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Neural Correlates of Mental Rotation in Preschoolers With High or Low Working Memory Capacity: An fNIRS Study
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This study explored the differentiated neural correlates of mental rotation (MR) in preschoolers with high and low working memory capacity using functional near-infrared spectroscopy (fNIRS). Altogether 38 Chinese preschoolers (M = 5.0 years, SD = 0.69 years) completed the Working Memory Capacity (WMC) test, the Mental Rotation (MR), and its Control tasks (without MR). They were divided into High-WMC (N1 = 9) and Low-WMC (N2 = 18) groups based on the WMC scores. The behavioral and fNIRS results indicated that: (1) there were no significant differences in MR task performance between the High-WMC (Mmr = 23.44, SD = 0.88) and Low-WMC group (Mmr = 23.67, SD = 0.59); (2) the Low-WMC group activated BA6, BA8, BA 9, and BA 44, whereas the High-WMC group activated BA8, BA10 and BA 44 during mental rotation; (3) significant differences were found in the activation of BA44 and BA9 between the High-WMC and Low-WMC groups during mental rotation; and (4) the High-WMC and Low-WMC groups differed significantly in the activation of BA 9 and BA10 during the control tasks, indicating that both areas might be responsible for the group differences in working memory.
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INDRODUCTION

Mental rotation (MR) has been extensively employed to evaluate early cognitive development (e.g., Hoppe et al., 2012), as it is a cognitive process in which participants have to form a mental image of the target assemblage and align it with the other assemblage by rotating this image (Shepard and Cooper, 1982, for a review; Zacks, 2008, for a meta-analytic review). This cognitive process is based on the processing of visual or object working memory (Hyun and Luck, 2007), thus has substantially involved the frontal cortex (BA 9, BA10), premotor cortex (BA 6), parietal cortex (BA 40, BA 44) (Cohen et al., 1996; Jordan et al., 2001; Schöning et al., 2007). All these studies, however, were conducted with adult participants. Recently, Wu et al. (2020) examined the neural correlates of MR in preschoolers using functional near-infrared spectroscopy (fNIRS) and found that BA6, BA9, BA44 were involved in the MR processing. But the role of working memory in preschoolers’ MR has not been explored, even though it is substantially engaged in mental rotation (Gauthier et al., 2002; Hyun and Luck, 2007). Therefore, this study will fill the gap by duplicating and extending the MR tasks by Wu et al. (2020) to explore the relationship between working memory and mental rotation.


The Neural Correlates of Mental Rotation

Using fMRI, Cohen et al. (1996) found that the frontal cortex (BA 9, BA 44, BA 46), premotor cortex (BA 6), and parietal cortex (BA 7, BA 40) were significantly activated during mental rotation, and some adult cases showed noticeable activation in BA 39 and BA 19. Later, Richter et al. (2000) conducted an fMRI study with Shepard and Metzler’s classic task and found a bilateral involvement of the superior parietal lobule, lateral premotor area, and supplementary motor area in the very act of mental rotation. They also found activation in the left primary motor cortex, which seemed to be associated with the right-hand button press at the end of the task period. This was verified by Windischberger et al. (2003), who found that the button pressing caused activation in the primary motor cortex (BA 4) and supplementary motor area (SMA, BA 6) while the parietal cortex (BAs 5, 7, 39, 40) and mesial regions rostral to the supplementary motor area were recruited for the actual mental rotation process.

Harris and Miniussi (2003) employed repetitive transcranial magnetic stimulation (rTMS) and found that the right superior posterior parietal lobe might play an essential role in mental rotation. However, this study could not rule out the role of the left posterior parietal lobe in mental rotation. Accordingly, Kucian et al. (2007) investigated the maturing neural network for mental rotation by comparing brain activation in 20 children and 20 adults using fMRI. They found that adults exhibited more robust activation in the left intraparietal sulcus compared to children. This finding suggests a shift of activation from a predominantly right parietal activation in children to a bilateral activation pattern in adults.

Later, Milivojevic et al. (2008) studied the brain regions involved in mental rotation by assessing the fMRI activation during a letter-digit judgment task. They found that the mental rotation was sub-served by a bilateral frontoparietal network. Therefore, they suggested that the hemispheric asymmetries found in the parity-judgment tasks might reflect visuospatial processing other than mental rotation itself, which could be sub-served by a bilateral frontoparietal network. Later, Zhang et al. (2009) investigated the interactive cortical networks involved in Chinese Character MR tasks using the Partial directed coherence (PDC) analysis. They found that during MR of Chinese character (1) cortical interactive networks changed according to task difficulty, and (2) the right hemisphere played an initiating role in bilateral cortical activation. However, all these neuroimaging studies have not explored the role of working memory in mental rotation, especially in the preschoolers who are gradually acquiring the cognitive ability of mental rotation. Therefore, this study will address this research gap with near-infrared spectroscopy technology.



Working Memory and Mental Rotation in Preschoolers

Neuroimaging studies have consistently found that mental rotation would involve spatial or object working memory (Gauthier et al., 2002; Hyun and Luck, 2007). Initially, Carpenter et al. (1999) found an extensive activation of both dorsal and ventral stream areas during an MR task compared to a control task. However, only the dorsal stream activation was strongly dependent on the degree of rotation. Later, Hyun and Luck (2007) found that prefrontal areas (BA 9 and BA 10) appeared to be involved in both spatial and object working memory and especially to be responsible for the control and manipulation of information in working memory, rather than being the “storeroom” of the spatial and object information. As mental rotation requires both the storage and manipulation of spatial and object information, precisely the neural function of prefrontal areas (BA 9 and BA 10), we tend to believe that BA 9 and BA 10 might play a critical role in the processing of mental rotation tasks. Therefore, this study will explore the role of BA 9 and BA10 in mental rotation processing in a group of Chinese preschoolers.

Preschoolers’ mental rotation, however, has been rarely explored by neuroimaging studies. Most of the existing studies simply adopted the traditional behavioral paradigms. For instance, Frick et al. (2013) assessed individual differences in children’s mental rotation abilities between 3.5 and 5.5 years of age. They found that: (1) children’s error rates and response times increased linearly with increasing angular disparity by the age of 5 years; (2) 4-year-olds were found to respond at a chance for all angular disparities; (3) both manual and observational experience increased the response accuracy of 5-year-olds, but there was no effect on 4-year-olds. These results indicated that the mental rotation paradigm’s successful application should be restricted to children 5 years or older. To challenge this age limitation, Krüger et al. (2014) developed a new research paradigm allowing for the measurement and interpretation of reaction time with 3- to 6-year-olds. They presented a stimulus configuration on a touchscreen and asked preschoolers to bring a rotated stimulus into an upright position using the shortest path. They found that the 3- and 4-year-olds performed reliably above the chance level, but only 5- and 6-year-olds could correctly complete the tasks.

Naseer and Hong (2015) conducted a systematic review and found that fNIRS showed a significant advantage in studying the prefrontal cortex due to no hair in detecting the cognitive tasks like mental arithmetic, music imagery, so on. In extracting features related to the desired brain signal, the mean, variance, peak value, slope, skewness, and kurtosis of the noised-removed hemodynamic response were used. Therefore, they believed that fNIRS would be more widely used to monitor the occurrence of neuro-plasticity after neuro-rehabilitation and neuro-stimulation. Recently, Wu et al. (2020) examined MR’s neural correlates in preschoolers using fNIRS and the mental rotation paradigms developed by Krüger et al. (2014). They found that the 48 Chinese preschoolers (M = 66.15 months) could complete the behavioral tasks and be classified into Low and High MR performance groups. And the fNIRS results indicated that BA 44 might be one of MR’s core neural correlates in preschoolers, and BA 6 and BA 9 might also be involved in MR processing under a compensatory mechanism. However, the major finding that BA44 was the “neural correlate” (core brain area) of mental rotation might be confounded by other factors, such as it is also in charge of hand movements (Gallagher et al., 2002). Future studies should control hand movements using a control task to reaffirm the precise contribution of BA44 in MR. Also, limited by the research design, Wu et al. (2020) study did not explore working memory’s role, leaving a research gap to be filled by this study. Therefore, we have endeavored to address the following questions in this study:


1.Are there any relationships between the preschoolers’ performance in the working memory and mental rotation tasks?

2.Are there any significant differences in the neural correlates of mental rotation between the preschoolers with high and low working memory capacity?

3.What are the brain areas involved in the mental rotation according to the fNIRS evidence?






MATERIALS AND METHODS


Sample

Altogether 42 right-handed preschoolers participated in this study before the outbreak of COVID-19 in late January 2020. Parents of these children were informed verbally of the purpose of the research and the fNIRS experiments’ safety before they signed the written consent form. The University Ethics Committee approved the experiment and ethical clearance. Among the 42 children, four failed to complete the tests and were thus excluded, resulting in a final sample of 38 children (aged between 4 and 6.3 years, M = 5.0 years, SD = 0.686 years).



Instrument


Working Memory Capacity (WMC) Test

The Missing Scan Task (MST) (Roman et al., 2014) was adopted in this study. MST has been validated by Roman et al. (2014) as a workable and reliable measure of working memory in preschool children (3–6 years in age). Recently, Jusienė et al. (2020) have adopted MST to test 190 preschool children’s working memory and further verified it with sound psychometric properties. Among 65 Beanie Babies (small animal-shaped bean-filled bags), 15 were chosen and used as test stimuli in this study. Examples of animals in the test set included turtle, pig, cow, and duck. Each Beanie Baby was named by the participant (i.e., turtle, pig, cow) to prevent the need to learn new vocabulary; therefore, the participating child could consistently label this animal and did not refer to another animal the same set by the same name. To assess their existing knowledge of the animal names in the stimulus set, we asked the participants to name pictures of each Beanie Baby animal before carrying out the MST. If the participant did not recognize the animal, it would not be included in the test set.



Mental Rotation (MR) Tasks

The MR task in this study was modified from the version developed by Krüger et al. (2014), containing 24 pictures. As shown in Figure 1, the test and target stimuli were physical pictures printed on paper cards and test books. One stimulus was not rotated (target stimulus, left side) while the other one was rotated clockwise to one of the following angles: 45°, 90°, 135°, 225°, 270°, or 315° (test stimulus; right side). As many of the participants had no experience using a PC desktop, no screen task was employed in this study. In the training and testing sessions, the paper card with a picture of a duck was presented to the participants to show how to rotate it and make it stand up (using the shortest path). All the test and target materials were presented to the participants on a table.
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FIGURE 1. The mental rotation (MR) task.




Control Tasks

To control for the effects of hand movement and movement planning, a set of tasks was conducted to ask the participants to perform a manual rotation movement similar to that in the MR task but without a decision about the movement’s direction. The stimulus material consisted of a clock-like schematic drawing. As shown in Figure 2, the small hand of the “clock” was always set to 12 o’clock (target position). The big hand was set between 12 and 6 o’clock (starting position). The angle between the two watch hands varied in 14 different degrees (80° and 160° for training; 15°, 30°, 45°, 60°, 75°, 90°, 105°, 120°, 135°, 150°, 165°, and 180° for testing). The big hand could be moved toward the small watch hand (target position) counter-clockwise only.
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FIGURE 2. The control task.





Procedure


Cap Placement

First, the participants were informed about the fNIRS experiment in terms of an invitation to play games. The participants were encouraged to report any uncomfortable feelings so that the technician could adjust the cap for them. The participants were allowed to quit anytime during the experiment. Once the participants gave their consent to participate, the experimenter read a picture book with them while an experienced technician assisted them in putting on the fNIRS cap.

Second, the technician performed the cap placement, hair manipulation, and tossing and the installation of optodes (based on the 10/20 system). The cap placement procedure involved making general head measurements to decide the cap’s size to be used for each participant. Both small (S) and extra-small (XS) fNIRS caps accompanied by the fNIRS instrument (Oxymon Mk III, Artinis, Netherlands) were used for the Chinese preschoolers in this study. The cap is a highly stretchable soft headwear covering the entire head, with prefixed locations for optodes, much like an EEG cap. It has digitized optode positions to illustrate the brain areas being studied. Additional colorful hairbands were used to keep the cap in place and to prevent slipping. As the cap placement procedure took approximately half an hour, children were engaged in storybook reading with an experienced preschool teacher during this period.



Working Memory Assessments

The participant with the fNIRS cap sat across from the experimenter, where a small cardboard house was placed on the table facing the participant. Out of the participant’s line of sight, a back-pack was placed under the table, which contained the 15 animal-shaped Beanie Babies. The experimenter explained to the participant that they were going to play a memory game. The experimenter brought out two randomly selected Beanie Babies and placed them on the table in front of the participant. The two animals represented a memory set size of two and were used as the training and practice set for each child. The participant was asked to name and remember the two animals, as “they would go inside the house where the participant would not be able to see them anymore,” and when they came back out of the house, one of the animals would be missing. Each child was given approximately 10 s to look at the animals in the memory set and name them before the experimenter placed them inside the house. Two or three seconds later, one Beanie Baby was brought back (chosen at random), and the participant was asked, “which one is missing?” The participant had to display an understanding of the instructions before proceeding with the MST. If the participant were unable to demonstrate an understanding, he/she would not continue with the MST. All the children reported in this study have completed the practice set and proceeded to the test sets.

The memory set size began with three animals and increased in length by one animal each time when the participant correctly reported the missing item. After one correct trial at a given set size was completed, the memory set size was increased by one item. If the participant incorrectly named the missing animals, the same memory set size was tested again with a new test item. In both training and test trials, the participants were shown the missing animal after each trial regardless of the answer’s correctness. The MST concluded when the participant either failed to correctly name the missing animal on two trials of the same memory set size or successfully completed a set size of 10. The animals in each memory set were always novel and were randomized for each set size without replacement. The presentation order was also randomized for each child. Working memory capacity (WMC) was defined as the most extended set size that the participant could correctly scan with no errors.



MR Task

The training session of the MR task consisted of four trials. The experimenter explained to children how the first trial should be performed with the following instructions: “Here is an upright bear [experimenter pointing the target stimulus on the left] and here is a duck falling on its side [pointing the duck on the right]. Now let us help this bear get back on its feet as soon as possible. We can help him get up this way [rotating the test stimulus via the shortest route]. However, if you do it like this [rotating the test stimulus via a more distant route], the bear will be unhappy. So, please do not do it this way.” The participants were then asked to perform the remaining three training trials, during which the experimenter corrected them upon any mistakes. When a child made a mistake, i.e., chose the more distant route, the experimenter would repeat the original instructions and ask the participant to repeat the corresponding trial. If the participant made the same mistake again, he/she would be asked to perform all training trials again.

The test session of the MR task consisted of 24 trials (24 different stimulus pairs) divided into three task blocks (8 trial/block), each of which preceded a rest block (see Figure 3). In each trial, a target (unrotated) stimulus was presented on the left side of the table while a test stimulus, rotated to one of the six angles mentioned above, was presented on the right side of the table. The trials were randomized in each block. No trials were repeated. As in the training session, the participants were instructed to rotate the test stimulus to match the target stimulus. No help or further instructions were given.
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FIGURE 3. Test session.




Control Task

The control task’s training consisted of four trials with the large hand starting randomly at either 80° or 160°. At the start of the training phase, the experimenter showed children the stimulus material and explained that it would be the participant’s task to move the large watch hand to the small watch hand. Then the experimenter solved the first trial for the participant by “dragging” the large hand counter-clockwise to the small hand. Afterward, children were asked to do so by themselves, but the experimenter offered assistance and answered their questions. If children made a mistake, the instruction was repeated.

The control task test consisted of 36 trials divided into three blocks, each of which preceded a rest block (see Figure 3). The set of stimuli was the same in every block and consisted of 12 different angles (15°, 30°, 45°, 60°, 75°, 90°, 105°, 120°, 135°, 150°, 165°, and 180°) presented in random order. Precisely as in the training session, children were always asked to move the big hand to the small hand, but no help or further instructions were given.




Data Acquisition, Processing, and Analysis

In this study, a multiple-channel fNIRS system (OxyMon Mk III, Artinis, Netherlands) was used to simultaneously measure the concentration changes of oxygenated hemoglobin (HbO), deoxygenated hemoglobin (HbR), and total hemoglobin (HbT) in the participants. Two wavelengths in the near-infrared range, namely 760 and 850 nm, were used to measure the changes in optical density, which were then converted into changes in the concentration of HbO and HbR using the modified Beer-Lambert law.

Seventeen fNIRS channels were used and located following the international 10/20 system for EEG, with a 2.5 cm distance between adjacent emitter-detector pairs. The regions of interest (ROIs) were located at Brodmann Areas (BAs) 6, 8, 9, 10, 40, and 44 (see Figure 4). Previous studies have shown that these areas might be activated during cognitive shifting, mental rotation, and other preschoolers’ cognitive activities (Moriguchi and Hiraki, 2009; Wu et al., 2020). Ten channels were located in the right frontal cortex, and seven channels were located in the prefrontal cortex (see Figure 4). In particular, the channels 1 and 9 were located at BA 6, channel 10 at BA 8, the channels 11, 12, 14, 16 at BA 9, and channels 13, 15, 17 at BA 10, channel 4 at BA 40, and channels 2, 3, 5, 6, 7, 8 were located at BA 44 in the right inferior frontal cortex.


[image: image]

FIGURE 4. Localization of regions of interest. The numbers on small spheres on the brain map indicate the 17 channels. The channel localization was based on the upper central probe, which was anchored at Fz according to the international 10–20 system and was located at the midpoint between channels numbers 11 and 12. The channels 1 and 9 were located in BA 6, the channel 10 was located in BA 8, the channels 11, 12, 14, 16 were located in BA 9, and the channels 13, 15, 17 were located in BA 10, the channel 4 was located in BA 40, the channels 2, 3, 5, 6, 7, and 8 were located in the right IFC (BA 44).


A subject-specific differential pathlength factor (DPF) constant was calculated based on the age of each subject (Duncan et al., 1996). And the sampling rate was set at 50 Hz for data acquisition. As DPF value is sensitive to age and wavelength, the wavelengths of near-infrared light used to collect the data collected were fixed in this study. In particular, we calculated the DPF value of each child according to the formula (DPF = 4.99 + 0.067∗Age0.814), which is more conducive to the data’s accuracy. After screening the data, the trials contained deformity or noisy data were treated as the incorrect trials and were discarded in advance of the formal analysis. The raw optical intensity data series were converted into changes in optical density (OD). The discrete wavelet transform was applied to every channel data series to remove motion artifacts, with the tuning parameter (α) of wavelet filtering set at 0.1. To reduce slow drifts and high-frequency noise, a bandpass filter (third-order Butterworth filter) with cut-off frequencies of 0.01–0.3 Hz (Delpy et al., 1988) was then applied to the data. The OD data were then converted into concentration changes of HbO and HbR. Among the three NIRS parameters measured, the concentration of HbO was found to be the most sensitive to changes in regional cerebral blood flow, which provided the strongest correlation with the blood oxygen level-dependent signal (Moriguchi and Hiraki, 2009). Thus, a change in the HbO concentration was considered to be the best indicator of brain activity. In the following analysis, only HbO concentration was calculated. Based on the previous research (Moriguchi and Hiraki, 2009), HbO concentration was converted into z-scores. The z-score was calculated using the mean value, and the SD of the HbO concentration changes during the rest phase.

Individual data were processed using MATLAB 2013b (Mathworks, MA, United States) (Huppert et al., 2009) and analyzed using the Homer2 NIRS processing package. The mean of z-scores (HbO) was calculated for each control task block and each MR task block separately for each participant. Then, the mean of z-scores (HbO) was calculated by averaging across the three task blocks for each participant. Finally, the mean of z-scores (HbO) across all channels were compared using t-tests between the High and Low groups using SPSS. The General Linear Model (GLM) analysis used to predict z-scores (HbO) in each channel was conducted in R (YΔHbO = aX time + b).




RESULTS


Behavioral Results

All 38 participants completed the Working Memory Assessment (WMC scored between 3 and 10, M age = 5.0, SD = 1.95). They were divided into high-WMC and low-WMC groups based on their WMC scores. Altogether nine participants were scored at least 0.5 SD higher than the mean, thus were included in the High-WMC group, whereas 18 were scored at 0.5 SD lower than the mean were included in the Low-WMC group, and the other 11 children were around the mean level, thus were excluded from this study. The MR task score of the High-WMC group (Mmr = 23.44, SD = 0.882) was slightly lower than that of the Low-WMC group (Mmr = 23.67, SD = 0.594), p = 0.084. No significant age difference was found between the High-WMC and Low-WMC groups, t = 0.29, p = 0.774. Next, Spearman correlation analysis was conducted between the WMC and MR scores. A significant negative correlation was found in the Low-WMC group (r = −0.55, p < 0.05). In contrast, no significant correlation was found in the High-WMC group and Total samples, as shown in Table 1. This result indicated that generally, the MR task’s performance was not significantly correlated with their working memory capacity.


TABLE 1. Descriptive and correlational statistics of the low-MWC (N1 = 18) and high-WMC (N2 = 9) groups.
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T-Tests Results

First, a set of two-sample (independent groups) t-tests was conducted to determine any significant difference in the mean HbO increase between the High and Low-WMC groups in the control task. As multiple channels were involved in this type of t-tests, all the results were corrected for multiple comparisons using the false discovery rate (FDR), and the adjusted significant level of p-value was set at 0.05. The results indicated a significant between-group difference in BA 9 (ch 12) (t = 3.085, p < 0.01), BA 10 (ch 13) (t = 2.416, p < 0.05), BA 10 (ch 15) (t = 3.079, p < 0.01). As shown in Table 2, a significant increase in HbO was observed in BA 9 and BA 10 in the Low-WMC group compared to the High-WMC group.


TABLE 2. Comparison of increases in HbO between the low-MWC (N1 = 18) and high-WMC (N2 = 9) groups in the control task.

[image: Table 2]
Next, a set of two-sample (independent groups) t-tests was conducted to determine any significant difference in the mean HbO increase between the High and Low-WMC groups in the MR task. The results indicated a significant between-group difference in BA 44 (ch 7) (t = −2.349, p < 0.05), BA 44 (ch 8) (t = −2.206, p < 0.05), BA 9 (ch 14) (t = −2.261, p < 0.05), BA 9 (ch 16) (t = 2.149, p < 0.05). As shown in Table 3, the High-WMC group had significantly more increase in HbO than the Low-WMC group in BA 44 (ch 7 and 8) and BA 9 (ch 14), indicating more brain activation in these areas. However, a significantly less increase in BA 9 (ch 16) was observed in the High-WMC than the Low-WMC group.


TABLE 3. Comparison of increases in HbO between the low-MWC (N1 = 18) and high-WMC (N2 = 9) groups in the MR task.
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Third, a set of paired-samples t-tests was conducted to determine whether there were significant differences in the mean HbO increase between the MR and control tasks in the Low-WMC group. As shown in Table 4, no significant differences were found between the control and MR tasks in all the channels, ts > −1.834, ps > 0.084.


TABLE 4. Comparison of increases in HbO of the low-WMC group between the control and MR task.

[image: Table 4]
Fourth, a set of paired-samples t-tests was conducted to determine whether there were significant differences in the mean HbO increase between the MR and control tasks in the High-WMC group. As shown in Table 5, a significant increase in HbO was found in BA 10 (ch 13) when comparing the MR task against the control one, t = 2.584, p < 0.05.


TABLE 5. Comparison of increases in HbO of the high-WMC group between the control and MR task.
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Modeling HbO Increase for High and Low-MWC Groups in MR and Control Tasks

A set of GLM analyses was conducted to model the change in HbO in the 17 channels based on experiment time for the High and Low = WMC groups, respectively. First, the changes in HbO during the MR and control tasks were analyzed for the Low group. As shown in Table 6 and Figure 5, during the MR task, significant HbO increase was observed in BA 6 (ch 9) [β = 0.41, ΔR2 = 0.26, F = 29.16 (for the model), t = 5.40 (for β), ps < 0.001], BA 8 (ch 10)[β = 0.84, ΔR2 = 0.70, F = 353.92 (for the model), t = 18.81 (for β), ps < 0.001], BA 9 (ch 12) [β = 0.69, ΔR2 = 0.47, F = 133.77 (for the model), t = 11.57 (for β), ps < 0.001], and BA 44 (ch 6) [β = 0.40, ΔR2 = 0.16, F = 28.39 (for the model), t = 5.33 (for β), ps < 0.001]. Meanwhile, significant decreases were found in the other channels including BA 6 (ch 1), BA 40 (ch 4), BA 44 (ch 2, 3, 5, 7, and 8), BA 9 (ch 11, 14, and16), BA 10 (ch 13, 15, and 17), Fs > 16.45 (for the models), ts < −4.06 (for β), ps < 0.001. All these results jointly indicated that BA6, BA8, BA9, and BA 44 were significantly activated during the MR task in this Low-WMC group. During the control task, as shown in Table 7 and Figure 6, significant HbO increase was observed in BA 9 (ch 12) [β = 0.51, ΔR2 = 0.26, F = 51.88 (for the model), t = 7.21 (for β), ps < 0.001], and BA 9 (ch 16) [β = 0.73, ΔR2 = 0.53, F = 167.78 (for the model), t = 12.95 (for β), ps < 0.001]. Meanwhile, significant decrease in HbO was observed in BA 44 (ch 2, 3, 5, 7, and 8), BA 40 (ch 4), BA 8 (ch 10), BA 9 (ch 11 and 14), BA 10 (ch 13 and 15), Fs > 39.35 (for the models), ts < −6.27 (for β), ps < 0.01. BA 9 was significantly activated during the control task in the Low-WMC group. After controlling for the activation of BA 9 in the control tasks, we could conclude that BA6, BA8, and BA 44 were significantly activated during the MR task in this Low-WMC group.


TABLE 6. Predicting increase in HbO for the low group (N1 = 18) in the MR task.
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FIGURE 5. Temporal changes in the HbO concentration in the 17 channels during the mental rotation tasks. From left to right are channels 1–17. The HbO data for Low-MWC (N1 = 18) and High-WMC (N2 = 9) are shown in the blue and red lines, respectively.



TABLE 7. Predicting increase in HbO for the low-WMC Group (N1 = 18) in the control task.
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FIGURE 6. Temporal changes in the HbO concentration in the 17 channels during the Control tasks. From left to right are channels 1–17. The HbO data for the Low-MWC (N1 = 18) and High-WMC (N2 = 9) are shown in the blue and red lines, respectively.


Second, the changes in HbO during the control and MR tasks were analyzed for the High-WMC group. During the MR task, as shown in Table 8 and Figure 5, significant increase in HbO were observed in BA 8 (ch 10) [β = 0.87, ΔR2 = 0.75, F = 456.59 (for the model), t = 21.37 (for β), ps < 0.001], BA 10 (ch 13) [β = 0.35, ΔR2 = 0.12, F = 21.17 (for the model), t = 4.60 (for β), ps < 0.001], BA 10 (ch 17) [β = 0.86, ΔR2 = 0.74, F = 416.19 (for the model), t = 20.40 (for β), ps < 0.001], and BA 44 (ch 2) [β = 0.336, ΔR2 = 0.12, F = 21.90 (for the model), t = 4.68 (for β), ps < 0.001]. Meanwhile, significant HbO decrease was observed in BA 6 (ch 9), BA 9 (ch 11, 14, and16), BA 10 (ch 15), BA 40 (ch 4), and BA 44 (ch 3, 5, 7, and 8), Fs > 14.69 (for the models), ts < −3.83 (for β), ps < 0.001. All these results jointly indicated that BA8, BA10, and BA 44 were significantly activated during the MR task in this High-WMC group. During the control task, as shown in Table 9 and Figure 6, significant HbO increase was observed in BA 6 (ch 1) [β = 0.32, ΔR2 = 0.09, F = 16.35 (for the model), t = 4.04 (for β), ps < 0.001], BA 9 (ch 11) [β = 0.55, ΔR2 = 0.30, F = 65.61 (for the model), t = 8.10 (for β), ps < 0.001], BA 44 (ch 3) [β = 0.32, ΔR2 = 0.10, F = 16.71 (for the model), t = 4.09 (for β), ps < 0.001], BA 44 (ch 8) [β = 0.37, ΔR2 = 0.13, F = 23.92 (for the model), t = 4.89 (for β), ps < 0.001]. Meanwhile, significant decrease in HbO was observed in BA 8 (ch 10), BA 9 (ch 16), BA 10 (ch 13, 15, and 17), BA 40 (ch 4), and BA 44 (ch 2, 5, and 6), Fs > 11.14 (for the models), ts < −3.34 (for β), ps < 0.01. BA6, BA9, and BA 44 were significantly activated during the control task in the High-WMC group. After controlling for the activation of BA6, 9, 44 in control tasks, we could conclude that BA8 and BA10 were significantly activated during the MR task in this High-WMC group.


TABLE 8. Predicting increase in HbO for the high-WMC group (N2 = 9) in the MR task.

[image: Table 8]

TABLE 9. Predicting increase in HbO for the high-WMC group (N2 = 9) in the MR control task.
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DISCUSSION


Neural Correlates of Mental Rotation in the Low-WMC Group

First, this study found no significant differences in the activation of the 17 channels between the Low group’s control and MR tasks. This result indicated that the Low-WMC group activated the same brain areas to complete both the control and MR tasks. As the MR task required the successful processing of mental rotation, whereas the control task did not, this result indicated that mental rotation’s neural correlate might be involved in completing both MR and control tasks in this Low group. In addition, when they performed the MR task, they demonstrated significant deactivation in BA 40 and BA 44, indicating that both BA 40 and BA 44 might play a critical role in completing the mental rotation task. This finding is consistent with that of Wu et al. (2020).

Second, the GLM analysis found that BA6, BA8, BA9, and BA 44 were significantly activated during the MR task in the Low-WMC group, whereas only BA9 was significantly activated during the control task. After controlling for the effect of BA9 in the control task, we could conclude that BA6, BA8, and BA 44 were significantly activated during the MR task in the Low-WMC children.

All these findings jointly indicated that: (1) BA 9, as one of the neural cores of executive function, was consistently involved in the processing of both MR and control tasks; (2) BA 44 was substantially involved in mental rotation (but not in the control task) in Low-WMC children, demonstrating that BA 44 could be one of the core neural correlates for the manipulation of mental rotation; and (3) BA6, BA8, and BA 40 might also be involved in the mental rotation for the Low-WMC group.



Neural Correlate of Mental Rotation in the High-WMC Group

First, this study found a significant HbO increase in BA10 (when comparing the MR against the control task) in the High-WMC group. This result indicated that the High-WMC group had to activate BA10 more significantly to complete the mental rotation task than their brain activation during the control task. Second, the GLM results indicated that BA8, BA10, and BA 44 were significantly activated during the MR task, whereas BA6, BA9, and BA44 were significantly activated during the control tasks. Therefore, we can conclude that: (1) BA 44 has been substantially involved in the processing of both the MR and control tasks, demonstrating that BA 44 is one of the core neural correlates for the manipulation of mental rotation; (2) BA8 and BA10 were significantly activated during the MR task in the High-WMC group; (3) BA6 and BA9 were responsible for the manipulation of the control task, which requires visual-spatial information processing, movement planning, hand movement (Krüger et al., 2014).



The Roles of BA9, BA10, and BA 10 in Working Memory and Mental Rotation

This study found two different patterns of neural correlates of MR for the Low-WMC and High-WMC preschoolers, respectively. The Low-WMC group tended to activate BA6, BA8, and BA44 when processing the MR tasks, whereas the High-WMC activated BA8, BA10, and BA 44. The comparison of Low-WMC and High-WMC patterns indicated the significant differences in the activation of BA9 and BA44. This finding implies that BA9 and BA44 might play essential roles in the collaboration between mental rotation and working memory.

First, BA 44 functions significantly in binding the language elements, selecting information among competing sources, generating/extracting action meanings, and cognitive control mechanisms for the syntactic processing of sentences (Aron et al., 2004). Also, BA 44 is responsible for both hand movements (Rizzolatti et al., 2002) and cognitive shifting in the Dimensional Change Card Sort (DCCS) task in preschool children (Moriguchi and Hiraki, 2009; Wu et al., 2020). In this study, hand movement is critical to successfully completing all these MR tasks, as the children should make appropriate hand movements to return the stimuli to the correct place. Therefore, we added a control experiment and found that BA44 was consistently involved in MR and control tasks in the High-WMC group (but not in the Low group). This nuanced difference indicated that BA44 should be responsible for the mental rotation rather than hand movement in this study. All the participants were right-handed, and we only tested the right hemisphere BA44. This finding has provided empirical support to that of Wu et al. (2020) that BA44 should be regarded as one of the core neural correlates of mental rotation in preschoolers.

Also, in the High-WMC group, BA 10 was a significant activated area for the mental rotation. BA10 is extensively involved in cognitive processing in the human brain, but its function is poorly understood. A meta-analysis found that it involved working memory, episodic memory, and multiple-task coordination (Gilbert et al., 2006). Therefore, this finding indicates that working memory is substantially involved in MR tasks; thus, BA 10 plays a significant role in mental rotation. This is consistent with that of Hyun and Luck (2007), who found that prefrontal areas (BA 9 and BA 10) were responsible for the control and manipulation of information in working memory and provides partial evidence to support our hypothesis that BA 9 and BA 10 might play a critical role in the processing of mental rotation tasks.

Last, this study found that the High and Low-WMC groups differed significantly in BA 9 during mental rotation. BA 9 is widely involved in attributing intention, theory of mind, working memory, spatial memory, recognition, recall, and planning (Brunet et al., 2000; Gallagher et al., 2002; Leung et al., 2002; Pochon et al., 2002; Raye et al., 2002; Zhang et al., 2003). In the mental rotation, the High-WMC group had significantly more activation in BA9 than the Low-WMC group, indicating that BA9 might be relevant to the between-group differences in working memory capacity. This finding implies that BA9 might also play an essential role in preschoolers’ working memory and mental rotation, which is also consistent with that of Wu et al. (2020).




CONCLUSION, LIMITATIONS, AND IMPLICATIONS

In summary, this study found two patterns of neural correlates of mental rotation for the preschoolers with low and high working memory capacity. The Low-WMC group tended to activate BA6, BA8, and BA44, whereas the High-WMC group activated BA8, BA10, and BA 44 when processing the MR tasks. The significant differences in the activation of BA9 and BA44 between the Low and High-WMC patterns indicated the two areas might play essential roles in the collaboration between mental rotation and working memory. In addition, the High-WMC group has demonstrated significant activation in BA 10, indicating that BA10 might be specifically responsible for the mental rotation when completing the MR tasks. In contrast, the Low-WMC group had no significant activation in any studied areas compared to the control task. All these findings jointly indicate that BA9 and BA10 might play a vital role in processing both working memory and mental rotation, and BA44 might be one of the core neural correlates of mental rotation in preschoolers (Wu et al., 2020).

This study has some limitations. First, other brain regions, especially left frontal areas, might also contribute to mental rotation development. However, with minimal channels, this study could only focus on the right IFC and inferior prefrontal areas. Second, the younger (3-year-olds) and older (7-year-olds) should have been included in this study to examine whether the neural network of mental rotation could be matured and adultlike in primary school years. Last, this study found a significant negative correlation between WMC and MR scores in the Low-WMC group. Is this finding caused by sample bias or developmental differences? This cross-sectional study with a small sample was incapable of address this question. Further studies with more samples of varying ages should be conducted in the future. Therefore, we need to address all these limitations by investigating brain activation using various tasks and longitudinal designs in the future.

Nevertheless, the findings of this study do have some implications for future studies. First, preschoolers can complete the mental rotation tasks, and future studies can further explore the neural correlates of mental rotation using this research paradigm. Second, BA44 has been substantially involved in processing both the MR and control tasks in the High-WMC group, indicating that the role of BA 44 might be more complicated and deserves further exploration. Third, the critical roles of BA 9 and BA 10 in the processing of working memory and mental rotation should be further explored and verified with more experiments. Therefore, more empirical evidence could be provided to confirm the neural correlates of working memory in preschoolers.
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