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Letter fluency task (LFT) is a tool that measures memory, executive function, and language function but lacks a definite cutoff value to define abnormalities. We used the optical signals of functional near-infrared spectroscopy (fNIRS) to study the differences in power and connectivity between the high-functioning and low-functioning participants while performing three successive LFTs, as well as the relationships between the brain network/power and LFT performance. We found that the most differentiating factor between these two groups was network topology rather than activation power. The high-functional group (7 men and 10 women) displayed higher left intra-hemispheric global efficiency, nodal strength, and shorter characteristic path length in the first section. They then demonstrated a higher power over the left Broca's area than the right corresponding area in the latter two sections. The low-LFT group (9 men and 11 women) displayed less left-lateralized connectivity and activation power. LFT performance was only related to the network topology rather than the power values, which was only presented in the low-functioning group in the second section. The direct correlation between power and connectivity primarily existed in the inter-hemispheric network, with the timing relationship also seeming to be present. In conclusion, the high-functioning group presented more prominent left-lateralized intra-hemispheric network connectivity and power activation, particularly in the Broca's area. The low-functioning group seemed to prefer using other networks, like the inter-hemispheric, rather than having a single focus on left intra-hemispheric connectivity. The network topology seemed to better reflect the LFT performance than did the power values.
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INTRODUCTION

Multi-channel functional near-infrared spectroscopy (fNIRS) is an optical neuroimaging that can be used to study regional cortical activity. The technique is based upon so-called neurovascular coupling in which neural activity and vascular responses are closely coupled. Functional NIRS measures brain activity by detecting the hemoglobin concentration changes in the vessels of the underlying cortex. Compared with functional magnetic resonance imaging (fMRI), fNIRS is portable and provides more movement tolerance (1, 2). Moreover, it possesses better temporal resolution due to a higher sampling rate, while also recording brain signals in near real time with less time delay. Previous studies had shown that hemoglobin signals from gray matter recorded by fNIRS offered good concordance with BOLD signals of fMRI (3, 4). Owing to the characteristics described previously, the results of the task can be witnessed in real time as the fNIRS device is running. In contrast, when using fMRI to conduct tasks involving movements and speech, the performance of the participants needs to be re-recorded outside the scanner to avoid artifacts. Therefore, fNIRS has been applied during investigations of several neuropsychiatric disorders (5), including attention deficit hyperactivity disorder (6), depression (7), and schizophrenia (8).

Verbal fluency task (VFT) is a commonly used neuropsychological tool, which measures language (9), executive function (10), and memory (11). According to the properties of the cue, there are two types of VFT: categorical fluency task (CFT) and letter fluency task (LFT). CFT requires a semantic cue, which involves producing words belonging to a given category. LFT uses a phonemic hint, which involves generating words beginning with a specific syllable. Both tasks rely on the same cognitive processes, such as attention and processing speed, but they employ different searching strategies (12). Both types of VFTs had been used to screen for cognitive changes in dementia (5, 13, 14) and traumatic brain injury (15). However, in contrast to the other commonly used tools for screening cognitive function, like Mini-Mental State Examination (MMSE), these two VFTs did not have a definite cutoff score value that can be used to diagnose pathological conditions. Besides, the wide variation is also observed in the normal population.

Both VFTs depend on frontotemporal functions, particularly on the dominant side (16). Previous studies have found that the temporal lobe is of greater importance for CFT, while the frontal lobe is more important for LFT (16, 17). The LFT engages regions extending to the left rolandic operculum and left middle frontal gyrus (18). Functional NIRS showed that the CFT increased power concentrated in the left frontotemporal region (17). LFT activated the left superior and middle frontal gyri, which corresponds to the Broca's area (18). A functional MRI (fMRI) literature revealed that the left superior and anterior temporal regions were primarily activated during CFT, while the left prefrontal cortex and bilateral Broca's areas were mainly activated by LFT (19). Besides, even though declined numbers of appropriate answer and decreased concentrations of the cortical oxygenated hemoglobin had been identified in some pathological conditions (5), the definite network topology of VFTs had only partially been illustrated. The hippocampus was thought as being the component of the networks of CFT, but did not participate in the LFT networks (20). Our previous fNIRS study also identified that the ventral language pathway was used by CFT and the dorsal pathway was used by LFT (21). Measurement of concentration changes of the oxygenated hemoglobulin during VFTs by fNIRS has been found as the possible screening tool for cognitive decline (5). In dementia subjects, the oxygenated hemoglobulin concentration decreased over the right parietal region, while the concentration decreased over the frontopolar prefrontal cortexes in schizophrenia cases.

However, most studies related to VFTs and cognitions focused on the power activation. The brain network topology had not been well illustrated. Variation of performances in normal population neither been studied. Therefore, we used fNIRS to explore how the LFT network organizes in normal subjects and to identify which parameters are the key components related to their performances. Furthermore, we also analyzed the relationship between cortical activation and its connectivity.



MATERIALS AND METHODS


Participants

The healthy subjects were retrospectively enrolled from the Departments of Neurology and Psychiatry at Taichung Veterans General Hospital during the period 2017–2018. Some were outpatients who were found to be healthy after examinations, while the others were university students studying in these departments. All were native Chinese speakers and right-handed according to the Edinburgh Handedness Inventory, without any history of psychological or neurological diseases. Subjects with any psychological problems identified by a psychiatrist, or any evidence of focal neurological deficits as determined by a neurologist, were excluded. We also excluded cases with histories of cerebrovascular disease, head trauma, or brain surgery, to remove the possible confounding effect of structural lesions. In total, 37 subjects (16 men and 21 women) were recruited. This study was approved by the Ethics Committee of Taichung Veterans General Hospital (CE18306B).

At present, there is no objective, normalized threshold for LFT scores to define the better or poorer performance. Because we only studied the trend of the LFT performance within the general and normal population, they were solely divided into the relatively better and the relatively worse groups. Because the mean and the median of the summation of LFT scores from the three sections in our study were 12.1 and 12 individually, we chose 12 as the cutoff value. Therefore, participants with a total score of 12 or less were classified as the “low-LFT” or low-functioning group, and consisted of 9 men and 11 women. The other subjects (total LFT score > 12) were classified as the “high-LFT” group or high-functioning group, and included 7 men and 10 women.



Instrument

The hemodynamic changes over the frontotemporal regions were measured using a 52-channel NIRS instrument (ETG-4000; Hitachi Medical Co., Tokyo, Japan). The 3 × 11 cell probe with its lowest line at Fp1–Fp2 was based on the EEG international 10–20 system, and extended it laterally to T3 on the left and T4 on the right. The detailed description is mentioned in the Supplementary Material.

The 52 channels were grouped based on the standard space of the Brodmann area, and then divided into 11 cortical parcellations, depending on the signal location detected on the scalp (Figure 1A): one midline zone, as well as premotor, motor, and somatosensory cortex (PMS), Broca's area, temporal region, frontopolar cortex, and dorsolateral prefrontal cortex (DLPFC) on each side.


[image: Figure 1]
FIGURE 1. (A) The location of the 52 channels. The channels were divided into 11 parts according to the signals they received from the cortex. The abbreviations and channel numbers are listed below. One color represents one region in any side. Right premotor, motor, and somatosensory cortex (PMS; CH 1, 2, 12, 23): blue; left premotor, motor, and somatosensory cortex (PMS; CH 9, 10, 20, 30): blue; right Broca (CH 3, 13, 14, 24,34): dark green; left Broca (CH 8, 18, 19, 29, 40): dark green; right temporal (CH 11, 22, 32, 33, 43, 44): yellow; left temporal (CH 21, 31, 41, 42, 51, 52): yellow; right frontopolar (CH 26, 36, 46, 47): green; left frontopolar (CH 27, 38, 48, 49): green; right dorsolateral prefrontal cortex (DLPFC; CH 4,5,15,25, 35, 45): red; left dorsolateral prefrontal cortex (DLPFC; CH 6,7,17, 28, 39,50): red; midline (CH 16, 37): gray. (B) Flowchart of the data preprocessing and analysis. The source–detector distance of the fNIRS machine is 3.0 cm.




Letter/Phonemic Fluency Task

All participants received the Chinese version of the letter fluency task (LFT) with a NIRS probe applied over the anterior head region. A cue using a particular Chinese syllable was given with an audible instruction, and then the participant was asked to generate as many words beginning with that syllable as possible over a span of 20 s (22). In total, the 1-min task period consisted of a series of three sections (Supplementary Figure 1), and the detailed process is described in the Supplementary Material. The number of produced words in each of the three sections of the task was recorded and summed, representing the subjects' LFT scores.



Data Analysis

We extracted the hemoglobin signal changes during the 60-s task period and analyzed them using MATLAB R2020a (MathWorks, Natick, MA, USA). The NIRS instrument generated two types of values regarding concentration change, oxygenated hemoglobin (HbO), and deoxygenated hemoglobin (HbR). HbO reflects oxygen inflow related to brain activity, while HbR represents oxygen consumption by the tissue (23, 24). HbO has a better BOLD signal correlation and a higher signal-to-noise ratio, and is a better representative of functional connectivity than HbR (24). Therefore, we selected only HbO signals for analysis.



Preprocessing

We discarded any channels presenting as outliers, which were deemed to be bad channels. The remaining signals were preprocessed using a 0.01–0.08 Hz band-pass filter and motion correction, and then detrended for further analysis (Supplementary Figure 2). The task period was divided into three 20-s sections, each of which began with a single phonemic cue. The values of regional activation and functional connectivity were calculated individually, and then their correlations were analyzed. The analytic flow chart is depicted in Figure 1B.



Regional Power

To define the signal power, we constructed time-frequency spectrograms (with a 0.01-s time resolution and 10−4 Hz frequency resolution) of each channel through the use of complex Morlet wavelet transformation (25). The duration of the 5–10 s prior to beginning the task was defined as the baseline period. The power of the individual frequency points within the baseline period was averaged and served as the baseline power. The power during the task was then normalized by subtracting the baseline power individually. The normalized power within the time period of each 20-s section was averaged, and then averaged again by crossing the involved channels within the specific cortical parcellation. Finally, their relationship with the LFT performance and graph theory parameters of connectivity were calculated.



Functional Connectivity

The two midline channels were excluded from the connectivity calculation because they could not be lateralized for analysis. We used the linear partial correlation coefficient to generate the r values between each of the channel pairs. The connections were selected for multiple comparison using false discovery rate (FDR) when their p-values were <0.05. Afterwards, the connection matrix was weighted based on their r values.

We applied proportional (sparsity-based) threshold methods for network measurement, before the network topology was quantified using graph theory. Four parameters were calculated: average node degree, average characteristic path length, global efficiency, and average nodal strength. The connections were divided into intra-hemispheric (LL and RR) and inter-hemispheric. Because there is currently no consensus on network thresholding (26), we performed the test using different cut-off values. The results of the four graph parameters are depicted in Figures 3–6. Because the proportional threshold of 0.3 had the smallest p-value among all parameters, we chose 0.3 as the network threshold value for subsequent correlation analysis. The detail about selecting the value for network thresholding is described in the Supplementary Material.



Statistical Analysis

We used SPSS version 20.0 (IBM, Armonk, NY, USA) and MATLAB R2020a (MathWorks, Natick, MA, USA) for statistical analyses to study the regional power activation and network topology differences between these two groups, as well as their correlation to the LFT scores. The power of each brain region for the individual groups in every section was compared using FDR correction. All graph theory properties were compared using the two-sided Wilcoxon rank-sum test. Statistical significance was set at p < 0.05 for correction using multiple comparisons by FDR.




RESULTS


Demographic and Clinical Data

Both groups displayed similar proportions of gender, age, and number of educational years (Table 1). The LFT scores in each section showed significant differences. The total LFT score was not correlated with age (p = 0.850) or educational years (p = 0.700) using Spearman correlation analysis (data not shown in the tables).


Table 1. Demographic characteristics of the Low-LFT and High-LFT groups.
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Regional Power

The power activation of the 11 brain regions was calculated for each section with the results listed in Table 2. The serial power changes in the successive sections are presented in Figure 2. The power dropped dramatically in section 3 for both groups, while the power in the first two sections was relatively high. In the high-LFT group, most brain regions showed relatively higher power in the high-LFT group than that in the low-LFT group, but did not reach statistical significance. The reverse result was presented in the midline and right frontopolar regions in the second section, where the power was relatively higher in the low-LFT group than that in the high-LFT group. In the high-LFT group, the left Broca's area and left frontotemporal region showed significantly higher power than that in the right corresponding regions of the last two sections. In the low-LFT group, the power of each brain region did not show an obviously left–right asymmetrical pattern.


Table 2. Comparison of the power of each section between the High-LFT and Low-LFT groups.
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[image: Figure 2]
FIGURE 2. The power values of each of the brain regions within each section in the (A) high-LFT and (B) low-LFT groups.




Functional Connectivity

The network topology was constructed using the proportional threshold with the value of 0.3. The high-LFT group showed higher left intra-hemispheric global efficiency (Figure 3), higher average nodal strength (Figure 4), and shorter average characteristic path length (Figure 5) only in the first section. However, the average nodal degree did not show the differences (Figure 6). The RR intra-hemispheric and inter-hemispheric networks showed almost identical topology in these two groups.


[image: Figure 3]
FIGURE 3. Global efficiency of the inter-hemispheric and the inter-hemispheric networks in each section using different proportional threshold values (*p < 0.05).



[image: Figure 4]
FIGURE 4. Average nodal strength of the inter-hemispheric and the inter-hemispheric networks in each section using different proportional threshold values (*p < 0.05).



[image: Figure 5]
FIGURE 5. Average characteristic path length of the inter-hemispheric and the inter-hemispheric networks in each section using different proportional threshold values (*p < 0.05).



[image: Figure 6]
FIGURE 6. Average node degree of the inter-hemispheric and the inter-hemispheric networks in each section using different proportional threshold values.




LFT Performance Correlation

The sum of the LFT scores were calculated before their relationship with the corresponding network topology was surveyed. The regional brain power for the three sections did not show any obvious correlation with the sum of the LFT scores (Supplementary Table 1). However, in terms of connectivity, the total LFT scores were only related to the parameters in the second section of the low-LFT group. They were negatively correlated with the LL intra-hemispheric and inter-hemispheric average characteristic path length, and positively correlated with both sides of the intra-hemispheric global efficiency, as well as the left intra-hemispheric average nodal strength (Table 3).


Table 3. Correlation between the sum LFT scores and graph theory parameters using the proportional threshold 0.3.
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Relationship Between Power and Connectivity

In the high-LFT group, only inter-hemispheric average nodal strength was negatively associated with the average power of 25 channels over the left frontotemporal regions in the first section (Table 4). In the low-LFT group, the correlation was only present in the third section (Table 5). The average power of the left half channels was positively correlated with the inter-hemispheric average node degree, global efficiency, and average nodal strength. However, the average power of the right half channels was negatively correlated with the LL intra-hemispheric average node degree.


Table 4. Correlation between power and connectivity in the High-LFT group.
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Table 5. Correlation between power and connectivity in the Low-LFT group.
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DISCUSSION

This is the first study using fNIRS for establishing the relationship among the frontotemporal connectivity, the regional power activation, and the LFT performance.

The frontal lobe plays an important role in “switching” (27), which is the important component in phonemic word generation, allowing for flexibility during lexical access (27). Moreover, fNIRS studies have revealed relatively greater augmentation of frontal activation when performing LFT as compared with CFT (22, 28). The channels of the fNIRS instrument used in this study mostly covered the frontal and anterior temporal regions, which allowed for a more reliable signal detection of LFT than that of CFT.

A previous fMRI study had demonstrated that both young and old healthy participants had overlapping and different LFT activation patterns (29). The clusters activated in the younger group occurred in the left Broca's area (Brodmann 45), left superior temporal gyrus (Brodmann 22), and left inferior frontal gyrus (Brodmann 9), whereas the group also had relatively higher LFT scores. This result was similar to our findings in the high-LFT group, where the left Broca's area had significantly higher power when compared with the right corresponding region. In the aged group, additional significant clusters were detected in the right frontopolar area (Brodmann 10). However, their participants were older than our low-LFT group cases (64–88 years old vs. 17–53 years old), even though both groups had relatively lower LFT scores. These two results were not closely comparable. Relatively higher power over the midline, as well as the left frontopolar and temporal regions was also noted in our low-LFT group, even though it did not reach statistical difference. Such phenomenon suggests that better LFT performance is primarily related to activation of the left Broca's area. Our high-functioning group cases showed a more prominent left lateralization activation pattern than the low-functioning group. We suggest those who were unable to concentrate firmly to activate the Broca's area showed lower LFT scores. This further indicates that activation of the frontopolar, temporal, and midline areas serves as an alternative pathway and is related to weaker competence.

The regions with relatively higher power had been reported as having roles in language production and executive function in previous literatures. The Broca's area of the dominant hemisphere manages language production and has also been reported to be the primary activated area when performing LFT (17). The temporal area is a part of the ventral language pathway according to the dual language stream hypothesis, and mediates lexical concepts and comprehension (30). The midline channels represent the frontopolar region, which integrates cognitive information to re-disperse activity toward the action (31). Bilateral frontopolar activation has been reported when LFT is carried out (32).

The power reflects the amount of regional neuronal activation, and the connectivity indicates the correlations between frequency fluctuations in the separate brain regions. In our study, the strongest power occurred in the first two sections of both groups. Power dropped dramatically in the third section, where most of the values were lower than those in the baseline values. This phenomenon was also noted in previous fMRI studies and was interpreted as the “practice effect” (33–35). Repetition of working memory tasks attenuates activation, which is thought to be due to an improvement in efficiency, where the behavior of the performance is maintained. Another explanation is that persistent activation-related exhaustion of oxygenated hemoglobin possibly occurs, as according to the results of a previous fNIRS study (36).

Network thresholding assists in the elimination of spurious connections, which in turn strengthens the characteristics of the network topology (26). We used proportional thresholds for network measurements with step-wise increasing values. Although their values regarding the graph theory parameters differed, the results showed a consistent trend. The main differences between the high-LFT and low-LFT groups manifested in the first section, and presented similar in the following two sections. The most differentiating factor between the high-LFT and low-LFT groups was network topology rather than the activation power. High-functional cases displayed higher global efficiency and nodal strength, as well as shorter path length in the first section. This suggests that the initial network topology is more asymmetrical and more left-lateralized in high-functioning LFT, even becoming similar in the second and the third sections.

Our healthy participants demonstrated a wide distribution of LFT performance, which was quantified by their total LFT scores, but not related to age or educational years. Most left intra-hemispheric parameters of the second section were related to LFT performance only in the low-functioning group. In addition, some right intra-hemispheric and inter-hemispheric network topologies in the second section were also related to their LFT performance. Therefore, we suppose that the low-functioning group dispersed their LFT network into other pathways, instead of only the left intra-hemispheric connectivity, which decreases LFT competency. This result also suggests that the cognitive and executive function in normal population may be better interpreted by the network topology rather than the power activation, like dementia and schizophrenia (5).

In addition, we even found that high-LFT groups had the higher efficient and dense network topology in the first section, as well as higher power over both the Broca's area and the left frontotemporal region in the last two sections. Neither power nor current network parameters had directly reflected the LFT scores in the high-functioning group. We speculate that network connectivity of the left hemisphere used by the high-LFT group was more concentrated in a small area, like the Broca's area. Its effect may be diluted by using the graph theory when the whole left frontotemporal area was counted.

The network topology in our study showed similar inter-hemispheric and intra-hemispheric values, and presented almost the same throughout the three sections. The only exception was in global efficiency, whose values were relatively lower in the inter-hemispheric than intra-hemispheric aspects during all three sections (Figure 3), regardless of the thresholding values used. Inter-hemispheric global efficiency was only one half of intra-hemispheric connectivity. This suggests that performance of the letter fluency task primarily depends on the intra-hemispheric network, and less on inter-hemispheric connectivity (21), which is reflected in their use of the dorsal language pathway (19).

The changes in power and connectivity were not parallel. The relationship between the left frontotemporal power and their functional connectivity mostly existed in the inter-hemispheric networks of both groups. In the high-functioning group, higher inter-hemispheric nodal strength was related to lower left-side power, which indicates that the left frontotemporal region possesses sufficient efficiency and requires less additional efforts in the first section. In the low-functioning group, the higher left-side power was associated with higher inter-hemispheric nodal degree, nodal strength, and global efficiency in the third section. This suggests that considerable efforts and supports from left frontotemporal activation are needed to maintain the average level of inter-hemispheric connections. In addition, the right frontotemporal power required less activation when the left intra-hemispheric nodal degree was achieved in the third section. Therefore, this indirectly echoes that the left frontotemporal region remains the important area for LFT. Low-functioning cases also used less left intra-hemispheric but relatively more inter-hemispheric connectivity to perform LFT.

Some fMRI studies have reported that task-evoked activation and connectivity are not usually correlated (37–39), and a fNIRS study also found a similar outcome (40). These results depended on the parcellation of brain regions and the analytic methods that were employed. The connectivity was still present even when the activation pattern was not evident (37), which was also observed in our study. The network topology was maintained in the third section, although the power had dropped. One study discovered that the more activated brain regions exhibited significantly greater connectivity changes than those seen in the non-activated regions (39). The authors concluded that hubs and activation patterns modify the network topology (39). Our study found the possible timing relationship between the connectivity and the power activation. The left intra-hemispheric nodal strength and efficiency increased initially during the first section in the high-functioning group, with the power of the left Broca's area asymmetrically increasing in the latter two sections. This disclosed the elevated power that could result from an increase in network efficiency and nodal strength. However, to firmly establish the definite relationship between power and connectivity, further studies must be explored.

Our studies had some limitations. First, only cortical neuronal signals could be detected, while signals from deep structures could not be obtained. This is an inevitable shortcoming of the fNIRS instrument. Second, only the frontal lobes and part of the temporal lobes could be covered by the electrodes. As a result, signals from the posterior head region might have been missed. Third, our data were collected retrospectively and the sample size was relatively small. Finally, no other comprehensive neuropsychiatric examinations were conducted. Therefore, further studies involving a larger sample size are still necessary.



CONCLUSION

The performance of LFT varies greatly even in a normal population. The activation power surged in the first two sections and dropped dramatically during the third. The main differentiating factor between high-functioning and low-functioning groups was network topology rather than activation power. The high-functional group displayed higher left intra-hemispheric global efficiency and nodal strength, but decreased characteristic path length in the first section, which suggested a greater left lateralized connectivity pattern in the high-LFT group. In addition, the high-LFT group demonstrated higher power over the left Broca's area than it did in the right corresponding area in the latter two sections. The low-LFT group displayed less left-lateralized connectivity and activation power, which suggested other networks were used by them, including inter-hemispheric connectivity, rather than just the single left intra-hemispheric network.

The network topology seemed to better reflect the LFT performance than the power values. We found that the well-constructed left intra-hemispheric connectivity and the well-activated left Broca's area seemed to be related to the more excellent LFT performance.
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