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The engagement of the cerebellum VI in reading was reported in both typically developing and dyslexic readers. However, it is still not clear how the cerebellum VI contributes to reading. Here we have examined the correlation of intrinsic cerebro-cerebellar functional connectivity with two critical reading-related skills—phonological awareness (PA) and rapid automatized naming (RAN)—with fMRI technology. Specifically, we tested the hypothesis that the cerebellum may contribute to reading either by phonological skills or by automatizing skills. We chose the left and right cerebellum VI as ROIs, and we calculated the intrinsic cerebro-cerebellar functional connectivity during a resting state. We further explored whether and how cerebro-cerebellar resting state functional connectivity (RSFC) is associated with individuals’ reading-related skills including PA and RAN. The results showed that the functional connectivity between the left supramarginal gyrus and bilateral cerebellum VI was related to RAN, and the connectivity between the left insula and right cerebellum VI was related to PA. However, the effect of PA did not survive after the RAN was regressed out. Control analyses further confirmed that it was the intrinsic cerebro-cerebellar functional connectivity rather than the local cerebellar functionality that associated with phonological awareness ability and rapid automatized naming ability. For the first time, the relationship between cerebro-cerebellar resting state functional connectivity and specific reading-related skills has been explored, and this has deepened our understanding of the way the cerebellum VI is involved in reading.
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INTRODUCTION

Increasing evidence has shown that the cerebellum is engaged in high-level cognitive processing, particularly, in reading (Baillieux et al., 2008; Stoodley and Stein, 2011, 2013; Argyropoulos, 2016; Sokolov et al., 2017). For example, numerous studies have reported that the cerebellum was involved in a variety of reading tasks, including phonological processing, visual letter recognition, as well as semantic processing (McDermott et al., 2003; Turkeltaub et al., 2003; Booth et al., 2007; King et al., 2019). Particularly, the bilateral cerebellum VI, a middle part of the cerebellum, plays a more essential role than other parts in reading. A voxel-based morphometry study found a significant negative correlation between the gray matter volume of the left cerebellum VI (lobule VI/Crus I) and reading accuracy in normal readers (Jednorog et al., 2015). A meta-analysis also found that the right cerebellum VI was consistently activated during reading-related tasks (Martin et al., 2015). Although these findings suggest a relationship between the bilateral cerebellum VI and reading, it remains unclear how the cerebellum VI contributes to reading.

The involvement of the cerebellum in high-level cognitive processing could be attributed to the structural and functional cerebro-cerebellar connection (Sokolov et al., 2017). As a support, Booth et al. (2007) observed that the cerebellum VI functionally connected with cerebral regions during reading, including the left fusiform gyrus, the left inferior frontal gyrus, and the left lateral temporal cortex. Feng et al. (2017) further found that abnormality of cerebro-cerebellar connections was associated with reading impairment, suggesting that variation of cerebro-cerebellar functional connectivity is associated with differences in reading ability.

A previous study indicated that an intrinsic network organization underlying cognitive processes can be reflected by resting state functional connectivity (RSFC) (Lohmann et al., 2009). For example, RSFC is associated with individual differences in several cognitive domains, including executive control, episodic memory, and learning (Wang et al., 2010; Xu et al., 2014; Chai et al., 2016). Compared to functional connectivity during certain cognitive task, RSFC indicates intrinsic, task-independent features of brain function (Biswal et al., 1995; Fox et al., 2005). Importantly, task-induced BOLD activity could be predicted by RSFC (Mennes et al., 2010; Shah et al., 2016), and the reading network can also be investigated during the resting state (Koyama et al., 2010). Koyama et al. (2011) found that reading competence positively related to RSFC between the left precentral gyrus and other motor regions as well as between the pars opercularis of the left inferior frontal gyrus and the posterior part of the left superior temporal gyrus, suggesting that reading can be facilitated by stronger connectivity among motor regions and between language regions. Besides, it was proposed that RSFC was associated with Chinese reading abilities (Wang et al., 2012; Zhang et al., 2014; Qian et al., 2016). A recent study further observed that the strength of RSFC between the left thalamus and the right cerebellum, which are thought to be associated with attention, is positively correlated with phonological fluency (Miro-Padilla et al., 2017). However, up until now, no study has directly explored whether RSFC between the cerebellum and cerebrum is associated with reading.

As to the mechanism of how the cerebellum is engaged in reading, the cerebellar deficit hypothesis proposed that articulatory processing and automatizing processing were two key components that the cerebellum possibly contributes toward, the deficit of which can lead to subsequent problems when learning how to read (Nicolson et al., 2001). Moreover, lack of articulatory fluency will finally lead to difficulties in phonological awareness (Nicolson et al., 2001). Evidence to support this hypothesis comes from two aspects. Firstly, cerebellum was indeed engaged in phonological (Raschle et al., 2012; Meng et al., 2016) and automatizing processing (Norton et al., 2014; Cummine et al., 2015). Secondly, phonological skill and automatizing skill are closely related to reading. For example, phonological awareness (PA) and rapid automatized naming (RAN, a way to estimate automatizing skill) have been confirmed as significant predictors of reading performance across languages (Parrila et al., 2004; Ziegler et al., 2010; Yeung et al., 2011). A meta-analysis further revealed that PA and RAN were correlated to reading accuracy and reading fluency, respectively (Song et al., 2015). These two skills have frequently been used to evaluate reading abilities (Qian et al., 2015, 2016) and distinguish between dyslexic and normal readers (Norton et al., 2014).

The cerebellar deficit hypothesis also indicated that reading impairment can be caused by cerebellar deficits showing up before reading acquisition, and the cerebellum plays a vital role in the initial stage of reading (Nicolson et al., 2001). A meta-analysis has reported both common and divergent reading-related activation in children and adults (Martin et al., 2015), and a previous study also proposed that reading competence was related to different RSFC patterns in children and adults (Koyama et al., 2011). Koyama et al. (2011) demonstrated that better reading performance was associated with stronger functional coupling between the fusiform gyrus and phonology-related regions/default mode network in adults but not in children. The research to date has tended to focus on RSFC-reading relationships in adults (Wang et al., 2012; Zhang et al., 2014; Qian et al., 2016). However, far too little attention has been paid to the relationship between RSFC and reading in children (Alcauter et al., 2017). Given reading skills are not yet fully matured during childhood, studies based on children can investigate the way the cerebellum affects reading in the developmental stages.

The current study has aimed to examine whether and how the intrinsic cerebro-cerebellar functional connectivity (RSFC) associates with the two important reading-related skills—phonological and automatizing skills—in children. For this purpose, we have analyzed the correlation between intrinsic cerebro-cerebellar functional connectivity with PA and RAN, both of which are important predictors of reading performance. Given the convergent evidence, which showed that the cerebellum VI was consistently involved in reading, we chose bilateral cerebellum VI as regions of interest (ROIs). We hypothesized that reading-related cognitive processes were supported by the cooperation of the cerebellum and cerebrum. Specifically, both PA and RAN scores were associated with the intrinsic functional connectivity between the cerebellum VI and cerebral areas.



MATERIALS AND METHODS


Participants

Fifty-seven typically developing children without reading disorders [31 males and 26 females, mean age = 10.19 years, standard deviation (SD) = 0.96] took part in the experiment. All participants were native speakers of Mandarin and were recruited and screened from several primary schools in Beijing from grades three to six. They were all right-handed and had normal IQs (Raven Percentiles ≥50, Raven’s Standard Progressive Matrices: Raven, 1998) with normal or corrected-to-normal vision. In addition, children with attention deficit hyperactivity disorder (ADHD, Feng et al., 2017), neurological disease, or psychiatric disorders were excluded. All the 57 participants meet the criteria of head motion not exceeding 3 mm or 3°. This study was approved by the Institutional Reviews Board of the State Key Laboratory of Cognitive Neuroscience and Learning at Beijing Normal University, and written consent was obtained from the children and their parents.



Behavior Measures

Raven’s Standard Progressive Matrices was applied to test the children’s IQ. A Chinese phonological awareness test (Shu et al., 2006, 2008) and a rapid automatized naming test (Feng et al., 2017) were then used to evaluate the children’s phonological and automatizing skills. Details of the two tests are described below.


Chinese Phonological Awareness (PA) Test

The Chinese phonological awareness test consists of four subtests: phoneme deletion, tone detection, onset detection, and rime detection. In the phoneme deletion test, the participants were asked to pronounce a given word after deleting a phoneme, for example, “shua3” after removing “a” should be pronounced as “shu3.” In the tone/onset/rime deletion test, the participants were asked to find the one word, out of four words, that differed (by the tone, onset, or rime level). For example, when it comes to the tone level, such as [ba4, san4, bei4, bo1], the different one is bo1; for the onset detection, [ba3, san1, bei4, bo1], the correct answer is san1; and for the rime detection, [ban3, san1, ban4, bo1], bo1 was the different one. The number of correct answers was recorded as a raw score. Raw scores were firstly converted into Z scores in each grade and then into standard scores with a mean of 100 and SD of 15. Averaged Z scores of the four tests indicated the phonological processing ability. The higher the score, the better the phonological awareness.



The Rapid Automatized Naming (RAN) Test

The rapid automatized naming test was used to measure automatization ability (Raberger and Wimmer, 2003). When performing this task, participants were required to read out visually-presented Arabic numbers as quickly and accurately as possible. The participants did the test twice, and the total time to read all digits was recorded each time. The average time was calculated and translated into Z scores in each grade. The Z scores were then multiplied by −1, and they were then converted into standard scores with a mean of 100 and SD of 15; higher scores represented better performances.




Imaging Procedure and Acquisition

Resting-state images were acquired with a 3T Siemens scanner at Beijing Normal University. Before the formal experiment, the participants participated in 20 min of training in a mock scanner in order to familiarize themselves with the environment and the requirements. The resting-state MRI scanning session lasted for 8 min. The participants were informed to close their eyes, keep their head and body still, and to think of nothing to avoid inner language disturbances. A T2-weighted gradient-echo EPI sequence was used to acquire functional images, and the acquisition parameters were TR = 2400 ms, TE = 30 ms, flip angle = 81°, FOV = 192 × 192 mm, slice number = 40 slices, slice thickness = 3 mm, and voxel size = 3 × 3 × 3 mm. We used Sequential scanning. For better image registration, we also collected T1-weighted images, TR = 2300 ms, TE = 4.18 ms, flip angle = 9°, FOV = 256 × 256 mm, slice number = 176 slices, slice thickness = 1 mm, and voxel size = 1 × 1 × 1 mm.



Data Analysis


Preprocessing

Functional MRI scans were preprocessed with DPABI software1 (Yan et al., 2016). The resting state functional image preprocessing included several steps: (1) the first 10 time points were deleted; (2) the slice-timing was corrected with the middle slice as the reference slice and realignment; (3) all functional images were co-registered to the corresponding anatomical image; (4) functional images were normalized to Montreal Neurological Institute (MNI) space; (5) the spatial was smoothed with 4 mm FWHM Gaussian kernel; (6) linear trends were removed, and band-pass temporal filtering (0.01–0.08 Hz) was applied. In addition, we regressed out six motion parameters, the white matter signal, and the cerebrospinal fluid signal to reduce motion and physiological signal interference.



Cerebellum ROI

Coordinates of the bilateral cerebellum VI were chosen based on a previous meta-analysis (Keren-Happuch et al., 2014). The sphere of the left cerebellum VI was centered at MNI coordinate (−22, −68, −20) and the right cerebellum VI was centered at MNI coordinate (24, −66, −24, Figure 1A). For each ROI, a sphere was created with a radius of 6 mm.
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FIGURE 1. The location of ROIs. (A) The coordinate of the left cerebellum VI is [–22, –68, –20] and the right cerebellum VI is [24, –66, –24]. (B) The location of control ROI. The right cerebellum V [6, –64, –10], a motion-related region, is used for a control analysis.


In addition, we chose the cerebellum V (MNI coordinate [6, −64, −10], Figure 1B; Stoodley and Schmahmann, 2009), related to motor function, as another ROI to use to perform a control analysis (for detailed information, see section “Control analyses”). For the display, the cerebellum ROIs were overlaid onto the suit template2 with the software MRIcron3.



Correlation of Cerebro-Cerebellar RSFC and Reading-Related Skills

We firstly extracted and averaged the BOLD signal of all voxels within each ROI (i.e., left or right cerebellum VI) used as the seed region for functional connectivity analysis. The time-series correlation of average BOLD signal between each seed region and each voxel in the bilateral cerebrum was calculated with SPM124. The correlation coefficients were transformed into Fisher’s Z scores as an index for cerebro-cerebellar RSFC. Finally, we calculated the correlation between Z scores and the phonological or rapid naming test performances in each seed region.

All the correlation maps were corrected for multiple comparisons by Gaussian random field (GRF) correction (voxel-level p < 0.001 and cluster-level p < 0.05, two-tailed) with DPABI software (see text Footnote 1; Yan et al., 2016). GRF corrections were widely used to control the family-wise error rate (FWER) of testing multiple hypothesis in neuroimaging. Chen et al. (2018) confirmed that the FWER can reach the nominal 5% level if the threshold was set voxel-wise p < 0.0005 and cluster-wise p < 0.025 to perform two one-tailed tests, which is equivalent to the threshold in our study (voxel-level p < 0.001 and cluster-level p < 0.05, two-tailed). This multiple comparison correction method was recommended when considering the FWER (Chen et al., 2018). In addition, the peak voxel in each cluster was reported based on the Automated Anatomical Labeling (AAL) template (Tzourio-Mazoyer et al., 2002). All threshold brain images were overlaid onto the Brainmesh_ICBM152_smoothed.nv surf template with the software BrainNet Viewer (Xia et al., 2013)5 for display.

In our study, we were primarily concerned with how the cerebro-cerebellar RSFC associates with phonological skills and automatizing skills, as indicated by the measures of PA and RAN. We then first calculated the correlation between the cerebro-cerebellar RSFC with each skill separately. Given that there is potential correlation between Raven’s IQ, PA, and RAN, we additionally performed a partial correlation analysis. For details, when we calculated the correlation between cerebro-cerebellar RSFC and RAN, either the Raven’s IQ, the scores of PA, or both were used as the covariate(s). When we calculated the correlation between cerebro-cerebellar RSFC and PA, the Raven’s IQ, the scores of RAN, or both were used as the covariate(s).



Control Analyses

We further performed two control analyses to exclude potential confounds or other possibilities. Firstly, given the RSFC might be confounded by the local functionalities of the cerebellum, we calculated the amplitude of low frequency fluctuation (ALFF), a representative index of local brain functionalities in the resting state fMRI (Zang et al., 2007), and explored whether the ALFF of bilateral cerebellum VI correlated to the two reading-related skills. The amplitude of low frequency fluctuation (ALFF) measures the spontaneous activity of the specific brain area in order to reflect the local functionality property. We followed the calculation procedure used in previous studies (Deluca et al., 2014). Fast Fourier transform (FFT) was used to transform the time series to frequency domain. After calculating the power spectrum, it was square rooted, and the square root across 0.01–0.08 Hz was then averaged at each voxel, and this was taken as the ALFF. The ALFF of each voxel was divided by the mean ALFF value for standardization. At last, the averaged ALFF of each ROI was extracted for further correlation analysis. The significance of correlation was estimated by Bonferroni correction for multiple comparisons.

Secondly, we tested whether the cerebellum V, a region related to motor function, also showed correlation between intrinsic cerebro-cerebellar RSFC and PA/RAN. During this analysis, we extracted the averaged BOLD signal of cerebral regions whose RSFC with the bilateral cerebellum VI correlated with PA or RAN. Then we calculated the RSFC between the cerebellum V and these cerebral regions to explore whether this intrinsic RSFC was associated with the two reading-related skills. This analysis aimed to answer whether the association between intrinsic cerebro-cerebellar RSFC and reading-related skills is just a feature of the cerebellum VI or could be generalized to other cerebellum regions, such as the cerebellum V. In this analysis, we replaced the cerebellum VI with cerebellum V. The significance of correlation was also estimated by Bonferroni correction for multiple comparisons.





RESULTS


Behavior Results

Table 1 shows the demographic information and the results of reading-related tests. The scores of both the phonological awareness test and the rapid automatized naming test followed the normal distribution. The correlation between the scores of PA and RAN was significant (r = 0.41, p = 0.002) with the Bonferroni correction. The correlation was marginally significant between Raven’s IQ and PA (r = 0.232, p = 0.082) and not significant between Raven’s IQ and RAN (r = 0.220, p = 0.101).


TABLE 1. Characteristics of participants.
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Correlation of Cerebro-Cerebellar RSFC and Reading-Related Skills

When the left cerebellum VI was used as a seed region, the RSFC of this ROI and the left supramarginal gyrus (extended to the postcentral gyrus) was significantly correlated with RAN scores (cluster-level GRF corrected p < 0.05, voxel-level p < 0.001; cluster size = 91, Table 2 and Figure 2A), which revealed that better RAN performance related to stronger functional connectivity. No significant correlation was observed between the PA scores and the RSFC (cluster-level GRF corrected p < 0.05, voxel-level p < 0.001).


TABLE 2. The correlation between the cerebro-cerebellar resting-state functional connectivity and PA/RAN.
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FIGURE 2. Significant correlation between cerebro-cerebellar functional connectivity and PA/RAN. (A) Functional connectivity between left cerebellum VI and left SMG was positively correlated with RAN. (B) Functional connectivity between right cerebellum VI and left INS was positively correlated with PA. (C) Functional connectivity between right cerebellum VI and left SMG was positively correlated with RAN under a loose threshold. L.SMG, the left supramarginal gyrus; L.INS, the left insula; RAN, rapid automatized naming; PA, phonological awareness.


When the right cerebellum VI was used as a seed, the RSFC between the ROI and the left insula (extended to the superior temporal gyrus) was found to be correlated with PA (cluster-level GRF corrected p < 0.05, voxel-level p < 0.001, cluster size = 80, Table 2 and Figure 2B), suggesting that better PA performance also related to stronger functional connectivity. No significant correlation between RAN scores and RSFC was observed at this stringent threshold. However, we did observe a tendency for the RSFC between the ROI and the left supramarginal gyrus (extended to the postcentral gyrus) to correlate with RAN, which could survive with a loose threshold (voxel-level p < 0.001, uncorrected, cluster size = 62, Table 2 and Figure 2C).

In order to exclude the potential effect of IQ on the results, we re-did the above brain and behavior correlation analyses with Raven’s IQ as the covariate. When Raven’s IQ was regressed out, the performance on RAN still correlated with the RSFC between the left cerebellum VI and left postcentral gyrus (extended to the supramarginal gyrus) and between the right cerebellum VI and left supramarginal gyrus (extended to the postcentral gyrus), using the corrected threshold as in the above analysis. But we can only observe the correlation of PA and RSFC between the right cerebellum VI and the left insular at a looser threshold (voxel-level p < 0.001, uncorrected, Supplementary Table S1 and Supplementary Figure S1).

Furthermore, when PA was regressed out, the performance on RAN was correlated with the RSFC between the left cerebellum VI and left supramarginal gyrus (extended to the postcentral gyrus) and between the right cerebellum VI and left supramarginal gyrus (extended to the postcentral gyrus) at the threshold of voxel-level p < 0.001, uncorrected. When RAN was used as a covariate, the correlation between PA and RSFC of the right cerebellum VI with the left insula did not survive, even with an uncorrected threshold (voxel-level threshold p < 0.001, uncorrected, Supplementary Table S2 and Supplementary Figure S2).

Finally, when PA and Raven’s IQ were regressed out, the correlation of RAN and the RSFC between the left cerebellum VI and left supramarginal gyrus (extended to the postcentral gyrus) and between the right cerebellum VI and left supramarginal gyrus (extended to the postcentral gyrus) could be observed with an uncorrected threshold (voxel-level p < 0.001, uncorrected). When RAN and Raven’s IQ were regressed out, the correlation between PA and RSFC did not survive even with an uncorrected threshold (voxel-level threshold p < 0.001, uncorrected; Supplementary Table S3 and Supplementary Figure S3).

Based on the above results, it is likely that the RSFC of the cerebellum VI does not directly contribute to PA. Instead, RSFC might be affected by PA via RAN. We then further conducted a mediation analysis to test this possibility. However, we did not observe a significant mediation effect of RAN for the cerebellum VI functional connectivity. Detailed information is displayed in the Supplementary Figure S4.



Control Analyses

For ALFF, no significant correlation was found between either the left or right cerebellum VI and reading-related skills in our study (ps > 0.2). Detailed correlation coefficients (r) and p values are presented in Figure 3A.
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FIGURE 3. (A) The correlations between ALFF intensity in the cerebellum and reading-related skills. (B) The correlations between cerebellum V–cerebrum RSFC and the reading-related skills. L.SMG, the left supramarginal gyrus; L.INS, the left insula; RAN, rapid automatized naming; PA, phonological awareness; RSFC, resting state functional connectivity. The p value in the picture is the uncorrected p value.


Additionally, the RSFCs of cerebellum V (MNI coordinate [6, −64, −10]) and cerebral regions, including the supramarginal gyrus (MNI coordinate [−63, −21, 27] and [−57, −18, 24]) and the left insular (MNI coordinate [−57, −3, 3]), were not significantly correlated with either reading-related skills (ps > 0.1, Figure 3B).




DISCUSSION

In the current study, we have aimed to investigate the way in which the cerebellum VI contributes to reading. More specifically, we tested whether the cerebro-cerebellar functional connectivity during a resting state (RSFC) was associated with two essential reading-related skills: phonological awareness and rapid automatized naming. To this end, we chose the left and right cerebellum VI as ROIs based on a meta-analysis, and we calculated the correlation of cerebro-cerebellar RSFC and phonological awareness or rapid automatized naming. Our study showed that the connectivity between the left supramarginal gyrus and bilateral cerebellum VI was related to rapid automatized naming, and the connectivity between the left insula and right cerebellum VI was related to phonological awareness. But the latter effect did not survive after the rapid automatized naming was regressed out. The control analyses further showed there is no significant correlation between the local functionality of the cerebellum VI (indicated with ALFF) and both reading-related skills, confirming the association between the intrinsic cerebro-cerebellar functional connectivity and reading-related skills cannot be interpreted by the local functionality of the cerebellum VI. The control analyses also showed that reading-related skills were not correlated with the RSFC between the cerebellum V and cerebral regions, illustrating how the observed intrinsic cerebro-cerebellar RSFC and reading-related skills were just features of the cerebellum VI. For the first time, we tested the hypothesis that the cerebellum contributes to reading, either by phonological skills or by automatizing skills through RSFC, which provided new findings as to how the cerebellum VI contributes to reading.

It is worth noting that reading is a complex process, including not only the more basic levels of linguistic functions (phonological processing and lexical access) involved in reading but also the levels of conceptualization and situation model building (Zacks and Ferstl, 2016). Our study only focused on the former level. Previous studies frequently found the cerebellum VI is involved in reading (Booth et al., 2007; Stoodley and Stein, 2013; Martin et al., 2015; Hancock et al., 2017). More specifically, the association between the cerebellum and rapid automatized naming has been reported in previous studies (Norton et al., 2014), and the abnormity in the cerebellar-frontal circuit was found to be related to rapid automatized naming (Eckert et al., 2003). Rapid automatized naming was also associated with Chinese reading accuracy and fluency (Liao et al., 2007, 2015). Moreover, Cummine et al. (2015) has shown that RAN and reading rely on similar brain regions. Here we have illustrated that the cerebellum VI is involvd in reading through cerebro-cerebellar connections. Specifically, we found a positive relationship between cerebro-cerebellar RSFC and individuals’ performance in RAN. Our findings have provided the first evidence that the intrinsic connectivity during a resting state could be a predictive index for rapid automatized naming skills.

The results of a partial correlation analysis were similar to that of the main analysis when Raven’s IQ was used as a covariate, suggesting such correlations were not affected by Raven’s IQ. We found that the correlation between the left cerebellum VI-left supramarginal gyrus RSFC and PA can survive when PA was regressed out at the threshold voxel-level (p < 0.001 uncorrected). Importantly, when PA was regressed out, we also found RAN correlated with RSFC between the right cerebellum VI and left supramarginal gyrus (voxel-level p < 0.001, uncorrected), although such an effect was unable to survive after a GRF multiple comparison correction in the main analysis. These findings suggest that there is a relationship between the bilateral cerebellum VI and the RAN. Importantly, when both the RAN and Raven’s IQ were regressed out, we did not observe PA correlated with RSFC between the right cerebellum VI and left insula, even at an uncorrected threshold (voxel-level p < 0.001). As proposed by the double-deficit hypothesis, PA and RAN would play a relatively independent role in reading (Wolf and Bowers, 1999). Our findings did not support that the cerebellum VI was equally associated with PA and RAN. After all, the correlation between RSFC of the cerebellum and PA would not survive if RAN was used as a covariate, and we also did not observe if the RSFC of the cerebellum VI can be affected by PA via RAN. However, the possibility cannot be excluded that there might be some common components between these two abilities, which are associated with both articulation and automatization.

The examination of RAN and PA provide insights into the understanding of the cerebellar deficit hypothesis of dyslexia, which has proposed that cerebellar deficit could cause both phonological and automatization deficits at the cognitive level (Nicolson et al., 2001). Functional imaging studies have investigated the double-deficit hypothesis of developmental dyslexia by using the phonological awareness and rapid automatized naming (Norton et al., 2014), which found that children with only phonological awareness deficits showed less activation in the left inferior frontal and inferior parietal regions compared to typically developing readers, and children with only a rapid naming deficit showed less activation in the cerebellum compared to typically developing readers. The current study further showed that the RAN–reading relationship may manifest through the RSFC between the cerebellum and cerebral regions, which is consistent with the established role of the speedy processing of the cerebellum. Actually, it has been frequently proposed that the relationship between RAN and reading should be observed (Eckert et al., 2003; Turkeltaub et al., 2003; He et al., 2013; Norton et al., 2014).

Notably, although PA and RAN are predictors of reading abilities, they are also associated with other cognitive functions, such as attention, working memory, and mathematics (Welsh et al., 2010; Pham et al., 2011; Koponen et al., 2013; Yang et al., 2014). Yang et al. (2014) observed the predictive relation between PA and executive attention in Chinese-English bilingual children, thus suggesting the relationship between PA and executive function. Moreover, RAN was considered to mediate the relationship between attention and reading fluency (Pham et al., 2011), suggesting that the attention ability may be associated with RAN. Other researchers have also proposed that the relationship between RAN and reading is due to executive functions, such as working memory and inhibition (Amtmann et al., 2006). Accordingly, it is unclear whether our correlated functional connectivity via PA/RAN could be specifically dedicated to reading alone.

In addition, we obtained the findings by studying Chinese children learning to read Mandarin. An interesting issue is whether the correlation between the cerebro-cerebellar RSFC and RAN could be generalized to alphabetic language. We have speculated that the answer is yes. RSFC exhibited significant positive correlations with reading abilities for Chinese children (Wang et al., 2012; Zhang et al., 2014; Qian et al., 2016). As for alphabetic language, Koyama et al. (2011) also observed that reading competence in children correlated positively with RSFC between the left precentral gyrus and other motor regions as well as between Broca’s and Wernicke’s areas. Even though these studies did not directly examine the relationship between the RSFC of the cerebellum and reading competence, it has been reported that the cerebellum also played an essential role in phonological processing for alphabetic language (Booth et al., 2007; Stoodley and Stein, 2013).

Finally, our findings have provided new evidence for the functional segregation of the cerebellum. Recent studies have shown that the anterior part of the cerebellum is responsible for movement and other low-level processing, while the posterior part of the cerebellum is mainly responsible for high-level cognitive functions, including language, memory, emotion, and so on (Stoodley and Schmahmann, 2009), which suggests that there is a functional segregation of cerebellum. Here we found that the cerebro-cerebellar functional connectivity of the cerebellum VI but not cerebellum V correlated with certain reading-related skill(s), thus confirming the functional differentiation between the cerebellum VI and V. Future studies may be required to comprehensively examine how cerebellum is functionally segregated, and how the different subregions cooperate with cerebrum in reading or other high-level cognitive processing through cerebro-cerebellar functional connectivity.

There are some limitations in our study. Firstly, we performed resting-state functional connectivity rather than task-based, which may not be able to reliably generalize the findings based on RSFC to encompass task-related neural activity; we should be cautious when assessing the relationship between RSFC and reading-related skills (Brock, 2013). Future studies are required to examine the association between task-related cerebro-cerebellar functional connectivity and these reading-related skills. Secondly, a recent meta-analysis has shown that the reliability of RSFC is rather mediocre (Noble et al., 2019), and our results need to be further validated by carrying out more research in the future. In addition, we only looked at RAN and PA without other reading-relevant cognitive factors, and these two tests were associated with other cognitive functions besides reading. The association of the connectivity between brain regions and the cognitive task has to be interpreted cautiously, as other factors may influence this association. Finally, our study is cross-sectional with a specific population of Chinese children learning to read Mandarin, a language substantially different form the western languages; whether the results can be generalized to encompass an alphabetic language requires further investigation.

In conclusion, we found that the intrinsic functional connectivity between bilateral cerebellum VI and the left supramarginal gyrus was associated with RAN, and this correlation was not affected by the phonological awareness ability. These findings suggested that the relationship between the cerebellum and reading may have been related to the automatizing skill.
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