
tb092 63.x.

 13. Colliander EB, Tesch PA. Effects of detraining following short 
term resistance training on eccentric and concentric muscle 
strength. Acta Physiol Scand. 1992;144(1):23–9. https:// doi. org/ 
10. 1111/j. 1748- 1716. 1992. tb092 63.x.

 14. Coratella G, Milanese C, Schena F. Unilateral eccentric resist-
ance training: A direct comparison between isokinetic and 
dynamic constant external resistance modalities. Eur J Sport Sci. 
2015;15(3):720–6. https:// doi. org/ 10. 1080/ 17461 391. 2015. 10602 
64.

 15. Cramer JT, Stout JR, Culbertson JY, Egan AD. Effects of creatine 
supplementation and three days of resistance training on muscle 
strength, power output, and neuromuscular function. J Strength 
Cond Res. 2007;21(3):668–77. https:// doi. org/ 10. 1519/R- 20005.1.

 16. Davies J, Parker DF, Rutherford OM, Jones DA. Changes in 
strength and cross sectional area of the elbow flexors as a result 
of isometric strength training. Eur J Appl Physiol Occup Physiol. 
1988;57(6):667–70. https:// doi. org/ 10. 1007/ BF010 75986.

 17. Day ML, McGuigan MR, Brice G, Foster C. Monitoring exer-
cise intensity during resistance training using the session RPE 
scale. J Strength Cond Res. 2004;18(2):353–8. https:// doi. org/ 10. 
1519/R- 13113.1.

 18. de Boer MD, Morse CI, Thom JM, de Haan A, Narici MV. 
Changes in antagonist muscles’ coactivation in response to 
strength training in older women. J Gerontol A Biol Sci Med Sci. 
2007;62(9):1022–7. https:// doi. org/ 10. 1093/ gerona/ 62.9. 1022.

 19. DeFreitas JM, Beck TW, Stock MS, Dillon MA, Sherk VD, Stout 
JR, Cramer JT. A comparison of techniques for estimating train-
ing-induced changes in muscle cross-sectional area. J Strength 

https://doi.org/10.1097/00005768-199904000-00016
https://doi.org/10.1097/00005768-199904000-00016
https://doi.org/10.1002/mus.880180605
https://doi.org/10.1002/mus.880180605
https://doi.org/10.1519/R-20536.1
https://doi.org/10.1152/jappl.1990.69.5.1725
https://doi.org/10.1152/jappl.1990.69.5.1725
https://doi.org/10.1519/1533-4287(2003)017<0088:teosti>2.0.co;2
https://doi.org/10.1519/1533-4287(2003)017<0088:teosti>2.0.co;2
https://doi.org/10.3389/fphys.2017.00329
https://doi.org/10.3389/fphys.2017.00329
https://doi.org/10.1111/j.1475-097X.2007.00719.x
https://doi.org/10.1111/j.1475-097X.2007.00719.x
https://doi.org/10.1152/jappl.1992.73.3.911
https://doi.org/10.1152/jappl.1992.73.3.911
https://doi.org/10.1152/japplphysiol.00531.2006
https://doi.org/10.1152/japplphysiol.00531.2006
https://doi.org/10.1002/mus.21539
https://doi.org/10.1519/R-18745.1
https://doi.org/10.1111/j.1748-1716.1992.tb09263.x
https://doi.org/10.1111/j.1748-1716.1992.tb09263.x
https://doi.org/10.1111/j.1748-1716.1992.tb09263.x
https://doi.org/10.1111/j.1748-1716.1992.tb09263.x
https://doi.org/10.1080/17461391.2015.1060264
https://doi.org/10.1080/17461391.2015.1060264
https://doi.org/10.1519/R-20005.1
https://doi.org/10.1007/BF01075986
https://doi.org/10.1519/R-13113.1
https://doi.org/10.1519/R-13113.1
https://doi.org/10.1093/gerona/62.9.1022


253Journal of Science in Sport and Exercise (2022) 4:237–254 

1 3

Cond Res. 2010;24(9):2383–9. https:// doi. org/ 10. 1519/ JSC. 0b013 
e3181 ec86f3.

 20. Desbrosses K, Babault N, Scaglioni G, Meyer JP, Pousson M. 
Neural activation after maximal isometric contractions at differ-
ent muscle lengths. Med Sci Sports Exerc. 2006;38(5):937–44. 
https:// doi. org/ 10. 1249/ 01. mss. 00002 18136. 58899. 46.

 21. Douris PC. The effect of isokinetic exercise on the relationship 
between blood lactate and muscle fatigue. J Orthop Sports Phys 
Ther. 1993;17(1):31–5. https:// doi. org/ 10. 2519/ jospt. 1993. 17.1. 
31.

 22. Egan A, Winchester J, Foster C, McGuigan M. Using session RPE 
to monitor different methods of resistance exercise. J Sports Sci 
Med. 2006;5(2):289–95.

 23. Enoka RM. Muscle strength and its development. New perspec-
tives. Sports Med. 1988;6(3):146–68. https:// doi. org/ 10. 2165/ 
00007 256- 19880 6030- 00003.

 24. Farthing JP, Chilibeck PD. The effects of eccentric and concen-
tric training at different velocities on muscle hypertrophy. Eur 
J Appl Physiol. 2003;89(6):578–86. https:// doi. org/ 10. 1007/ 
s00421- 003- 0842-2.

 25. Farthing JP, Zehr EP, Hendy AM, Andrushko JW, Manca A, 
Deriu F, Loenneke J, Minetto MA, Hortobágyi T. Cross-educa-
tion: Is it a viable method for rehabilitation? Braz J Mot Behav. 
2020;15(1):1–4. https:// doi. org/ 10. 20338/ bjmb. v15i1. 215.

 26. Foster C, Florhaug JA, Franklin J, Gottschall L, Hrovatin LA, 
Parker S, Doleshal P, Dodge C. A new approach to monitor-
ing exercise training. J Strength Cond Res. 2001;15(1):109–15. 
https:// doi. org/ 10. 1519/ 00124 278- 20010 2000- 00019.

 27. Garfinkel S, Cafarelli E. Relative changes in maximal force, EMG, 
and muscle cross-sectional area after isometric training. Med Sci 
Sports Exerc. 1992;24(11):1220–7. https:// doi. org/ 10. 1249/ 00005 
768- 19921 1000- 00005.

 28. Hakkinen K, Alen M, Komi PV. Changes in isometric force- and 
relaxation-time, electromyographic and muscle fibre characteris-
tics of human skeletal muscle during strength training and detrain-
ing. Acta Physiol Scand. 1985;125(4):573–85. https:// doi. org/ 10. 
1111/j. 1748- 1716. 1985. tb077 60.x.

 29. Hakkinen K, Komi PV, Tesch PA. Effects of combined concen-
tric and eccentric strength training and detraining on force-time, 
muscle fiber and metabolic characteristics of leg extensor muscles. 
Scand J Med Sci Sports. 1981;3:50–8.

 30. Harridge SD, Kryger A, Stensgaard A. Knee extensor strength, 
activation, and size in very elderly people following strength 
training. Muscle Nerve. 1999;22(7):831–9. https:// doi. org/ 10. 
1002/ (SICI) 1097- 4598(199907) 22:7% 3c831:: AID- MUS4% 3e3.0. 
CO;2-3.

 31. Herbert RD, Dean C, Gandevia SC. Effects of real and imagined 
training on voluntary muscle activation during maximal isometric 
contractions. Acta Physiol Scand. 1998;163(4):361–8. https:// doi. 
org/ 10. 1046/j. 1365- 201X. 1998. t01-1- 00358.x.

 32. Hermens HJ, Freriks B, Merletti R, Stegeman D, Blok J, Rau G, 
Disselhorst-Klug C, Hägg G. SENIAM - European Recommenda-
tions for Surface Electromyography. In: Results of the SENIAM 
project. Roessingh Research and Development, Enschede, Neth-
erlands. 1999.

 33. Holtermann A, Roeleveld K, Vereijken B, Ettema G. Changes in 
agonist EMG activation level during MVC cannot explain early 
strength improvement. Eur J Appl Physiol. 2005;94(5–6):593–
601. https:// doi. org/ 10. 1007/ s00421- 005- 1365-9.

 34. Hortobagyi T, Houmard JA, Stevenson JR, Fraser DD, Johns 
RA, Israel RG. The effects of detraining on power athletes. Med 
Sci Sports Exerc. 1993;25(8):929–35. https:// doi. org/ 10. 1249/ 
00005 768- 19930 8000- 00008.

 35. Houston ME, Froese EA, Valeriote SP, Green HJ, Ranney DA. 
Muscle performance, morphology and metabolic capacity dur-
ing strength training and detraining: a one leg model. Eur J Appl 

Physiol Occup Physiol. 1983;51(1):25–35. https:// doi. org/ 10. 
1007/ BF009 52534.

 36. Ikai M, Fukunaga T. A study on training effect on strength per 
unit cross-sectional area of muscle by means of ultrasonic meas-
urement. Int Z Angew Physiol. 1970;28(3):173–80. https:// doi. 
org/ 10. 1007/ BF006 96025.

 37. Jones DA, Rutherford OM. Human muscle strength training: the 
effects of three different regimens and the nature of the resultant 
changes. J Physiol. 1987;391(1):1–11. https:// doi. org/ 10. 1113/ 
jphys iol. 1987. sp016 721.

 38. Kanehisa H, Miyashita M. Specificity of velocity in strength 
training. Eur J Appl Physiol Occup Physiol. 1983;52(1):104–6. 
https:// doi. org/ 10. 1007/ BF004 29034.

 39. Kidgell DJ, Frazer AK, Daly RM, Rantalainen T, Ruotsalainen 
I, Ahtiainen J, Avela J, Howatson G. Increased cross-education 
of muscle strength and reduced corticospinal inhibition follow-
ing eccentric strength training. Neuroscience. 2015;300:566–75. 
https:// doi. org/ 10. 1016/j. neuro scien ce. 2015. 05. 057.

 40. Knight CA, Kamen G. Adaptations in muscular activation of the 
knee extensor muscles with strength training in young and older 
adults. J Electromyogr Kinesiol. 2001;11(6):405–12. https:// doi. 
org/ 10. 1016/ s1050- 6411(01) 00023-2.

 41. Knight K, Ingersoll C, Bartholomew J. Isotonic contractions 
might be more effective than isokinetic contractions in devel-
oping muscle strength. J Sport Rehabil. 2001;10(2):124–31. 
https:// doi. org/ 10. 1123/ JSR. 10.2. 124.

 42. Kraemer WJ, Fleck SJ, Evans WJ. Strength and power training: 
physiological mechanisms of adaptation. Exerc Sport Sci Rev. 
1996;24(1):363–97. https:// doi. org/ 10. 1249/ 00003 677- 19960 
0240- 00014.

 43. Manca A, Dragone D, Dvir Z, Deriu F. Cross-education of mus-
cular strength following unilateral resistance training: a meta-
analysis. Eur J Appl Physiol. 2017;117(11):2335–54. https:// 
doi. org/ 10. 1007/ s00421- 017- 3720-z.

 44. Matuszak ME, Fry AC, Weiss LW, Ireland TR, McKnight MM. 
Effect of rest interval length on repeated 1 repetition maximum 
back squats. J Strength Cond Res. 2003;17(4):634–7. https:// 
doi. org/ 10. 1519/ 1533- 4287(2003) 017< 0634: EORIL O>2. 0. 
CO;2.

 45. Merton PA. Interaction between muscle fibres in a twitch. J Phys-
iol. 1954;124(2):311–24. https:// doi. org/ 10. 1113/ jphys iol. 1954. 
sp005 110.

 46. Moritani T, deVries HA. Neural factors versus hypertrophy 
in the time course of muscle strength gain. Am J Phys Med. 
1979;58(3):115–30.

 47. Moritani T, deVries HA. Potential for gross muscle hypertrophy 
in older men. J Gerontol. 1980;35(5):672–82. https:// doi. org/ 10. 
1093/ geronj/ 35.5. 672.

 48. Mujika I, Padilla S. Detraining: loss of training-induced physi-
ological and performance adaptations Part I: short term insuf-
ficient training stimulus. Sports Med. 2000;30(2):79–87. https:// 
doi. org/ 10. 2165/ 00007 256- 20003 0020- 00002.

 49. Munn J, Herbert RD, Gandevia SC. Contralateral effects of 
unilateral resistance training: a meta-analysis. J Appl Physiol. 
2004;96(5):1861–6. https:// doi. org/ 10. 1152/ jappl physi ol. 00541. 
2003.

 50. Narici MV, Roi GS, Landoni L, Minetti AE, Cerretelli P. Changes 
in force, cross-sectional area and neural activation during strength 
training and detraining of the human quadriceps. Eur J Appl Phys-
iol Occup Physiol. 1989;59(4):310–9. https:// doi. org/ 10. 1007/ 
BF023 88334.

 51. Ogasawara R, Yasuda T, Sakamaki M, Ozaki H, Abe T. Effects 
of periodic and continued resistance training on muscle CSA and 
strength in previously untrained men. Clin Physiol Funct Imaging. 
2011;31(5):399–404. https:// doi. org/ 10. 1111/j. 1475- 097X. 2011. 
01031.x.

https://doi.org/10.1519/JSC.0b013e3181ec86f3
https://doi.org/10.1519/JSC.0b013e3181ec86f3
https://doi.org/10.1249/01.mss.0000218136.58899.46
https://doi.org/10.2519/jospt.1993.17.1.31
https://doi.org/10.2519/jospt.1993.17.1.31
https://doi.org/10.2165/00007256-198806030-00003
https://doi.org/10.2165/00007256-198806030-00003
https://doi.org/10.1007/s00421-003-0842-2
https://doi.org/10.1007/s00421-003-0842-2
https://doi.org/10.20338/bjmb.v15i1.215
https://doi.org/10.1519/00124278-200102000-00019
https://doi.org/10.1249/00005768-199211000-00005
https://doi.org/10.1249/00005768-199211000-00005
https://doi.org/10.1111/j.1748-1716.1985.tb07760.x
https://doi.org/10.1111/j.1748-1716.1985.tb07760.x
https://doi.org/10.1002/(SICI)1097-4598(199907)22:7%3c831::AID-MUS4%3e3.0.CO;2-3
https://doi.org/10.1002/(SICI)1097-4598(199907)22:7%3c831::AID-MUS4%3e3.0.CO;2-3
https://doi.org/10.1002/(SICI)1097-4598(199907)22:7%3c831::AID-MUS4%3e3.0.CO;2-3
https://doi.org/10.1046/j.1365-201X.1998.t01-1-00358.x
https://doi.org/10.1046/j.1365-201X.1998.t01-1-00358.x
https://doi.org/10.1007/s00421-005-1365-9
https://doi.org/10.1249/00005768-199308000-00008
https://doi.org/10.1249/00005768-199308000-00008
https://doi.org/10.1007/BF00952534
https://doi.org/10.1007/BF00952534
https://doi.org/10.1007/BF00696025
https://doi.org/10.1007/BF00696025
https://doi.org/10.1113/jphysiol.1987.sp016721
https://doi.org/10.1113/jphysiol.1987.sp016721
https://doi.org/10.1007/BF00429034
https://doi.org/10.1016/j.neuroscience.2015.05.057
https://doi.org/10.1016/s1050-6411(01)00023-2
https://doi.org/10.1016/s1050-6411(01)00023-2
https://doi.org/10.1123/JSR.10.2.124
https://doi.org/10.1249/00003677-199600240-00014
https://doi.org/10.1249/00003677-199600240-00014
https://doi.org/10.1007/s00421-017-3720-z
https://doi.org/10.1007/s00421-017-3720-z
https://doi.org/10.1519/1533-4287(2003)017<0634:EORILO>2.0.CO;2
https://doi.org/10.1519/1533-4287(2003)017<0634:EORILO>2.0.CO;2
https://doi.org/10.1519/1533-4287(2003)017<0634:EORILO>2.0.CO;2
https://doi.org/10.1113/jphysiol.1954.sp005110
https://doi.org/10.1113/jphysiol.1954.sp005110
https://doi.org/10.1093/geronj/35.5.672
https://doi.org/10.1093/geronj/35.5.672
https://doi.org/10.2165/00007256-200030020-00002
https://doi.org/10.2165/00007256-200030020-00002
https://doi.org/10.1152/japplphysiol.00541.2003
https://doi.org/10.1152/japplphysiol.00541.2003
https://doi.org/10.1007/BF02388334
https://doi.org/10.1007/BF02388334
https://doi.org/10.1111/j.1475-097X.2011.01031.x
https://doi.org/10.1111/j.1475-097X.2011.01031.x


254 Journal of Science in Sport and Exercise (2022) 4:237–254

1 3

 52. Parcell AC, Sawyer RD, Tricoli VA, Chinevere TD. Minimum rest 
period for strength recovery during a common isokinetic testing 
protocol. Med Sci Sports Exerc. 2002;34(6):1018–22. https:// doi. 
org/ 10. 1097/ 00005 768- 20020 6000- 00018.

 53. Pearce AJ, Hendy A, Bowen WA, Kidgell DJ. Corticospinal adap-
tations and strength maintenance in the immobilized arm follow-
ing 3 weeks unilateral strength training. Scand J Med Sci Sports. 
2013;23(6):740–8. https:// doi. org/ 10. 1111/j. 1600- 0838. 2012. 
01453.x.

 54. Pelet DCS, Orsatti FL. Effects of resistance training at different 
intensities of load on cross-education of muscle strength. Appl 
Physiol Nutr Metab. 2021;46(10):1279–89. https:// doi. org/ 10. 
1139/ apnm- 2021- 0088.

 55. Prevost MC, Nelson AG, Maraj BKV. The effect of two days 
of velocity-specific isokinetic training on torque production. J 
Strength Cond Res. 1999;13(1):35–9. https:// doi. org/ 10. 1519/ 
1533- 4287(1999) 013< 0035: TEOTD O>2. 0. CO;2.

 56. Rutherford OM, Jones DA. The role of learning and coordina-
tion in strength training. Eur J Appl Physiol Occup Physiol. 
1986;55(1):100–5. https:// doi. org/ 10. 1007/ BF004 22902.

 57. Sale DG. Influence of exercise and training on motor unit acti-
vation. Exerc Sport Sci Rev. 1987;15:95–151. https:// doi. org/ 10. 
1249/ 00003 677- 19870 0150- 00008.

 58. Sale DG. Neural adaptation to resistance training. Med Sci Sports 
Exerc. 1988;20(5 Suppl):S135–45. https:// doi. org/ 10. 1249/ 00005 
768- 19881 0001- 00009.

 59. Sale DG, Martin JE, Moroz DE. Hypertrophy without increased 
isometric strength after weight training. Eur J Appl Physiol Occup 
Physiol. 1992;64(1):51–5. https:// doi. org/ 10. 1007/ BF003 76440.

 60. Selvanayagam VS, Riek S, Carroll TJ. Early neural responses to 
strength training. J Appl Physiol. 2011;111(2):367–75. https:// doi. 
org/ 10. 1152/ jappl physi ol. 00064. 2011.

 61. Shaver LG. Cross transfer effects of conditioning and decondition-
ing on muscular strength. Ergonomics. 1975;18(1):9–16. https:// 
doi. org/ 10. 1080/ 00140 13750 89314 35.

 62. Shield A, Zhou S. Assessing voluntary muscle activation with the 
twitch interpolation technique. Sports Med. 2004;34(4):253–67. 
https:// doi. org/ 10. 2165/ 00007 256- 20043 4040- 00005.

 63. Simoneau E, Martin A, Porter MM, Van Hoecke J. Strength train-
ing in old age: adaptation of antagonist muscles at the ankle joint. 
Muscle Nerve. 2006;33(4):546–55. https:// doi. org/ 10. 1002/ mus. 
20492.

 64. Staron RS, Karapondo DL, Kraemer WJ, Fry AC, Gordon SE, 
Falkel JE, Hagerman FC, Hikida RS. Skeletal muscle adapta-
tions during early phase of heavy-resistance training in men and 
women. J Appl Physiol. 1994;76(3):1247–55. https:// doi. org/ 10. 
1152/ jappl. 1994. 76.3. 1247.

 65. Sweet TW, Foster C, McGuigan MR, Brice G. Quantitation of 
resistance training using the session rating of perceived exertion 
method. J Strength Cond Res. 2004;18(4):796–802. https:// doi. 
org/ 10. 1519/ 14153.1.

 66. Thorstensson A. Observations on strength training and detraining. 
Acta Physiol Scand. 1977;100(4):491–3. https:// doi. org/ 10. 1111/j. 
1748- 1716. 1977. tb059 75.x.

 67. Tillin NA, Pain MT, Folland JP. Short-term unilateral resistance 
training affects the agonist-antagonist but not the force-agonist 
activation relationship. Muscle Nerve. 2011;43(3):375–84. https:// 
doi. org/ 10. 1002/ mus. 21885.

 68. Weir JP, Wagner LL, Housh TJ. The effect of rest interval length 
on repeated maximal bench presses. J Strength Cond Res. 
1994;8(1):58–60. https:// doi. org/ 10. 1519/ 1533- 4287(1994) 008< 
0058: TEORI L>2. 3. CO;2.

 69. Whaley MH, Brubaker PH, Otto RM. ACSM’s guidelines for 
exercise testing and prescription. 7th ed. Philadelphia: Lippincott 
Williams & Wilkins; 2006.

 70. Young JL, Snodgrass SJ, Cleland JA, Rhon DI. Timing of physical 
therapy for individuals with patellofemoral pain and the influence 
on healthcare use, costs and recurrence rates: an observational 
study. BMC Health Serv Res. 2021;21(1):751. https:// doi. org/ 10. 
1186/ s12913- 021- 06768-8.

https://doi.org/10.1097/00005768-200206000-00018
https://doi.org/10.1097/00005768-200206000-00018
https://doi.org/10.1111/j.1600-0838.2012.01453.x
https://doi.org/10.1111/j.1600-0838.2012.01453.x
https://doi.org/10.1139/apnm-2021-0088
https://doi.org/10.1139/apnm-2021-0088
https://doi.org/10.1519/1533-4287(1999)013<0035:TEOTDO>2.0.CO;2
https://doi.org/10.1519/1533-4287(1999)013<0035:TEOTDO>2.0.CO;2
https://doi.org/10.1007/BF00422902
https://doi.org/10.1249/00003677-198700150-00008
https://doi.org/10.1249/00003677-198700150-00008
https://doi.org/10.1249/00005768-198810001-00009
https://doi.org/10.1249/00005768-198810001-00009
https://doi.org/10.1007/BF00376440
https://doi.org/10.1152/japplphysiol.00064.2011
https://doi.org/10.1152/japplphysiol.00064.2011
https://doi.org/10.1080/00140137508931435
https://doi.org/10.1080/00140137508931435
https://doi.org/10.2165/00007256-200434040-00005
https://doi.org/10.1002/mus.20492
https://doi.org/10.1002/mus.20492
https://doi.org/10.1152/jappl.1994.76.3.1247
https://doi.org/10.1152/jappl.1994.76.3.1247
https://doi.org/10.1519/14153.1
https://doi.org/10.1519/14153.1
https://doi.org/10.1111/j.1748-1716.1977.tb05975.x
https://doi.org/10.1111/j.1748-1716.1977.tb05975.x
https://doi.org/10.1002/mus.21885
https://doi.org/10.1002/mus.21885
https://doi.org/10.1519/1533-4287(1994)008<0058:TEORIL>2.3.CO;2
https://doi.org/10.1519/1533-4287(1994)008<0058:TEORIL>2.3.CO;2
https://doi.org/10.1186/s12913-021-06768-8
https://doi.org/10.1186/s12913-021-06768-8

	The Effects of Short-Term Resistance Training and Subsequent Detraining on Neuromuscular Function, Muscle Cross-Sectional Area, and Lean Mass
	Abstract
	Purpose 
	Methods 
	Results 
	Conclusion 

	Introduction
	Methods
	Subjects
	Research Design
	Familiarization Trial
	Dual-Energy X-ray Absorptiometry
	Muscle Cross-Sectional Area
	Isokinetic Assessments
	Dynamic Constant External Resistance Assessments
	Electromyography
	Mechanomyography
	Isometric Assessments
	Twitch Interpolation
	Signal Processing
	Isokinetic and Dynamic Constant External Resistance Training Protocol
	Rating of Perceived Exertion
	Statistical Analyses

	Results
	Anthropometric and Body Composition Characteristics
	Isokinetic Assessments
	Dynamic Constant External Resistance Assessments
	Isometric Assessments
	Surface Electromyography
	Twitch Interpolation
	Mechanomyography
	Rating of Perceived Exertion

	Discussion
	Conclusions
	References




