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Implicit motor imagery 
performance and cortical activity 
throughout the menstrual cycle
Rafaela Faustino Lacerda de Souza 1*, Luana Adalice Borges de Araujo Lima 1, 
Thatiane Maria Almeida Silveira Mendes 1, Daniel Soares Brandão 1, 
Diego Andrés Laplagne 1 & Maria Bernardete Cordeiro de Sousa 1,2*

Studies show that female motor and visuospatial skills are modulated by the menstrual cycle. 
Implicit motor imagery, meaning the involuntary imagination of movements during a task, involves 
kinesthetic, visual, and spatial aspects of the corresponding action and can be investigated by using 
the hand laterality judgment task (HLJT). In this study we aimed to investigate whether implicit 
motor imagery performance and cortical activity are altered throughout the menstrual cycle, as 
demonstrated by motor skills in females. Thus, 31 healthy women underwent HLJT during the 
menstrual, follicular and luteal phases of their menstrual cycles. Right-handed participants had 
to recognize the laterality (right or left) of hands presented in different views (palm or back) and 
orientations on a computer screen. Test performance and EEG event-related potentials were analyzed. 
Participants performed better in the test in the follicular and luteal phases when compared to the 
menstrual phase, and the accuracy of the test was positively correlated with estradiol levels in the 
follicular phase. The difference between medial and lateral hand orientations for rotation-related 
negativity was significant in the medial and left parieto-occipital regions only in the follicular phase. 
These findings suggest positive modulating action of estradiol in performing implicit motor imagery.

The fluctuation of sex steroids throughout the menstrual cycle is associated with variations in motor and visuos-
patial abilities seen in women in behavioral tests1–6. Better performance in motor activities that involve coordina-
tion and movement speed are observed in the follicular (where estrogen levels are high in the blood) and luteal 
(high levels of progesterone) phases when compared to the results observed in the menstrual phase (low estrogen 
and progesterone levels) of the menstrual cycle1–4. However, performance in activities involving visuospatial skills 
is better in the menstrual phase than those recorded in the follicular and luteal phases3–6.

Visuospatial skills can be investigated by the mental rotation test (MRT) of three-dimensional geometric 
figures. In this test, the individual must identify whether two similar objects in different orientations are identical 
or mirrored7,8. The time required to solve this task depends on the angular distance between the object’s orienta-
tions and requires the individual to mentally rotate the object in the same way as if the object physically existed7.

At a recent time, a study evaluated the influence of the estradiol on performance in MRTs, controlling for 
many confounding factors6. Lower estradiol levels were assessed by different control protocols, including check-
ing menstrual cycle phase, using oral contraceptives, administrating testosterone hormone therapy to transmale 
women and comparing with male subjects. All of these groups showed that lower estradiol levels are associated 
with better performance on MRTs when compared with women in the menstrual cycle phases when estradiol 
is elevated. These observations provide strong evidence for the role of female hormones, in this case estradiol, 
in mental rotation.

When the object to be rotated in this type of test refers to parts of the body, such as the hands in the Hand 
Laterality Judgement Task (HLJT), it is common to use a strategy based on motor imagery to solve the test9–12. 
Although other strategies can be used to solve the HLJT, the motor strategy is the most efficient10.

During HLJT, the individual must identify whether the hands presented on a screen in different views (palm 
or back) and orientations are right or left13. In order to solve the task, the individual performs a mental trans-
formation of their own hand in an attempt to find congruence with the hand presented in a process known as 
implicit motor imagery12,14. The time required to identify hands oriented towards the midline of the body (medial 
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orientation) is longer than when compared to hands oriented away from the midline (lateral orientations). This 
is because lateral orientations biomechanically represent more difficult positions to be adopted, making the 
imagery take longer9,15. Also, the body posture itself influences the reaction time on the test16–22, supporting the 
hypothesis of using a motor strategy to solve the task.

Studies in which participants are asked to judge whether two hands presented simultaneously have similar 
or different laterality (a similar protocol to the MRT) have demonstrated better performance by women when 
compared to men23,24, suggesting that women adopt more motor strategies and men more visual and semantic 
strategies24. However, the effects observed in these studies were mild. In contrast, another study using the HLJT 
observed a difference between sexes with better performance for men during left hand recognition from the palm 
view in three orientations (0°, 90° and 180°, clockwise) and for women for left hand (0° and 90°) and right hand 
(0°) in the back view25. None of these studies were controlled for the menstrual cycle phase the women were in, 
which may have interfered with the disparity in reported results and this problem has been frequently repeated 
in studies looking at the effect of sex on MRTs and HLJT.

One important point to be taken into account is that motor imagery (implicit and explicit) is an important 
tool used for rehabilitation of neurological sequelae, as well as to improve motor performance skills26–31. Evidence 
indicates that the HLJT test is an accurate assessment tool for implicit motor imagery32–36. Despite this, there are 
no studies available on the possible actions of the female sex steroids in performing the HLJT test.

A recent study using a electroencephalographic (EEG) records showed that the frontal cortex is more activated 
during the performance of explicit motor imagery in the follicular phase when compared to other phases of the 
cycle of the menstrual37. However, there are no behavioral and neurophysiological correlates of the effect of the 
menstrual cycle on implicit motor imagery in literature.

EEG studies have revealed that HLJT triggers a positive component between 300 and 700 ms after presenting 
the hand in the event-related potential (ERP), known as the P30019,38. They also show a rotation related nega-
tivity (RRN), a negative component that is superimposed with the P300, that increases as rotation angles also 
increase19,38 and constitutes a neurophysiological correlate of implicit motor imagery39.

Therefore, the hypothesis of this study was that the motor strategy adopted for solving the HLJT task is favored 
in the follicular and luteal phases when compared to menstrual phase, as expected for performance on motor 
skills tests1–4. Thus, the aim of this study was to investigate the effect of the menstrual cycle on the behavioral 
performance of the HLJT (reaction time and accuracy) and its neurophysiological correlates (the EEG compo-
nents evoked in the parieto-occipital region) by the stimulus characteristics (P100)40–43 and by implicit motor 
imagery (RRN)19,38,39.

Methods
Participants.  A total of 206 women signed up to participate in the study. The inclusion criteria adopted for 
participants selection were: female sex, age between 18 and 30 years, regular menstrual cycle (between 22 and 
35 days), and right-handedness. The exclusion criteria were: progesterone level < 10 nmol/l in the luteal phase 
as it is an indication of lack of ovulatory cycle44,45, pregnancy, history of neurological, psychological, immuno-
logical and/or endocrinological disorders, to have taken hormone-based medications in the last six months 
before the study began or psychotropic medication, primary hearing and/or visual impairment that cannot be 
improved with corrective lenses or hearing aids, and scores on the Mini-Exam of Mental State less than 24/25 
points.

After eligibility assessment and initial screening, 169 women were excluded because they not met inclusion 
criteria or met the exclusion criteria (62.62% [129]), they refused to participate (14.56%30) or because it was not 
possible to contact them after registration (4.85%10). Among enrolled women who did not meet the inclusion 
criteria, 27.13% (35) for having an irregular menstrual cycle (> 35 days or < 22 days) and 0.77% (1) for being 
left-handed. Among those who met the exclusion criteria, 37.21% (48) reported having some type of psychologi-
cal disorder (depression, anxiety disorder and panic syndrome), 36.43% (47) reported having endocrinological 
disorders (polycystic ovary syndrome, fibroids and endometriosis), 5.43% (7) reported having neurological 
disorders (history of seizures and chronic migraine), 0.77% (1) for reporting an autoimmune disease (systemic 
sclerosis), 3.88% (5) for using hormonal contraceptives and one participant (2.70%) was excluded after data col-
lection for having low plasma progesterone levels. Of the 37 eligible participants who started the study, 13.51% 
(5) participants declined to continue due to time and day incompatibility (Fig. 1).

Finally, 31 women (mean age ± standard deviation: 25.0 ± 3.62, range 18–30 years) were included in the 
analysis of this study. They were followed-up for 6 months prior to starting the data collection to investigate the 
regularity and duration of their menstrual cycle (between 22 and 35 days)46 and the mean cycle length found was 
28.6 ± 2.1 days. The duration of the menstrual cycle in this study was considered from the first day of menstrual 
bleeding in one cycle to the start of menstruation in the next cycle.

All participants were right-handed according to the Edinburgh Inventory47,48 and had no primary hearing 
or visual impairment that could not be corrected with the use of lenses. All participants signed an informed 
consent form to participate in the research project. The project was submitted and approved by the ethics com-
mittee of Federal University of Rio Grande do Norte (UFRN), Rio Grande do Norte, Brazil (CEP-UFRN, Process 
No. 2,519,458) and all experiments were performed in accordance with the ethical aspects related to research 
with human beings of Resolution No. 466/2012 of the National Health Council of Brazil. The project was also 
registered and approved by the Brazilian clinical trials registry (Registro Brasileiro de Ensaios Clínicos—REBEC) 
with the code: RBR-422dc96 and the Universal Trial Number (UTN): U1111-1263–1222.

Experimental stimuli.  The experimental stimuli were 3D images of both right and left hands with different 
views (back and palm). They were produced with Poser Pro® 2014 software. Each of the four stimuli was oriented 
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in 30° steps starting from 0° (fingertips up) to the 330° position resulting in 12 orientations. The right hands 
were oriented clockwise directions and the left hands were oriented in a counterclockwise direction. The hands 
oriented towards the midline of the body (with 30°, 60°, 90°, 120° and 150°) were classified as medial orienta-
tion and the hands in opposite direction (with 210°, 240°, 270°, 300° and 330°) as lateral orientation (Fig. 2). All 
stimuli were presented on a 21.5-inch LCD computer monitor positioned 50 cm away from the head.

Assessed for eligibility (n = 206)

Excluded (n = 169) 
• Not meeting inclusion criteria (n = 129) 
• Declined to participate (n = 30)
• Other reasons (n = 10) 

Allocated in the fist order 
(n = 12)

Menstrual phase
↓

Follicular phase
↓

Luteal phase

• Completed the 
experiments (n = 11)

• Declined to participate 
(n = 1)

Allocated in the second 
order (n = 12)

Follicular phase
↓

Luteal phase
↓

Menstrual phase

• Completed the 
experiments (n = 11)

• Declined to participate
(n = 1)

Allocated in the third 
order (n = 13)

Luteal phase
↓

Menstrual phase
↓

Follicular phase

• Completed the 
experiments (n = 10)

• Declined to participate 
(n = 3)

Randomized (n = 37)

Analyzed (n= 10) 
Excluded from analysis for 

presenting progesterone level 
<10 nmol/l in the luteal phase 

(n= 1)

Analyzed (n= 11) 
Excluded from analysis 

(n= 0)

Analyzed (n= 10) 
Excluded from analysis 

(n= 0)

Allocation

Analysis

Enrollment

Figure 1.   Flow diagram of the number of participants in enrollment, allocation and analysis phases of the 
study.
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Study design.  The participants were submitted to 5 protocols (Finger-Tapping Test, action observation, 
motor imagery, Go/No Go Test and HLJT) in a larger study. However, we only analyzed HLJT in this report 
to test the above mentioned hypothesis. Participants underwent 3 experimental sessions, preceded by a train-
ing session a week earlier. The participants learned and executed a block of the experimental protocols in the 
training session. Next, they were subjected to blood collection before engaging in the experimental protocols 
for electroencephalography (EEG) and audio recording. The experimental sessions took place in three different 
menstrual cycle phases (menstrual, follicular and luteal). The menstrual phase session was defined between days 
2–5 from the beginning of menstruation. The follicular phase session was performed between days 9–12 of men-
strual cycle for 28-day cycles. This interval varied proportionally according to the average duration of menstrual 
cycles. The luteal phase session took place from 7 to 9 days after the peak of the luteinizing hormone (LH). LH 
was monitored by the participants at home in daily urine samples using LH tests (Famivita/Innovita—Tangshan 
Biological Technology Co., Ltd., Hebei, China; sensitivity: 20 mUI/ml; product format: strip). Ten participants 
performed their first session when they were in the menstrual phase, eleven participants in the follicular phase 
and ten participants in the luteal phase to decrease order effects. The second and third sessions occurred in the 
two subsequent phases of the menstrual cycle (Fig. 1).

The HLJT protocol was developed using Psychopy (v 1.73.04)49,50. It was applied in 3 blocks of 96 trials each, 
for a total of 288 trials. Participants were positioned seated in a comfortable cushioned chair and instructed to 
keep their hands relaxed with palms down on a wooden board. A cross appeared in the center of a black screen 
for 1.5 s in each trial, and the participants kept their eyes fixed on it. Then, the cross was replaced by the stimulus 
(one hand) and the participants had to identify whether the hand presented was right or left. They had to give a 
verbal response as quickly as possible. Then the experimenter pressed a button associated with the given answer. 
Finally, the stimulus was replaced by feedback indicating whether the answer was right or wrong (“Correto!” 
or “Errado!”, respectively). The feedback remained on the screen for 1 s, and then a new trial started (Fig. 3).

Blood collection and hormonal assays.  For the hormonal assays, 10 mL of blood was collected in the 
morning between 8:00 and 9:00 am before placing the EEG electrodes in the 3 experimental sessions. After col-
lection, the plasma was separated and kept in a freezer at − 20° Celsius. On the day of hormonal quantification, 
the samples were brought to room temperature and then the analytical procedures were performed. The chemi-
luminescent ELISA immunoassay technique was used and the progesterone and estradiol-17β measurements 
were performed using commercial kits from Immulite 2000® (Progesterone Catalog Number: L2KPW2, analyti-
cal sensitivity 0.1 ng/mL [0.3 nmol/L]; Siemens Healthcare Diagnostics, Germany) and Access® (estradiol-17β; 
kit Cat no B84493; Beckman-Coulter, Fullerton, CA, USA) kits, respectively. Intra-assay coefficient of variations 
was 8.36% ± 8.27% for progesterone and 3.20% ± 2.17% for estradiol, respectively.

Data recording.  Audio, EEG, and EMG data were synchronously and continuously recorded during the 
experimental sessions using a microphone, a 64-channel actiCap electrode cap, surface Ag/AgCl passive elec-
trodes, BrainAmp DC amplifiers and the BrainVision Recorder version 1.20.0506 software program (Brain 
Products, GmbH). The sampling rate was set to 1000 Hz. EEG electrodes were positioned according to the 10–20 
system and the electrical reference located in FCz. The electrode impedances were kept below 20 kΩ. To obtain 
the EMG, recording electrodes were positioned bilaterally over the extensor digitorum communis and ground 
electrode was placed on the right olecranon.

Left Right
Laterality

BackPalm
View Orientation

LateralMedial

0º
330º

300º

270º

240º

210º
180º

150º

120º

90º

60º

30º

Figure 2.   Experimental stimuli. Hand stimuli varied in terms of laterality, view and orientation.
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Behavioral analysis.  Reaction time and accuracy were considered in the behavioral analysis. The reaction 
time to HLJT was defined as the time interval between presenting the stimulus and the onset of verbal response. 
Audio data was used to define the onset of verbal response. To do so, it was segmented in epochs with intervals 
between 0 and 7 s relative to cross presentation and submitted to 8th order MA-whitening filter. These filtered 
epochs were submitted to the approximated generalized likelihood ratio (AGLR) decision rule based algorithm 
to detect abrupt changes in the variance of a signal and to define the onset of response51. Then, all trials with time 
markers of variance changes were subjected to visual and auditory inspection to select the time marker closest to 
the response onset. Trials with reaction times less than 500 ms and greater than 3500 ms were excluded (4.17%) 
from the behavioral and neurophysiological analysis52,53. Trials with incorrect answers were counted for accu-
racy analysis and removed from reaction time analysis (3.29%).

Neurophysiological analysis.  EEG and EMG data processing was performed using the EEGLAB toolbox 
version 13.6.5b54 in MATLAB (version 8.5, 2015a, The MathWorks Inc). EEG data was filtered between 1 and 
40 Hz using the basic EEGLAB FIR filter, line noise was reduced using the CleanLine plugin and the bad chan-
nels with high impedances or displacement during recording were removed55. Independent component analysis 
(ICA) was performed and components containing eye, muscle or channel artifacts were removed automatically 
(20.82%) using ICLabel56. Then, the data was divided into segments from − 1 to 2 s relative to the appearance 
of the white cross on the screen. Epochs with voltage absolute values above 100 μV were subsequently removed 
(8.76%) and the channels removed before ICA were reconstructed by spherical interpolation (6.64%) and finally 
submitted to average reference. Epochs containing reaction times outside the range of 500–3500 ms (4.57%) or 
corresponding to incorrect answers (3.52%) were removed before ERP definition.

The ERP was obtained by the average of the segments grouped according to the stimuli characteristics (lateral-
ity, view and orientation). The time intervals for ERP analyses was defined from the linear trend between the 3 
groups of angles for each orientation, following a method adapted from a previous study57. The grand-average 
ERPs of each group of orientation were multiplied by − 1, 0 and 1, respectively, and then divided by the sum 
square root of the squares of the constants (Fig. 4A). The linear contrasts of ERPs obtained in each orientation 
were added up to generate the linear trend ERPs. The time intervals were defined as 20% of the peaks found in 
the linear trend ERP (Fig. 4B). Two time intervals were defined, with one corresponding to the P100 component 
of the ERP (116–202 ms) and the other corresponding to the ERP RRN (305–808 ms). The topographic distribu-
tion of the linear trend ERP shows that the ERP negativity associated with increased angles is concentrated in 
the parieto-occipital region (Fig. 1C). Three cortical areas were investigated in this study: left parieto-occipital 
(P3, P5, P7, PO3, PO5, PO7, O1), medial parieto-occipital (P1, Pz, P2, POz, Oz) and right parieto-occipital (P4, 
P6, P8, PO4, PO6, PO8, O2).

EMG data was filtered between 10 and 499 Hz using the EEGLAB basic FIR filter, rectified and divided into 
epochs. From each epoch, two temporal windows were defined: the period of reference (from − 1 to 0 s) and the 
identification of laterality period (from 0 to the beginning of the verbal response, see Fig. 3). Root mean square 
(RMS) values of the EMG signal was calculated for each time window and then averaged per subject for both 
time windows to investigate the possible influence of EMG activity in the HLJT.

Statistical analysis.  Reaction time, accuracy, P100, and RRN amplitudes were statistically evaluated in 
principal analysis. The menstrual cycle phases (menstrual, follicular and luteal) and the stimulus features lateral-
ity (right and left), view (back and palm) and orientation (medial and lateral) were adopted as within-subject 
variables.

Statistical analyses were performed using the IBM SPSS software program (version 20.0; IBM Corp., NY, 
USA). The Friedman test was used to assess the estradiol and progesterone fluctuation throughout the 3 men-
strual cycle phases. A generalized estimating equation (GEE)58,59 with an unstructured correlation matrix was 
adopted to test the effect of the within variables and interaction between them on the response time, accuracy, 

Baseline

+

-1.5s

Identification of 
manual laterality

until the answer

“Direita”

Verbal 
response

...

Correto!

Feedback

1.0s

Figure 3.   Sequence of events for the HLJT experimental protocol. First, a cross appeared on the screen. It was 
replaced by a hand stimulus. The hand remained on the screen until the verbal response of the participant. After 
the answer, feedback appeared on the screen indicating success or error.
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P100 and RRN amplitudes (in each parieto-occipital region), separately. To do so, the linear, gamma and tweedie 
distributions with the identity link function were tested for each dependent variable. The GEE model consider-
ing the gamma distribution obtained greater adherence based on the Quasi Likelihood under Independence 
Model Criterion (QIC). The GEE method produces regression estimates for repeated measures analysis or data 
clustered within subgroups with non-normal response variables58,59. Spearman’s correlation was used to verify 
the association between independent variables and hormone levels in the different menstrual cycle phases.

All p-values for analysis in various regions of the brain were presented after correcting for the number of 
cortical regions using the false discovery rate (FDR)60. Significant results involving factors with more than two 
levels or interactions were investigated by pairwise comparisons and p-value corrected by Bonferroni. The effect 
size of the comparisons was shown by the mean difference, Wald confidence interval of 95% of the mean differ-
ence and Cohen’s d estimate.

The RMS of EMG signal were compared between reference period and identification of laterality period in 
each menstrual cycle phase using Two-Sample Wilcoxon Signed Rank test. These analyzes were done in order 
to ensure that background EMG activity did not vary during HLJT.

All p-values < 0.05 were considered to indicate statistical significance.

Results
Estradiol and progesterone levels throughout the menstrual cycle.  The hormonal profile of the 
menstrual cycle was characterized for all participants with variation in average values over the phases, varying as 
expected, with low plasma estradiol and progesterone levels in the menstrual phase, high estrogen levels in the 
follicular and luteal phases and high progesterone only in the luteal phase.

Significant variations in the plasma estradiol levels were found between the menstrual cycle phases 
(χ2 (2) = 43.16, p < 0.001, W = 0.70). Post hoc testing showed that the estradiol level significantly increased in the 
follicular (109.55 ± 81.34 pg/mL) and luteal (146.65 ± 45.83 pg/mL) phases compared to the menstrual phase 
(mean ± standard deviation = 33.11 ± 11.15 pg/mL, p < 0.001). No difference was found between the follicular and 
luteal phases for estradiol level (p = 0.067).

Plasma progesterone levels also significantly varied between the menstrual cycle phases (χ2 (2) = 47.92, 
p < 0.001, W = 0.77) and this hormone significantly increased in the luteal phase (10.03 ng/mL ± 4.21) compared 
to the menstrual (0.49 ± 0.27 ng/mL, p < 0.001) and follicular (0.47 ± 0.33 ng/mL, p < 0.001) phases. Progesterone 
levels in the menstrual and follicular phases were statistically similar (p = 0.92).

Behavioral measures.  Reaction time.  The results related to the effects of the menstrual cycle phases ver‑
sus stimuli features on the reaction time are shown in Fig. 5. The analysis revealed main laterality (χ2(1) = 76.77, 
p < 0.001), view (χ2 (2) = 32.41, p < 0.001), orientation (χ2(1) = 54.04, p < 0.001; Fig. 5A), and phase (χ2 (2) = 15.05, 
p < 0.001; Fig. 5B) effects. The right hand in the back view and medial orientation was recognized more quickly 
than the left hand (mean difference [95% Wald confidence interval for difference lower, upper] = − 140.76 ms 
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[95% CI − 172, − 109.27], d = 0.43), in the palm view (− 97.80 ms [95% CI − 131.47, − 64.13], d = 0.30) and lat-
eral orientation (− 120.09 ms [95% CI 152.11, − 88.07], d = 0.37), respectively. In the main effect analysis of the 
phase, the menstrual phase of the menstrual cycle showed a longer reaction time to HLJT and therefore worse 
performance than the follicular (70.81 ms [95% CI 21.53, 120.08], p = 0.002, d = 0.22) and luteal (88.85 ms [95% 
CI 21.58, 156.12], p = 0.005, d = 0.26) phases.

The analysis only for the characteristics of the stimuli found significant interactions for laterality x visualiza-
tion x view (χ2 (1) = 18.29, p < 0.001), view x orientation (χ2 (1) = 57.92, p < 0.001), laterality x view x orientation 
(χ2 (1) = 6.99, p = 0.008) and is illustrated in Fig. 5A. The right hand in the back view was recognized more quickly 
than the right hand in the palm view (− 131.42 ms [95% CI − 186.53, − 76.32], p < 0.001, d = 0.38) and left hand in 
both back (− 174.38 ms [95% CI − 224.50, 124.25], p < 0.001, d = 0.52) and palm (− 238.56 ms [95% CI − 302.33, 
− 174.79], p < 0.001, d = 0.72) views. There was no difference in reaction time between medial and lateral orien-
tations in the back view (6.42 ms [95% CI − 42.34, 55.18], p = 1), d = 0.02). This difference only appears in the 
palm view (− 233.76 ms [95% CI − 300.42, − 167.10], p < 0.001, d = 0.70). Left hand identification in palmar view 
and lateral orientation and in back view with any orientation had a longer reaction time when compared to the 
right hand (all ps < 0.05) (Fig. 5A).

The interactions between orientation x phase (χ2 (2) = 7.03, p = 0.033) and view x orientation x phase 
(χ2 (2) = 6.99, p = 0.03) also had significant effects (Fig. 5B). It was possible to observe differences between the 
lateral and medial orientations for the menstrual (149.36 ms [95% CI 72.82, 225.89], p < 0.001, d = 0.46), follicu-
lar (118.02 ms [95% CI 73.61, 162.44], p = 0.005, d = 0.35) and luteal phases (92.89 ms [95% CI 43.67, 142.11], 
p < 0.001, d = 0.26). The reaction time for lateral orientation was significantly longer in the menstrual phase than 
in the follicular (86.47 ms [95% CI 15.53, 157.42], p = 0.005, d = 0.24) and luteal phases (117.08 ms [95% CI 32.94, 
201.22], p = 0.001, d = 0.32). No difference was found between the three menstrual cycle phases for medial orien-
tation (all ps > 0.18). Differences between the lateral and medial orientations were only found for the palm view 
in the menstrual (275.32 ms [95% CI 146.31, 404.33], p < 0.001, d = 0.80), follicular (238.18 ms [95% CI 164.51, 
311.84], p < 0.001, d = 0.70) and luteal phases (187.79 ms [95% CI 103.40, 272.18], p < 0.001, d = 0.51). No differ-
ence between the orientations and the menstrual cycle phases was observed for the back view (all ps > 0.30). The 
reaction time for hand recognition for palm view and lateral orientation in the menstrual phase was significantly 
longer than in the follicular (94.43 ms [95% CI 2.05, 186.81], p = 0.038, d = 0.22) and luteal (152.79 ms [95% CI 
34.56, 271.01], p < 0.001, d = 0.22) phases (Fig. 5B).

No significant hormonal associations were found for any phase of the menstrual cycle or for the grouping 
of all phases. Correlation analysis between reaction time and hormone levels was not significant (all ps > 0.05).

Accuracy.  The results for menstrual cycle phases and hand precision features on accuracy are shown in Fig. 6. 
The main effects were significant for view (χ2 (1) = 8.13, p = 0.004), orientation (χ2 (1) = 8.02, p = 0.005) and phase 
(χ2 (2) = 22.06,  p < 0.001) (Fig.  6A). The accuracy to identify the laterality of the hands in the back view was 
higher than the hands in the palm view (0.80% [95% CI 0.25, 1.34], p = 0.004, d = 0.28). Medially oriented hands 
were more accurately identified than laterally oriented hands (− 1.07% [95% CI − 1.81, − 0.33], d = 0.37). The 
accuracies were higher in the follicular phase (− 1.78% [95% CI − 2.67, − 0.73], p < 0.001, d = 0.57) as well as the 
luteal phase (− 1.76% [95% CI − 2.67, − 0.87], p < 0.001, d = 0.55) than in the menstrual phase.

The interactions between laterality x view and view x orientation were statistically significant (Fig. 6B). Iden-
tification of the right hands in the palm view was less accurate than that of the right hands in the back view 
(− 1.47% [95% CI − 2.72, − 0.21], p = 0.012, d = 0.42). The accuracy for identifying the left hands was the same 
for the back and palm views (− 0.53% [95% CI − 1.47, 0.41], p = 0.82, d = 0.05). Hands in palm view and lateral 
orientation showed lower accuracy when compared to medial palm (− 2.38% [95% CI − 4.22, − 0.55], p = 0.004, 
d = 0.65), dorsolateral (− 2.11% [95% CI − 3.51, − 0.71], p < 0.001, d = 0.56) and dorsomedial (− 1.87% [95% CI 
− 3.20, − 0.54], p = 0.001, d = 0.50). No significant differences were found between medial and lateral orientations 
for back view accuracy (0.24% [95% CI − 0.66, 1.14], p = 1, d = 0.09).

Correlation analysis showed a significant association between the accuracy of the test and the estradiol levels 
considering the grouping of all menstrual cycle phases (rho = 0.21; p = 0.04; Fig. 6C). No significant correlation 
was observed between accuracy and estradiol level at any phase of the menstrual cycle (all ps < 0.05)”.

Electrophysiological measures.  Background EMG activity.  No significant differences were found be-
tween reference period and identification of laterality period in different phases of the menstrual cycle for the 
average RMS of the right (menstrual [z = 0.59, p = 0.56, r = 0.02], follicular [z = 0.61, p = 0.54, r = 0.02], luteal 
[z = 0.68, p = 0.49, r = 0.03]) and left arm (menstrual [z = − 0.39, p = 0.69, r = 0.02], follicular [z = 0.06, p = 0.002, 
r = 0.02], luteal [z = − 1.47, p = 0.14, r = 0.06]).

P100.  The statistical analysis of the P100 amplitude is shown in Table S5 of supplementary materials. No main 
effects were observed for this variable. The effect of the laterality x orientation interaction was significant for the 
left (χ2(1) = 12.09, p = 0.0013, FDR corrected) and right (χ2(1) = 5.31, p = 0.03, FDR corrected) parieto-occipital 
region. P100 amplitude was smaller during left hand recognition when compared to the right hand in lateral ori-
entation (0.340 µV [95% CI 0.08, 0.60], p = 0.004, d = 0.19) in the left parieto-occipital region. It was also possible 
to differentiate the orientations for left hands with lower amplitude of P100 for lateral orientation (− 0.371 µV 
[95% CI − 0.57, − 0.17], p < 0.001, d = 0.20). No significant difference was observed in post hoc analysis for the 
right parieto-occipital region.

View x orientation interaction was significant for left (χ2(1) = 24.97, p < 0.001, FDR corrected), medial 
(χ2(1) = 36.87, p < 0.001, FDR corrected) and right (χ2(1) = 19.54, p < 0.001, FDR corrected) parieto-occipital 
regions. P100 amplitude was smaller for the lateral orientation when compared to the medial orientation for 
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palm view in the left (− 0.401 µV [95% CI − 0.65, − 0.16], p < 0.001, d = 0.21), medial (− 0.477 µV [95% CI − 0.70, 
− 0.25], p < 0.001, d = 0.32) and right (− 0.394 µV [95% CI − 0.63, − 0.15], p < 0.001, d = 0.23) parieto-occipital 
regions. The opposite (i.e. higher P100 amplitude) was observed for the back view on the left (0.289 µV [95% 
CI 0.05, 0.53], p = 0.01, d = 0.15), medial (0.288 µV [95% CI 0.11, 0.47], p < 0.001, d = 0.20) and right (0.289 µV 
[95% CI 0.05, 0.53], p = 0.01, d = 0.16) parieto-occipital regions.

The interaction between laterality, view, orientation and phase was significant for P100 amplitude in the 
left (χ2(2) = 14.83, p = 0.003, FDR corrected) and medial (χ2(2) = 7.31, p = 0.04, FDR corrected) parieto-occipital 
regions (Fig. 7). P100 in the left and medial parieto-occipital regions significantly varied depending on the orien-
tation of the hand and the menstrual cycle phase for left hands in the palm view. The follicular (− 0.847 µV [95% 
CI − 1.62, − 0.07], p = 0.01, d = 0.42) and luteal (− 1.033 µV [95% CI − 1.75, − 0.32], p < 0.0001, d = 0.53) phases 
showed a smaller P100 amplitude for the lateral orientation than for the medial orientation in the left parieto-
occipital region. A similar result was observed in the luteal phase (− 0.785 µV [95% CI − 1.52, − 0.05], p = 0.02, 
d = 0.47) in the medial parieto-occipital region. It was also possible to observe a difference in P100 amplitude in 
the luteal phase between the palm and back views (smaller in the palm) for the left hand in the medial orienta-
tion over the medial parieto-occipital region.

The correlation analysis performed for the three parieto-occipital regions did not show significant associations 
between the P100 amplitude and the variable estradiol and progesterone levels, or the progesterone/estradiol 
ratio (all ps > 0.05).

Rotation‑related negativity (RRN).  The effects of the menstrual cycle phases and hand features on RRN are 
shown for the left parieto-occipital region in Fig. 8.

The GEEs analysis of the RRN amplitudes revealed an orientation main effect in the left (χ2(1) = 14.88, 
p < 0.001, FDR corrected; Fig. 8A), medial (χ2(1) = 6.29, p = 0.012, FDR corrected) and right (χ2(1) = 7.93, p = 0.007, 
FDR corrected) parieto-occipital regions. RRN is higher during hand recognition in lateral orientations than 
in hands in medial orientations for the left (− 0.177 µV [95% CI − 0.27, − 0.09], p < 0.001, d = 0.16), medial 
(− 0.112 µV [95% CI − 0.20, − 0.02], p = 0.012, d = 0.11) and right (− 0.151 µV [95% CI − 0.26, − 0.05], p = 0.005, 
d = 0.11) parieto-occipital regions.

View x orientation interaction was significant for the left (χ2(1) = 55.23, p < 0.001; Fig.  8B), medial 
(χ2(1) = 43.07, p < 0.001) and right (χ2(1) = 37.44, p < 0.001) parieto-occipital regions. RRN is higher during 
palm hand recognition in lateral orientations than in medial orientations to the left (− 0.782 µV [95% CI − 1.06, 
− 0.51], p < 0.001, d = 0.69), medial (− 0.626 µV [95% CI − 0.90, − 0.35], p < 0.001, d = 0.60) and right (− 0.626 µV 
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[95% CI − 0.90, − 0.35], p < 0.001, d = 0.48) regions. The opposite was observed during back hand recognition in 
which the RRN was higher for medial orientation than lateral orientation for the left (0.428 µV [95% CI 0.221, 
0.64], p < 0.001, d = 0.36), medial (0.401 µV [95% CI 0.20, 0.60], p < 0.001, d = 0.36) and right (− 0.324 µV [95% 
CI 0.10, 0.55], p = 0.001, d = 0.23) regions.

The effect of orientation x phase interaction in RRN was significant for left (χ2(2) = 7.39, p = 0.037, FDR 
corrected; Fig. 8C) and right (χ2(2) = 7.99, p = 0.037, FDR corrected) parieto-occipital regions. The RRN was 
significantly higher for the lateral orientation than for medial orientation in the follicular phase for both the 
left (− 0.301 µV [95% CI − 0.46, − 0.14], p < 0.001, d = 0.24) and right regions (− 0.269 µV [95% CI − 0.43, 
− 0.10], p = 0.001, d = 0.19). No significant difference was observed between orientations in the menstrual (left: 
− 0.092 µV [95% CI − 0.32, 0.13], p = 1, d = 0.08 and right: − 0.139 µV [95% CI − 0.39, 0.11], p = 1, d = 0.09) and 
luteal (left: − 0.138 µV [95% CI − 0.31, 0.04], p = 0.35, d = 0.1 and right: − 0.044 µV [95% CI − 0.31, 0.22], p = 1, 
d = 0.03) phases.

The correlations between the RRN and the variable estradiol and progesterone levels and progesterone/
estradiol ratio were not significant for the cycle phases or for any of the parieto-occipital regions (all ps > 0.05). 
The tables with all results can be found in the supplementary materials.

Discussion
In general, it was possible to observe that our hypothesis that female sex steroids influence the motor strategy 
in the resolution of HLJT was confirmed, since the effect of the menstrual cycle on all outcomes studied was 
verified. A better test performance (shorter reaction time and greater accuracy) was observed in the follicular 
and luteal phases when compared to the menstrual phase. The electrophysiological analyzes show that in the 
initial phase of the visual analysis (P100) some characteristics are already differentiated in the follicular and 
luteal phases, suggesting the effect of estradiol alone and when associated to progesterone increase, respectively. 
These analyzes also showed that the strategy used in implicit motor imagery is remarkable in the follicular phase, 
since the RNN is significantly higher for lateral orientation when compared to medial (main marker of motor 
strategy), suggesting the effect of estradiol in this process.

The behavioral measurements, reaction time and accuracy, and the electrophysiological measurement, RRN 
of the ERP/EEG, are sensitive to the difficulty of adopting internal representations (implicit engine imagery) to 
solve the HLJT. On the other hand, the modulation of the component P100 of the ERP/EEG participates in the 
identification of the stimulus characteristics and may be involved in a visual analysis stage of the test.

The observed profiles regarding the analysis of the participants’ sex steroid levels validate what is expected 
for women with normal ovulation61–65. The highest estradiol concentrations were found in the follicular and 
luteal phases, and high progesterone levels were detected in the luteal phase, with these levels being significantly 
higher than in the menstrual phase.
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The behavioral results of this study regardind reaction time and accuracy to identify laterality, orientation 
and view of the stimuli (except laterality for accuracy) reveal that the HLJT evokes in the participants the need 
to mentally simulate the movement. They also reveal that the reduced experience with the posture or the biome-
chanical restriction to adopt it can influence the performance of the test, as observed in the literature9,15,66. Right-
handed participants recognized right hands more quickly than the left, probably because laterality generates a 
differentiation in the motor experience influencing the construction of internal representations66. In addition, 
medially oriented hands, with less biomechanical restriction9,15, were identified more quickly and accurately 
than laterally oriented hands.

Back view hands were identified faster and more accurately than palm view hands. One of the explanations 
suggested by the literature is that the back view is favored by visual familiarity and, therefore, a visual and non-
motor strategy is adopted to identify these hands25,39,53. We suggest a new interpretation for this evidence based on 
the assumption that the motor imagery performed during HLJT is mainly kinesthetic, for which the movement 
is felt without the need to perform or visualize the movement19. This is because the forearm pronated with the 
hand positioned or not in front of the visual field for both medial orientations (e.g. when typing on a keyboard 
positioned in front of the body) and for lateral orientations (e.g. typing to reach an object located on the side of 
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the body) is a more common proprioceptive experience than supinated forearm adopting the same orientations. 
The biggest biomechanical restrictions in the back position are for the fingertips angles downwards (i.e., 120°, 
180° and 210°)9. Thus, viewing the palm is more suitable to investigate biomechanical restrictions and, conse-
quently, the effect of motor imagery, when the medial and lateral orientation is considered19,25,39,53. This way of 
thinking also justifies the existence of an interaction between orientation and view for all outcomes, since there 
is only difference between orientations for palm view. It is important to consider that the visual analysis of the 
stimulus exists, but it occurs before the implicit motor imagery38,40,41.

These preliminary results are in agreement with what was observed in the literature and allow us to infer that 
the implicit motor imagery occurs regardless of the phase of the menstrual cycle. However, overall performance 
on the HLJT was significantly different between phases of the menstrual cycle, with shorter reaction times and 
greater accuracy observed during the follicular and luteal phases, when compared to menstrual phase. This 
difference is potentiated during the identification of hands in the lateral orientation and palm view (as seen, a 
view that favors biomechanical restriction considering medial and lateral orientations). This result suggests a 
positive effect of female steroids, especially estradiol which is high in these two phases, on performance in an 
implicit motor imagery test.

During the HLJT, individuals seek congruence between a hand presented on the computer screen and a 
mental representation of their own hand (right or left) that can be mentally moved9–12. Women perform better 
on similar tests in which congruence between objects (and not between hands) is sought in the menstrual phase 
than in the follicular and luteal phases3–6. Female performance in the menstrual phase in the mental rotation test 
of objects is similar to the performance of men, who perform better than women on this test when menstrual 
phases are mixed6. Thus, the findings of the present study show that spatial transformation is favored by female 
steroids when there is the possibility of adopting a motor strategy for solving the task to the detriment of the 
visuospatial strategy, commonly used in the mental rotation of objects.

Regarding the electrophysiological measures, EMG activity was monitored as a bias control measure. It did 
not differ between HLJT and reference periods, as expected since participants were instructed to keep their 
arms relaxed.

Apparently, the interaction between stimulus characteristics such as view and orientation in all parieto-
occipital regions, as well as laterality and orientation in the lateralized regions (right and left parieto-occipitals) 
are evaluated in a visual processing step (by P100) that precedes the implicit motor imagery (by RRN) as already 
observed in other studies38,40,68. The clues acquired in the visual processing phase seem to indicate in which 
laterality and view of the hand (palm or back) should be mentally projected at the beginning of motor imagery. 
Interestingly, the visual processing stage in the follicular and luteal phases of the menstrual cycle is already 
capable of generating an assertive assumption about hand laterality in palmar view, which better differentiates 
medial and lateral orientations19,25,39,53. This finding was observed by EEG records in medial and left parieto-
occipital regions and is in agreement with the behavioral results that associate the best performance in the test 
with the follicular and luteal phases. A previous study indicates that women have better initial visual processing 
than men and that this effect is stronger in the luteal phase of the menstrual cycle68.

The significant orientation effect was also observed in follicular phase of menstrual cycle for the RRN-ERP 
results in left and right parieto-occipital regions. This is interesting because the RRN in parieto-occipital regions 
is considered a marker of cognitive processing associated with motor imagery of the hand, since it varies in func-
tion of the biomechanical restrictions of the movement, and RRN is higher for hands in biomechanically more 
difficult positions to be adopted (lateral orientations)38,67. In follicular phase, RRN was higher for lateral than 
medial orientation in both regions, the electrophysiological evidence of participation of estradiol in facilitating 
the motor strategy for solving the task.

A positive correlation was found between accuracy and estradiol levels when measured from the three men-
strual cycle phases together, suggesting a direct or indirect positive effect of high estradiol levels on test perfor-
mance. Although the results provide much more evidence that implicit motor imagery is favored in the follicular 
and luteal phases, no significant correlation was found between the measures of reaction time, P100 and RRN 
amplitudes, and estradiol and progesterone levels, which suggests that the relationship between female steroids 
and cognitive motor processing may be being processed in other neural circuitry, subcortical or other cortical 
regions, involved in motor planning.

As observed in other studies, HLJT performance can be used to measure the ability to perform implicit motor 
imagery, as long as the learning effect is controlled34. Thus, the inclusion of a training session and the balance of 
the phases of the menstrual cycle were adopted as measures to control this effect in the present study.

Behavioral (reaction time and accuracy) and electrophysiological (P100 and RRN) measures showed evi-
dence that the motor strategy used to recognize hand laterality in palm view can be favored by the increase in 
female steroids during the follicular and luteal phases of the menstrual cycle, as previously seen in coordination 
performance and manual dexterity test studies1–4. This evidence contributes to understanding the cyclic effect of 
steroid hormones on the motor control of women in reproductive age. Future studies can be carried out in order 
to investigate the association between menstrual cycle phases and motor learning potential.

Data availability
The datasets generated and analysed during the current paper are a part of a larger study. They can be made 
available through a formal agreement with the corresponding author.
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