
 

 

Effects of Resistance Training Volume on 

Consolidation of Motor Learning 
 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Ismat Zadran 

Jakob Nødgaard Strange Jensen 

Emil Birkmose Sørensen 



Received 31 May, 2024; Revised 14 June, 2024; Accepted 14 June, 2024

DOI: xxx/xxxx

ORIGINAL ARTICLE

Effects of Resistance Training Volume on Consolidation of Motor
Learning

Ismat Zadran*1 | Jakob Nødgaard Strange Jensen1 | Emil Birkmose Sørensen1

1Department of Health Science and
Technology, Aalborg University, Selma
Lagerløfs Vej 249, Aalborg, Denmark

Correspondence
*Ismat Zadran, Selma Lagerløfs Vej 249.
Email: izadra17@student.aau.dk

ABSTRACT

OBJECTIVE: The aim of this study was to investigate the effects of resistance
training (RT) volume on consolidation of motor learning.

METHODS: Thirty-one participants (25 ± 2.21 years) were randomly assigned to
an RT-group that performed one set (1-SET; n = 10) or three sets (3-SET; n =
11) in all exercises or control (CON; n = 10) that rested during RT-session. All
groups performed a visuomotor accuracy tracking task (VAT), which consisted of a
baseline test and acquisition phase composed of three blocks: Block1 (B1), Block2
(B2) and Block3 (B3). 1-SET and 3-SET performed RT after B3 while CON rested
for 25 minutes. Two retention tests were conducted. 1-SET and 3-SET performed
first retention (R0) after RT. CON performed R0 after 25 minutes of rest. Second
retention (R7) was completed seven days after R0. Furthermore, a plateau test was
executed after R7.

RESULTS: All groups improved from baseline to B3 (p < 0.01). Furthermore, there
was no significant GROUPxTIME interaction from B3 to R0 and R7 (p = 0.90).
Additionally, no differences were found in VAT-scores between groups from baseline
to B3 (p = 0.34) and B3 to R0 and R7 (p = 0.86). No significant changes in VAT-
scores were found from B3 to R0 and R7 (p = 0.48).

CONCLUSION: VAT increased motor skill performance throughout the online
acquisition phase while RT, regardless of volume, did not lead to additional offline
improvements, indicating no beneficial effects on consolidation of motor skill at R0
and R7.
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1 INTRODUCTION

Motor learning is defined as a dual-component process: I. skill acquisition and II. skill maintenance1. Skill acquisition refers
to the process in which an individual acquires the ability to identify an appropriate movement goal given a particular task
context, select the correct action given a sensory stimulus, and execute that action with accuracy and precision1. In contrast, skill
maintenance refers to the ability to maintain performance levels of existing skills under changing conditions1 . An example of
motor learning could be the acquisition of a new motor skill such as walking during infancy2. Motor skills play a fundamental
role in numerous daily activities3, which highlights the importance of understanding the mechanisms behind motor learning in
order to improve them effectively. The mechanism that facilitates motor learning is neuroplasticity, which refers to the nervous
system’s ability to reorganize and change its structure and function4,5. The structural reorganization occurs for example when a
new motor skill is being learned (online learning) and can also happen between sessions (offline learning)5. The latter describes
the consolidation process, wherein improvements in skill occur after the end of practice and the fragile memory turns into a
stable and robust memory5. The process of consolidation may be subject to various influences, including practice and sleep,
consequently exerting an effect on the acquisition of motor skills5,6. These processes can therefore be seen as necessary since
they play an important role with regards to acquiring a new motor skill.
Studies have shown that it is possible to further improve motor skill learning with the addition of exercise. A review investi-

gated the effects of aerobic exercise onmotor skill learning, and results suggest that it can improvemotor learning7. However, the
timing of the aerobic exercise matters, since aerobic exercise prior to skill practice reinforces short-term, non-sleep consolidation
processes, while exercise after skill practice can improve long term sleep-dependent consolidation7. A potential explanation for
increased motor memory consolidation could be the increased brain derived neurotrophic factor (BDNF) expression following
the physical activity session8. BDNF is essential for neuronal survival and growth, and it also participates in neuronal plasticity,
which is essential for learning and memory8.
The evidence is not clear for why BDNF is increased following exercise, and the mechanisms are not fully understood9. It has

been proposed that a key mechanism that might trigger the production of BDNF is lactate, since higher lactate concentrations
following high intensity interval training led to greater BDNF expression compared to moderate intensity training10. The reason
why lactate could be a subject to explaining increased BDNF expression is due to the fact that it can pass the blood-brain barrier9.
Hereby lactate will exert its neurotrophic and metabolic effects on neurons such as entering the neuron cell body and increase
intracellular nicotinamide adenine dinucleotide (NADH), resulting in increased calcium levels and BDNF gene expression9. The
released BDNF can thereby enhance neuroplasticity through different mechanisms such as neurogenesis and synaptogenesis9.
It is therefore evident that physical exercise can improve motor skill learning, but few studies have investigated if exercise

type plays a role. One study investigated this topic with hockey, circuit training, and resistance training (RT)11. In the study,
the exercise was scheduled to be performed immediately following motor skill training, which theoretically primes the phase
of memory consolidation7. The study found that hockey, circuit training, and RT improved the participants’ one-day retention
test score in a visuomotor accuracy tracking task (VAT) after physical exercise11, supporting the notion that different exercise
modalities can enhance motor skill learning. This might be due to the elevated blood lactate (BLAC) levels post exercise, which
leads to increased BDNF production11. Since multiple sets of RT leads to higher BLAC levels12, and thereby increased BDNF,
it could potentially lead to increased motor skill performance. The study, which examined different exercise modalities’ effects
on motor skill learning and BLAC levels, did not examine the relationship between volume in each exercise modality and its
effect on motor skill performance11,12. Therefore, the aim of the present study was to further analyze the effects of RT on motor
learning in terms of how RT volume affects consolidation of motor learning. We hypothesized that: I. performance in the motor
skill VAT would improve throughout the motor acquisition phase, and II. it was hypothesized that the one set (1-SET) group and
three sets (3-SET) group would retain motor performance more effectively compared to control group (CON) in a dose-response
relationship.
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2 MATERIALS AND METHODS

2.1 Participants
In the present study, 33 individuals were recruited, of whom 31 completed the intervention (23 men and 8 women). Two partic-
ipants missed a session and were therefore excluded from the study. All participants signed a written consent form prior to the
intervention. Descriptive data of the participants, sorted in groups, are presented in (Table 1).
Individuals had to be ≥18 years to participate in the study. Furthermore, individuals were not allowed to participate, if they:

had injuries and/or pain preventing them from performing the RT exercises, were either current or past users of substances listed
by Anti-Doping Denmark, had a chronic illness/psychiatric disorder or were professional musicians.

TABLE 1 Descriptive data of the male and female participants in each group.

Group CON (n = 10) 1-SET (n = 10) 3-SET (n = 11)
Age (years) 25 ± 2.21 26 ± 1.90 26 ± 2.32

Height (centimeter) 181.0 ± 8.36 178.5 ± 11.74 178.5 ± 8.05
Body weight (kilograms) 81.48 ± 12.10 91.43 ± 22.35 78.99 ± 11.26
RT experience (1-4) 3 ± 0.80 3 ± 0.50 3 ± 0.64
Sex (male; female) 8; 2 8; 2 7; 4

2.2 Experimental procedure
The intervention consisting of three sessions (session 1, session 2 and session 3) lasted four weeks, as depicted in (Figure 1).
The experimental procedure was inspired by a pilot study that was conducted prior to the main experiment. During session 1,
the participants had to fill out two questionnaires: one regarding RT experience and one regarding anthropometric data. This
data was used for the stratification process later. The participants 12RM were thereafter tested in the following RT exercises:
leg press, seated cable flyes and machine-assisted pull-ups.
Session 2 was extended to two weeks since its duration couldn’t be accommodated within one week’s time. In session 2, the

participants first completed a questionnaire regarding sleep quality for the previous night, followed by a BLAC measurement
from a fingertip of their non-dominant hand. They were then introduced to the motor skill: VAT. In the VAT, a baseline test was
first performed, followed by three acquisition blocks: Block1 (B1), Block2 (B2) and Block3 (B3). After completion of B3, the
participants were then subjected to one of the following procedures: I. one set or II. three sets to failure with a load corresponding
to 12RM in the aforementioned exercises or III. control (25 minutes rest). In this regard the participants were stratified and
randomized into one of the three interventions prior to session 2, based on the stratification parameters: Sex and RT experience.
A BLAC measurement was carried out two minutes after completing the RT intervention12. Session 2 ended with participants
performing their first retention test (R0), which was identical to the baseline test.
The participants were then instructed to attend session 3 seven days post their individual session 2. Three participants were

unable to complete session 3 seven days post session 2, resulting in six or eight days of retention. Session 3 began with partic-
ipants filling out the questionnaire regarding sleep quality for the previous night. They performed thereafter a second retention
test (R7), which was identical with the two tests in session 2. Lastly, the session ended with the participants performing a plateau
test.



4 Zadran ET AL

Fig. 1 Study design. In this study, a total of 31 participants engaged in and completed the experimental protocol. In the first
week, the participants had their first session (session 1), wherein they filled out two questionnaires: One regarding resistance
training experience and one regarding anthropometric data. Additionally, a 12-repetition maximum test was conducted. Partic-
ipants were then stratified and randomized, based on these data, into one of the following groups: 1-SET, 3-SET or CON. The
second session (session 2) began in the second or third week. Two weeks were allocated for session 2, since difficulties among
participants arose during planning their arrival, which would lead to overlapping visits among them if only one week was allo-
cated. The reason for this was session 2 was time consuming. Third session (session 3) began seven days post their individual
session 2.

2.2.1 Visuomotor accuracy tracking task
This study tested fine motor skill acquisition and retention by a VAT (FollowMe 1.12, Knud Larsen, Aalborg University, Den-
mark). A handheld dynamometer was used to run the VAT (The Ultium Hand Grip Dynamometer SmartLead, NORAXON,
Scottsdale, Arizona, USA). Before performing the VAT, the participants were seated on a chair while holding the dynamometer
in their dominant hand. Their dominant forearm was positioned on the table. A maximal voluntary contraction (MVC) test of
the finger flexors was then performed prior to session 2 and session 3. The participants were given three trials in the MVC-test
to reach their peak force. A force equal to 10% of their peak force was used as summit point in each of the six different patterns.
The MVC-trials lasted for three seconds with one minute rest in between trials. Afterwards, the participants were instructed to
follow a pattern on a computer screen using the handheld dynamometer. There were six different patterns to follow, each lasting
five seconds. An example of a pattern participants had to follow is depicted in (Figure 2). To follow the patterns participants
had to either squeeze or release the handle representing a rise or fall of the slope, respectively. Prior to baseline test and R7,
participants were instructed to squeeze and release the handle to familiarize them with the task.
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The patterns were performed in blocks of either 10 or 20 trials and emerged in randomized sequences. The baseline and
retention tests encompassed 10 trials, whereas the acquisition blocks and the plateau test encompassed 20 trials. At the beginning
of each pattern, the participants were presented with a countdown on the computer screen displaying: 3, 2, 1, GO! Each pattern
had a preparation phase, consisting of a one second horizontal line (0-1 second), followed by the actual performance phase of
four seconds (1-5 seconds). Only data from the performance phase was extracted and used in the statistical analysis. Participants
were given one minute rest between blocks. To measure motor performance, the Root Mean Square Error (RMSE) was used.
RMSE was calculated in MATLAB (Version: 23.2.0.2515942 (R2023b) Update 7). A low score indicated high skill level and
vice versa.

Fig. 2 Visuomotor accuracy tracking task. The blue graph represents an example of the pattern participants had to follow
during the visuomotor accuracy tracking task (VAT). Squeezing the handle led to an increase in slope while a release led to a
decrease. The red graph illustrates a sample participant’s performance in replicating the computer-generated pattern.

2.2.2 12 Repetition Maximum Test
During session 1, the participants completed a 12RM-test. The purpose of the 12RM-test was to determine their individual load,
which they would use during the RT in session 2. Before performing the exercises, the participants were informed to complete
every repetition with a full range of motion (ROM) and were given technical instructions for each exercise in order to standardize
the difficulty of exercises for the participants.
Prior to the 12RM-test, the participants warmed up to maximize performance13 and reduce the risk of injury14. The warm-up

consisted of a minimum of three sets of 12 repetitions in each of the three exercises, in which the load was progressively added
until they reached an appropriate weight for a 12RM-attempt. Adjustments of the load were specific to each participant and
was based on their repetitions in reserve (RIR). An agreement from both parties had to be reached, with regards to how much
load should be added, before continuing onto the next warm-up set. Participants were asked how many RIR they had left upon
completing a warm-up set, and based on the RIR, a specific rest interval was given to the participant. The RIR number dictated
the duration of the pause as following: RIR 7 or higher = one minute of rest, RIR 4-6 = two minutes of rest and RIR 3 or less
= three minutes of rest. If a participant reached RIR 0 at 10-11 repetitions or reported 1 or 2 RIR after a set of 12 repetitions,
an estimated 12RM was calculated. The following equation y = 102.54e−0.019x, developed on data from15, was used for the
calculation of estimated 12RM. In this equation, x represents the number of repetitions and y represents percentage of 1RM.
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2.2.3 Resistance training intervention
Participants in the CON were instructed to rest for 25 minutes outside the experiment zone after completing the VAT. CON’s
rest time was based on 1-SET’s RT workout duration, which lasted 25 minutes. The duration of the RT session in 3-SET was 50
minutes.
The RT-groups, 1-SET and 3-SET, first performed a warm-up previous to the RT exercises, following the same protocol as

previously mentioned in 2.2.2. After completing the warm-up, the RT-groups performed one set and three sets to failure with
a load equal to their 12RM in the exercises, respectively. 3-SET had three minutes of rest between their working sets. Same
criteria for valid repetitions were set as mentioned in 2.2.2, to standardize the repetitions in the exercises.

2.2.4 Blood lactate measurements
BLAC measurements were collected with the finger prick method (Accutrend R© Plus System, Roche Diagnostics, Switzerland).
BLAC was measured since it could be used as an indirect biomarker for BDNF production, since the correlation between them
are high, especially in this type of RT program16. 1-SET and 3-SET received a BLAC measurement in session 2 pre and post
RT, while CON received their pre and post 25 minutes of rest.
All participants had their non-dominant hand heated for two minutes before their first BLAC measurement. CON received

additional heating after 25 minutes of rest. A sample was taken immediately after the heating. The heating increased the arterial
blood flow to the fingers, which ensured ample blood supply when extracting it from the fingertip. These considerations were
based on a study and experience gained from the pilot study17. BLAC measurements were performed two minutes after RT,
since an RT study found BLAC concentrations were at its peak at this point12.

2.2.5 Questionnaires
Four questionnaires were used in this study. The first questionnaire collected data on participants RT experience. This was
achieved through a scoring system, that was inspired by a study18. The parameters this study used from the original study were:
current continuous training period, period without training and previous training experience. Participants were given a score
for each parameter and the mean (rounded to nearest integer) of the three parameters was calculated. The mean value ranged
from 1 to 4 points represented by the classifications: 1. Beginner 2. Intermediate 3. Advanced or 4. Highly advanced. The
second questionnaire was dedicated to gather information on anthropometric data (sex, age, height, and body weight). Moreover,
a question regarding consent to BLAC measurement (Yes/No) was added. Furthermore, a third questionnaire was utilized to
investigate if sleep duration differed between groups. Finally, participants were asked to answer a fourth questionnaire after the
main experiment, which gathered information on video gaming hours per week.

2.3 Stratification and randomization
Descriptive data of the participants was used to characterize the sample and to stratify on behalf of sex and RT experience,
which has previously shown to impact visuomotor skills.19,20. In this study, the stratification process was inspired by a review21.
The stratification parameters, sex, and RT experience were used to create a matrix, in which sex (male or female) covered the
horizontal sequences, while RT experience 1. Beginner 2. Intermediate 3. Advanced or 4. Highly advanced covered the vertical
sequences. The participants were then assigned to the blocks.
Randomization was utilized in this study to randomly assign participants the number 1, 2 or 3, which represented:

1. 1-SET, 2. 3-SET or 3. CON. This was performed for every block horizontally. GraphPad QuickCalcs Web site:
https://www.graphpad.com/quickcalcs/randomize1/ (accessed Marts 2024) was used to execute this. This made it possible to
extract the given outcomes equally within a block, if the block’s number of subjects exceeded the number of outcomes.

2.4 Statistical analysis
Shapiro-Wilk tests were employed to assess the normal distribution of measured parameters, including Baseline VAT−score,
B1 VAT−score,B2 VAT−score,B3 VAT−score,R0 VAT−score,R7 VAT−score, P lateau VAT−score, number of hours slept and BLAC concentra-
tions, to determine if a parametric test, or a nonparametric test should be applied. A significance level of � = 0.05 was applied.
Normal distribution was assumed when p > 0.05.
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Due to most of the data being normally distributed and the robustness of the test against deviations from normal distribution,
multiple two-way mixed model ANOVAs were therefore applied. Three separate two-way mixed model ANOVA tests were
conducted on the VAT-score with the same between-subject group factor (1-SET, 3-SET and CON) but different within-subject
factors. The first test included the time pointsBaseline,B1,B2 andB3 to assess online acquisition. The second test encompassed
Block3,R0 andR7 to assess retention and consolidation, and the third focused onR7 and P lateau to assess whether participants
had reached a performance plateau. To correctly execute a two-way mixed model ANOVA, seven assumptions must be met22.
One of these was violated in 1-SET under the within-subject factor R7, where an outlier with a studentized residual value of
3.68 was identified. As this participant was not an outlier in other tests, it was therefore decided to include this participant. In
instances where the assumption of sphericity was violated, the Greenhouse-Geisser correction was employed. This adjustment
was necessary for the within-subject factors: (Baseline-B1-B2-B3) and (B3-R0-R7). Apart from this, the VAT-score met all
seven assumptions. Additionally, a post hoc test with Bonferroni correction was employed to identify the location of potential
interactions or main effects.
Furthermore, the analysis was also extended to include the number of hours slept and BLAC concentration, with the variables

time pre and post RT for BLAC concentration, and day session 2 and 3 for the number of hours slept. ’Number of hours slept’
displayed heterogeneous variance as assessed by Levene’s test (p<0.05). The BLAC concentration did notmeet the requirements
for homogeneity of variances and covariances according to Box’s test (p < 0.001). Despite these limitations, two-way mixed
model ANOVAs were still applied to these tests.
Finally, a one-way ANOVA was conducted to examine potential differences between groups in the mean video gaming hours

per week. In cases where the assumption of homogeneity of variances was violated, a Welch ANOVA was applied. If significant
differences between groups were identified, a two-way mixed model ANOVA was subsequently performed. The between-
subjects factor was defined by average video gaming hours per week (0 hours, > 0 and ≤ 10 hours, and > 10 hours per week),
while the within-subjects factor was defined by time points (Baseline, B1, B2 and B3). The Greenhouse-Geisser was employed
since the assumption of sphericity was violated.
A significance level of 0.05 was applied for the ANOVA tests. Data were reported as mean ± SD unless otherwise stated. All

statistical analyses were conducted in SPSS (IBM SPSS Statistics 29.0.0.0).

3 RESULTS

Shapiro-Wilk tests were carried out, and the results indicated that the majority of the data were normally distributed. VAT-
scores were normally distributed (p > 0.05), except for 1-SETxR7 and 1-SETxPlateau (p < 0.05). A total of 12 GROUPxTIME
combinations (GTC) emerged. When calculating the total possible combinations in BLAC, which was three groups on two
separate time points, it led to six GTC. The same applied for the number of hours slept, which led to another six GTC, thereby
totaling 12 GTC. The factor BLAC was normally distributed for four out of six GTC (p > 0.05), whereas 1-SETxBLAC pre-
RT and CONxBLAC post-RT were not normally distributed (p < 0.05). Additionally, the factor: Numbers of hours slept, was
normally distributed for five out of six GTC (p > 0.05), whereas number of hours slept for 3-SETxSession2 was not normally
distributed (p < 0.05). The factor: average video gaming hours per week was normally distributed for 1-SET (p > 0.05) but not
for CON and 3-SET (p < 0.05). Lastly, all groups (0 hours, > 0 and ≤ 10 hours, and > 10 hours per week) in VAT-scores were
normally distributed (p > 0.05)

3.1 Acquisition
All groups improved mean VAT-scores significantly at all time points from Baseline to B3 in acquisition, as confirmed by a
main effect of time (F(1.97, 55.14) = 154.68; p < 0.01; �2p = 0.85; � = 0.66). Absolute change (AC) and relative change (RC) scores
in mean total from baseline to B3 across all groups were 0.71%MVC and 33.39%, respectively. No significant GROUPxTIME
interaction was found on VAT-score (F(3.94, 55.14) = 0.36; p = 0.83; �2p = 0.03; � = 0.66). Furthermore, there was no significant
main effect of group (F(2, 28) = 1.12; p = 0.34; �2p = 0.07), which demonstrates that there were no differences in skill level among
groups throughout the acquisition phase (Baseline, B1, B2 and B3). Mean scores and ± SD are presented in Figure 3.
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Fig. 3 VAT-scores across time points. Mean visuomotor accuracy tracking task scores (VAT-scores) ± SD across different
timepoints during the acquisition phase (baseline to Block3 (B3)), the retention tests (R0 to R7) and the plateau test. A decrease
in the mean VAT-score signifies an improvement in skill level. ‡ indicates a significant improvement relative to the previous
time point in the VAT-score.

3.2 Retention and plateau tests
There was no significant interaction between GROUPxTIME on VAT-score (F(2.97, 41.59) = 0.20; p = 0.90; �2p = 0.01; � = 0.74).
All groups showcased no significant improvement in VAT-score at all time points from B3 to R7 in the skill retention tests
(F(1.49, 41.59) = 0.67; p = 0.48; �2p = 0.02; � = 0.74). AC and RC-scores in mean total from B3 to R0 across all groups were
0.03%MVC and 2.33%, and from B3 to R7 it was < 0.01%MVC and 0.31%, respectively. Additionally, there was no significant
main effect of group (F(2, 28) = 0.15; p = 0.86; �2p = 0.01), which demonstrates no differences in skill level among groups across
timepoints in retention (B3, R0 and R7). ΔMean scores and ± SD are presented in Figure 4.
All groups improved VAT-scores from R7 to plateau test in skill level, indicated by a main effect of time, (F(1, 28) = 23.57; p

< 0.01; �2p = 0.46). For all groups, AC and RC-scores in mean total from R7 to P lateau across all groups were 0.14%MVC and
10.01%, respectively. No significant interaction GROUPxTIME was found on VAT-score (F(2, 28) = 0.12; p = 0.90; �2p < 0.01).
Moreover, there was no significant main effect of group (F(2, 28) = 0.12; p = 0.89; �2p = 0.85), which demonstrates that there
were no differences between groups in skill level and all groups did not reach a plateau in skill level.
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Fig. 4 ΔMean VAT-scores. Changes in mean visuomotor accuracy tracking task scores (VAT-scores) ± SD from Block 3 (B3)
to first retention (R0) and second retention (R7) for all groups (1-SET, 3-SET and CON). A positiveΔMean VAT-score indicates
an improvement in skill level. ‡ indicates a significant improvement in VAT-scores within groups.

3.3 Blood lactate
A GROUPxTIME interaction was found between BLAC pre and post RT (F(2, 28) = 21.99; p < 0.01; �2p = 0.61). A simple main
effects analysis showed a significant increase in BLAC from pre to post RT for 1-SET (7.23 [95% CI: 4.54, 9.92] mmol/L; p <
0.01), which corresponded to a RC of 386.63%. Furthermore, a significant increase was also observed in 3-SET (7.27 [95% CI:
5.24, 9.31] mmol/L; p < 0.01), which corresponded to a RC of 320.35%. There was no significant change in CON (2.40 [95%
CI: -1.40, 0.92] mmol/L; p = 0.65), corresponding to a slight decreased RC of 11.76%. Additionally, there were no differences
between all groups in BLAC at pre RT (F(2, 28) = 0.67; p = 0.53; �2p = 0.05). This indicates that all groups had the same
preconditions for BLAC. Furthermore, 1-SET (7.30 [95% CI: 4.42, 10.18] mmol/L; p < 0.01), who experienced an increase in
RC corresponding to 405.56%, and 3-SET (7.84 [95% CI: 5.02, 10.65] mmol/L; p < 0.01), who experienced an increase in RC
corresponding to 435.36% compared to CON, had significantly greater BLAC concentrations compared to CON at post RT. No
significant differences in BLAC (-0.54 [95% CI: -2.79, 3.35] mmol/L; p = 0.89) were found between 1-SET and 3-SET at post
RT. Mean BLAC measurements are illustrated in Figure 5.
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Fig. 5 Blood lactate measurements. Blood lactate (BLAC) levels (mmol/L) measured pre and post resistance training for all
groups (CON, 1-SET and 3-SET). Individual participant data are displayed, with each line representing changes in BLAC levels
for a single participant. ‡ indicates significant changes from pre to post within groups.■ denotes significant differences in post
RT BLAC levels between groups.

3.4 Number of hours slept
There were no significant differences in the number of hours slept between session 2 and session 3 across groups (F(2, 28) =
0.074; p = 0.79; �2p < 0.01). AC and RC-scores in mean total from session 2 to session 3 were 0.03 and 1.06%. No significant
GROUPxTIME interaction was found (F(2, 28) = 0.20; p = 0.82; �2p = 0.01). Furthermore, no differences between the number of
hours slept was found between groups across sessions (F(2, 28) = 2.7; p = 0.08; �2p = 0.16). This indicates that all groups had the
same preconditions for sleep before the acquisition and retention tests.

3.5 Mean video gaming hours per week
Homogeneity of variances was violated, as assessed by Levene’s test of homogeneity of variance (p = 0.02). The mean gaming
hours per week was significantly different between groups (Welch’s F(2, 16) = 4.02; p= 0.04). Mean video gaming hours per week
for 3-SET, CON and 1-SET were as following (3.14 ± 4.60 hours), (8.35 ± 9.61 hours) and (10.90 ± 7.96 hours), respectively.
Games-Howell post hoc analysis revealed that the increase from 3-SET to 1-SET in average video gaming hours per week, (7.76
[95% CI: 0.24, 15.28] hours) was significant (p = 0.04). Furthermore, no significant differences were found between CON and
3-SET (5.21 [95% CI: -3.64, 14.07] hours; p = 0.30) and between 1-SET and CON (2.55 [95% CI: -5.85, 10.95] hours; p =
0.736) All groups (0 hours, > 0 and ≤ 10 hours, and > 10 hours per week) showcased significant increasing in VAT-scores in
all time points, as confirmed by the main effect of time (F(1.99, 55.60) = 154.88; p < 0.01; �2p = 0.85, � = 0.66). No significant
GROUPxTIME interaction was found on VAT-score (F(3.97, 55.60) = 0.70; p = 0.60; �2p = 0.03; � = 0.66). Furthermore, there was
no significant main effect of group (F(2, 28) = 3.06; p = 0.06; �2p = 0.18), which indicates that there were no differences in skill
level between groups.

4 DISCUSSION

The aim of this study was to investigate the effects of RT volume on consolidation of motor learning. Our first hypothesis was:
Performance in the motor skill VAT would improve throughout the motor acquisition phase. The findings in this study did
support this hypothesis, since VAT-scores improved significantly from baseline toB3 for all groups, which aligns with numerous
other studies23–25.
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There are multiple mechanisms that could explain this observation. First, participants gained experience by performing mul-
tiple trials, leading to motor acquisition. This aligns with the fact that use-dependent motor learning has proven to be effective
at promoting changes in motor behavior26. The orienting network could thereby filter visual information more effectively and
transmit it to the executive control network, which could then accomplish better decision-making events that would affect the
VAT-score positively27. Another factor could be the reorganization in the participant’s brain. Participants performed the VAT,
hence online learning occurred, which could explain their VAT-score improvement from baseline to B3 28. Another important
contributing factor could be the establishment of retrograde flow, which ensures cell survival and axon growth by transporting
the neurotrophins from axon to cell body29. Additionally, this observation could also be explained by neuroplastic events, such
as increases in the central nervous system’s gray matter30. If the increases in gray matter occurred in areas that are important
for visual information processing, such as the intraparietal sulcus and midtemporal area of the visual cortex, it could then have
a positive effect on the VAT-score31.
Furthermore, we hypothesized that the 1-SET and 3-SET groups would retain motor performance more effectively compared

to CON in a dose-response relationship. The outcome in this study did not support this hypothesis, since no significant differences
were found between groups during the retention tests.
However, the participants VAT-score did not worsen to baseline levels, which means the consolidation process, wherein the

fragile memory turns more robust, has occurred, and the participants were able to maintain the skill level at R0 and R7 5. This
would indicate that long term potentiation, which is modulated by neurotrophic factors, occurred, leading to increase of strength
in link between active neurons32. This could explain why the performance was sustained after seven days of retention. Though,
it is noteworthy why they did not improve at R0. A reasonable explanation could be that they did not further practice VAT in
this interval, or the effects of fast learning were coming to an end28. It can therefore be suggested that the participants were
coming closer to the end of their performance curve, and further gains would require, most likely, additional time and practice,
which the plateau test accounted for. All groups improved their VAT-score at plateau test, indicating further improvements due
to motor training were still possible.
Although the participants’ score did not return to baseline levels at retention tests, it did not improve either. Therefore, the

outcome opens the discussion of why RT did not improve motor performance further than no RT, even though the literature
supports the notion that RT can lead to increased BDNF production, which is essential for motor learning, and better retention
compared to a control group8,11. It is possible that the RT session led to undesired outcomes, such as lactate binding to HCAR1,
rather than entering the neuron cells and exerts its effect to produce BDNF9. However, this would be an unexpected scenario,
since RT has been documented to be the most efficient at producing BDNF33. Though it is documented that higher lactate con-
centration may favor binding to HCAR1, leading to various downstream effects, such as modulation of neuronal excitability
and metabolic responses, while lower lactate concentrations may favor uptake into neurons through monocarboxylate trans-
porters34. Evidence suggests that neurons allow a maximal lactate influx of 1 mmol/L into the cell but blocks lactate entry at
3 and 10 mmol/L due to protection of lactate-induced acidosis35. Additionally, when neurons are in a high energy state with
ample of ATP and glucose available, the propensity for lactate to be used in energy metabolism decreases, favoring its binding
to HCAR1 instead36,37. This is relevant, since participants were given three minutes of rest in between working sets, which is
an adequate amount of rest period to reestablish high energy state38. This could potentially lead to decrease in neuronal calcium
spiking frequency, and thereby inhibit neuronal activity34. This is important to understand because the release of BDNF, trig-
gered by activities such as repetitive action potentials, from Golgi-derived vesicles in the regulated secretion pathway, depends
on sustained increases in intracellular calcium levels8,9. With regards to high energy states, the presence of astrocytes, which
transfers lactate to neurons, could also play a role39. In essence, astrocytes functions as energy reservoirs for neurons, and they
are mobilized when required36. This process is critical to mediate synaptic plasticity and memory consolidation39.
Therefore, it is possible that this observation is caused by the study design. As previously mentioned, the long rest intervals

might have led to neurons in high energy state, wherein affinity for lactate binding to HCAR1 rose36,37. Lactate would therefore
not enter the neuron and aid in BDNF production, which is essential for neuroplasticity9.

4.1 Study limitations
A few limitations were detected throughout the present study. First, it is worth noting that some of the participants had previous
experience of using the VAT. This could potentially have influenced their VAT-score, thereby increasing the variability in the
outcomes, and led to these participants reaching plateau even though no between groups differences for VAT-score were observed
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throughout the study. However, since the extent of their experience and the number of participants involved were unknown, the
influence of this factor remains unclear.
This study also included participants with prior gaming experience. The inclusion of experienced gamers (individuals playing

video games regularly) was necessary to ensure a sufficient sample size for this research because the majority in our social
network had experience with gaming. Research has shown that gamers possess greater fine motor skills40, and faster and more
accurate visuomotor control than non-gamers41. Since we did not stratify for this when randomizing the groups andwe found that
1-SET had significantly higher mean gaming hours per week compared to 3-SET, this could possibly have affected the outcomes.
However, despite the initial differences observed between the groups, subsequent analyses indicated that when participants
were re-categorized based on the number of hours played (0 hours, > 0 and ≤ 10 hours, and > 10 hours per week) there were
no significant differences in VAT acquisition between the groups. Furthermore, no significant GROUPxTIME interaction was
observed. Therefore, when participants were stratified based on the mean gaming hours per week parameter, and the results still
indicated no GROUPxTIME differences, it indicates that gaming experience did not influence the results.
Furthermore, it is up to discussion whether the RT protocol used in this study was designed optimally to induce improvements

in motor performance. We observed a BLAC post RT similar to other studies11. We used three minutes of rest between sets to
let participants recover and thereby increasing RT-volume42. However, since other studies showed an effect of a protocol using
1 minute of rest, where metabolic stress is maximized, it can be suggested, that shorter rest intervals may be superior to induce
motor performance enhancing effects.
To our knowledge, the literature on RT and motor memory consolidation is scarce, which led to constraint in the study design.

Therefore, the variables in this study were designed primarily on literature with regards to RT, lactate response of RT and BDNF
response of RT. Theoretically, this should have improved the motor performance, and since it did not, it raises the question
whether the variables were optimized efficiently in this study. The present study used a rest interval of three minutes between
sets to sustain a high RT volume, which is compromised when rest periods are 1 minute between sets to failure42. However,
another study, which examined this topic, used rest intervals of 1.5-2.5 minutes, and found a motor performance enhancing
effect of the RT-intervention compared to the control group11. Longer rest intervals may therefore interfere with the benefits of
RT with regards to motor learning compared to shorter rest intervals.
Finally, another possible limitation was the number of exercises in the RT protocol. The present study utilized three exercises

of one or three sets to mechanical failure at 12RM in the RT protocol compared to the aforementioned study, which implemented
five exercises with four sets of eight repetitions11. Whether additional exercises could have had an increase in the overall lactate
and BDNF production, consequently leading to different outcomes in the three groups for VAT-score, remains to be investigated.

4.2 Perspectives
The practical implications of this study’s results can be considered valuable, since they shed light on a topic that can, potentially,
gain more relevance in future. The reason for that is the world’s current elderly population (60+ years) is 11% and is, based
on estimations, expected to reach 22% by 205043. Aging is associated with increased risk of stroke, wherein 70% of all strokes
occur above the age of 6544. Stroke leads to neurological deficits, which makes exercise therapy such as RT important since
it can improve cognitive functions, physical health, and mental health45. Therefore, if future studies discover the optimal RT
variables for improving motor learning, such as RT volume, the knowledge can thereby be implemented in clinical practice.
This could be beneficial for stroke patients under rehabilitation programs.

5 CONCLUSION

This study confirms that motor performance of the VAT improved when individuals perform the motor skill, during motor
acquisition, since all groups improved from baseline toB3, indicating that onlinemotor learning occurred. Furthermore, themain
findings showcased that RT had no effects on retention of the motor skill, since no GROUPxTIME interaction was found fromB3
toR7, which contradicts existing literature. This observation indicated no differences between groups in offline learning. Further
research is required to examine whether RT can induce enhanced motor learning effects and what the optimal RT parameters
may be.
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