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A Decrease in Hemodynamic Response in the Right Postcentral Cortex Is Associated With Treatment-Resistant Auditory Verbal Hallucinations in Schizophrenia: An NIRS Study
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Background: Treatment-resistant auditory verbal hallucinations (TRAVHs) might cause an increased risk of violence, suicide, and hospitalization in patients with schizophrenia (SCZ). Although neuroimaging studies have identified the neural correlation to the symptom of AVH, functional brain activity that correlates particularly in patients with TRAVH remains limited. Functional near-infrared spectroscopy (fNIRS) is a portable and suitable measurement, particularly in exploring brain activation during related tasks. Hence, our researchers aimed to explore the differences in the cerebral hemodynamic function in SCZ-TRAVH, patients with schizophrenia without AVH (SCZ-nAVH), and healthy controls (HCs), to examine neural abnormalities associated more specifically with TRAVH.

Methods: A 52-channel functional near-infrared spectroscopy system was used to monitor hemodynamic changes in patients with SCZ-TRAVH (n = 38), patients with SCZ-nAVH (n = 35), and HC (n = 30) during a verbal fluency task (VFT). VFT performance, clinical history, and symptom severity were also noted. The original fNIRS data were analyzed using MATLAB to obtain the β values (the brain cortical activity response during the VFT task period); these were used to calculate Δβ (VFT β minus baseline β), which represents the degree of change in oxygenated hemoglobin caused by VFT task.

Result: Our results showed that there were significant differences in Δβ values among the three groups at 26 channels (ch4, ch13-15, 18, 22, ch25–29, 32, ch35–39, ch43–51, F = 1.70 to 19.10, p < 0.043, FDR-corrected) distributed over the prefrontal–temporal cortical regions. The further pairwise comparisons showed that the Δβ values of 24 channels (ch13–15, 18, 22, 25, ch26–29, ch35–39, ch43–49, ch50–51) were significantly lower in the SCZ group (SCZ-TRAVH and/or SCZ-nAVH) than in the HC group (p < 0.026, FDR-corrected). Additionally, the abnormal activation in the ch22 of right postcentral gyrus was correlated, in turn, with severity of TRAVH.

Conclusion: Our findings indicate that specific regions of the prefrontal cortex may be associated with TRAVH, which may have implications for early intervention for psychosis.
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INTRODUCTION

Auditory verbal hallucinations (AVHs) are characterized as the experiences of hearing a voice or any other sounds for languages under the conditions of conscious state with no external stimulus (McCarthy-Jones and Resnick, 2014; Upthegrove et al., 2016). As the most prominent and burdensome symptoms of schizophrenia (SCZ), the prevalence of AVH reported rates of 60–80% (Alderson-Day et al., 2015). However, roughly 30% of patients with AVH [treatment-resistant auditory verbal hallucinations, (TRAVHs)] are not responded well for current clinical treatments (Kennedy et al., 2014) and might cause an increased risk of violence, suicide, and hospitalization (Upthegrove et al., 2016; Dugré et al., 2018). From 2013 to 2018, the International Consortium on Hallucination Research (ICHR) suggested that clinical and pathological features of AVH should be explored from all perspectives (Waters, 2012; Jardri et al., 2019).

Currently, the underlying pathological mechanisms remain poorly understood, but an array of studies have explored the neural correlations of AVH. For instance, the functional neuroimaging evidence explored the various brain areas related to AVH, some of which were involved in inner speech generation, inner speech perception, and hallucinations processing (Stephane et al., 2001; Jardri et al., 2011; Kühn and Gallinat, 2012). According to cognitive neurophysiology, inner speech has played an important role in a series of theories of AVH in patients with SCZ (Shergill, 2003; Langland-Hassan, 2010; Wayne, 2012). One prominent hypothesis suggests that inner speech fails to be labeled as internally generated, and instead being perceived as an autonomous, non-self-voice (Jones, 2010). The neurological evidence of inner speech model involved in left inferior frontal gyrus, bilateral temporal cortex, the supplementary motor area, premotor cortex, precentral, postcentral gyri, inferior parietal lobe, right insula, and posterior cerebellar cortex bilaterally (Moseley et al., 2013; Curčić-Blake et al., 2017). Other results displayed that AVH may arise from the abnormal activation in the left superior temporal region and the left prefrontal cortex during the processing of inner speech (Allen et al., 2007; Simons et al., 2010; Jardri et al., 2011). These above research displayed the neural activation associated with AVH and inner speech were found to offer more convincing evidence for the disorder of inner speech in patients with AVH. Based on these findings, we hypothesized that functional abnormalities in the prefrontal and temporal cortex, as measured with functional near-infrared spectroscopy (fNIRS), underly TRAVH among patients with SCZ, supplying more evidence to have a better understanding of the inner speech model of AVH.

Functional near-infrared spectroscopy (fNIRS) (Herrmann et al., 2003) is a non-invasive imaging device to evaluate brain function, which has several advantages. fNIRS is easy to set up, requires minimal, constrains, and does not occupy a large space (Wei et al., 2020). Additionally, it is safe, nonrestrictive, quiet, and economical for measurement (Ferrari and Quaresima, 2012). fNIRS signals are believed to assess the neuronal activity according to a phenomenon known as neurovascular coupling (Gsell et al., 2000) and have strong correlations of blood oxygenation level-dependent (BOLD) signals measured by fMRI (Sasai et al., 2012). Moreover, fNIRS is less sensitive to motion artifacts and can be operated without the acoustic scanner noise, which is more suitable for evaluating patients with AVH during related tasks (Ehlis et al., 2014). fNIRS can monitor both oxy- and deoxy-hemoglobin levels in the cerebral cortex. Since the oxy changes are greater than deoxy-hemoglobin, oxy-hemoglobin is used as the brain activity marker (Ferrari and Quaresima, 2012), while the verbal fluency task (VFT) is considered as the sensitive indicators of language function and frontal and temporal lobe function, such as multiple high-level cognitive process, including executive function, attention, inhibition, and working memory, which has been proposed as an assessment measure of functional impairment and illness severity (Herrmann et al., 2003; Sasai et al., 2012; Koike et al., 2013). In addition, a large number of fNIRS studies have explored and compared the prefrontal cortex activation between patients with SCZ and healthy control (HC) by VFT. Previous findings showed that patients with SCZ had reduced oxy-hemoglobin in the bilateral prefrontal and temporal cortices during the VFT task (Suto et al., 2004; Takizawa et al., 2008, 2014; Koike et al., 2013, 2017; Kumar et al., 2017), which indicated that VFT is a widely accepted cognitive task for elucidating brain dysfunction related to psychotic state. Among patients with SCZ, the symptom of AVH was associated with the decreases in the cerebral blood flow in the brain regions, including postcentral gyri (inner speech production) (Tremblay et al., 2003) and right supplementary motor area (inner speech imagery) (McGuire et al., 1995; Raij and Riekki, 2012), as well as the bilateral dorsolateral prefrontal cortices (inner speech monitoring) (Cui et al., 2017). The gray matter density reduction in right postcentral gyri was found to be specifically negatively related to the severity of AVH(García-Martí et al., 2008). Whereas, such studies were argued to favor that patients with SCZ with AVH and without AVH showed significantly decreased ReHo in the bilateral postcentral gyrus (Zhuo et al., 2016), based on the different results, it is even more important to know whether the AVH-related brain region, such as postcentral gyri, is the common neural substance underlying both the inner speech and AVH. Specifically, for SCZ-TRAVH, clarification of neural mechanisms is of great clinical significance for treatment. Therefore, in the present study, we utilized multi-channel fNIRS to investigate whether the symptom of TRAVH is associated with functional alterations in the brains of patients with SCZ during VFT and the underlying neurological mechanisms for the inner speech related to AVH.



METHOD


Participants

A total of one hundred and three participants (≥18 years old) were included in this study. Patients with TRAVH (n = 38 participants) had experienced persecutory voices at least 12 months and not respond to at least two anti-psychotic trials of anti-psychotic drugs at equivalent doses to 600 mg/day of chlorpromazine. Patients with SCZ without AVH (SCZ-nAVH) (n = 35 participants) did not experience AVH or were fully remitted from AVH in the past year. All of the patients completely satisfied the DSM-V diagnostic criteria for SCZ, wherein the structured clinical interview for DSM-V (SCI-D) was conducted by two experienced psychiatrists. Exclusion criteria were as follows: (1) any change in dose of anti-psychotic drugs in recent 3 months; (2) electroconvulsive therapy within the past 6 months; (3) alcohol or substance disorder; (4) traumatic brain injury; and (5) neurological impairment or intellectual disability. HC (n = 30) reported no past or current of Axis I or II disorders, and no history of Axis I disorder in first- or second-degree family members. HCs were excluded if they had the following conditions: (1) organic disease; (2) alcohol abuse or drug dependence; (3) received psychotherapy in the past; and (4) other conditions that disqualified the subject from the study, as determined by the investigators. For patients with SCZ, we used Positive and Negative Syndrome Scale (PANSS) (Lewine et al., 1983) to evaluate clinical symptoms. The levels of functioning were evaluated using the modified Global Assessment of Functioning (GAF) (Asahi et al., 2004; Okada et al., 2016). The severity of the AVH was quantified by the scale of The Psychotic Symptom Rating Scales, auditory hallucinations (PSYRATS-AH) (Haddock et al., 1999) and Positive and Negative Syndrome Scale, hallucinations item (PANSS-P3). This study has been approved by the Ethics Committee of First Hospital of Shanxi Medical University (K047). Before participation in the study, all the participants were able to read, understand the consent form, and signed the informed consent.



Verbal Fluency Task

We adopted a Chinese version of phonological VFT (Wei et al., 2020). This measurement was taken under a quiet environment. Participants were asked to remain seated with their eyes open, avoid excessive body, minimize head movements, and focus on a cross-displayed during the measurements. It comprised a 30-s pre-task period, a 60-s task period, and a 70-s post-task period. During the pre- and post-task periods, the participants were asked to constantly say “1, 2, 3, 4, 5” repeatedly. During the task period, the participants were asked to generate as many four-character idioms or phrases as possible, which begin with the designated Chinese characters (such as, “大,” “白,” and “天,” indicating big, white, and sky, respectively). There was a total of three cue characters that were changed every 20 s during the 60-s task period. The number of unique words was recorded as the VFT task performance.



NIRS Measurement

A 52-channel fNIRS system (ETG-4100. Hitachi Medical Co., Tokyo, Japan) uses 2 NIR light wavelengths (695 and 830 nm) to measure the hemodynamic responses in the prefrontal cortices and superior temporal cortices (FOIRE-4100, Hitachi Medical Co, Japan). This system had 16 light detectors and 17 light emitters, all of which were arranged in a 3 × 11 array to form 52 measurement channels according to the international 10–20 system. This arrangement allowed for hemodynamic response covered mainly in the entire bilateral prefrontal cortices, and the anterior and superior parts of the temporal cortex to be measured.



NIRS Signal Analysis

The near-infrared spectroscopy signals were processed with the NIRS-SPM toolbox (Jang et al., 2009; Ye et al., 2009), which is a MATLAB-based software package for statistical analysis. NIRS_SPM is based on the general linear model (GLM) method of data analysis. The GLM method is a well-established regression method widely used for fMRI data analysis and has also been applied in the analysis of fNIRS data. The GLM includes the variables Y, X, β, and ε, as follows: Y = βX + ε. Y represents the data actually detected by fNIRS, consisting of the data matrix containing time series and detection channels. X is the predicted value based on the experimental design; this value is obtained by convolving the hemodynamic response function with the event sequence. β is the coefficient of fit, which reflects how much of the Y signal is caused by the test matrix X. In this study, it represents the level of brain cortical functional activity response caused by VFT. Finally, ε represents unexplained errors. fNIRS raw data were conducted using a hemodynamic response function (HRF) and discrete cosine transform (DCT) to remove noise, such as the drift and artificial noises (such as head motion) (Brigadoi et al., 2014). According to the previous studies, compared with the changes in deoxygenated hemoglobin concentrations, oxygenated hemoglobin concentrations were the more sensitive and reliable measures of fNIRS used for later analysis (Strangman et al., 2003).



Statistical Analysis

The Δβ value of oxy-hemoglobin (VFT β value minus baseline β value) was used to assess the degree of activation of the brain cortex caused during VFT task period and analyzed using SPSS v22.0 (SPSS Inc, Chicago, IL, USA). The data of categorical variables were performed using the chi-square test. One-way analysis of variance (ANOVA) with Bonferroni corrected post hoc pairwise comparisons was then used to determine the effect of different groups on continuous variables. For channels that exhibit significant differences in the post hoc Bonferroni corrected test, Pearson's correlation coefficient was performed to determine the relationship between the Δβ value of oxy-hemoglobin and number of words, PANSS-positive score, -negative score, general psychopathology score, P3 score, GAF, and PSYRATS-AH score. Then, multiple regression analyses were conducted using changes in oxy-hemoglobin as the dependent variable and age, sex (men = 1, women = 2), the number of words, PSYRATS-AH scores, PANSS subscores, P3 sores, and GAF scores as the independent variables. All tests were two-tailed, and the obtained p-value was corrected by false discovery rate (FDR) (Benjamini et al., 2001; Singh and Dan, 2006). P(FDR) < 0.05 was considered statistically significant.




RESULTS


Demographic, Clinical, and Psychosocial Characteristics of All the Participants

This study included 38 patients with SCZ-TRAVH, 35 patients with SCZ-nAVH, and 30 HCs. Table 1 summarizes the samples of sociodemographic and clinical data. The three different groups did not differ in gender, age, education years, illness duration, number of words, PANSS score, PANSS subscore, and GAF score. PSYRATS-AH and PANSS P3 scores were significantly higher in the SCZ-TRAVH group than in the SCZ-nAVH group (all p < 0.001) (Table 1).


Table 1. Demographic, clinical, and psychosocial characteristics of all participants (n = 103).
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Hemodynamic Response During the VFT

One-way repeated-measures ANOVA showed that there were significant differences in Δβ values among the three groups at 26 channels (ch4, ch13–15, 18, 22, ch25–29, 32, ch35–39, ch43–51, F = 1.70 to 19.10, p < 0.043, FDR-corrected, Figure 1) distributed over the prefrontal–temporal cortical regions, whereas there were no statistically significant differences in any of the other channels. The Δβ values in the above channels were further compared between groups (using Bonferroni corrected post hoc pairwise comparisons). The further comparison results showed that the Δβ values of 24 channels (ch13–15, 18, 22, 25, ch26–29, ch35–39, ch43–49, ch50–51) were significantly lower in the schizophrenia group (SCZ-TRAVH and/or SCZ-nAVH) than in the HC group (p < 0.026, FDR-corrected, Figure 2). In addition, the SCZ-TRAVH group has a lower hemodynamic response at channel 22 of the right postcentral gyrus compared to the SCZ-nAVH group (p = 0.0029; Figure 2) and HC group (p = 0.0029; Figure 2), respectively, whereas no significant difference was observed in this channel between SCZ-nAVH group and HC group.


[image: Figure 1]
FIGURE 1. Three-dimensional cerebral maps of oxy-hemoglobin response patterns during the task periods. The red and yellow colors of 26 channels exhibit significant changes in meanΔβvalues of oxy-hemoglobin during the VFT task period among the three groups, as determined using one-way ANOVA tests (FDR-corrected p < 0.05).
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FIGURE 2. Bonferroni corrected post hoc pairwise comparison analysis results show significant difference in meanΔβvalues of oxy-hemoglobin on 24 channels (ch13–15, ch18, ch22, ch25–29, ch35–39, ch43–51). Error bars represent standard errors (all FDR-corrected *p < 0.05; **p < 0.01; ***p < 0.001; SCZ-TRAVH and/or SCZ-nAVH vs. HC group).




Correlation Between Demographic Characters and FNIRS Variables

Within the SCZ-TRAVH group, we observed trend-level negative correlations between the Δβ values of oxy-hemoglobin of the ch22 and P3 score (r = −0.343, p = 0.035, FDR-uncorrected). Similarly, a significant association was observed between Δβ values of oxy-hemoglobin at channel 22 and the score of the PSYRATS-AH scales (r = −0.577, p < 0.001). Also, a slight negative correlation was found between the PANSS-positive score and the Δβ values of oxy-hemoglobin at channel 22 (r = −0.440, p = 0.006). No other significant correlations were found between Δβ values of oxy-hemoglobin at channel 22 and score (PANSS-negative score, PANSS general psychopathology score, GAF scores, and the number of words). The association between the Δβ values of channel 22 and PSYRATS-AH remained significant after controlling for age, sex (men = 1, women= 2), the number of words, PANSS subscores, P3 sores, and GAF scores in a multiple regression analysis (R2 = 0.382, adjusted R2 = 0.212, β = −0.636, t = −2.272, p = 0.031) (Figure 3A). For SCZ-nAVH group, there was no significant association between score (PSYRATS-AH and PANSS subscores) and the change of fNIRS signals at channel 22 (all p > 0.05).


[image: Figure 3]
FIGURE 3. (A) The Δβ values of oxy-hemoglobin were significantly associated with severity of hallucinations on the channel 22, including PSYRATS-AH, PANSS-positive score, and P3 score. (B) Average oxy-hemoglobin waveforms of three groups at the cortical regions. Vertical lines demarcate the start and end of the VFT task period.


Nevertheless, the average waveforms of channel 22 of three groups illustrate that the increase in oxy-hemoglobin during the VFT task period was significantly higher in the patients with SCZ-nAVH and HC than in the patients with SCZ-TRAVH (Figure 3B). In addition, mean oxy-hemoglobin at channel 22 was associated with the symptom of AVH. Taken together, the results suggest that hemodynamic dysfunction in channel 22 seems to be associated with TRAVH.




DISCUSSION

This study used fNIRS to explore the association between hemodynamic response in the prefrontal and temporal cortices and TRAVH symptom in patients with SCZ. Our results indicated that patients with SCZ-TRAVH exhibited lower activation in the right postcentral gyrus than did those without the symptom of AVH.

First, in terms of oxy-hemoglobin, our study observed that the SCZ-TRAVH and SCZ-nAVH group had lower brain activation in extensive prefrontal and temporal cortices in contrast to the HC group, which were similar to the previous fNIRS studies showing the lower oxy-hemoglobin response in similar brain cortices during the related task (Takizawa et al., 2008, 2014; Wei et al., 2020). In addition, the brain activity of 24 channels in the SCZ-TRAVH group was lower than that in the HC group, whereas the oxy-hemodynamic response of only 18 channels in the SCZ-nAVH group was lower. According to the previous fMRI studies, hypoactivation of the bilateral prefrontal cortex and temporal cortices in patients with SCZ has been reported, which is associated with confusion of imagined items as perceptual events (Simons et al., 2006). Taken together, the results suggested that hemodynamic dysfunction in the prefrontal cortex and temporal cortices may be more extensive in patients with SCZ-TRAVH than patients without AVH.

In our result, SCZ-TRAVH group have lower hemodynamic response at channel 22 of the right postcentral gyrus compared to SCZ-nAVH group. This result was replicated in the fMRI study that patients with AVH showed decreased cerebral blood flow in the bilateral superior and postcentral gyri compared with patients with SCZ-nAVH (Cui et al., 2017). In addition, a significant negative association emerged between the Δβ value of oxy-hemoglobin in the region of ch22 and severity of AVH symptom [PSYRATS-AH score, PANSS-positive score, and P3 (hallucinations) score]. The association between Δβ values of channel 22 and PSYRATS-AH remained significant after controlling for other scales scores and VFT performance in a multiple regression analysis. This meaningful finding partially agreed with previous researches reported significant association between the reduction of bilateral postcentral gyrus volume and the severity AVH in SCZ (García-Martí et al., 2008; Nenadic et al., 2010). It was not difficult to find that among the above associated scales, PSYRATS-AH had the highest correlation, followed by PANSS-positive score. According to the consensus, PSYRATS-AH is a more detailed and multidimensional examination than PANSS and P3 for hearing voices, which had generally strong reliability and been widely used in diverse clinical studies of neural correlations of AVH (Ratcliff et al., 2011). Considering the highest correlation of PSYRATS-AH with CH22 signal changes, this may largely suggested associations of decreased activation in the postcentral gyrus with the putative mechanisms by which psychotic symptoms are generated, especially AVH. Additionally, the previous fMRI studies reported the right postcentral gyrus related to AVH and may be a new therapeutic target in the future (van Lutterveld et al., 2013). Additionally, Zui Narita et al.'s research further explored the potential utility of fNIRS for the prediction of effects of tDCS on psychotic symptoms (Narita et al., 2018). Although the findings show different potential therapeutic brain regions, these results support the concept that fNIRS may provide a valid method to evaluate brain functions based on blood flow, similar to fMRI (Lee et al., 2018).

The mechanism by which brain activity measured by fNIRS should be considered in relation to suffering from AVH symptoms. The postcentral gyrus regarded as one location of classically and primary defined somatosensory cortex (Skipper et al., 2005; Pérez-Bellido et al., 2018). A meta-analysis reflected the association of AVH with activation in the postcentral regions related to subvocal speech (Kühn and Gallinat, 2012) and therefore being considered involving inner speech generation (Feinberg, 1978; Shergill et al., 2002), while the symptoms of AVH were consistently associated with the disorders of generation of inner speech (inner verbal thoughts) (McGuire et al., 1996; DeLisi, 2001). According to other neuroimaging researches, inner speech-related brain region involved in the left inferior frontal, the right pre- and postcentral, and both superior temporal gyri (Shergill et al., 2002). Besides, another recent study further demonstrated that the postcentral gyrus was involved in the auditory information process and even auditory hallucination symptoms (Joo et al., 2020). It seemed that the inner speech generation played a role in the pathogenesis of AVH (McGuire et al., 1995). Taken together with the above neurological evidence, the decreased activation of postcentral gyrus may underlie the basis for disorders of inner speech generation and imply alterations in the monitoring of inner speech, leading to a higher risk for suffering from the symptom of AVH, partially consistent with inner speech model of AVH.

In this study, we focus on a limited group of SCZ-TRAVH whose AVH symptom was at a relatively stable phase to develop in-depth knowledge of pathological features of AVH and the heterogeneous nature of this disease. Additionally, we used fNIRS to reveal abnormal brain function during VFT task, which was corresponded to the resting-state and task-state fMRI studies' results (van Lutterveld et al., 2013; Cui et al., 2017), which make fNIRS as a suitable research tool to explore the underlying neural alterations of patients with TRAVH during related tasks. Our significant finding may promote the development in the design of the novel therapeutic strategies for TRAVH and encourage the application of fNIRS analysis to follow-up studies with a larger sample size to explore the underlying neuroimaging mechanism and understand the pathophysiological correlations of TRAVHs in SCZ.

Nevertheless, there are some clear limitations associated with our research. First, patient's sample sizes in this study were relatively small for aiming to offer a specific activation pattern for SCZ-TRAVH. Therefore, increasing the sample size might identify further brain regions associated with AVH. Second, although our researchers focused on studying a limited group of patients with SCZ with stable psycho-pathological features (AVH) resistant to drug treatment to obtain the activation difference in potential brain regions, we cannot fully rule out the medicinal effects. However, according to Koike et al.'s study (Koike et al., 2013), they emphasized that there is no association between fNIRS activity of patients with SCZ and doses of drugs. Furthermore, there was no significant difference in medication treatment between the SCZ-TRAVH and SCZ-nAVH groups in our study. In addition, we did not obtain data related to cognitive symptoms in our participants. Since cognitive symptoms are associated with the prefrontal dysfunction for patients with SCZ, further study with an assessment of cognitive symptoms is warranted.

The present multi-channel fNIRS study showed an association between TRAVH-induced hemodynamic impairments in the right postcentral gyrus and a history of TRAVH among patients with SCZ. These findings may help to provide evidence for the common theories regarding the “inner speech” and AVH, facilitating to do the design of novel therapeutic methods. A further study is remained to explore the long-term outcomes of SCZ-TRAVH through the fNIRS measurement.



CONCLUSION

Our study used NIRS technology to explore and compare the abnormal activation difference in brain regions for patients with SCZ with TRAVH and nAVH. We found a negative association between the decreased activation of right postcentral gyrus and severity of TRAVH. Further, this study supplied a possible explanation for the occurrence of TRAVH in SCZ from the inner speech insights, which may have implications for an early biological evidence-based intervention for TRAVH.
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