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Abnormal Functional Connectivity Between the Left Medial Superior Frontal Gyrus and Amygdala Underlying Abnormal Emotion and Premature Ejaculation: A Resting State fMRI Study
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Introduction: Premature ejaculation (PE) is a common sexual dysfunction and is found to be associated with abnormal emotion. The amygdala plays an important role in the processing of emotion. The process of ejaculation is found to be mediated by the frontal-limbic neural circuits. However, the correlations between PE and emotion are still unclear.

Methods: Resting-state functional magnetic resonance imaging (rs-fMRI) data were acquired in 27 PE patients with stable emotion (SPE), 27 PE patients with abnormal emotion (NPE), and 30 healthy controls (HC). We used rs-fMRI to explore the underlying neural mechanisms in SPE, NPE, and HC by measuring the functional connectivity (FC). Differences of FC values among the three groups were compared when choosing bilateral amygdala as the regions of interest (ROIs). We also explored the correlations between the brain regions showing altered FC values and scores of the premature ejaculation diagnostic tool (PEDT)/Eysenck Personality Inventory about neuroticism (EPQ-N) in the PE group.

Results: When the left amygdala was chosen as the ROI, the SPE group exhibited an increased FC between the left medial superior frontal gyrus (SFGmed) and amygdala compared with the NPE or HC group. When the right amygdala was chosen as the ROI, the NPE group exhibited a decreased FC between the left SFGmed and right amygdala compared with the HC group. In addition, FC values of the left SFGmed had positive correlations with PEDT and negative correlations with EPQ-N scores in the PE group. Moreover, FC values of the left superior temporal gyrus had positive correlations with EPQ-N scores in the PE group.

Conclusion: The increased FC values between the left SFGmed and amygdala could reflect a compensatory cortical control mechanism with the effect of stabilized emotion in the limbic regions of PE patients. Abnormal FC between these brain regions could play a critical role in the physiopathology of PE and could help us in dividing PE into more subtypes.
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INTRODUCTION

Premature ejaculation (PE) is a common sexual dysfunction with 3% prevalence in Chinese population (Althof S. et al., 2014). According to the International Society for Sexual Medicine (ISSM), a lifelong PE is defined as “ejaculation that always or nearly always occurs before or within about one minute of vaginal penetration” (Althof S.E. et al., 2014; Serefoglu et al., 2014). PE has become a serious problem and arisen important concerns about health because of its influence on the sexual quality of life. It has been found that men with PE constantly suffer from frustration, distress, depression, and inferiority after an unsatisfactory sexual behavior (Waldinger and Schweitzer, 2008; Rowland et al., 2010; Serefoglu et al., 2014). Previous studies showed that the etiology of PE usually included anxiety, penile hypersensitivity, and especially 5-hydroxytryptamine (5-HT) receptor dysfunction (Donatucci, 2006; Rowland et al., 2010; El-Hamd et al., 2019). However, the central pathogenesis of PE is still unclear.

Premature ejaculation was found to be associated with psychological factors, especially abnormal emotion (Zhao et al., 2015; Chen et al., 2017; Jin et al., 2018; Li et al., 2018; El-Hamd et al., 2019). Meanwhile, PE patients were found to suffer from higher levels of partner setbacks, inferiority, or sense of loss (Son et al., 2011; Xia et al., 2016). We suspected that there was a bidirectional relationship and homologous pathophysiologic basis between these two disorders. Resting-state functional magnetic resonance imaging (rs-fMRI) is a useful and non-invasive imaging technique to investigate the central mechanism involved in the regulation of emotion and ejaculatory reflex (Yang X. et al., 2018; Gao et al., 2020a,b). A complex group of brain areas had been found to play an important role in the processing of sexual behavior such as the amygdala, pallidum, thalamus, and caudate nucleus (Kim and Jeong, 2017). According to our previous study, PE patients had a decreased local efficacy and global efficacy in the left amygdala in the white matter brain networks (Chen et al., 2020a). Moreover, negative associations were found between the local efficacy of the left amygdala and the state score of the state-trait anxiety inventory (Morris et al., 2017; Chen et al., 2018). Interestingly, the amygdala was also found to be involved in the emotion perception and processing, which indicated that a dysfunction of the amygdala would lead to abnormal emotion (Goto et al., 2016; Gan et al., 2019; Silverman et al., 2019). In addition, PE patients with depression were found to have an increased nodal betweenness in the right middle frontal gyrus (orbital part) which had been considered to have structural and functional correlations with the amygdala from our previous study (Chen et al., 2020b).

According to previous neuroimaging studies, the volume of the amygdala had been found to have a positive association with sexual drive, and amygdala activity was found to be enhanced when men and women were viewing sexually arousing images (Hamann et al., 2004; Yang L. et al., 2018). The amygdala was highly interconnected with the hypothalamus and electrical stimulation of the amygdala would cause the increasing secretion of gonadotropin in animals (Sundaram et al., 2010; Yang L. et al., 2018). These findings demonstrated that the connection between the amygdala and hypothalamus played an important role in the process of emotion and reproductive neuroendocrine. Moreover, our previous study confirmed that an impaired connectivity of the prefrontal-amygdala pathway could be the underlying pathological basis of the psychogenic erectile dysfunction (Chen et al., 2017). In addition, neuroimaging studies showed that the neural circuit between the orbitofrontal cortex and amygdala was interacted by a series of brain areas instead of being directed by any unitary structure (Morrison et al., 2011; Mehta et al., 2018; Supekar et al., 2018; Zhang et al., 2020). Thus, there existed some cortical or subcortical regions that had interactive effects with the amygdala, which were located in the frontal-limbic circuits.

Emotional stability (neuroticism) is a personality trait that is associated with brain activity during emotion processing, especially in the amygdala (Rampino et al., 2019). Previous studies on anxiety had showed that an inhibitory causal influence existed from the ventromedial prefrontal cortex to the amygdala (Etkin et al., 2009; Mehta et al., 2018). Increased functional connectivity (FC) in the prefrontal cortex-amygdala was found in major depressive disorder patients, which indicated that FC between the amygdala and the prefrontal cortex might provide an underlying indicator of sensitivity to antidepressant medication treatment (Zhang et al., 2020). This result also showed that inhibition of the amygdala could result in negative emotions. Thus, in consideration of the activation of the amygdala in negative emotions, we suspected that the amygdala was not only involved in the process of ejaculatory reflex, but also with the cognitive control over negative emotions and self-referential processing. However, the differences of central mechanisms between emotional disorder and PE were still unclear.

According to a PET-neuro-imaging study, significant changes of regional cerebral blood flow (rCBF) were not being observed in men during ejaculation. Thus, rs-fMRI was chosen to investigate the long-term effects of PE, abnormal emotion on the brain regions, and show their usual working situation (Huynh et al., 2013). In the present study, the subscale of the Eysenck Personality Inventory about neuroticism (EPQ-N) was used to distinguish PE patients into two groups (N < 9: SPE, PE with stable emotion; N > 14: NPE, PE with abnormal emotion). We hypothesized that SPE and NPE patients could exhibit different FC values in the prefrontal cortex connected with the amygdala. Then, we used the fMRI data to explore the functional connections of the amygdala in these two subtype PE groups using the whole brain FC analysis. Moreover, we explored the associations between FC values of abnormal regions and premature ejaculation diagnostic tool (PEDT) scores, EPQ-N scores in the PE group.



MATERIALS AND METHODS


Participants

A total of 54 right-handed patients with PE were recruited from the Department of Andrology, Jiangsu Province Hospital of Chinese Medicine, Affiliated Hospital of Nanjing University of Chinese Medicine, as well as 30 age and education matched healthy controls (HC; right-handedness). The detailed information about the demographic and clinical features of these participants can be found in Table 1.


TABLE 1. Demographic and clinical characteristics of SPE, NPE, and HC.
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In this study, patients were selected based on the following inclusion criteria according to the ISSM PE Guidelines by two experienced andrologists (Althof S.E. et al., 2014): (1) aged from 20 to 45 years; (2) education level >9 years; (3) Intravaginal Ejaculation Latency Time <1 min since the first intercourse; (4) a total score higher than 21 on the international index of erectile function-5 (IIEF-5); (5) a total score higher than 11 on the PEDT; (6) had a stable, heterosexual relationship and regular sexual behavior for at least 6 months; and (7) no current and/or prior use of drugs for PE.

Exclusion criteria for all participants were as follows: (1) any history of serious medical illness and psychiatric or neurological illness; (2) any history of head trauma or loss of consciousness; (3) any history of alcohol dependence or substance abuse; (4) low or loss of sexual desire; (5) with genital abnormalities; and (6) MRI contraindications.

In addition, the test of EPQ was performed to evaluate the stability of emotion. Patients with scores of EPQ-N >14 were classified as the SPE group while patients with scores of EPQ-N <9 were defined as the NPE group.

The present study was approved by the Ethical Committee of Jiangsu Province Hospital of Chinese Medicine, Affiliated Hospital of Nanjing University of Chinese Medicine. Apart from that, written informed consents were obtained from all subjects.



MRI Data Acquisition

Magnetic resonance imaging (MRI) data were acquired using a 3.0T Siemens Verio scanner at the Affiliated Hospital of Nanjing University of Chinese Medicine. Each participant was positioned comfortably in the scanner and fitted with ear plugs to reduce scanner noise. Prior to scanning, each patient was asked to minimize head and body movements as much as possible while staying awake with eyes closed. The T1-weighted images were obtained in the following scanning parameters: repetition time (TR) = 1,900 ms and echo time (TE) = 2.48 ms, flip angle (FA) = 9°, slice number = 176, slice thickness = 1 mm, field of view (FOV) = 250 mm × 250 mm, voxel size = 1 mm × 1 mm × 1 mm, and scan time = 4 min, 18 s. Resting-state functional images were acquired with the following parameters: TR = 3,000 ms and TE = 40 ms, FA = 90°, slice number = 32, slice thickness/gap = 4/0 mm, FOV = 240 mm × 240 mm, matrix = 64 × 64, 32 axial slices, acquisition time = 6 min, 45 s, resulting in 133 volumes.



Resting-State Functional Image Preprocessing

After image acquisition, preprocessing was performed with the Data Processing Assistant for Brain Imaging (Yan et al., 2016; schematic overview in Figure 1). The first six functional volumes were discarded to allow the participants to get used to the scanner noise and account for the T1 saturation effects. Slice timing and head motion correction and spatial normalization of the remaining 127 volumes were realigned. The remaining data were normalized in the Montreal Neurological Institute (MNI) space, re-sampled with 3 mm × 3 mm × 3 mm resolution, and smoothed with Gaussian kernel (full-width at half maximum = 4 mm). After smoothing, the data underwent temporal filtering (0.01–0.08 Hz) and linear detrending to reduce the influence of the low-frequency drift and high-frequency noise. Furthermore, the nuisance covariates were regressed out from each region, including cerebrospinal fluid signals, global mean signals, white matter signals, and head motion parameters. Individuals with the head motions >2 mm or 2° were discarded from this study. On the basis of our previous studies (Chen et al., 2020a,b), the left amygdala (MNI: x = −24, y = −1, z = −17) and right amygdala (MNI: x = 26, y = 1, z = −18) were selected as regions of interest (ROIs) which were represented by a sphere with a 6-mm radius.
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FIGURE 1. Schematic overview of data acquisition and preprocessing of resting-state functional magnetic resonance imaging.




RS-FC Analysis

Pearson’s correlation coefficients between ROIs and the whole brain regions represented the strength of the FC values. The correlation coefficients were converted to z-scores with Fisher’s r-to-z transform for further analysis. Thus, 54 patients (27 SPE and 27 NPE) and 30 HC were included for FC analysis.



Statistical Analysis

A one-way analysis of variance (ANOVA) was performed to obtain the FC differences among the three groups by using the Resting-State fMRI Data Analysis Toolkit 1.8 (REST) software. Two sample t-test was performed to identify differences between two groups. The threshold was set at P < 0.005, and the minimum cluster was 12 voxels. Finally, the Pearson’s correlation analysis was used to obtain the correlations between the FC values of the significant brain regions and the PEDT/EPQ-N scores by using the Statistical Package for Social Science (SPSS 23.0) software.



RESULTS


Demographic and Clinical Characteristics of the Subjects

As is shown in Table 1, there are no significant differences in age (F = 1.8, p = 0.17), educational level (F = 1.52, p = 0.23), and IIEF-5 scores (F = 1.85, p = 0.16) among the three groups. Both the NPE and SPE groups had higher scores of PEDT than the HC group (F = 237.82, p = 0.00). NPE group had higher scores of EPQ-N compared with the SPE and HC groups (F = 343.09, p = 0.00).



Different FC Values Among the SPE, NPE, and HC Groups


Three Groups


Left amygdala as ROI

By ANOVA analysis, there were significant differences in the FC values between the left amygdala and medial superior frontal gyrus (SFGmed) among groups (Table 2 and Figure 2).


TABLE 2. Brain regions showing significant functional connectivity differences among groups.
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FIGURE 2. When choosing the amygdala as ROI, significant differences of FC among SPE, NPE, and HC groups. SPE, premature ejaculation with stable emotion; NPE, premature ejaculation with unstable emotion; HC, healthy controls.




Right amygdala as ROI

By ANOVA analysis, there were significant differences in the FC values between the left amygdala and right posterior central gyrus among groups (Table 2 and Figure 2).



SPE vs. NPE


Left amygdala as ROI

Compared with the NPE group, the SPE group exhibited increased FC values between the left amygdala and SFGmed (Table 2 and Figure 3).
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FIGURE 3. When choosing the left amygdala as ROI, brain regions showing differences of FC values by t-test between two groups. SPE, premature ejaculation with stable emotion; NPE, premature ejaculation with unstable emotion; HC, healthy controls. P < 0.05 indicated statistically significant differences.




Right amygdala as ROI

There were no significant differences in the FC values of the right amygdala between the SPE and NPE groups (Table 2).



SPE vs. HC


Left amygdala as ROI

Compared with the HC group, the SPE group had increased FC values between the left amygdala and SFGmed (Table 2 and Figure 3).



Right amygdala as ROI

Compared with the HC group, the NPE group had increased FC values between the right amygdala and left Rolandic operculum, right Rolandic operculum, and right precentral gyrus (Table 2 and Figure 4).
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FIGURE 4. When choosing the right amygdala as ROI, brain regions showing differences of FC values by t-test between two groups. SPE, premature ejaculation with stable emotion; NPE, premature ejaculation with unstable emotion; HC, healthy controls. P < 0.05 indicated statistically significant differences.




NPE vs. HC


Left amygdala as ROI

There were no significant differences in the FC values of the left amygdala between the NPE and HC groups (Table 2).



Right amygdala as ROI

Compared with the HC group, the NPE group had increased FC values between the right amygdala and left superior temporal gyrus (STG), right precentral gyrus. In contrast, the NPE group had decreased FC values between the right amygdala and left SFGmed (Table 2 and Figure 4).



Correlations Between FC Values and PEDT, EPQ-N Scores in the PE Group

Functional connectivity values of the left medial frontal gyrus was found to have positive correlations with PEDT (r = 0.33, P < 0.05). Meanwhile, FC values of the left SFGmed had negative correlations with the EPQ-N scores in the PE group (MNI: x = −9, y = 36, z = 54: r = −0.38, P < 0.01; MNI: x = −9, y = 42, z = 57: r = −0.40, P < 0.01). Moreover, FC values of the left STG had a positive correlation with the EPQ-N scores (r = 0.31, P < 0.05) in the PE group (Table 3 and Figure 5).


TABLE 3. Correlations between FC values and PEDT, EPQ-N scores in PE group.
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FIGURE 5. (A) The left SFGmed (MNI: x = –9, y = 36, z = 54) had significant positive correlations with PEDT (r = 0.33, P = 0.02) in PE group. (B) The left SFGmed (MNI: x = –9, y = 36, z = 54) had negative correlations with EPQ-N scores (r = –0.38, P = 0.01) in PE group. (C) The left SFGmed (MNI: x = –9, y = 42, z = 57) had negative correlations with EPQ-N scores (r = –0.40, P = 0.00) in PE group. (D) The left STG had positive correlations with EPQ-N scores (r = 0.31, P = 0.02) in PE group.




DISCUSSION

It is well-known that the amygdala plays an important role in the evaluation of emotional content and the cognitive control of emotion. In this study which bilateral amygdala were regarded as ROIs, the changes of FC values were investigated to explore their relationships with different symptoms of patients. Patients with SPE were found to have increased FC values in the left SFGmed with the left amygdala compared with patients in the HC and NPE groups. Patients with NPE had decreased FC values between the left SFGmed and right amygdala compared with patients in the HC group. Moreover, FC values of the left SFGmed were found to have positive correlations with PEDT scores and negative correlations with EPQ-N scores while the left STG had positive correlations with EPQ-N scores of patients with PE. Therefore, these findings suggested that the increase of FC values could be a compensatory mechanism in response to abnormal emotion caused by PE, the decrease of FC values in the NPE group is probably a decompensation for PE and abnormal emotion.

Sexual behavior was considered as a dialogue of the organism with the external environment and the limbic circuits received or stored the dialogue through the amygdala, then transformed the information in order to output the terminals through the pyramidal system. The medial nucleus of amygdala (MeA) had been proved to play an important role in sexual behavior. Previous studies on rats and gerbils had shown that MeA and bed nucleus of the stria terminalis had enhanced c-Fos expression through olfactory pathways, especially the vomeronasal-accessory olfactory system, which in turn activated the medial preoptic area, and finally led to ejaculation (Veening and Coolen, 1998, 2014; Hull and Dominguez, 2007, 2019; Dhungel et al., 2011).

However, neuroimaging findings were inconsistent. The results of brain activity in human males in a PET-scan study showed that the amygdala was deactivated not only during ejaculation or orgasm, but also during sexual stimulation and erection (Holstege and Huynh, 2011). There was even a similar decrease during romantic love (Bartels and Zeki, 2000). On the contrary, with visual sexual stimulation, activation in the amygdala was found in males and females (Beauregard et al., 2001; Hamann et al., 2004). Moreover, the activation in the amygdala was observed to be suppressed when subjects voluntarily attempted inhibition of sexual arousal (Beauregard et al., 2001; Blair et al., 2007). In studies based on the topographical analysis of diffusion tensor imaging data, there were no significant cerebral macrostructural changes in the amygdala between PE and HC (Atalay et al., 2019), even PE patients had a decreased local efficacy in the left amygdala (Xia et al., 2018). However, previous rs-fMRI studies have found that with erotic visual stimulation, there was more significant activation in the orbital frontal cortex, anterior cingulate gyrus, insula, and amygdala in PE patients (Mouras et al., 2003; Kim et al., 2006; Mallick et al., 2007; Zhang et al., 2017). A study on brain response to visual sexual stimuli in heterosexual and homosexual males showed significant activation in the amygdala, which proved that the amygdala was related to sexual arousal in spite of sexual orientation (Paul et al., 2008). According to the mentioned studies above, the activation of the amygdala could be the reaction of an individual to the stimulus.

In this study, patients with SPE were found to be associated with increased FC values between the left SFGmed and amygdala. In contrast, patients with NPE were found to have decreased FC values between the left SFGmed and right amygdala compared with HC. In a previous study with PET, increased rCBF was found in the left SFGmed while parts of the amygdala were found to be deactivated during ejaculation (Holstege et al., 2003). In another previous study concerning the ejaculatory control center of the brain with a task-based fMRI, an increased neocortical activation was found in the inferior and SFGmed (Beauregard et al., 2001). Meanwhile, a study with MRI to investigate the cerebral macrostructural and microstructural changes between PE patients and HC showed that the bilateral superior frontal cortex had significantly increased thickness and there were no significant cerebral macrostructural changes in the amygdala between PE patients and HC (Atalay et al., 2019). In addition, PE patients were found to have an increased brain current source density of the high beta frequency in both the superior frontal gyri and the right medial frontal cortex after sertraline treatment, which indicated that these regions could constitute parts of the ejaculatory control center of the cerebral neocortex (Kwon et al., 2011). In contrast, another study with EEG showed that the SFGmed in the left hemisphere had a decreased neuronal activation in PE patients under normal conditions, as well as the current source densities of the beta-2 and −3 bands in the right parahippocampal gyrus and the middle temporal gyrus after sexual arousal (Hyun et al., 2008). Moreover, a study based on the anatomical connection pattern and the FC pattern showed that each SFG subregion was involved in two anti-correlated networks including the task positive network and default mode network (DMN). Although the SFGmed had less connection with the DMN, there was a stronger correlation with the part of the brain that was involved in cognitive control (Li et al., 2013).

In addition, previous studies showed that the left hemisphere had a stronger involvement in the regulation of positive emotions while the right hemisphere had a closer relationship with negative emotions (Canli et al., 1998; Compton et al., 2000; Oscar-Berman and Bowirrat, 2005). On the basis of the cerebral lateralization, abnormal FC values in the left hemisphere suggested that the occurrence of PE was more closely related to the impaired processing of positive emotion. This could be due to: (1) the increased activation of the amygdala with sexual stimulation, which enhanced the bottom-up information processing; (2) the SFGmed had a compensatory activation on account of PE, in order to strengthen the top-down control. Our studies confirmed that the left SFGmed was involved in some circuits, which were acted on the inhibition of ejaculation.

According to these previous studies, it was suspected that the increased FC values between the left SFGmed and amygdala were related to PE and emotional stability. These two regions might be involved in the inhibition of ejaculation and the regulation of emotional stability. For SPE, the changes of the left amygdala could lead to the secondary compensatory activation of the left SFGmed, which could help improve the abnormal emotion caused by PE. However, the compensatory activation of the left SFGmed could not improve the symptom of PE. For NPE, the left SFGmed had decreased FC values with the right amygdala. The decreased FC values between the left SFGmed and right amygdala might be a decompensation, which might be associated with the impaired inhibition of ejaculation and regulation of emotional stability.

There were several limitations in this study. Firstly, this was a relatively small sample, cross-sectional study, which might limit the generalization of our results. Secondly, emotion affects hormone level and hormone level affects transduction of synapses. Though we used questionnaires to categorize the emotional level of the participants, physiological data were not acquired. Finally, we have done analysis using Pearson’s correlation, while it is known to suffer with limitations (Cole et al., 2016; Aggarwal et al., 2017; Aggarwal and Gupta, 2019). Future studies with a large sample size, detailed physiological data, and better metrics are needed to validate our results.



CONCLUSION

The increased FC values between the left SFGmed and amygdala could reflect a compensatory cortical control mechanism with the effect of stabilized emotion in the limbic regions of PE patients. Abnormal FC between these brain regions could play a critical role in the physiopathology of PE and could help us to divide PE into more subtypes.
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