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Editorial on the Research Topic
 Neuroimaging Findings in Sleep Disorders and Circadian Disruption



Each of us spends almost a third of our life asleep. Thus, obviously, sleep is a necessary physical need in human life. After sleep, the tired nerve cells and the biological characteristics of long-distance signal transmission recover to normal physiological function. In general, precise control of the sleep process is the basis of normal life processes including blood, metabolism, immune, endocrine, and brain activity, and is key to plasticity formation, information processing, and function implementation [(1–5); Dai et al.].

Sleep has played a minor role as object of research for a long time. Yet, recently there is a growing public interest in sleep. Sleep disorders are a major public health problem and widespread in today's society. In modern society, more and more people undergo an increased curtailment of daily sleep because of work overtime, exam preparation, shift working and long-term working or driving, resulting in an increased incidence of sleep disorders. The disturbed and/or interrupted sleep may be associated with a number of clinical conditions and has a detrimental effect on attention, working memory, executive functioning, emotion, or even metabolism. Nowadays, important challenges are posed to sleep disorders for which approved treatments are of limited efficacy.

Although there is surprising upsurge in neuroimaging findings in addressing the brain structural and functional changes associated with sleep disorders and circadian disruption, it is still difficult to glean a consistent story about its neuropathology of brain alterations. Therefore, a more comprehensive understanding of brain structural and functional changes associated with sleep disorders and circadian disruption are needed. The aim of this Research Topic is to contribute to a better understanding of the link between brain and sleep disorders, and offer an up-to-date view on how sleep affects our brain.

PRIMARY INSOMNIA

This specific issue includes two studies focusing on insomnia. In one study by Li et al. the authors found decreased effective connectivity from right ventral and dorsal anterior insula to the precuneus, postcentral gyrus, and cerebellum posterior lobe, which negatively correlated with Pittsburgh Sleep Quality Index and Insomnia Severity Index scores.

In another study by Dai et al. the authors found that acute sleep deprivation (SD) and chronic insomnia showed widespread changes in gray matter volumes (GMVs) with shared but also distinct neurobiological representation in brain morphology. Acute SD may be associated with inhibition in sensory-informational processing with decreased GMVs in the somatosensory areas to compensate for the effects of sleep loss on advanced cognitive function, while primary insomnia may be associated with increased GMVs in several brain areas, which may be key a core predisposing or perpetuating factor of ultimately hampering the ability to initiate or maintain sleep.

SD

This specific issue also includes four studies focusing on SD and one study on narcolepsy. In one study by Satterfield et al. the authors reported that increased baseline responsiveness within reward regions are more vulnerable to SD-induced overeating. Functional activation within the ventral striatum during the multi-source interference task (MSIT) and n-back task positively correlated with total caloric and carbohydrate intake during the final 6 h (06:00–12:00) of acute SD. Activation within the middle and superior temporal gyri during the MSIT also correlated with total carbohydrates consumed.

In the second study by Dai et al. these authors found prolonged acute SD hours (20, 24, 32, 36 h SD) exhibit accumulative brain atrophic effects and recovering plasticity (after one night sleep recovery) on brain morphology, in line with the behavioral changes on attentional and working memory tasks, which may provide the neurobiological basis for attention and memory impairments following sleep loss.

The last two studies focus on finding potential indicators. Chen et al. and Kong et al. found that the amplitude of low-frequency fluctuation and short-range and long-range functional connectivity density may be potential biomarkers to describe the altered regional brain cortical activities and intrinsic brain functional organization disturbed by acute SD with high discriminating performances.

OBSTRUCTIVE SLEEP APNEA

One study by Chen et al. examined topological changes in obstructive sleep apnea and found decreased functional connectivity within the default mode network, which may contribute to the observed topological reorganization of clustering coefficient, path length, global efficiency, and Montreal cognitive assessment score. These findings may provide evidence of cognitive deficits in obstructive sleep apnea.

NARCOLEPSY WITH CATAPLEXY

One study by Fulong et al. found that both adult and juvenile narcolepsy had lower fractional low-frequency fluctuations (fALFF) values in bilateral medial superior frontal gyrus, bilateral inferior parietal lobule and supra-marginal gyrus, and higher fALFF values in bilateral sensorimotor cortex and middle temporal gyrus. The right medial superior frontal gyrus discriminated between narcolepsy and healthy controls with high degree of sensitivity (100%) and specificity (88.9%), which may suggest that the fALFF may be a helpful imaging biomarker.

RESTLESS LEGS SYNDROME

One study by Hermesdorf et al. evaluated the relationship between the genetic risks and subcortical volumes for restless legs syndrome, but neither of them gave rise to the GMV changes in the hippocampal and subcortical shapes.

CIRCADIAN DISRUPTION

The ninth study by McGlashan et al. investigated whether BOLD-fMRI activation of human suprachiasmatic area in response to light in a 30 s block-paradigm of lights on (100 lux) and lights off (<1 lux) is related to a functional outcome. They found a positive correlation between this activation and melatonin suppression, which may help to better understand the clinical vulnerability influenced by circadian disruption.

CONCLUSIONS

Together, this issue features articles that address the relationships between sleep-related disorders and the brain structure and function using neuroimaging methods. We hope this special issue will contribute to a better understanding of the link between brain and sleep disorders and offer an up-to-date view on how sleep affects our brain. We believe that this special issue will stimulate discussions in a wider public involving not only those working in the field, since both conditions cause an extreme impairment of quality of life, in particular in those patients suffering from both conditions.
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Objective: Daytime cognitive impairment is an essential symptom of primary insomnia (PI). However, the underlying neural substrate remains largely unknown. Many studies have shown that the right anterior insula (rAI) as a key node of salience network (SN) plays a critical role in switching between the executive control network (ECN) and the default mode network (DMN) for better performance of cognitively demanding tasks. Aberrant effective connectivity (directional functional connectivity) of rAI with ECN or DMN may be one reason for daytime cognitive impairment in PI patients. Up to now, no effective connectivity study has been conducted on patients with PI during resting state. Our aim is to investigate the effective connectivity between the rAI and the other voxels in the whole brain in PI.

Materials and methods: Fifty drug-naive patients with PI and forty age- and sex-matched healthy controls were scanned using resting-state functional MRI. Seed-based Granger causality analysis was used to examine effective connectivity between the rAI, including ventral and dorsal part, and the whole brain. The effective connectivity was compared between the two groups and was correlated with clinical characteristics.

Results: Compared with controls, patients showed decreased effective connectivity from the rAI to the bilateral precuneus, the left postcentral gyrus (extending to bilateral precuneus) and the bilateral cerebellum posterior lobe, and decreased effective connectivity from the bilateral orbitofrontal cortex (OFC) to the rAI (single voxel P < 0.001, AlphaSim corrected with P < 0.01). In addition, effective connectivity from the ventral rAI to the left postcentral gyrus and from the left OFC to the ventral rAI were significantly negatively correlated with Insomnia Severity Index scores (r = −0.28/P = 0.046 and r = −0.29/P = 0.038, respectively).

Conclusion: The present study is the first to reveal aberrant effective connectivity between the SN hub (rAI) and the posterior DMN hub (precuneus) as well as decision-making region (OFC) and sensori-motor region in PI. These findings suggest an aberrant salience processing system of the rAI in PI patients.

Keywords: primary insomnia, functional magnetic resonance imaging, effective connectivity, insular cortex, executive function, cognitive impairment

INTRODUCTION

Primary insomnia (PI) is one of the most common health problems. It is characterized by difficulties in falling asleep, maintaining sleep, or early awakening for at least 1 month (1). The worldwide prevalence of insomnia symptoms is approximately 30–35% and approximately 10% of people are diagnosed with PI (2, 3). Insomnia is associated with cognitive impairment, daytime fatigue, and mood disruption (4, 5). Among a series of adverse consequences caused by insomnia, daytime cognitive impairment is an essential symptom with regard to working memory, episodic memory, and some aspects of executive functioning (4, 6). However, the underlying neural substrate is incompletely understood.

Neuroimaging techniques provided a new avenue to study the pathophysiological mechanisms underlying many psychiatric disorders (7–12). With regard to PI, PET, functional, and structural MR imaging have shown abnormal glucose metabolism (13), activation (14, 15), spontaneous activity (16–18), functional or structural connectivity (19–25), or atrophic structure (26–28) related to the cognitive system, especially the salience network (SN) (11, 21), executive control network (ECN), and default mode network (DMN) (22, 29).

It is worth noting that failed reducing activities of DMN is an important feature of PI during cognitively demanding tasks, such as during working memory task (15). During working memory task, with increasing task difficulty PI patients not only showed reduced activation in task-positive regions but also showed reduced deactivation in task-negative regions (DMN) (15). This study suggested that it was not simply the failure to recruit ECN that was associated with the reduced cognitively demanding task performance, but there was a conjoint failure to deactivate the DMN. However, very little is known about the neural mechanism behind this phenomenon.

The right anterior insula (rAI) as a key node of SN can modulate activity in the ECN and the DMN in healthy individuals for better performance of cognitively demanding tasks (30, 31). It is worth noting that the modulating function of anterior insula is right lateralized. So, we only choose the right side as the seed region but not left insula. Present theory holds that one fundamental mechanism underlying cognitive control is a transient signal from the right fronto-insular cortex, which engages the brain’s attention, working memory, and higher-order control processes while disengaging other systems (such as DMN) that are not immediately task relevant (30, 32). Therefore, aberrant directed functional connectivity (FC) (effective connectivity) of rAI over ECN or DMN may be one reason of daytime cognitive impairment in PI patients. Previous studies have found altered FC in the right insula in PI patients (20–22, 33–35). However, there is no research to study the effective connectivity of the rAI.

In contrast to FC, which is zero time-lagged correlation between time series at spatially distinct regions of brain, the effective connectivity is the time-lagged correlation between time series. Effective connectivity from a region X to another region Y implies that the neuronal activity in region X precedes and predicts the neuronal activity that occurs in region Y. As mentioned above, some FC studies have already been performed to study the right insula (including rAI). However, there is still no research to study the directional FC (effective connectivity) in PI. Investigation of effective connectivity in PI patients may deepen our understanding of neurologic mechanism of PI.

We employed Granger causality analysis (36–38) in resting-state functional MR imaging to investigate the rAI-centered effective connectivity. Granger causal influence from a region X to another region Y implies that the neuronal activity in region X precedes and predicts the neuronal activity that occurs in region Y (38). Thus, the whole-brain Granger causal analysis is a useful approach to study the effective connectivity that may exist across networks. In contrast to undirected FC which does not support inferences about directed (causal) brain connections, effective connectivity refers to the influence that one neural system exerts over another and quantifies the directed coupling among brain regions. In addition to Granger causal analysis, there are also several ways to capture the directional brain dynamics, such as dynamic causal modeling and structural equation modeling. Granger causal analysis has been widely used to study effective connectivity in normal brains (30), schizophrenia (38), and major depressive disorders (37). To date, to the best of our knowledge, no studies have been published reporting effective connectivity in PI patients. The purpose of this study was to analyze the effective connectivity between the rAI and the whole brain in PI patients using first-order Granger causality analysis and its association with sleep and emotion scales of PI. We hypothesized that the effective connectivity between rAI and ECN or DMN was disrupted.

MATERIALS AND METHODS

Participants

This prospective study was approved by the ethics committee of the Guangdong Second Provincial General Hospital. All PI patients were recruited from the Department of Neurology at Guangdong Second Provincial General Hospital, Guangzhou, China from April 2010 to May 2016. Written informed consent was obtained from all patients. The inclusion criteria for PI patients were (a) all patients must meet Diagnostic and Statistical Manual of Mental Disorders, Fourth Edition (DSM-IV) for diagnosis of PI; (b) patients had been complaining of difficulty falling asleep, maintaining sleep, or early awakening for at least 1 month; (c) patients had no other sleep disorders such as hypersomnia, parasomnia, sleep-related movement disorder, or other psychiatric disorders; (d) patients were younger than 60 years old; (e) free of any psychoactive medication at least 2 weeks prior to and during the study; and (f) patients were right-hand dominant as assessed with the Edinburgh Handedness Inventory. Exclusion criteria were as follows: (a) patients had an abnormal signal in any region of the brain verified by conventional T1-weighted or T2-fluid-attenuated inversion recovery MR imaging; (b) the insomnia disorder was caused by organic disease or severe mental disease such as secondary to depression or generalized anxiety; (c) other sleep disorder; (d) women who were pregnant, nursing, or menstruating; and (e) head motion more than or equal to 1.5 mm or 1.5° during MR imaging. Then three patients were discarded. Finally, 50 PI patients who met the requirements were included in the study.

A total of 40 age-, gender-, and education-matched healthy control (HC) subjects were recruited (17 men, 23 women; mean age, 39.38 ± 9.26 years) from the local community by using advertisements. Each HC subject gave written informed consent. HCs must met the following criterion: (a) Insomnia Severity Index (ISI) score was less than 7; (b) no history of swing shifts, shift work, or sleep complaints; (c) no medication or substance abuse such as caffeine, nicotine, or alcohol; (d) no brain lesions or prior substantial head trauma, which was verified by conventional T1-weighted or T2-fluid-attenuated inversion recovery MR imaging; (e) no history of psychiatric or neurological diseases; (f) head motion less than 1.5 mm or 1.5° during MR scan; and (g) right-hand dominant. Three controls were discarded due to head motion.

Sleep and Emotion Scales

Several questionnaires were filled out by study participants. These questionnaires included the ISI (39), the Pittsburgh Sleep Quality Index (PSQI) (40), the Self-rating Anxiety Scale (SAS) (41), and the Self-rating Depression Scale (SDS) (42).

MR Imaging

Resting-state functional MR imaging data were acquired using a 1.5 T MR scanner (Achieva Nova-Dual; Philips, Best, the Netherlands) in the Department of Medical Imaging, Guangdong Second Provincial General Hospital. To minimize head movements, a belt and foam pads were used. During the scanning, subjects were instructed to rest with their eyes closed and remain still but emphatically without falling asleep. The functional MR images were acquired in about 10 min using a gradient-echo planar imaging sequence as follows: interleaved scanning, repetition time = 2,500 ms, echo time = 50 ms, matrix = 64 × 64, field of view = 224 mm × 224 mm, flip angle = 90°, section thickness = 4 mm, gap = 0.8 mm, 27 axial slices, and 240 volumes.

Data Preprocessing

The Data Processing Assistant for Resting-State Functional MR Imaging toolbox1 (version 2.3) was used to process the resting-state functional MR imaging data. Volumes at the first 10 time points were discarded so that magnetization reached a steady state and subjects had adapted to the MR scanning noise. The slice timing and realignment for head motion correction were conducted on the remaining images. Then, the realigned images were spatially normalized to the Montreal Neurological Institute template by applying the EPI template, and each voxel was resampled to 3 mm × 3 mm × 3 mm. We spatially smoothed the spatially normalized images with a 6-mm full-width half-maximum isotropic Gaussian kernel. In order to reduce effects of low-frequency drift and high-frequency noise, we processed the data to remove linear trends and filtered temporally (band-pass, 0.01–0.08 Hz). Nine nuisance covariates, including cerebrospinal fluid signals, white matter signals, global brain signal, and six head motion parameters were regressed from the imaging data. The residuals of these regressions were used for the following analysis.

Granger Causality Analysis

We calculated the effective connectivity of the time series of the dorsal and ventral rAI on every voxel in the whole brain (X to Y) and the effective connectivity of the time series of every voxel in the whole brain on the dorsal and ventral rAI (Y to X). The mean temporal-domain bold signals for the dorsal and ventral rAI are displayed in Figure S10 in Supplementary Material. Regions of interest (ROI) in the dorsal and ventral rAI were selected based on the brain atlas based on connectional architecture (43).2 Bivariate first-order coefficient-based voxel-wise Granger causality analysis was performed using REST-GCA (44). We followed Chen’s (37) extended model as following:
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where Yt is the BOLD time series of one voxel in the brain at time t; X is the BOLD time series of seed region; Zt is a q × 1 vector containing exogenous variables (covariates or confounds) at time t; εt is the error term; p and q are the number of lags and confounds, respectively; Ai is the signed path coefficient at time lag i (i = 1, …, p); Bi is the autoregression coefficient. In the present study, the number of lags p = 1 (1 TR = 2.5 s).

Explanation of the coefficient was the same as the previous study (38). The positive coefficient is referred as excitatory influence and vice visa.

Statistical Analysis

Differences in age, education level, ISI, PSQI, SAS, and SDS scores between PI patients and HCs were compared by using two-sample t tests. Differences associated with gender between the two groups were assessed by using chi-squared tests.

First, the effective connectivity maps were analyzed using one-sample t-test for the entire sample (both PI patients and HCs) with an uncorrected P < 0.001, cluster size = 50. Then, between-group differences in effective connectivity were compared by using two-sample t tests in a voxel-by-voxel fashion with age, sex, and education level imported as covariates. Multiple comparisons were corrected by an AlphaSim method implemented in the DPABI software [DPABI version 2.3, Data Processing & Analysis for (Resting-State) Brain Imaging] (45) and using significant corrected thresholds of P < 0.01 with combined with single voxel P < 0.001. The estimated FWHM (x–y–z) for the 4T maps (from ventral rAI, from dorsal rAI, to ventral rAI, and to dorsal rAI) were 6.9857–7.1202–7.9652, 5.8353–5.9840–6.7710, 9.1891–9.4015–9.4269, and 5.0546–5.1626–5.8403. The cluster size thresholds for the 4T maps were 22, 16, 48, and 26.

Besides, we used permutation threshold-free cluster enhancement (TFCE) correction method to perform statistical analysis (46, 47). The permutation TFCE correction method implements correction through a permutation testing approach which controls family-wise error rate by comparing voxel-wise statistics (TFCE) to the maximal statistics obtained from repeating the analysis with randomized data. The Matlab scripts for the permutation TFCE correction have been made available online: https://github.com/markallenthornton. ROI were defined as 6-mm-diameter spheres centered on voxels that exhibited the largest absolute t value in each of the significant clusters in the t map of between-group differences in effective connectivity. Then, effective connectivity was calculated for each subject by averaging the values of effective connectivity across all voxels within each of the ROI and correlated with the sleep and emotion scales using Pearson’s correlation analysis.

RESULTS

Sleep and Emotion Scales

As Table 1 shown, the PI patients and the controls showed no significant differences in age (P = 0.37), sex (P = 0.81), and education level (P = 0.28). PI patients had higher ISI, PSQI, SAS, and SDS scores than those of HCs (all P < 0.001).

TABLE 1 | Demographic, sleep, and emotional scales of all participants.
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Effective Connectivity

One-sample t-test showed that the rAI exerted excitatory influence on the bilateral dorsolateral prefrontal cortex (DLPFC), the inferior parietal regions, the cingulate gyrus, and the left cerebellar crus. Inhibitory influence of the rAI was noted on the left precentral gyrus, the postcentral gyrus, and the bilateral occipital lobe. Furthermore, the bilateral DLPFC, the inferior parietal regions, and the cingulate gyrus, in turn, had inhibitory influence on the rAI, and in the same way, the bilateral occipital lobe had excitatory influence on the rAI. It is worth noting that the results of one-sample t-test were very similar to those of previous study (38). The results of the one-sample t tests are presented in Figures S4–S7 in Supplementary Material.

Compared with HCs, patients with PI showed negative effective connectivity (inhibitory influences) from the ventral rAI to the left precuneus, the left postcentral gyrus extending to the bilateral precuneus, and bilateral cerebellum posterior lobe including the bilateral cerebelum_crus1 and left cerebelum_6 (Figure 1A), and negative effective connectivity from the dorsal rAI to the bilateral precuneus and left postcentral gyrus extending to the left precuneus (Figure 1B). Also, patients with PI showed negative effective connectivity from bilateral orbitofrontal cortex (OFC) to ventral rAI (Figure 1C) (single voxel P < 0.001, corrected by AlphaSim correction with cluster P < 0.01). All above results of between-group differences in effective connectivity are shown in Table 2. Figures S1–S3 in Supplementary Material showed the bar graphs demonstrating the mean effective connectivity values in the ROI defined as 6-mm-diameter spheres centered on voxels that exhibited the largest absolute t value in each of the significant clusters in the t map.
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FIGURE 1 | The between-group differences in effective connectivity. (A) The between-group differences in effective connectivity from ventral right anterior insula (rAI) to the whole brain. (B) The between-group differences in effective connectivity from dorsal rAI to the whole brain. (C) The between-group differences in effective connectivity from the whole brain to ventral rAI.



TABLE 2 | Between-group differences in Granger causal influences.
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Results from permutation TFCE correction (5,000 times permutation, default parameters, FWE corrected, P < 0.05) were very similar to those derived from our parameter statistical method (two-sample t test with AlphaSim correction). Therefore, we only discussed these results. Figure S8 in Supplementary Material showed the P map of the permutation TFCE correction.

Relationships Between Effective Connectivity and Sleep and Emotion Scales

As Figure 2 shown, effective connectivity from the ventral rAI to the left postcentral gyrus extending to the bilateral precuneus and from the left OFC to the ventral rAI were significantly negatively correlated with ISI scores in PI group (r = −0.28/P = 0.046 and r = −0.29/P = 0.038, respectively).
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FIGURE 2 | Relationships between effective connectivity and sleep and emotion scales in primary insomnia group. (A) Scatter plot shows correlation between effective connectivity value from ventral right anterior insula (rAI) to left postcentral gyrus extending to bilateral precuneus and Insomnia Severity Index (ISI) scores. (B) Scatter plot shows correlation between effective connectivity value from left orbitofrontal cortex (L_OFC) to ventral rAI and ISI.



Effective connectivity from the ventral rAI to the left precuneus was significantly negatively correlated with PSQI and ISI scores in HC group (r = −0.31/P = 0.047 and r = −0.32/P = 0.045, respectively). Figure S9 in Supplementary Material shows the results of the correlation analysis of the HC group.

DISCUSSION

The present study investigated the effective connectivity between the rAI and the whole brain in PI patients. Our findings showed aberrant effective connectivity of rAI (a key node of SN) with the posterior DMN hub (precuneus) as well as regions involved in decision-making (OFC) and regions involved in sensori-motor function in PI. In addition, effective connectivity from the ventral rAI to the left postcentral gyrus extending to the bilateral precuneus and from the left OFC to the ventral rAI were significantly negatively correlated with ISI scores in PI group.

In contrast to FC which does not support inferences about directional brain connections, effective connectivity refers to the influence that one neural system exerts over another and quantifies the directional connectivity among brain regions (38). Consequently, effective connectivity may provide new insight into the neurological mechanism of insomnia.

The important findings in the current study were aberrant effective connectivity from the ventral rAI to the left precuneus and from the dorsal rAI to the bilateral precuneus at resting state. The rAI was a hub node of SN which is involved in detecting and orienting to both external and internal salient stimuli and events (31, 32). The precuneus was a hub node of DMN which is involved in self-referential/internally oriented processes (48). Previous study using chronometry and Granger causality analysis confirmed that rAI plays a critical and causal role in switching between the ECN and the DMN during visual attention tasks, oddball tasks, and even resting state (30). Furthermore, the present theory holds that one fundamental mechanism underlying cognitive control is a transient signal from the right fronto-insular cortex, which engages the brain’s attentional, working memory, and higher-order control processes while disengaging other systems (such as DMN) that are not immediately task relevant (30, 32). Interestingly, a recent study found that PI patients showed both reduced activation in task-related working memory regions and reduced deactivation in regions of the DMN with increasing task difficulty (15). This finding demonstrated a failed disengagement from DMN during working memory tasks in PI patients. It is a complement to previous studies that only found decreased metabolism or decreased activation in cognitive or task-related regions (13, 14). In our study, although we did not found any altered effective connectivity from rAI to ECN, we found aberrant effective connectivity from the rAI to regions of DMN at resting state or baseline condition. Our findings offer a parsimonious explanation for failed disengagement from DMN during cognitively demanding tasks (especially the working memory task) in PI patients.

Another finding was that PI patients showed aberrant effective connectivity from the bilateral OFC to the ventral rAI. Besides, the effective connectivity from left OFC to ventral rAI was significantly negatively correlated with ISI scores in PI group. The OFC is an important brain area responsible for emotion and decision-making (49). Previous study showed that PI patients’ speed are slower than controls on a vigilance task which only need decision-making (50). Impaired decision-making may also lead to a lack of ability to solve problems in the insomnia patients (51). Indeed, PI patients showed reduced orbitofrontal gray matter volume or density (27, 28). Recent studies found that rAI also acted as a main outflow hub within SN for easier decision-making task (52). Together with previous studies, our findings suggest an abnormal OFC-rAI circuit in PI patients, which might be one of underlying substrate of impaired decision-making observed in PI patients.

We also found that PI patients showed aberrant effective connectivity from the rAI to the left postcentral gyrus (extending to bilateral precuneus) and the bilateral cerebellum posterior lobe. In addition, effective connectivity from ventral rAI to the left postcentral gyrus was significantly negatively correlated with ISI scores in the PI group. The postcentral gyrus and the cerebellum are locations of primary somatosensory cortex and motor control area, respectively. In recent years, several studies have also frequently reported abnormal spontaneous brain activity in the cerebellum posterior lobe as well as the postcentral gyrus in PI (16, 17, 53). On the other hand, existing evidence suggests the anterior insula and the anterior cingulate cortex serve as complementary limbic sensory and motor regions. They work together, similar to the somatosensory and motor cortices (54, 55). Relative to rAI, which is high on the level of the hierarchy due to its function of switching between other large-scale networks, the postcentral gyrus and the cerebellum is lower in the hierarchy (32, 56). Therefore, our findings that aberrant effective connectivity from the rAI to the left postcentral gyrus and the bilateral cerebellum posterior lobe may reflect aberrant top-down sensory and motor control of rAI in PI patients.

Our study had several limitations. First, it was a cross-sectional study, and we cannot directly identify the causal relation between PI and the abnormal effective connectivity. Longitudinal studies may help address this question. Second, we did not directly investigate the inter-network effective connectivity among SN, ECN, and DMN using independent component analysis, even though selected seed regions of rAI for Granger causality analysis was the widely recognized hub node of SN. Future researchers can use independent component analysis to study inter-network effective connectivity in PI. Third, analyses of combination of mental chronometry and Granger causality analysis will increase our understanding of PI. However, we did not do these analyses for technical reasons. Future study is suggested to do these analyses. Finally, the activity of the brain at resting state is not static but is a highly dynamic system. Therefore, static effective connectivity may not be enough to fully characterize the human brain. Future study is suggested to use dynamic FC to investigate the brain in PI.

In summary, we for the first time found aberrant effective connectivity of rAI (a key node of SN) with the posterior DMN hub (precuneus) as well as regions involved in decision-making (OFC) and regions involved in sensori-motor function in PI. These findings suggest an aberrant salience processing system of the rAI, which may be a candidate substrate for cognitive impairment, especially the impairment of working memory and decision-making in PI patients.
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FIGURE S1 | The bar graphs demonstrating the mean effective connectivity values in the regions of interest defined as 6-mm-diameter spheres centered on voxels that exhibited the largest absolute t value in each of the significant clusters in the t map. Error bars indicate SD. Abbreviations: L_CER_crus1, left cerebelum_crus1; R_CER_crus1, right cerebelum_crus1; L_CER_6, left cerebelum_6; L_precuneus, left precuneus; L_postcentral gyrus, left postcentral gyrus (extending to bilateral precuneus).

FIGURE S2 | The bar graphs demonstrating the mean effective connectivity values in the regions of interest defined as 6-mm-diameter spheres centered on voxels that exhibited the largest absolute t value in each of the significant clusters in the t map. Error bars indicate SD. Abbreviations: Bi_precuneus, bilateral precuneus; L_postcentral gyrus, left postcentral gyrus (extending to left precuneus).

FIGURE S3 | The bar graphs demonstrating the mean effective connectivity values in the regions of interest defined as 6-mm-diameter spheres centered on voxels that exhibited the largest absolute t value in each of the significant clusters in the t map. Error bars indicate SD. Abbreviations: R_OFC, right orbitofrontal cortex; L_OFC, left orbitofrontal cortex.

FIGURE S4 | The effective connectivity from ventral right anterior insula to the whole brain.

FIGURE S5 | The effective connectivity from dorsal right anterior insula to the whole brain.

FIGURE S6 | The effective connectivity from the whole brain to ventral right anterior insula.

FIGURE S7 | The effective connectivity from the whole brain to dorsal right anterior insula.

FIGURE S8 | The statistical results of the permutation threshold-free cluster enhancement correction (5,000 times permutation, default parameters, FWE corrected, P < 0.05). (A) Between-group differences in effective connectivity from ventral right anterior insula (rAI) to the whole brain. (B) Between-group differences in effective connectivity from dorsal rAI to the whole brain. (C) Between-group differences in effective connectivity from the whole brain to ventral right anterior insula.

FIGURE S9 | Relationships between effective connectivity and sleep and emotion scales in healthy control group.

FIGURE S10 | Temporal-domain bold signals for seed regions.
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Background: Insufficient sleep is common in daily life and can lead to cognitive impairment. Sleep disturbance also exists in neuropsychiatric diseases. However, whether and how acute and chronic sleep loss affect brain morphology remain largely unknown.

Methods: We used voxel-based morphology method to study the brain structural changes during sleep deprivation (SD) at six time points of rested wakefulness, 20, 24, 32, 36 h SD, and after one night sleep in 22 healthy subjects, and in 39 patients with chronic primary insomnia relative to 39 status-matched good sleepers. Attention network and spatial memory tests were performed at each SD time point in the SD Procedure. The longitudinal data were analyzed using one-way repeated measures ANOVA, and post-hoc analysis was used to determine the between-group differences.

Results: Acute SD is associated with widespread gray matter volume (GMV) changes in the thalamus, cerebellum, insula and parietal cortex. Insomnia is associated with increased GMV in temporal cortex, insula and cerebellum. Acute SD is associated with brain atrophy and as SD hours prolong more areas show reduced GMV, and after one night sleep the brain atrophy is restored and replaced by increased GMV in brain areas. SD has accumulative negative effects on attention and working memory.

Conclusions: Acute SD and insomnia exhibit distinct morphological changes of GMV. SD has accumulative negative effects on brain morphology and advanced cognitive function. The altered GMV may provide neurobiological basis for attention and memory impairments following sleep loss.

STATEMENT OF SIGNIFICANCE

Sleep is less frequently studied using imaging techniques than neurological and psychiatric disorders. Whether and how acute and chronic sleep loss affect brain morphology remain largely unknown. We used voxel-based morphology method to study brain structural changes in healthy subjects over multiple time points during sleep deprivation (SD) status and in patients with chronic insomnia. We found that prolonged acute SD together with one night sleep recovery exhibits accumulative atrophic effect and recovering plasticity on brain morphology, in line with behavioral changes on attentional tasks. Furthermore, acute SD and chronic insomnia exhibit distinct morphological changes of gray matter volume (GMV) but they also share overlapping GMV changes. The altered GMV may provide structural basis for attention and memory impairments following sleep loss.

Keywords: insomnia, sleep deprivation, voxel-based morphometry, gray matter, attention network test, spatial working memory

INTRODUCTION

We spend a third of our lives in sleep, yet sleep is less frequently studied using imaging techniques than many neurological and psychiatric disorders. Sleep is increasingly found to have far more health impact than what was previously thought. The precise control of sleep process is the basis of normal life process such as blood, metabolism, immune, endocrine, brain activity, and is the key of plasticity forming, information processing and function implementation (1–4). Sleep deprivation (SD) is associated with a series of maladaptive changes in alertness, judgment, emotion, memory, learning, immunity and central nervous system (5–12). Short-time SD may influence the expression of certain genes (13) while long-term SD can result in genetic changes (14). Insomnia as a general sleep disorder affects nearly 10–15% of the adult population (15). Insufficient sleep can lead to cognitive impairment, emotional change, brain dysfunction, psychomotor retardation and metabolic dysregulation (7, 8, 10, 12, 16–21). Despite the adverse socioeconomic impact of insufficient sleep, its neurobiological substrates are still elusive. Evidence suggests that chronic insomnia is accompanied by brain structural and functional changes (20–31). Elucidating brain-morphological changes of insufficient sleep can gain insights on the cognitive and emotional impacts by the sleep loss and bridges the gap between insufficient sleep and neurological or psychiatric disorders. Although SD is a frequently used protocol to investigate the functional consequences and behavioral changes associated with sleep loss (32, 33), what the brain structure changes temporally during the course of acute SD and what the brain structure changes after SD compare to those in patients with chronic primary insomnia remains unknown.

Sleep is associated with increased brain expression of genes involved in regulating macromolecule biosynthesis (34–37), and elevated transcription of genes involved in synthesis and maintenance of cell membrane lipids and myelin in the brain (34, 38, 39). Nevertheless, these structures might be particularly susceptible to insufficient sleep (39, 40). Recently a emerging view that structural brain gray matter and white matter changes can be observed within brief periods of time, from hours to days, following short-term learning (41) or neurotransmitter blockade (42). SD was associated with disturbed level of neurotransmitters (43), neuropeptides (44) and various kinds of cytokines (45) in the brain. In the longer term, rodent studies have shown that chronic sleep restriction and chronic stress are associated with brain structural changes (46, 47). The reported structural changes reflect the underlying pathology of the disease and may determine clinical phenomenology (48). Given the neurochemical changes by the SD and the link between the brain morphology and the neurochemical manipulation, we tested whether the brain structures exhibit changes as a result of insufficient sleep. First, we asked whether SD at different length of time could contribute to the changes in brain morphometry and its plasticity. Second, we examined the brain morphometry in patients with insomnia to understand whether short-term and chronic sleep loss may underlie shared structural basis.

Previous studies suggest that the reported structural changes reflected the underlying pathology of the disease and may determine clinical phenomenology (48). Voxel-based morphometry (VBM) method uses refined image registration and segmentation and provides sensitive measurements on the structural gray matter and white matter changes (49–51). In this study we applied VBM method to explore the dynamic evolution procedure of whole brain morphometry changes in the longitudinal data of 36-h acute SD and in a large sample of patients with insomnia. In the 36 h SD procedure, we performed repeated MRI sessions at 20, 24, 32, and 36 h after the SD started. We also performed one MRI session before the SD started and another one after one-night sleep recovery. Along with each MRI session, attentional network test (ANT) and spatial working memory task (SWM) were performed to evaluate the cognitive vulnerability to SD. In the insomnia study, we collected MRI data from patients with insomnia together with good sleepers (GSs).

MATERIALS AND METHODS

Subjects

This study was approved by the Medical Research Ethical Committee of Jinling Hospital and the First Affiliated Hospital of Nanchang University in accordance with the Declaration of Helsinki. The MRI and behavioral data were collected from two studies with a total of 100 subjects including an acute SD study and a chronic insomnia study. In the acute SD study, a total of 22 healthy university students (13 female, 9 male; mean age, 21.91 ± 1.38 years, mean ± standard deviation) participated an experiment of 36h SD design. In the chronic insomnia study, 39 patients with chronic primary insomnia (29 female, 10 male; mean age 48.92 ± 11.38 years, mean ± standard deviation) and 39 age-, sex-, and education-matched GSs (26 female, 13 male; mean age, 47.87 ± 9.15 years, mean ± standard deviation) were recruited. All volunteers participated voluntarily and were informed of the purposes, methods, and potential risks of this study, and signed an informed consent form. Twenty-one patients with insomnia (4 males, 17 females) were not the first-time visitors and previously had taken hypnotic or psychoactive medications. The other eighteen patients with insomnia (6 males, 12 females) were drug-naive and had never taken any medications before. The medication history duration was 1 month to 5 years. To avoid the possible effect of the medications, the patients with insomnia were kept medications-free for at least 2 weeks prior to the data collection and for the duration of this study, except that three patients with insomnia were medications-free for only 2–4 days. The mean duration of insomnia for patients with insomnia was 6.52 ± 5.65 (years, mean ± standard deviation).

Patients with insomnia met the relevant diagnostic criteria of the International Classification of Sleep Disorders, Second Edition(52), duration of insomnia > 1 year, Pittsburgh Sleep Quality Index (PSQI) score > 5, and sleep diary for >2 weeks duration. Furthermore, they had to report a total sleep time ≤ 6.5 h and (a) sleep onset latency > 45 min or (b) wake after sleep onset > 45 min or (c) total wake time during the sleep period (sleep latency + wake after sleep onset) > 60 min. To evaluate their sleep status, all subjects were asked to wear a Fitbit Flex tracker (http://help.fitbit.com) (20). These data were primarily used to verify sleep-wake diary information and not for independent assessment of inclusion and exclusion criteria.

All GSs and the 22 healthy university students met the following criteria: good sleeping habits, good sleep onset (<30 min) and/or maintenance (without easily wakened or morning awakening symptom) and regular dietary habits as measured by the Fitbit Flex tracker and sleep diary; no consumption of any stimulants, hypnotic or psychoactive medication, during or prior to the study for ≥3 months; PSQI score < 5, and Hamilton Depression Rating Scale (HAMD) and Hamilton Anxiety Rating Scale (HAMA) < 7. All subjects were right-handed. The exclusion criteria for all subjects comprised pathological brain magnetic resonance imaging (MRI) findings; inborn or other acquired diseases; any foreign implants in the body; BMI >32 or <19.8; present or past psychiatric or neurological disorders, substance dependency or substance abuse (including heroin, nicotine, or alcohol addiction); foreign implants in the body; any history of swing shift, night shift, or other shift work within the preceding year; any history of sleep complaints, or other sleep disorders, including hypersomnia, parasomnia, sleep related breathing disorder, sleep related movement disorder, or circadian rhythm sleep disorder, confirmed by overnight polysomnography; any history of significant head trauma or loss of consciousness >30 min; current smoking of more than 10 cigarettes per day; and consumption of >2 caffeinated beverages or potent tea per day.

SD Procedure

In the acute SD study, the SD Procedure started from 20:00 in the first day and lasted until 8:00 in the fourth day (Figure 1). All subjects were asked to arrive the lab at 19:00 in the first day (the day before the SD process) and underwent an MRI session as a base-line. All subjects were asked to sleep in the laboratory at the same time as usual. During this process, the subjects who had poor sleep quality were excluded. The 36 h SD Procedure started at 8:00 in the morning in the second day and lasted until 20:00 in the third day. The participants were required to stay awake during the entire time of the SD procedure. All subjects were not allowed to lie down and do some vigorous exercise, and they were not allowed to continue to do one thing for a long time, such as read and talk about an exciting topic. The food and water were provided during the SD procedure. Specially, all subjects eat the same food at every meal during the SD procedure to control the food intake, but the water are not controlled. The temperature of the room was maintained between 23 and 27°C. The staffs of the research team took charge of monitoring in turns through video monitors to make sure that the participants did not fall asleep during the SD procedure. If there were any signs of falling asleep, the participants were awakened by an alarm clock immediately.
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FIGURE 1. Schematic diagram of sleep deprivation (SD) procedure.



Each subject underwent MRI sessions at the following time points: the start of the experiment during rested wakefulness (RW), 20, 24, 32, and 36 h after the experiment started (Figure 1). The subjects then spent one night of sleep for recovery and underwent another MRI session at 8:00 in the next morning in the fourth day. Furthermore, each subject underwent the long-term task of ANT and short-term simple task of SWM at each measurement time point before each of those MRI scans.

Insomnia Procedure

An experienced psychiatrist evaluated the patients with insomnia with the Diagnostic and Statistical Manual of Mental Disorders, version 4 (DSM-IV) (53) for the life history of psychiatric disorders, as well as an unstructured clinical interview for the history of medicine and sleep disorders. The patients with insomnia and status-matched GSs were asked to complete a number of questionnaires, including PSQI (54), Insomnia Severity Index (ISI) (55), Self-Rating Depression Scale (SDS) (56), Self Rating Anxiety Scale (SAS) (57), HAMD (58), HAMA (59), Self-Rating Scale of Sleep (SRSS) and Profile of Mood States (POMS) (60). The POMS questionnaire contains of 7 indexes, including 5 negative emotion indexes (nervousness, wrath, fatigue, depression and confusion) and 2 positive emotion indexes (energy and self-esteem). Then the patients with insomnia and the status-matched GSs each underwent the MRI scan once between 19:00 and 20:00.

Attention Network Test (ANT)

The ANT, adapted from Fan et al.'s study (61, 62), contains of three cue conditions (no cue, center cue, spatial cue) and two target conditions (congruent and incongruent). The visual stimuli consisted of a row of 5 horizontal black arrows pointing leftward or rightward with the target arrow in the center. The participants responded to the direction of central arrow by pressing the left or right buttons of the computer mouse. The task measures alerting, orienting and conflict effects by calculate time difference between the response time and the presentation time under three different cue conditions.

The accuracy rate using corrected recognition, reaction time using only trials with correct responses, and lapse rate using missing recognition, were calculated. Finally, the intraindividual coefficient of variation was calculated for each participant by dividing the mean value of accuracy rate or correct reaction time by that of standard deviation.

Spatial Working Memory Test (SWM)

The SWM was based on visual recognition of a series of 6 × 6 smaller squares filled in a large square with size of 7.2*7.2 mm2 (Figure 2). All these 36 small squares were filled with white. First, there was only shown a single small square filled with black in one location among these 36 smaller square. Next, the second and third small square was filled with black in another location respectively. Then, the fourth square will be filled with black immediately once the first small black square was recovered from black to white. At this time, the subjects were asked to make a keypress response to determine whether the location of the fourth black square was in the same location with the first black square, or subsequent the fifth black square was in the same location with the second black square, and so on. If they are in the same location, the subjects were asked to press the right button, conversely, the left button was conducted. The accuracy rate using corrected recognition, reaction time using only trials with correct responses, and lapse rate using missing recognition, were calculated. Finally, the intraindividual coefficient of variation was calculated for each participant by dividing the mean value of accuracy rate or correct reaction time by that of standard deviation.
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FIGURE 2. Schematic diagram of spatial working memory. The task was based on visual recognition of a series of 6 × 6 smaller squares with white. The first, second and third small square were filled with black respectively. Then the fourth square will be filled with black immediately once the first black square was recovered to white. At this time, the subjects were asked to make a keypress response to determine whether the location of the fourth black square was the same with the first black square, or subsequent the fifth was in the same location with the second black square, and so on.



MRI Parameter

The MRI scan was performed on a 3-Tesla MR scanner (Trio, Siemens, Erlangen, Germany). High-resolution T1-weighted anatomical images were acquired with a three-dimensional spoiled gradient-recalled sequence in sagittal orientation: 176 images (repetition time = 1,900 ms, echo time = 2.26 ms, thickness = 1.0 mm, gap = 0.5 mm, acquisition matrix = 256 × 256, field of view = 250 × 250 mm, flip angle = 90) were obtained. A simple questionnaire was administered immediately after the ~3-min MRI scan to ask whether the subjects were awake during the scan. The data of subjects who fell asleep during the scan were excluded.

Voxel-Based Morphometry (VBM)

MRIcro software (www.MRIcro.com) was used to ensure data quality. The data pre-processing was conducted using the available CAT12 toolbox (http://dbm.neuro.uni-jena.de/cat12/) which is based on Statistical Parametric Mapping 12 (SPM12, http://www.fil.ion.ucl.ac.uk/spm). First, the Digital Imaging and Communications in Medicine (DICOM) standard images were transformed into NIFIT format and were realigned into sagittal orientation. The images were corrected for bias field inhomogeneity by linear (12-parameter affine) and nonlinear transformations. Next, the structural images were segmented into gray matter, white matter, and cerebrospinal fluid (CSF). Diffeomorphic Anatomical Registration Through Exponentiated Lie algebra (DARTEL) segmentation procedure was performed in the present study. The 36 h SD Procedure were analyzed using segment procedures for the longitudinal data. The original unwrapped individual gray matter and white matter segmentations were warped to a newly constructed template with a combination of linear and nonlinear registration.

Then the data were spatially normalized using East Asian brain template to the Montreal Neurological Institute (MNI; http://www.mni.mcgill.ca/) space. The segmented data were modulated and smoothed using a Gaussian kernel of 8 × 8 × 8 mm3 full-width at half- maximum.

Multiple Linear Regression Analysis

Multiple linear regression analysis was performed to evaluate the relationships between the behavioral performance (dependent variable) in the ANT and SWM and the beta value of the main effect brain regions (independent variable) in each group of the 36 h SD study.

Statistics

In the SD study, the behavioral data of the ANT and the SWM were analyzed using one-way repeated measures ANOVA. In the insomnia study, the demographic factors (age, education, and years of education) and the sleep questionnaire data were compared between the patients with insomnia and the GSs using two sample t-test. Chi-square (χ2) test was used for categorical data. The statistical analysis was performed using SPSS version IBM 21.0.

For the VBM data of the SD study, one-way within-subject repeated measures ANOVA was used to analyze the longitudinal data across the six time points during the 36 h process. The different brain regions of the main effect were saved as a mask. For the post-hoc analysis between two time points, we either calculated the product between the mask and the T maps or analyzed the difference without applying the mask.

For the VBM data in the insomnia study, unpaired t-test was used to investigate the gray matter volume (GMV) difference between the patients with insomnia and the GSs with the age, sex, years of education and total intracranial volume (TIV) as nuisance covariates of no interest.

We analyzed group differences in two ways. First, we used a threshold of p < 0.05, corrected for multiple comparisons by family-wise error (FWE) method. Second, we used an uncorrected statistical threshold of p < 0.001 with a minimum cluster size (k) of 100 voxels if the correction for multiple comparison failed to detect any difference.

RESULTS

Main Effect in 36 h SD Study

One-way within-subject repeated measures ANOVA with the SD time points as main factor revealed significant GMV differences in the right cerebellum anterior lobe, bilateral striatum (caudate), bilateral thalamus, bilateral insula (BA13), bilateral somatosensory association cortex (paracentral lobule, BA5; precuneus, BA7), bilateral somatosensory cortex (BA2), left superior parietal lobule (BA40), bilateral inferior parietal lobule (BA40), right supplementary motor area (SMA; BA6), bilateral posterior cingulate cortex extending to corpus callosum (BA23), and right cingulate cortex (BA24) [F(5, 105) = 8.637, p < 0.05, k ≥ 100, corrected by FWE; Supplemental Table 1, Figure 3].
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FIGURE 3. Brain-wide gray matter volume (GMV) differences of the 36 h sleep deprivation (SD) study. Main effect brain areas that passed the statistical criterion using the ANOVA test are marked in red color. Red areas denote positive main effect brain areas in GMV.



To account for the intra-individual differences, we then examined the beta values of the main effect areas from the ANOVA in each individual subject. Eighteen out of the 22 subjects (81.82%) exhibited smaller total and mean GMV at 36 h SD compared to RW, and the other 4 subjects showed increased GMV (in total 1.02% mean decrease). After one night sleep recovery 20 out of the 22 subjects (90.91%) showed larger GMV and the other two subjects showed decreased GMV (in total 1.75% mean increase) compared to RW. In all subjects, from RW to 36 h SD and from 36 h SD to one night sleep recovery, the total and mean GMV in the main effect brain areas showed a tendency of reduction first and then increase (Figure 4).
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FIGURE 4. Sum and mean gray matter volume (GMV) of all main effect brain areas for each subject in the 36 h sleep deprivation (SD) study. In all subjects, from rested wakefulness (RW) to 36 h SD and from 36 h SD to one night sleep recovery, the total (A) and mean (B) GMV in the main effect brain areas showed a tendency of reduction first and then increase.



Post-hoc Tests in 36 h SD Study

To understand how SD at different length of time could contribute to the brain morphometry changes, we applied post-hoc tests to assess the GMV differences between various SD time points and the time point of RW using main effect brain regions as mask with an uncorrected statistical threshold (p < 0.001, k ≥ 100, uncorrected; Supplemental Table 2, Figure 5). A number of brain areas showed increased GMV at 20, 24, 32, and 36 h after the SD started, including the left striatum, right middle cingulate cortex (BA24) and bilateral posterior cingulate cortex extending to corpus callosum (BA23) (Figures 5A–D). On the other hand, a number of brain areas began to show decreased GMV at 32 h after the SD started, including the right thalamus, right insula (BA13), bilateral somatosensory association cortex (paracentral lobule, BA5; precuneus, BA7) and right inferior parietal lobule (BA40) (Figure 5C). Interestingly, 4 h later at 36 h after the SD started, the number of brain areas with decreased GMV increased, expanding to bilateral somatosensory cortex (BA2, BA3) and right SMA (BA6) (Figure 5D). After one night sleep recovery, no areas with decreased GMV were found but the right cerebellum anterior lobe, right striatum (caudate body), bilateral thalamus, bilateral insula (BA13), bilateral somatosensory association cortex (paracentral lobule, BA5; precuneus, BA7), bilateral inferior parietal lobule (BA40), bilateral somatosensory cortex (BA2), left superior parietal lobule (BA40) and right SMA (BA6) showed increased GMV (Figure 5E). Many of these brain areas with increased GMV (Figure 5E) were in the similar location as the areas showing decreased GMV at the SD time points relative to the time point of RW (Figures 5C,D), but they also contained more brain areas.


[image: image]

FIGURE 5. Brain-wide gray matter volume (GMV) differences of post-hoc test of each sleep deprivation (SD) time point in the 36 h SD study. The post-hoc test of each SD time point against RW was conducted as the product between the GMV differences of each time point and the GMV differences of main effect brain areas. Brain areas that showed GMV differences at each time point during the 36 h SD procedure against RW from the post-hoc tests, including the time point of 20 h SD (A), 24 h SD (B), 32 h SD (C), 36 h SD (D), and after one night sleep recovery (E). Red areas denote increased GMV (A–E) and green areas denote decreased GMV (C–D) in brain areas.



Additionally we analyzed the GMV differences at each SD time point relative to the time point of RW using a corrected statistical threshold without applying the mask (p < 0.05, FWE corrected; Supplemental Table 3, Figure 6). This allowed to investigate the GMV changes on a broader scale. At 20 h after the SD started, VBM did not reveal any GMV difference relative to the RW. At 24 h after the SD started, bilateral striatum, bilateral cingulate gyrus (BA23), right posterior cingulate cortex (BA30) and right medial prefrontal cortex (BA10) showed increased GMV (Figure 6A). No decreased GMV was found. At 32 h after the SD started, only right cingulate gyrus (t = 5.0707; x = 13.5, y = −23.5, z = 36.5) showed increased GMV and no decreased GMV was found. At 36 h after the SD started, right cerebellum posterior lobe, left striatum and left somatosensory cortex (BA3) showed increased GMV (Figure 6B). The areas that showed decreased GMV included the left cingulate gyrus (BA24) and right temporal pole (BA38) (Figure 6B). After one night sleep recovery, bilateral thalamus, left orbitofrontal cortex (BA11), bilateral insula (BA13), right visual association cortex (BA18), bilateral somatosensory association cortex (BA7), bilateral parietal lobe (BA2, BA40) and left primary motor cortex (BA4) showed increased GMV (Figure 6C). No decreased GMV was found.
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FIGURE 6. Brain gray matter volume (GMV) differences without applying mask method using post-hoc t test. Brain GMV differences were conducted using post-hoc t-test without applying the product with the mask of the different brain regions of main effect in 36 h sleep deprivation (SD) study. The statistical threshold was set at family-wise error corrected voxel threshold of p < 0.05 of each time in 36h SD study. The right side of the picture indicates the right side of the brain, and the corresponding left side indicates the left side of the brain. Red areas denote increased GMV brain regions (A–C) and green areas denote decreased GMV (B). (A) Brain GMV differences at 24 h SD relative to rested wakefulness (RW). (B) Brain GMV differences at 36 h SD relative to RW. (C) Brain GMV differences after one night sleep recovery relative to RW.



Sample Characteristics of Patients With Insomnia

The demographic characteristics of the patients with insomnia sample are presented in Table 1. There were no significant differences in sex distribution (p = 0.456), mean age (p = 0.654), mean education (p = 0.694) and PSQI time in bed (p = 0.725). However, compared with GSs, patients with insomnia showed shorter PSQI total sleep time, lower PSQI sleep efficiency, and higher PSQI score, higher SRSS score, higher SAS score, higher SDS score, higher HAMA score, higher HAMD score, higher POMS score, higher score of five negative index in POMS and lower score of two positive index in POMS (p < 0.001).


Table 1. Group characteristics of patients with insomnia and good sleepers.
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VBM Difference in Patients With Insomnia vs. GSs

There were no significant differences in the TIV, GMV, white matter volume (WMV), CSF volume, GMV/TIV, WMV/TIV, CSF volume (CSFM)/TIV and GMV/WMV between patients with insomnia and GSs (p > 0.05) (Table 2).


Table 2. Brain volume of patients with insomnia and GSs.
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VBM did not reveal any GMV difference between patients with insomnia and GSs using a two sample t-test (p < 0.05, FWE corrected). When using an uncorrected statistical criterion (p < 0.001, k ≥ 100), we found GMV differences localized in the right hemisphere (Supplemental Table 3, Figure 7), with increased GMV in the fusiform gyrus (BA 37), cluster of cerebellum anterior lobe and visual association cortex (BA18), cluster of claustrum and insula (BA13), primary auditory area (superior temporal gyrus, BA22, BA42) and SMA (BA 6), and with decreased GMV in the visual association cortex (BA18).
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FIGURE 7. Brain gray matter volume (GMV) differences of patients with insomnia relative to good sleepers. The statistical threshold was set at uncorrected voxel threshold of p < 0.001 with a minimum cluster threshold of 100 voxels. The right side of the picture indicates the right side of the brain, and the corresponding left side indicates the left side of the brain. Green areas denote decreased GMV and red areas denote increased GMV.



Behavioral Findings of 36 h SD Study

We examined the attention and working memory in the ANT and SWM tests at different time points during the SD Procedure. The accuracy rate, reaction time and lapse rate of the ANT were different across the six SD time points using one-way repeated measures ANOVA [Greenhouse-Geisser correction, accuracy rate: F(1.956, 41.072) = 8.299, p = 0.001, Figure 8A; reaction time F(3.268, 68.631) = 11.242, p < 0.001, Figure 8B; lapse rate F(1.975, 41.473) = 7.034, p = 0.002, Figure 8C]. The accuracy rate showed a tendency of gradual decrease (Figure 8A), and the reaction time and lapse rate showed a tendency of gradual increase as the SD hours prolonged (Figures 8B,C). The accuracy and reaction time restored after one night sleep recovery, but the accuracy rate and reaction time did not reach the level of RW completely. Interestingly, the subjects showed the lowest accuracy rate, longest reaction time and highest lapse rate at the time point of 24 h after the SD started. Furthermore, we measured the alertness, orienting and executive control from the ANT processes. The reaction time of spatial orientation and executive control were different across the SD time points [orienting: F(5, 105) = 2.683, p = 0.025; executive control: F(5, 105) = 6.003, p < 0.001; Figure 8D]. The reaction time of alertness was not different across the six time points [F(5, 105) = 0.277, p = 0.925; Figure 8D]. In the SWM test, the accuracy rate did not show an effect of SD time [F(5, 105) = 0.935, p = 0.461; Figure 8E], however there was a trend of gradual decrease as the SD hours prolonged and then a trend of increase after one night sleep recovery.
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FIGURE 8. Behavioral findings of attention network test (ANT) and spatial working memory test (SWM). Each behavioral measurement was taken at six time points during the sleep deprivation (SD) session. (A) Accuracy rate of the ANT. (B) Reaction time of the ANT. (C) Lapse rate of the ANT. (D) Reaction time for the alertness, spatial orientation and executive control of the ANT. (E) Accuracy rate of the SWM. (F) Coefficient of variation values of three indexes, including reaction time of the ANT, accuracy rate of the ANT, and accuracy rate of the SWM. Data are presented as mean ± standard values.



The intra-individual coefficient of variability for ANT accuracy rate, ANT reaction time, and SWM accuracy rate showed a tendency of increase as the SD hours prolonged and showed decrease after one night sleep recovery (Figure 8F). The accuracy rate of the ANT showed the highest intra-individual coefficient of variability at the time point of 24 h SD compared to other five time points.

Intra-Individual Differences in Behavior for Each Subject

We conducted the intra-individual differences in behavior as the intra-individual GMV differences in brain areas. We calculated the accuracy rate and reaction time for each subject (Supplemental Figure 1). In the ANT test, eighteen of the subjects shower lower accuracy rate, and the other four subjects showed higher accuracy rate at the time point of 36 h SD compared to RW (Supplemental Figure 1A). Twelve of the subjects demonstrated lower accuracy rate, two subjects showed no differences, and the other eight subjects indicated higher accuracy rate after one night sleep recover compared with RW (Supplemental Figure 1A). Seventeen of the subjects demonstrated longer reaction time, and the other five subjects showed shorter reaction time at the time point of 36h SD compared to RW (Supplemental Figure 1B). Ten of the subjects showed longer reaction time and the other twelve of the subjects indicated shorter reaction time after one night sleep recover compared with RW (Supplemental Figure 1B). In individual subjects, from RW to 36 h SD and from 36 h SD to one night sleep recovery, the accuracy rate in ANT showed a tendency of reduction first (36 h SD vs. RW, 3.94% mean decrease) and then increase (recovery vs. RW, 1.39% mean decrease), and the reaction time showed an inverse tendency of increase first (36 h SD vs. RW, 9.00% mean increase) and then decrease (recovery vs. RW, 0.05% mean increase) (Supplemental Figure 1).

In the SWM, nine of the subjects demonstrated lower accuracy rate, seven subjects showed no differences, and the other six subjects indicated higher accuracy rate at the time point of 36 h SD compared to RW (36 h SD vs. RW, 2.7% mean decrease) (Supplemental Figure 1C). Five of the subjects demonstrated lower accuracy rate, nine subjects showed no differences, and the other eight subjects indicated higher accuracy rate after one night sleep recover compared with RW (recovery vs. RW, 1.46% mean increase) (Supplemental Figure 1C). Eleven of the subjects demonstrated longer reaction time, and the other eleven subjects showed shorter reaction time at the time point of 36 h SD compared to RW (36 h SD vs. RW, 0.26% mean decrease) (Supplemental Figure 1D). Five of the subjects showed longer reaction time and the other seventeen of the subjects indicated shorter reaction time after one night sleep recover compared with RW (recovery vs. RW, 5.39% mean decrease) (Supplemental Figure 1D).

Regression Analysis Between VBM and Behavior

To investigate whether the structural changes during the SD status may have correlations with the behavior, we performed multiple linear regression between the behavioral parameters in the attention and working memory tasks and the beta values of the main effect brain areas at each SD time point (Table 3). Across the SD time points, the accuracy rate in the ANT and the SWM tests showed linear correlations with the beta value of many brain areas, including the somatosensory association cortex and insula. At the time points of RW and one night sleep recovery, linear relationships were found in the parietal lobe (somatosensory cortex and inferior parietal lobule).


Table 3. Multiple linear regression analysis between the beta value of main effect areas and behavioral findings.
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The alertness in the ANT showed linear relationships with the beta value of the striatum, parietal lobe, insula and thalamus across the SD time points, and the executive control in the ANT showed linear relationships with the beta value of the insula, somatosensory association cortex, parietal lobe and SMA. However, no brain areas showed correlations with the alertness or executive control at the time point of RW and one night sleep recovery. Interestingly, at the time point of 24 h SD, the alertness displayed linear correlation with the beta value of the striatum and the executive control showed linear relationship with the beta value of the SMA, and no correlation was found at other time points.

DISCUSSION

Brain Morphological Changes During the Acute SD

We found in our SD study that insufficient sleep is associated with widespread brain morphological changes. Although molecular basis for the microstructure-level changes requires further investigation, acute SD is associated with altered gene expression involved in macromolecule biosynthesis (34–37) in human studies and altered gene expression involved in cell membrane lipids and myelin in the mouse brain (34, 38, 39). The susceptibility of these cellular substrates to the rapid changes following sleep loss might contribute to the brain microstructure changes as we observed in our VBM analysis. In the animal studies, SD could lead to neuronal marker changes for apoptosis and morphology, and these changes were restored after sleep recovery (63, 64). Consistent with these patterns, our VBM data showed progressive structural atrophy as SD hours prolonged and these changes were restored and replaced by extensive and larger morphologic brain inflation after one night sleep recovery. Previous diffusion tensor imaging study showed that SD is associated with widespread fractional anisotropy decreases in several brain areas and as the waking prolonged the decreases become larger (65), which may associated with the reduced interstitial space volumes and increased resistance to water flux in the brain after waking than during sleep (66) and particularly susceptible of cell membrane lipids and myelin to insufficient sleep (39, 40). In our longitudinal data of 36 h SD procedure, the brain atrophy began to appear at 32 h SD and aggravated at 36 h SD. In agreement with the brain morphology, the accumulative negative effects were found in attention and spatial memory tests, but after one night sleep recovery they were restored incompletely showing a delayed recovery. We hypothesized that the VBM changes observed in the present study are more likely to be related to the changes in tissue hydration or other phenomena.

Circadian Rhythm Influences During SD

A recent study has shown that the brain responses during the day and prolonged wakefulness showed circadian rhythmic patterns (67). Subcortical areas including the striatum and thalamus showed strong correlations with the melatonin levels and these areas showed increased responses when later hours in the day start. We also found increased GMV in the striatum starting at the time point of 20 h SD, and these increased GMV remained into the later stage of the SD. Evidence also indicates that individuals with late chronotype who prefer to go to bed late in the evening had structural differences in the cingulate cortex and corpus callosum (68). In our SD study, we also found increased GMV in the corpus callosum and cingulate cortex. Considering the similar brain areas found in our study and the others, the structural changes in our VBM analysis may reflect the influence of circadian rhythm.

At the time point of 24 h SD, the subjects exhibited the lowest accuracy rate, longest reaction time and highest lapse rate in the ANT compared to the other time points. Accordingly, at this time point a number of increased GMV areas in the bilateral striatum and bilateral cingulate cortex extending to corpus callosum were found, and these areas existed even after the FWE correction. Specifically, we found that at 24 h SD the alertness displayed linear correlation with the beta value of striatum and the executive control showed linear correlation with the beta value of SMA, and these relationships were not found at other SD time points. At this time point of 8:00 a.m. in the morning, the participants usually woke up in their daily schedule in the process of getting out of bed and they showed reduced alertness. The SMA area was implicated in sensory processing, working memory, executive control and spatial-bodily attention (69, 70). Therefore the structural changes we observed in our data may underlie the circadian rhythm and prolonged wakefulness to modulate the attentional performance.

Acute SD vs. Chronic Insomnia

Chronic insomnia is thought to be maintained by excessive negatively toned cognitive activity with autonomic arousal and emotional distress (71). The exaggerated cortical and somatic activation can lead to increased sensory information processing and inability to initiate or maintain sleep (20, 72, 73), and may be a result of increased brain activities. We found that both in the SD study and the insomnia study that the insula and cerebellum showed increased GMV. This demonstrates that acute and chronic sleep loss may also share similar neurobiological representation in brain morphology. In the SD study after one night sleep recovery only brain areas with increased GMV were found. Similarly, patients with insomnia also mainly found morphological differences in brain regions with increased GMV. This demonstrates that the status of subjects who underwent SD process and then received one night sleep recovery may exhibit analogous brain activation characteristics to the status of patients with insomnia who underwent subjective experience of chronically disturbed and non-refreshing sleep.

Although using an uncorrected statistical threshold we found a number of brain areas with GMV changes in patients with insomnia, using a strict criterion we did not observe differences between patients with insomnia and GSs. This probably demonstrates that the patients with insomnia were not prone to the brain microstructure changes already. Under the less stringent method we found altered GMV in the patients with insomnia in the temporal cortex, primary auditory area, insula, SMA and visual association cortex. For the acute SD the main effect areas with GMV changes were showed in the sensory cortex, motor cortex and subcortical thalamus. Therefore the two types of short-term and chronic sleep losses mainly exhibited non-overlapping altered brain areas.

In the insomnia study, the superior temporal cortex with increased GMV contains the primary auditory area (BA42). Previous study has shown that normal activation of the auditory cortex is decreased to help maintain sleep in response to external stimuli (74). Therefore, our observation of increased GMV in the auditory cortex may highlight the reduced capacity to disengage from external information processing of auditory stimuli, which was consistent with the clinical characteristics of insomnia patients with shallow sleep and increased sensitivity to surrounding environments. Our data therefore support the theory of hyperarousal, which may be a core predisposing or perpetuating factor of ultimately hampering the ability to initiate or maintain sleep.

Previous meta-analytical data demonstrated that the threat or anxiety hypothesis is associate with insula (75), and the craving hypothesis is associated with ventral striatum and cingulated cortex (76). Patients with insomnia underwent prolonged experience of chronically disturbed and non-refreshing sleep, and may display threat or anxiety in response to sleep-related cues. Subjects who underwent acute SD process may mainly display craving to sleep but not threat or anxiety (77). Our previous neuroimaging studies also found that insufficient sleep resulted in abnormal regional brain activity in the threat-related brain areas and craving-related brain areas (8, 20, 21, 78–80). Our observation of increased GMV in the insula or cingulated cortex in the insomnia study and increased GMV in the striatum in the SD study might support the theory of threat and craving hypothesis.

The paracentral lobule is considered to be negatively correlated with vigor activity (81). It has been found that the inferior parietal cortex area is impaired after SD and may represent an most reliable early biological marker of individual resistance to SD (7, 8, 82, 83). The postcentral gyrus is the main receptive region for external stimuli as the location of the primary somatosensory cortex. Recently the postcentral gyrus was shown to be implicated with the default mode network (84), which is a functional brain hub showing coupled slow signal fluctuations in the absence of external stimuli during restful waking and sleep (85). In the SD study, these areas with decreased GMV were found with several correlations with the ANT and SWM. Our observations of decreased GMV in theses somatosensory areas after acute SD in individuals who showed a possible insufficiency to enter into “resting state” status may reflect inhibition in sensory-informational processing and difficulties in cognitive function.

CONCLUSIONS

In summary, acute SD and insomnia showed widespread changes in gray matter microstructure with shared but also distinct neurobiological representation in brain morphology. Acute SD may be associated with inhibition in sensory-informational processing with decreased GMV in the somatosensory areas to compensate for the effects of sleep loss on advanced cognitive function, while the insomnia may be associated with inability to disengage from external information processing of auditory stimuli with increased GMV in the primary auditory area. Prolonged acute SD together with one night sleep recovery exhibit accumulative atrophic effect and recovering plasticity on brain morphology, in line with the behavioral changes on attentional and working memory tasks. Taken together, clarifying the biological underpinnings of these microstructural alterations could advance our understanding of the neurobiological mechanism of waking and sleep. One of the strengths of the present study is the relatively large sample size in the insomnia study and longitudinal data in the SD study; however, there are several limitations that should be noted. First, our findings are limited by the use of the Fitbit Flex tracker to monitor the sleep quality in our experience (20, 86). Although we cannot provide direct evidence to prove whether the FITBIT tracker provides a valid and reliable measure of objective sleep, we compared some patients' data between the FITBIT and the PSG, and found the results were similar. In fact, our sample was screened to exclude individuals with medical or psychiatric disorders that may affect sleep, and the diagnosis of primary insomnia mainly depends on the experience of senior physicians who have been working for more than 20 years. Second, the subjects were not monitored by continuous EEG in the SD procedure, but a simple questionnaire was administered immediately after the MRI scan to ask whether the subjects were awake during the scan. The data of subjects who fell asleep during the scan were excluded.
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Supplemental Figure 1. Accuracy rate and reaction time in the ANT and spatial working memory (SWM) for each subject in the 36 h sleep deprivation (SD) study. (A) Accuracy rate of the ANT for each subject. (B) Reaction time of the ANT for each subject. (C) Accuracy rate of the SWM for each subject. (B) Reaction time of the SWM for each subject. In all subjects, from rested wakefulness (RW) to 36 h SD and from 36 h SD to one night sleep recovery, the accuracy rate showed a tendency of reduction first and then increase, and the reaction time showed a tendency of increase first and then decrease (A–D).

Supplemental Table 1. The gray matter volume differences of main effect in the 36 h sleep deprivation study. R, right; L, left; BA, Brodmann's area; MNI, montreal neurological institute; N/A, Not applicable. The statistical threshold was set at corrected voxel threshold of p < 0.05 with a minimum cluster threshold of 100 voxels, corrected by family-wise error.

Supplemental Table 2. The post-hoc differences of gray matter volume with the product with the mask of the different brain regions of main effect in the 36 h sleep deprivation (SD) study. RW, Rested wakefulness; R, right; L, left; BA, Brodmann's area; MNI, montreal neurological institute; N/A, Not applicable. The statistical threshold was set at uncorrected voxel threshold of p < 0.001 with a minimum cluster threshold of 100 voxels (t = 3.1697).

Supplemental Table 3. The gray matter volume differences without applying mask method in the 36 h sleep deprivation (SD) study and in the chronic insomnia study. RW, Rested wakefulness; R, right; L, left; BA, Brodmann's area; MNI, montreal neurological institute; N/A, Not applicable; GSs, good sleepers. The statistical threshold was set at family-wise error corrected voxel threshold of p < 0.05 of each time in the 36 h SD study without product with the mask image of main effect, and at uncorrected voxel threshold of p < 0.001 with a minimum cluster threshold of 100 voxels in patients with insomnia.

ABBREVIATIONS

SD, Sleep deprivation; GMV, Gray matter volume; VBM, Voxel-based morphometry; ANT, Attentional network test; SWM, Spatial working memory; ROIs, Regions of interest; GSs, Good sleepers; RW, Rested wakefulness; PSQI, Pittsburgh Sleep Quality Index; HAMD, Hamilton Depression Rating Scale; HAMA, Hamilton Anxiety Rating Scale; DSM-IV, Diagnostic and Statistical Manual of Mental Disorders, version 4; ISI, Insomnia Severity Index; SDS, Self-Rating Depression Scale; SAS, Self Rating Anxiety Scale; SRSS, Self-Rating Scale of Sleep; POMS, Profile of Mood States; SPM12, Statistical Parametric Mapping 12; DICOM, Digital Imaging and Communications in Medicine; CSF, Cerebrospinal fluid; DARTEL, Diffeomorphic Anatomical Registration Through Exponentiated Lie algebra; MNI, Montreal Neurological Institute; TIV, Total intracranial volume; FWE, Family-wise error; WMV, White matter volume.
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Background: Sleep loss contributes to obesity through a variety of mechanisms, including neuroendocrine functioning, increased hunger, and increased food intake. Additionally, sleep loss alters functional activation within brain regions associated with reward and behavioral control. However, it remains unknown whether individual differences in baseline neural functioning can predict eating behaviors during total sleep deprivation (TSD). We used functional magnetic resonance imaging (fMRI) to test the hypothesis that individuals with increased baseline responsiveness within reward regions are more vulnerable to TSD-induced overeating.

Methods: N = 45 subjects completed several fMRI scans during a single pre-TSD session that included performance on the Multi-Source Interference Task (MSIT) and the n-back task. Subjects returned to the laboratory for an overnight TSD session, during which they were given ad libitum access to 10,900 kcal of food. Leftover food and packaging were collected every 6 h (00:00, 06:00, and 12:00) to measure total food consumption. Subjects reported sleepiness every hour and performed a food rating task every 3 h.

Results: Functional activation within the ventral striatum during the MSIT and n-back positively correlated with total caloric and carbohydrate intake during the final 6 h (06:00–12:00) of TSD. Activation within the middle and superior temporal gyri during the MSIT also correlated with total carbohydrates consumed. Food consumption did not correlate with subjective sleepiness, hunger, or food desire.

Conclusions: Individual differences in neural activity of reward processing areas (i.e., nucleus accumbens) prior to sleep deprivation are associated with an individual's propensity to overeat during subsequent sleep deprivation. This suggests that individual differences within reward processing pathways are potential key factors in sleep loss related overeating. Sleep loss and obesity are tightly linked. Both phenomena have been associated with increased neural activation in regions associated with reward, inhibitory control, and disrupted dopamine signaling. Elevated baseline reward sensitivity in the ventral striatum appears to be further compounded by sleep deprivation induced dysfunction in the reward neurocircuitry, increasing the likelihood of overeating. Our findings suggest that large individual differences in baseline responsiveness of hedonic reward pathways may modulate the association between sleep loss and obesity.

Keywords: sleep deprivation, ventral striatum, nucleus accumbens, food consumption, reward

INTRODUCTION

The social and economic demands of living in our modern 24/7 society have contributed to two pervasive problems: insufficient sleep and obesity (1). The National Sleep Foundation recommends that adults obtain ≥7 h of sleep per night (2). However, 35% of adults in the United States sleep <7 h per night (3), a nightly duration that has been on the decline for the last several decades. Simultaneously, obesity rates have dramatically increased, with over one third of the adult population being classified as obese (4). Epidemiological evidence suggests a strong association between the declining levels of sleep and increasing rates of obesity (1, 5–7).

Sleep loss contributes to weight gain through several physiological, behavioral, and neural mechanisms. From a physiological perspective, sleep loss disrupts the normal functioning of hormones that regulate appetite (ghrelin) and satiety (leptin). Studies have demonstrated that sleep restriction results in elevated levels of ghrelin and reduced levels of leptin, leading to increased feelings of hunger (8–11). Behavioral studies of sleep restriction and sleep deprivation have also demonstrated how sleep loss impacts eating behaviors. Sleep loss leads to increased energy intake, while energy expenditure does not change (12, 13), contributing to overall weight gain (14). Individuals tend to increase their overall total caloric intake (13–16), especially in the form of carbohydrates (16) and fat (13) during sleep loss. These extra calories come from snacks (17, 18) and increased meal frequency (14).

While studies have focused on how sleep loss disrupts neuroendocrine signaling and modifies eating behavior, few have investigated the brain's neural response to food stimuli. There are several interacting neural networks which drive food intake behavior, including connections between several key cortical [orbital frontal cortex (OFC), prefrontal cortex (PFC), insula, and anterior cingulate cortex (ACC)] and limbic (amygdala, hippocampus, and basal ganglia) regions (19–22). Volkow et al. (22) suggest that obesity may be the result of an imbalance between neural circuits that promote eating behaviors (reward-saliency and motivation-drive circuits) and those that control and inhibit behavioral responses (learning-condition and inhibitory control-emotion regulation circuits) (22). Sleep loss also disrupts communication between cortical regulatory and subcortical reward systems. There is elevated neural activity in regions associated with reward and risky decision-making and attenuated activity in cortical regions associated with inhibitory control (23–25). The parallels in altered signaling patterns in these key systems for both obesity and sleep loss suggest that both conditions result in a loss of top-down inhibitory control over reward-processing regions.

Studies investigating the neural responses to food stimuli associated with daytime sleepiness, sleep restriction, and total sleep deprivation (TSD) have found evidence supporting a disruption of behavioral control and reward systems (21, 26–30). Excessive daytime sleepiness is associated with reduced neural activation in the ventromedial PFC (vmPFC), an area involved in inhibitory control, when viewing images of high calorie foods. Reduced activation in this region also correlates with subjective difficulty restricting food consumption (21). Lack of inhibition from the frontal control system may release a “brake” on subcortical pathways involved in modulating reward-based behaviors, such as eating.

Sleep restriction also impacts neural activity in regions associated with reward, including the nucleus accumbens (NAc), putamen, and vmPFC. Neural activation within these regions tends to increase when viewing food items, further supporting the notion that sleep loss alters normal reward processing and inhibitory control (27, 31). Similarly, viewing images of calorie-rich unhealthy food increases activity in regions associated with hedonic eating (i.e., eating for pleasure), including the frontal, temporal, and parietal cortices, as well as the OFC and insula (30). Activity in the inferior frontal gyrus, a region associated with inhibitory control, has also been found to increase in response to food cues (27). In addition to the regions described above, several avenues of research have found functional activation and connectivity changes in areas of the salience network [i.e., ACC, insula, etc. (32)]. This network is involved in identifying homeostatically relevant stimuli and evaluating and selecting valued options, such as food (26, 33, 34). The ACC also makes efferent and afferent connections with regions involved in reward pathways (33). Benedict et al. (26) were the first to investigate neural responses to food stimuli during TSD, finding that one night of sleep loss resulted in increased neural activation in the ACC (26). Further, one night of TSD enhanced functional connectivity between regions of the salience network, including the dorsal ACC and putamen, in relation to total fat consumption (28). Findings within the ACC suggest that sleep loss may modulate the desire for and rewarding properties of food, thus increasing the likelihood of overconsumption. Greer et al. (29) found that one night of sleep loss resulted in decreased neural activity in appetite evaluation regions (ACC, PFC, insula) and increased activation in the amygdala, further supporting the notion of reduced inhibitory control and increased reward drive during sleep loss (29).

Strong evidence points to altered functional activation within behavioral control and reward systems as one mechanism underlying the propensity to overeat during sleep loss. However, little work has focused on how individual differences in baseline neural activity within these circuits are associated with food consumption throughout a period of TSD. Individual differences in reward sensitivity are associated with the brain's response to food stimuli under rested conditions (19). Reward drive, as assessed by questionnaire, correlates with increased neural activation in regions of the fronto-striatal-midbrain reward circuitry (19). This hyper-responsivity of the reward network leads to an increased vulnerability to overeat. Here, we used functional magnetic resonance imaging (fMRI) to investigate how differences in pre-TSD functional activation within reward-related neural circuits can predict an individual's propensity to increase caloric and macronutrient intake during sleep loss. Specifically, in light of the well-established deficits in prefrontal inhibitory control during sleep deprivation (24, 35), we hypothesized that baseline hyper-activation in regions related to reward drive (e.g., ventral striatum) would be associated with an increased tendency to overeat during a subsequent period of sleep deprivation.

METHODS

Subjects

Forty-five healthy adults (20–45 y; 22 females) participated in this three-part study conducted in the McLean Hospital Sleep Research Laboratory. Subjects eligible for study participation met the following criteria: free from sleep, psychological, neurological or other medical disorders; right-handed as assessed by the Edinburgh Handedness Inventory (36); primary English speakers; no vision impairment, unless corrected to normal with contact lenses; no drug or alcohol abuse in the past 6 months; no history of smoking or tobacco use in the past year; and no contraindications for neuroimaging, including pregnancy or metal in the body. In order to control for fluctuations in menstrual hormones which could directly impact performance and brain neurochemistry, females underwent the functional neuroimaging scan during the follicular phase of their menstrual cycle or were taking monophasic contraceptives. Female subjects were excluded if they used multiphasic birth control.

All study procedures were approved by the Institutional Review Board (IRB) of McLean Hospital and the United States Army Human Research Protection Office (HRPO). All subjects gave written informed consent in accordance with the Declaration of Helsinki and were financially compensated for their time.

Experimental Design

Subjects visited the laboratory on three separate occasions: a screening session, a neuroimaging session, and a TSD session. See Figure 1.


[image: image]

FIGURE 1. Schematic of the three experimental visits for the study.



Screening Session

Subjects first visited the lab for a comprehensive screening session. All study procedures were explained and subjects completed a series of questionnaires, including a brief psychiatric evaluation using the Mini International Neuropsychiatric Interview [MINI; (37)] to further confirm eligibility. Subjects were fitted with a wrist activity monitor (Actiwatch-2, Philips Respironics, Bend, OR) to track at-home sleep and wake patterns for at least 1 week (10.8±3.3 days) prior to the third visit (i.e., the TSD session). Subjects also completed a daily online sleep diary during this time.

Neuroimaging Session (Pre-TSD)

Subjects returned to the lab ~1 week (8.4 ± 3.2 days) following the initial screening session for a second visit. A 2 h afternoon neuroimaging session was conducted to collect structural and functional images while subjects performed a series of neurobehavioral tasks, including the Multi-Source Interference Task (MSIT) and the n-back task, which are described in detail below. Subjects were asked to refrain from alcohol consumption 48 h prior to the second visit and were not allowed to take any over-the-counter medications on the day of the neuroimaging scan. Additionally, subjects were asked to maintain their habitual caffeine usage on the day of the scan to minimize withdrawal effects on brain vasculature.

Total Sleep Deprivation (TSD) Session

Subjects returned to the lab for their final visit, which was scheduled 1–4 days following the neuroimaging session (2.4 ± 1.5 days). On the two nights prior to the TSD session, subjects were instructed to go to bed between 22:00 and 23:00 and remain in bed for at least 8 h. Subjects were required to wake no later than 08:00 and received a wake-up call at 07:30 from the research staff on the morning of the TSD session. Compliance was verified by wrist actigraphy. The TSD session began when subjects woke on the day of the visit, and ended at 12:00 the following day, after ~29 h of continuous wakefulness. After awakening on the morning of the TSD session, naps were prohibited until the end of the study. Subjects were also not allowed to consume caffeine for 24 h prior to arriving at the lab. Subjects were also asked to fast, from 13:00 until arrival at the lab later that afternoon (~5.5 h of fasting before arrival).

Subjects arrived at the lab by 18:30 and remained awake until they were released at 12:00 the following day (Figure 2). Upon arrival, height and weight measurements were collected and used to calculate body mass index (BMI) following the standard formula [(weight (lbs.)/height (in.)2) x 703]. Subjects were allowed to read, play games, and watch TV or DVDs during their free time. Additionally, subjects could access the internet to read news, watch videos, or play games. However, contact with individuals outside of the lab via personal cellphones, social media, chatting, or email was prohibited. Subjects participated in the TSD session in pairs in our controlled laboratory environment, which included a common room and individual testing rooms used for cognitive performance assessments. Light levels were kept at a fixed level and the ambient temperature remained constant for the duration of the study. Further, subjects did not have exposure to natural sunlight while in the lab. A trained research assistant was on staff at all times to administer study procedures and observe behavior throughout the overnight session. Subjects were also monitored with a closed-circuit camera for the duration of the session.
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FIGURE 2. Schematic of the 29 h TSD session. Subjects woke by 08:00, arrived at the sleep laboratory by 18:30, and remained awake until 12:00 the following day at which time they were discharged and allowed to leave the lab. Consumed food was calculated for three periods of the TSD session: baseline (18:00–23:59, green), nighttime TSD (00:00–05:59, yellow), and daytime TSD (06:00–12:00, red). Subjects performed a food rating task (*) five times throughout the night. Subjects completed the KSS (not shown) hourly beginning at 19:15. TSD, total sleep deprivation; KSS, Karolinska Sleepiness Scale.



Neurobehavioral Tasks

Subjects performed a series of computerized neurobehavioral tasks during the baseline neuroimaging session and throughout the overnight TSD session. Here, we will focus on two pre-TSD (i.e., neuroimaging session) fMRI tasks (MSIT and n-back task), and one TSD task (Food Rating task). Subjects performed practice sessions of both the MSIT and n-back before entering the fMRI scanner.

Multi-Source Interference Task

The MSIT (38) was the first of three neurobehavioral tasks performed in the MRI scanner at ~14:20 (± 55 min), following scanner calibration and structural imaging. The MSIT commonly activates the cingulo-frontal parietal network, which is important for attention and monitoring cognitive interference (39). During the task, subjects were shown a series of three numbers (0, 1, 2, or 3). One number (target) was always different from the other two numbers (distractors). Numbers were presented during either control or interference trials. In the control trials, subjects pressed the button that corresponded to the spatial location of the target number (i.e., 100, 020, 003), where 0s served as distractors. In the interference trials, subjects pressed the button that corresponded to the identity of the target (i.e., different) number (i.e., 221, 233, 322), where identical numbers served as distractors. The MSIT is described in more detail elsewhere (40). Brain activation contrast maps were created for the Interference > Control condition for each individual.

n-back Task

The n-back task was the second of three neurobehavioral tasks performed in the MRI scanner, immediately following the MSIT at ~14:30 (± 55 min). The n-back task activates the dorsal lateral prefrontal cortex (DLPFC) and parts of the parietal cortex important for working memory (41). During the task, subjects were presented with a series of letters. Subjects pressed a button to indicate whether or not the current letter on the screen was the pre-specified target letter, the same as the letter displayed one letter earlier in the series (1-back), or the same as the letter displayed two letters back (2-back), depending on the cognitive load of the trial. The n-back is described in more detail elsewhere (42). Brain activation contrast maps were created for the 2-back > 0-back condition for each individual.

Food Rating Task

During the overnight TSD session, subjects performed a food rating task once every 3 h, beginning at 23:35. During the task, subjects were first asked to rate their current level of hunger on a 7-point Likert scale from 1 (“not at all hungry”) to 7 (“extremely hungry”). Subjects were then shown a total of 70 food and non-food images in a randomized order. Images were either of neutral objects (e.g., flowers, trees, rocks), high-calorie foods (e.g., cheeseburgers, French fries, milkshakes), or low-calorie foods (e.g., fruits, vegetables, whole-grains). Subjects were asked to rate how much they would like to eat each item at that moment on a 7-point Likert scale from 1 (“do not want to eat it”) to 7 (“strongly desire to eat it”). Similar versions of this task have been reported and described elsewhere (20, 43, 44).

Karolinska Sleepiness Scale (KSS)

The KSS is a 9-point Likert scale used to measure subjective sleepiness (45). Subjects rated their current level of sleepiness from 1 (“extremely alert”) to 9 (“very sleepy, great effort to keep awake, fighting sleep”). The KSS was administered hourly beginning at 19:15 as part of a larger standardized test battery that is outside the scope of this paper.

Food

Prior to the start of the TSD session, a trained research assistant prepared identical food baskets for each subject, labeled with the corresponding subject number. For a full list of food items, see the Supplemental Material (Table S1). Subjects recorded all food and drink items they consumed the morning of the TSD session and were required to fast from 13:00 to 18:30 (~5.5 h) prior to entering the laboratory. Following study arrival and intake procedures at 18:30, subjects had ad libitum access to 10,900 kcal of food throughout the entire TSD period (see Table 2 for nutritional breakdown). Subjects discarded food packaging and unwanted leftovers in individualized trash bins labeled with their corresponding subject number. Trained research assistants also observed and recorded food intake throughout the TSD session. Discarded packaging and leftover food items were collected at 6 h intervals (00:00, 06:00, and 12:00). Total calories, calories from fat, grams of fat, grams of carbohydrates, grams of protein, and grams of sugar were documented according to the per serving nutritional values on the food packaging. For items that did not have packaging (apples, bananas) nutritional information was obtained from the U.S. Department of Agriculture Food Composition Database (https://ndb.nal.usda.gov/ndb/). For items partially consumed, values were recorded to the nearest fraction (i.e., 1/4, 1/3, 1/2, 2/3) of the full nutritional value listed. For analytic purposes, food consumption was broken down into three 6 h periods (Baseline: 18:00–23:59; Nighttime TSD: 00:00–05:59; Daytime TSD: 06:00–12:00) see Figure 2.

Neuroimaging Methods

Subjects underwent an fMRI scan at the end of the second visit. Neuroimaging scans were collected on a 3.0 Tesla Siemens Tim Trio Scanner (Siemens, Erlangen, Germany) with a 32-channel head coil. First, structural T1-weighted 3D images were collected with a magnetization-prepared rapid gradient-echo (MPRAGE) sequence (repetition time [TR] = 2.1 s; echo time [TE] = 2.3 ms; flip angle (FA) = 12°) over 176 sagittal slices (256 × 256 matrix) with a slice thickness of 1.0 mm (voxel size = 1.0 × 1.0 × 1.0 mm). T2*-weighted functional scans were collected over 34 transverse slices (3.5 mm thickness, no gap) using an interleaved sequence (TR = 2.0 s; TE = 30 ms; FA = 90°) with 198 images and 239 images collected per slice for the MSIT and n-back, respectively. Data were collected with a 22.4 cm field of view, 64 × 64 acquisition matrix, and a voxel size of 3.5 × 3.5 × 3.5 mm3.

Image Processing

Functional neuroimaging scans were analyzed and processed using Statistical Parametric Mapping software (SPM12; Welcome Department of Cognitive Neurology, London, UK; http://www.fil.ion.ucl.ac.uk/spm/). The raw functional images were first realigned and unwarped. Realigned images were co-registered to each individual's T1-weighted structural image. Subject images were then normalized from the original native space to the 3D space of the Montreal Neurological Institute (MNI) using forward deformation fields. The images were then spatially smoothed with a 6 mm full-width half maximum isotropic Gaussian kernel and resliced to 2 × 2 × 2 mm3 voxels using 4th degree B-spline interpolations. Low frequency confounds were removed using a high-pass filter with a 128 s cutoff period. The standard canonical hemodynamic response function for SPM12 was employed, and serial correlation was corrected using a first-order autoregressive model (AR1). The Artifact Detection Tool (ART; http://www.nitrc.org/projects/artifact_detect/) for SPM12 was used to remove motion and spiking artifacts. Scans exceeding 3 standard deviations in mean global intensity, scan-to-scan motion that exceeded 1 mm, and the first scan of each run were regressed out of each 1st level analysis.

Statistical Analyses

First level analyses were conducted in SPM12 using a general linear model (GLM) to create subject-specific brain activation maps by contrasting the Interference and Control conditions (Interference > Control) on the MSIT and the 2-back and 0-back conditions (2-back > 0-back) on the n-back. Contrast images were then entered into separate second level multiple regression models to assess the relationship between well-rested functional activation during the MSIT and n-back tasks and caloric and macronutrient consumption during the three periods of the TSD session. Gender, BMI, and caloric/macronutrient intake during baseline (18:00–00:00) were included as covariates for nighttime TSD and daytime TSD analyses.

Whole brain-analyses were initially height thresholded at p < 0.001 (uncorrected). Cluster-level statistics were corrected for family-wise error (FWE) at p < 0.05. For post-hoc analyses, the first eigenvariates for the significant clusters were extracted from SPM12 for regression and plotting purposes in SAS (v9.4). Additionally, Pearson's partial correlations, controlling for BMI and gender, were used to compare caloric and macronutrient intake to baseline and TSD subjective sleepiness levels. Simple linear regression models were used to individually assess the relationship between individual caloric intake and macronutrient intake and subjective hunger food desire ratings and KSS score as a function of time awake. Additionally, linear regression was used to assess the relationship between BMI and caloric/macronutrient and gender and caloric/macronutrient intake during each TSD period.

RESULTS

Subject Characteristics

Subject characteristics are summarized in Table 1.


Table 1. Subject characteristic.
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Caloric and Macronutrient Intake

During the at-home portion of the study on the first day of sleep deprivation (~11 h total), subjects consumed an average of 1135.2 ± 414.9 total calories and 379.9 ± 232.1 calories from fat prior to entering the laboratory. They consumed 158.2 ± 169.8 g of carbohydrates, 52.2 ± 27.0 g of sugar, 117.1 ± 1.0 g of fat, and 45.6 ± 23.3 g of protein. Throughout the in-laboratory portion of the TSD session (17 h total), subjects consumed an average of 2,503.4 ± 754.0 total calories of the 10,900 calories available. On average, they consumed 769.4 ± 302.6 calories from fat, 380.7 ± 124.6 g of carbohydrates, 187.9 ±75.5 g of sugar, 85.5 ± 33.6 g of fat, and 61.2 ± 18.9 g of protein. Total caloric and macronutrient intake for the overnight session exceeded the recommended daily intake (RDI) values for an entire day based on a 2,000-calorie diet (Table 2).


Table 2. Caloric and macronutrient intake across the in-laboratory sleep deprivation session.
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Body mass index (BMI) did not predict total caloric intake during any of the three TSD periods (baseline: [F(1, 43) = 2.80, p = 0.10, R2 = 0.06]; nighttime TSD: [F(1, 43) = 2.56, p = 0.12, R2 = 0.06]; daytime TSD: [F(1, 43) = 1.96, p = 0.17, R2 = 0.04]). Likewise, BMI did not predict total calories from fat, grams of fat, or grams of carbohydrates for any of the TSD periods [F(1, 43) < 3.48, p > 0.07]. However, higher BMI was significantly associated with more grams of sugar consumed during baseline [F(1, 43) = 5.66, p=0.02], but not during nighttime or daytime TSD. Higher BMI was also significantly associated with more grams of protein consumed during nighttime TSD [F(1, 43) = 4.63, p = 0.04], but not during baseline or daytime TSD. Gender was not a significant predictor of total caloric intake during any of the three TSD periods (baseline: [F(1, 43) = 1.69, p = 0.20]; nighttime TSD: [F(1, 43) = 0.0, p = 0.97]; daytime TSD: [F(1, 43) = 0.09, p = 0.76]). Gender did not predict total calories from fat, grams of fat, grams of carbohydrates, or grams of protein consumed during any of the TSD periods [F(1, 43) < 3.13, p > 0.08]. However, males consumed significantly more sugar during baseline [F(1, 43 = 4.81, p = 0.03] compared to females. These differences were not apparent during nighttime or daytime TSD. Full statistical results can be found in the Supplemental Material (Table S2).

Neural Correlates of Caloric and Macronutrient Intake

Figure 3 shows the clusters (FWE corrected) with significant correlations between MSIT (Interference > Control) performance and total caloric (blue) or carbohydrate (green) intake. While no regions of the brain were associated with calorie consumption during the baseline and overnight periods, we observed a significant correlation between activation within the ventral striatum and calories consumed (p = 0.024) in the next-day period between 06:00 and 12:00 during TSD (Figure 3A). This pattern was accounted for primarily by a significant correlation in the ventral striatum for grams of carbohydrates consumed (p = 0.016) during the same timeframe (Figure 3A). In addition, we observed significant correlations in the right middle temporal gyrus (p < 0.001) and the left superior temporal gyrus (p=0.038) for grams of carbohydrates consumed (Figure 3B). Activation in the reward circuitry, specifically the NAc, while performing the MSIT under well-rested conditions predicted both total calories consumed and total carbohydrates consumed during hours 23–29 of continuous wakefulness (i.e., the last 6 h of the TSD session; Figure 3A). Similarly, activation in areas associated with viewing unhealthy food (30) (middle and superior temporal gyri) predicted increased carbohydrate consumption (Figure 3B). Higher activation in each region was associated with increased caloric and carbohydrate consumption (Figure 4). However, activation in these regions did not predict consumption of total calories from fat, grams of sugar, grams of fat, or grams of protein. Neuroimaging results are summarized in Table 3.
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FIGURE 3. Whole-brain analyses (p < 0.001, cluster corrected; p < 0.05, FWE) of MSIT activation during the Interference > Control condition. (A) Sagittal, axial, and coronal views of significant activation in the nucleus accumbens (MNI: −10, 10, −8) as it correlates with total calories (blue) and total carbohydrates (green) consumed during the last 6 h of sleep deprivation (i.e., 06:00–12:00). (B) Significant activation in the left superior temporal gyrus (1; MNI:−64, −36, 18) and right middle temporal gyrus (2; MNI: 64, −46, 4) as it correlates with total carbohydrates (green) consumed during the last 6 h of sleep deprivation. FWE, Family-wise error; MSIT, Multi-Source Interference Task; MNI, Montreal Neurological Institute.
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FIGURE 4. Residualized eigenvariates for the neural activation in the left nucleus accumbens during the MSIT Interference > Control condition as it relates to (A) total calories and (B) total carbohydrates consumed during the last 6 h of sleep deprivation and (C,D) activation in the temporal gyri as it relates to total carbohydrates consumed during the last 6 h of sleep deprivation.




Table 3. Cluster maxima for whole-brain multiple regression analyses of the MSIT Interference > Control condition and n-back 2-back > 0-back condition as it pertains to caloric and carbohydrate consumption.
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Figure 5 shows the clusters (FWE corrected) with significant correlations between n-back performance (2-back > 0-back) and total caloric (blue) and carbohydrate (green) intake. Critically, there was no association between brain activation and calorie consumption at baseline or during the night. However, similar to the previous findings for the MSIT, we observed a significant correlation between activation of the ventral striatum during the n-back and subsequent calories consumed (p = 0.026) during the morning between 06:00 and 12:00 during TSD (Figure 5). Likewise, we observed a significant correlation in the ventral striatum for grams of carbohydrates consumed (p = 0.013) in the same timeframe (Figure 5). Similar to the MSIT, activation in the NAc while performing the n-back under well-rested conditions predicted both total caloric intake and grams of carbohydrates consumed during the last 6 h of TSD. Higher activation in this region was associated with higher caloric and carbohydrate intake (Figure 6). However, like the MSIT, activation did not predict consumption of total calories from fat, grams of sugar, grams of fat, or grams of protein. Neuroimaging results are summarized in Table 3.
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FIGURE 5. Whole-brain analyses (p < 0.001, cluster corrected; p < 0.05, FWE) of n-back activation during the 2-back > 0-back condition. Sagittal, axial, and coronal views of significant activation in the nucleus accumbens (MNI:−4, 18, 2) as it correlates with total calories (blue) and total carbohydrates (green) consumed during the last 6 h of sleep deprivation (i.e., 06:00–12:00). FWE, Family-wise error; MNI, Montreal Neurological Institute.
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FIGURE 6. Residualized eigenvariates for the neural activation in (A) the left nucleus accumbens during the n-back 2-back > 0-back condition as it relates to total calories (blue) and (B) total carbohydrates (green) consumed during the last 6 h of sleep deprivation.



Subjective Sleepiness (KSS) Ratings

Subjective ratings of sleepiness were low during the baseline period (3.73 ± 0.73) and steadily increased across the nighttime (5.78 ± 2.01) and daytime TSD hours (6.41 ± 2.00) as expected with extended wakefulness. KSS scores during the baseline, nighttime, and daytime TSD periods were not significantly correlated with total caloric (r < 0.10, p > 0.53) or carbohydrate (r < 0.16, p > 0.30) intake (Figure S1). Full statistical results are reported in the Supplemental Material (Table S3).

Subjective Hunger and Food Desire Ratings

Average subjective hunger ratings were low during both the nighttime (2.34 ± 0.89) and daytime TSD (2.26 ± 1.17) periods. Figure 7 shows subjective hunger ratings and desire ratings for high- and low-calorie foods across the TSD period in relation to total caloric intake. Regression analyses indicated that average hunger ratings did not change across the sleep deprivation session [F(1, 223) = 0.12, p = 0.73, R2 < 0.001]. Likewise, there was no change in desire for high-calorie [F(1, 223) = 2.32, p = 0.13, R2 = 0.01] or low-calorie [F(1, 223) = 3.03, p = 0.08, R2 = 0.01] foods across time. However, total caloric and carbohydrate intake did change across the sleep deprivation period (calories: [F(1, 133) = 59.49, p < 0.001, R2 = 0.31]; carbohydrates: [F(1, 133) = 23.11, p < 0.001, R2 = 0.15]), generally declining with longer time awake. Hunger ratings were stable for the duration of the overnight session.


[image: image]

FIGURE 7. Regression models of mean (±SE) (A) calories consumed (left axis) and subjective hunger ratings (right axis) and (B) calories consumed and food desire ratings across the sleep deprivation period. Shaded areas represent the three TSD periods. Green: baseline; yellow: nighttime TSD; red: daytime TSD. TSD, total sleep deprivation.



DISCUSSION

This study investigated whether pre-TSD neural activation in reward-related brain regions was associated with total caloric and macronutrient intake during one night of sleep deprivation. On average, subjects consumed 2,500 kcal throughout the 17 h in-lab portion of the TSD session, exceeding the recommended total daily value of 2,000 kcal (46). The observed caloric intake during extended wakefulness was similar to other sleep restriction (18) and sleep deprivation studies (28). Moreover, we found that functional activation in the bilateral NAc (most prominently on the left) during two independent cognitively demanding tasks (i.e., MSIT and n-back) pre-TSD (Figures 3A, 5) was significantly associated with total caloric (Figures 4A, 6A) and carbohydrate (Figures 4B, 6B) intake during the last 6 h of TSD (06:00–12:00). In addition, while not predicted, we found that activation within the middle and superior temporal gyri (Figure 3B) also correlated with total carbohydrate consumption during the same timeframe (Figures 4C,D). Baseline activation was not associated with calories from fat, grams of fat, grams of protein, or grams of sugar consumed during any portion of the overnight TSD session. To our knowledge, this is the first study to demonstrate that individual differences in baseline activation of the ventral striatum are potentially predictive of eating behaviors several days later during one night of TSD.

Our findings suggest that individuals with greater baseline responsiveness within the reward system (i.e., NAc) when well-rested may be most vulnerable to overeating during subsequent sleep deprivation. As outlined in greater detail in the sections that follow, we suggest that when considered in light of the well-known decreases in prefrontal inhibitory control that occur during sleep deprivation, those individuals with the greatest sustained NAc reward responses may be most prone to overconsuming calories when lacking sleep. Excess reward responsiveness in conjunction with sleep loss-induced deficits in prefrontal inhibitory control is likely to represent a problematic combination when one encounters attractive high-calorie foods.

Our findings complement evidence from previous studies assessing the neural responses to food cues and subsequent food intake (47) or weight gain (48) during rested conditions and studies assessing neural responses to food stimuli during sleep restriction or TSD (26, 27, 29, 31). Studies using fMRI have shown increased neural reactivity in reward-related brain regions, specifically in the NAc, in response to food images during both rested (47, 48) and sleep-restricted conditions (27, 31). St. Onge et al. (31) found that when sleep was restricted to 4 h per night for six nights, subjects showed increased neural activity in reward-related regions, including the NAc and the superior temporal gyri, when viewing images of food vs. images of non-food items (31). In a follow-up study, they found that viewing unhealthy foods during sleep restriction increased neural activation in several cortical regions, including the middle and superior temporal gyri (30). Further, the temporal gyri have been implicated in the perception and cognitive processing of emotional stimuli (49), including increased neural responses to food stimuli during a satiated state (50). Individuals diagnosed with anorexia nervosa, compared to controls, do not show such elevated responses, suggesting that altered activation patterns in these regions may be related to increased responsiveness to the pleasurable characteristics of food, and therefore may contribute to the control of food intake (50). We found that high pre-TSD activation in these cortical areas is strongly associated with carbohydrate consumption during TSD. Additionally, a recent study by Demos et al. (27) found that when sleep was restricted to 6 h per night for four nights, neural activity increased in the left and right NAc when viewing images of food (27). In addition to findings in studies of sleep restriction, studies in well-rested individuals have shown that increased reactivity of the NAc to food stimuli is associated with both weight gain (48) and increased snacking behavior (47). Taken together, these studies demonstrate that individual differences in responsivity of the fronto-striatal-midbrain reward circuitry contribute to increased hedonic food consumption during sleep loss. While we did not measure fMRI activation during sleep deprivation, prior evidence suggests that sleep loss does in fact alter activation patterns of the reward system in response to food stimuli (26, 27, 29, 31). Therefore, it is plausible that individuals with increased striatal activity prior to sleep loss, as shown here, may be more susceptible to TSD-induced perturbations to the underlying neurocircuitry associated with reward-driven behaviors, thus contributing to the tendency to overeat.

Imaging studies in obese individuals suggest that there is a discrepancy between the enhanced sensitivity of an expected reward (i.e., seeing food) and a decreased sensitivity to the gratifying effects of the reward (i.e., eating food). That is, there is an increased propensity to overeat because the reward expectation is never met (22). We propose that a similar phenomenon may be occurring during TSD, especially among those individuals with elevated baseline reward sensitivity. The data here suggest that individuals with higher baseline neural responsiveness within the NAc have a “reward anticipation reserve,” meaning that they are more likely to expect a reward from their actions (25), but the reward expectations may not be fully met.

While not directly assessed in the present study, we speculate dopamine1 may play a mechanistic role in the present findings. Dopamine is a key neurotransmitter in reward circuits and underlies the pleasurable properties of food. Overweight and obese individuals show signs of disrupted reward processing within the striatum, including altered neural activity and dopamine release, as well as decreased dopamine D2 receptor availability (22, 52). Interestingly, sleep loss impairs dopamine signaling in a similar manner, such that dopamine D2 receptors are downregulated, (53, 54) and neural activation in the ventral striatum is increased, (27, 29–31) both of which are similar to findings in overweight and obese individuals. Due to the downregulation of D2 receptors in the striatum, it is probable that dopamine is unable to bind effectively to the limited number of D2 receptors that are available. Therefore, dopamine signals that indicate a reward expectation have been met are potentially disrupted. The effect that sleep loss has on dopamine function within the striatum may be amplified in individuals with elevated baseline reward sensitivity, making these individuals more vulnerable to overeating during sleep loss. Alternatively, the reduction of dopamine D2 receptor availability may push the system into a D1 receptor dominated state, thereby promoting reward-driven behavior, such as eating (55).

Dopamine signaling within the striatum is also linked to the receptor activity of a well-characterized neural substrate, adenosine. Adenosine accumulates with extended wakefulness and has been implicated in homeostatic sleep regulation, as it inhibits neural activity in wake-promoting regions of the brain (56). Within the striatum, dopamine D2 receptors are co-localized with adenosine A2A receptors and functionally interact in an antagonistic manner (57). That is, the binding of adenosine to the A2A receptors inhibits the actions of the dopamine D2 receptors, thus impairing downstream dopamine-related neurotransmission. The inhibition of D2 receptor activity by adenosine, in combination with the downregulation of D2 receptors during sleep loss, may also contribute to overeating by further disrupting normal reward signaling pathways.

In addition to increased reward sensitivity and disrupted dopamine signaling in the basal ganglia, there is evidence from positron emission topography (PET) imaging that one night of TSD reduces glucose metabolism within the PFC, including the vmPFC (24). The vmPFC is considered an inhibitory emotional control region, and dysfunction may contribute to a loss of inhibitory control over subcortical reward regions, such as the NAc. Loss of inhibitory control over emotional responses can lead to increased risky behavior and impulsivity, potentially increasing the tendency to overeat (58–61). Risky decisions during sleep loss are associated with increased NAc activation, (25) similar to how the brain responds when viewing images of food when sleep restricted (27, 31). This increase in neural activation during risky decision making presumably results in an elevated expectation of reward (25). Simultaneously, neural activation within the OFC is reduced, suggesting an attenuated ability to learn from any negative consequences from the risky behavior, (25) such as weight gain associated with increased caloric intake. Additionally, reduced PFC glucose metabolism is correlated with reduced D2 receptor availability in obese individuals, further implicating impaired inhibitory control in overeating (52). Taken together, these earlier studies suggest that in combination with individual differences in baseline NAc activation, sleep loss may amplify the inability to inhibit impulsive eating behavior and increase the expectation of reward from eating, ultimately leading to over consumption of high calorie foods and carbohydrates.

Similar to findings in previous studies (27, 29, 47) we found no association between hunger ratings and food consumption during TSD (Figure 7A and Figure S2A), as hunger ratings remained stable throughout each period of the TSD session. Desire for high- and low-calorie foods also remained stable across the night (Figure 7B and Figure S2B). While both hunger and food desire ratings remained stable, it should be noted that overall caloric (Figure 7) and carbohydrate (Figure S2) intake decreased as a function of time awake. However, subjects consumed roughly 60% of the recommended RDI within the first 6 h of the study (Table 2), suggesting that the decline in consumption is a result of satiation. It is important to note that subjects still consumed a significant number of calories during the nighttime and daytime TSD periods, and the findings for the final morning period were statistically controlled for calorie consumption in the prior periods. Further, we did not find evidence that subjective sleepiness is correlated with increased caloric and carbohydrate intake (Figure S1). Taken together, our results suggest that: (1) hunger or desire for food was not the primary driving force for the excessive food consumption demonstrated here; and (2) subjects were not overeating due to increased sleepiness or as a means to stay awake. These findings offer further support of the mechanistic theory that impaired functioning within the reward circuitry contributes to heightened hedonic motivations for food during TSD.

The present study demonstrates a strong association between pre-TSD reward sensitivity and the tendency to overeat during sleep loss. However, several limitations should be addressed. First, neuroimaging scans were not collected during the TSD session, which limits our ability to understand the dynamic changes in brain activation patterns as they relate to caloric and macronutrient intake, hunger, desire for food, and sleepiness. Further, it remains unknown whether or not the findings presented are unique to TSD, or whether the neural activation and food consumption patterns are also observed under well-rested control conditions. However, it is important to note that we only found a significant relationship between pre-TSD activation and food consumption during hours 23–29 of wakefulness, and not during the first 12 h of the in-lab TSD session, suggesting that the effects are only present following a sufficient amount of sleep loss. Future studies should assess the relationship between brain activation patterns and food consumption in well-rested and TSD groups. Second, although subjects provided a self-report log of foods consumed prior to arriving at the laboratory, it is impossible to completely verify compliance with the 5 h fasting period before the in-lab portion of the study. Third, it should be noted that our study population consisted of young, healthy adults, and we do not know how our findings are generalizable to other populations. Additionally, increased caloric and macronutrient intake during sleep loss, and its relation to obesity, is a multifaceted problem. Eating behaviors may be modified by a number of physiological and environmental factors including changes in appetite and satiety hormones, meal timing, gender, BMI, genetics, and lifestyle (6, 62). Our BMI range was not restricted, and included individuals classified as either normal, overweight, or obese (Table 1). While we showed no association between BMI and caloric/carbohydrate consumption, this factor should not be overlooked in future studies as some evidence suggests that brain responses to food images differs among lean and obese individuals (63, 64). In addition, we showed no gender differences in total caloric or carbohydrate intake, only differences in baseline sugar consumption. Due to the limited scope of the paper, we did not assess lifestyle, hormones, or genetic markers as possible additional factors that may modulate some of the hedonic pathways discussed here.

Overall, we demonstrated that pre-TSD activation within the ventral striatum, as well as the middle and superior temporal gyri, is associated with eating behaviors during a single night of sleep loss. Individuals with elevated neural activity in these regions consumed significantly more calories and carbohydrates after a night of sleep deprivation. These findings suggest that there are large individual differences in baseline functioning within hedonic reward pathways and sleep loss further disrupts functioning in these pathways. Elevated reward sensitivity appears to impact eating behaviors during sleep loss and may be a major contributor to the etiology of sleep loss related obesity.
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FOOTNOTES

1Dopamine exerts its effects on reward circuits by binding to either D1 or D2 receptor subtypes located throughout the brain, including the fronto-striatal reward pathways. It should be noted that these subtypes have different functional implications that are beyond the scope of this paper (51).
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Objective: To investigate acute sleep deprivation (SD)-related regional brain activity changes and their relationships with behavioral performances.

Methods: Twenty-two female subjects underwent an MRI scan and an attention network test at rested wakefulness (RW) status and after 24 h SD. The amplitude of low-frequency fluctuations (ALFF) was used to investigate SD-related regional brain activity changes. We used the receiver operating characteristic (ROC) curve to evaluate the ability of the ALFF differences in regional brain areas to distinguish the SD status from the RW status. We used Pearson correlations to evaluate the relationships between the ALFF differences in brain areas and the behavioral performances during the SD status.

Results: Subjects at the SD status exhibited a lower accuracy rate and a longer reaction time relative to the RW status. Compared with RW, SD showed significant lower ALFF values in the right cerebellum anterior lobe, and higher ALFF areas in the bilateral inferior occipital gyrus, left thalamus, left insula, and bilateral postcentral gyrus. The area under the curve values of the specific ALFF differences in brain areas were (mean ± std, 0.851 ± 0.045; 0.805–0.93). Further, the ROC curve analysis demonstrated that the ALFF differences in those regional brain areas alone discriminated the SD status from the RW status with high degrees of sensitivities (82.16 ± 7.61%; 75–93.8%) and specificities (81.23 ± 11.39%; 62.5–93.7%). The accuracy rate showed negative correlations with the left inferior occipital gyrus, left thalamus, and left postcentral gyrus, and showed a positive correlation with the right cerebellum.

Conclusions: The ALFF analysis is a potential indicator for detecting the excitation–inhibition imbalance of regional cortical activations disturbed by acute SD with high performances.

Keywords: sleep deprivation, receiver operating characteristic, area under the curve, amplitude of low frequency fluctuations, functional magnetic resonance imaging

INTRODUCTION

Sleep is a necessary physical need for normal life, and we spend nearly one-third of our life sleeping. Sleep deprivation (SD), widespread in the current society, is caused by environmental factors or personal reasons and generally has deleterious effects on emotional regulation, memory, attention, and executive control function (1–5). Long-term SD can lead to multiorgan and multisystem dysfunction and has been shown to have negative impacts on metabolic, physiological, psychological, and/or behavioral reactivity with a greater risk of being a serious disease (6–10). However, their mechanisms are still unclear.

Resting state functional MRI (rfMRI) does not need the use of radioactive tracers and can combine functional and structural images, making the imaging method suitable for exploring the mechanisms of and obtaining insights into the pathophysiology of diseases (3); furthermore, rfMRI can be used to find the location of altered neuronal spontaneous brain activity. Recently, numerous scholars have focused their attentions on whether short-term SD has detrimental effects on regional neuronal spontaneous brain activity and cognitive function. RfMRI studies have consistently found altered cognitive domains, and altered regional spontaneous brain activity and functional connectivity patterns in the sleep-deprived brain (3, 6, 11–19), suggesting that the internal brain activity and intra-/inter- connectivity patterns for the internal processing of information are disturbed by SD. Furthermore, recent studies have found that SD has accumulative negative effects on brain morphology and advanced cognitive function (attention and working memory), showing that as SD hours prolonged, more areas show reduced gray matter volume, and after one night's sleep the brain atrophy is restored and replaced by increased gray matter volume (10). However, few studies have considered the gender factor in the neuroimaging studies of sleep disorders, and both female and male subjects were combined in these studies. Thus, the neurological mechanism of the location of altered neuronal spontaneous brain activity based on gender has not been fully studied.

Amplitude of low-frequency fluctuations (ALFF) measurement has the ability to locate where (in which brain region) regional spontaneous brain activity was disturbed with less computation complexity and high test–retest reliability characterization (20–24). Theses characterizations may make the ALFF analysis a useful tool and potential indicator for rs-fMRI data to explore the various potential neurobiological mechanisms by locating the altered regional spontaneous brain activity and functional connectivity patterns (3). Recently, ALFF analysis has been successfully applied to the exploration of neural mechanism of primary insomnia (24), wakefulness and light sleep (25), and obstructive sleep apnea (22). In this framework, in the present study we hypothesized that the ALFF measurement has the ability to locate acute SD-induced regional brain activity with high sensitivity and specificity. To test this hypothesis, we used the ALFF analysis as a potential indicator to locate the underlying altered regional functional brain activity during the SD status relative to the rested wakefulness (RW) status, and further explored the potential neurobiological mechanisms of SD in female subjects with respect to the location of altered neuronal spontaneous brain activity. Specifically, the receiver operating characteristic (ROC) curve was used to investigate the abilities of the ALFF analysis in distinguishing the SD status from the RW status. Pearson correlations were used to evaluate the relationships between the ALFF differences in brain areas and the behavioral performances during the SD status.

MATERIALS AND METHODS

Subjects

The present study was approved by the Medical Research Ethical Committee. The Affiliated Huaian No.1 People's Hospital of Nanjing Medical University. Twenty-two healthy female subjects (age, 26.91 ± 6.05 years; education, 15.77 ± 1.15 years; mean ± std) were recruited. All subjects met the following criteria as in previous studies (3, 6): (1) right-handed; (2) good sleep habit without any symptoms of sleep disorders such as difficulties in initiating and/or maintaining sleep, with Pittsburgh sleep quality index score < 5; (3) never taken alcohol, stimulants, cigarette, hypnotic or psychoactive medications, diet pills, and caffeine for ≥3 months during and prior to the current study; (4) regular dietary habit with moderate weight and body shape; (5) without foreign implants, and inborn and acquired diseases.

Each of the subjects underwent the MRI scan twice, once during RW status and the other after 24 h acute SD. The acute SD session started from 19:00 p.m. on the first day and lasted until 7:00 p.m. on the second day. Before the MRI scan, all volunteers underwent an attention network test (26, 27). Food and water were provided during the SD procedure. The temperature of the room was maintained between 23 and 27°C. The staff of our team used video monitors and worked in turns to make sure that the participants did not fall asleep. If the participants showed signs of falling asleep, they were immediately awakened using an alarm clock by staff. A simple questionnaire was used to evaluate whether the subjects were asleep during the MRI scan. All subjects provided their written informed consent voluntarily.

MRI

The MRI examination was performed using an acquired clinical 3.0-Tesla MRI scanner (SIEMENS Trio Tim, Siemens Healthcare, Erlangen, Germany) with a standard eight-channel head coil. First, we acquired a high-resolution 3D anatomical image with 176 T1-weighted images in a sagittal orientation: repetition time = 1,950 ms, gap = 0 mm, echo time = 2.3 ms, thickness = 1 mm, acquisition matrix = 248 × 256, flip angle = 9°, field of view = 244 × 252 mm. Second, we also acquired 240 functional images using a single-shot gradient-recalled echo-planar imaging pulse sequence (repetition time = 3,000 ms, gap = 0.5 mm, echo time = 25 ms, thickness = 5.0 mm, flip angle = 90°, acquisition matrix = 32 × 32, field of view = 210 × 210 mm).

Data Analysis

The first 10 time points of the functional images were discarded because of the possible instability of the initial MRI signal and to allow the participants to adapt to the scanning environment. Data preprocessing of the remaining resting-state images was performed using the Data Processing & Analysis for Brain Imaging (DPABI 2.1, http://rfmri.org/DPABI) toolbox, adopting the Digital Imaging and Communications in Medicine (DICOM) standard for form transformation, slice timing, head motion correction, spatial normalization, and spatial smoothing using a Gaussian kernel of 8 × 8 × 8 mm3 full-width at half-maximum. Participants with more than 1.5 mm maximum translation in x, y, or z directions and 1.5° of motion rotation were removed. After the head motion correction, the rest of the functional images were spatially normalized and resampled to Montreal Neurological Institute (MNI) space at a resolution of 3 × 3 × 3 mm3. Linear regression was applied to remove several sources of possible spurious covariates, including 24 head motion parameters obtained in the realigning step, signal from a region in the cerebrospinal fluid or/and centered in the white matter, and global signal averaged over the whole brain. After preprocessing, the time series were further linearly detrended and temporally band-pass filtered (0.01–0.1 Hz). The details of the ALFF calculation have been reported in previous studies (3, 28). To reduce the global effects of variability across the participants, the mean ALFF value of each voxel was divided by the global mean ALFF value for each participant.

Statistical Analysis

Data are presented as mean ± standard deviation (mean ± std). Pair t-tests were used for demographic factors (age, years of education, and clinical factors), and a chi-squared (χ2) test was used for categorical data (gender). p < 0.05 was considered to be a significant difference.

A pair t-test was used to investigate the ALFF differences in regional brain areas of the subjects during the acute SD status relative to the RW status with the gender, age, and years of education as nuisance covariates of no interest. AlphaSim correction (threshold of individual voxel of p < 0.01 and cluster level of p < 0.05 with contiguous voxel size ≥20) was used to determine the statistical differences.

We used the ROC curve to evaluate the ability of the ALFF differences in regional brain areas to distinguish the SD status from the RW status, and we used Pearson correlations to evaluate the relationships between the ALFF differences in brain areas and the behavioral performances during the SD status. The statistical threshold was set at p < 0.05.

RESULTS

Behavioral Characteristics

Compared with the RW status, the acute SD status had a lower response in accuracy rate (mean ± std, 24 h SD = 96.07 ± 3.2%, RW = 97.85 ± 1.69%; t = −2.125, p = 0.046) and a longer response in reaction time (24 h SD = 633.99 ± 79.05 ms; RW = 537.97 ± 46.49 ms; t = 5.554, p < 0.001).

ALFF Differences Between Groups

Compared with RW, SD had significant lower ALFF areas in the right cerebellum anterior lobe (Figure 1A), and higher ALFF areas in the bilateral inferior occipital gyrus (Brodmann's area, BA 18, 19), left thalamus, left insula (BA 13), and bilateral postcentral gyrus (BA 3, 6) (Table 1, Figure 1B).


[image: image]

FIGURE 1. ALFF differences between SD group and RW group. The differences covered cerebellum with lower ALFF (A), and inferior occipital gyrus, thalamus, insula, and postcentral gyrus with higher ALFF (B). The color in the map represents the differences. The red color signifies increase in ALFF areas, and the blue signifies decrease in ALFF areas. ALFF, Amplitude of low-frequency fluctuations; SD, Sleep deprivation; RW, Rested wakefulness; R, right; L, left.




Table 1. ALFF differences in brain areas between SD and RW.

[image: image]



ROC Curve

The mean beta value of ALFF differences in the altered areas were extracted (Figure 2). These different ALFF differences in brain areas were further used for the ROC curve to evaluate their abilities to distinguish the acute SD status from the RW status. The area under the curve (AUC) values of those specific ALFF differences in brain areas were (0.851 ± 0.045; 0.805–0.93).
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FIGURE 2. Mean beta values of ALFF differences in regional brain areas. Significant differences were found for beta value of all ALFF brain areas between SD and RW (p < 0.001). ALFF, Amplitude of low-frequency fluctuations; SD, Sleep deprivation; RW, Rested wakefulness; R, right; L, left; CAL, Cerebellum anterior lobe; IOG, Inferior occipital gyrus; PG, Precentral gyrus.



Further, the ROC curve demonstrated that the ALFF differences in those regional brain areas alone discriminated the acute SD status from the RW status with high degrees of sensitivities (82.16 ± 7.61%; 75–93.8%) and specificities (81.23 ± 11.39%; 62.5–93.7%) with cut-off points of −0.351, 0.206, 0.2065, 0.1155, −0.8015, −0.405, and −0.3095 (mean beta signal value), respectively (Table 2, Figure 3).


Table 2. ROC curve for the ALFF differences in brain areas between SD and RW.
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FIGURE 3. ROC curve analysis of ALFF differences in regional brain areas. ROC curve of cerebullum (A) and other areas (B). ROC, Receiver operating characteristic; ALFF, Amplitude of low-frequency fluctuation; R, right; L, left; IOG, Inferior occipital gyrus; PG, Precentral gyrus.



Pearson Correlation Analysis

The accuracy rate demonstrated a positive correlation with the ALFF value in the right cerebellum anterior lobe (r = 0.496, p = 0.019; Figure 4A), and negative correlations with the ALFF values in the left inferior occipital gyrus (r = −0.602, p = 0.003; Figure 4B), left thalamus (r = −0.522, p = 0.013; Figure 4C) and left postcentral gyrus (r = 0.656, p = 0.001; Figure 4D) during the acute SD status, respectively. None of the other correlations between the ALFF values in those different areas and the behavioral performances during the acute SD status were found (p > 0.05).
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FIGURE 4. Pearson correlation between behavioral performances and beta values of ALFF differences in brain areas. Pearson correlation between accuracy rate and cerebullum (A), left inferior occipital gyrus (B), left thalamus (C) and left postcentral gyrus (D). ALFF, Amplitude of low-frequency fluctuation.



DISCUSSION

In the present study, we used ALFF analysis to demonstrate the differences in regional brain areas associated with acute SD, and their correlations with the clinical performances. Specifically, we found that SD was associated with widespread regional brain activities with lower ALFF values in the right cerebellum anterior lobe, and with higher ALFF values in the bilateral inferior occipital gyrus (BA 18, 19), left thalamus, left insula (BA 13), and bilateral postcentral gyrus. Furthermore, during the SD status, the accuracy rate showed correlations with the beta value of ALFF differences in those brain areas. Recently, the ROC curve is widely used to evaluate the reliability of a neuroimaging technique in distinguishing one group from another group (3, 22, 24). In general, the AUC value is considered as excellent between 0.9 and 1, considered as good between 0.8 and 0.9, considered as fair between 0.7 and 0.8, considered as poor between 0.6 and 0.7, and considered as failed between 0.5 and 0.6. In the present study, the ROC curve revealed that the ALFF differences in those brain areas had good discriminating abilities with a high AUC value (> 0.8). Further diagnostic analysis showed that these areas discriminated the SD status from the RW status with high degrees of sensitivities (mean, 82.16 ± 7.61%; 75–93.8%) and specificities (mean, 81.23 ± 11.39%; 62.5–93.7%).

In a previous study, a total of 16 healthy subjects (8 females, 8 males) were recruited, and SD was found to be associated with several ALFF differences in brain areas (29); however, the study did not take the gender differences into account. Previous studies have shown that there are wide gender differences in brain activity in healthy subjects both at the SD status and the RW status, and in patients with chronic insomnia relative to good sleepers in sleep neuroimaging studies (6, 24). In this framework, the present study only recruited healthy female subjects to exclude the effect of the gender factor. Specifically, we found that SD was associated with widespread regional brain activities with lower ALFF values and higher ALFF values, and this finding is different from that of the previous study. Therefore, our findings support the standpoint that the gender factor should be taken into account in the neuroimaging studies of sleep disorders (6, 24).

The hyperarousal and increased glucose utilization in patients with chronic primary insomnia were found in neurocognitive, neuroimaging, and physiological studies (30–32). Hyperarousal refers to magniloquent cognitive, somatic, and/or cortical activation, further leading to increased sensory information processing (33, 34), which is a core predisposing factor of chronic primary insomnia (35). Previous neuroimaging studies also found hyperarousal reactivation in several brain areas in individuals after SD and patients with chronic primary insomnia (6, 24). The present study found that SD is associated with increased ALFF areas in widespread regional brain areas, and these increased ALFF areas show negative correlations with the accuracy rate. There are two prevalent speculations for the increased regional brain activities (36). One explanation of the hyperarousal model could be that this is a brain compensation mechanism. Previous diffusion tensor imaging study showed that 23 h SD is associated with widespread fractional anisotropy decreases in several brain areas and as the waking prolonged the decreases become larger (37). Another explanation of the increased ALFF areas in widespread regional brain areas may be that the hyperactivation in these widespread regional brain areas may be interpreted as an enhanced neural effort to offset these decreased brain structures associated with SD. A previous task study found that the parietal lobe was not activated after normal sleep but was activated after SD (38). The occipital lobe and postcentral gyrus were found with higher regional homogeneity and ALFF values (6, 17); the thalamus was also found with higher ALFF value after acute SD (17), and the thalamus and insula were activated by acupuncture after acute SD (39). These findings were consistent with our study, and may reflect dynamic, compensatory changes in cerebral activation after SD.

The lower ALFF values in brain areas may indicate a consistent decrease of regional neuronal activity with poor synchronization and without in order (6). Poor regulation of behaviors and emotions are core features of SD. The cerebellum is involved in coordinating movement, and emotional and cognitive functions (6, 24), and associated with the aberrant regional brain activity in sleep disorders, such as patients with primary insomnia (24, 40) and obstructive sleep apnoea (41). In the present study, SD compared with RW had a significant lower ALFF value in the right cerebellum anterior lobe, and the mean ALFF value in this area had a positive correlation with accuracy rate (r = 0.496, p = 0.019). The decreased regional brain activity in the right cerebellum anterior lobe may reflect that the sleep-deprived brain needs to attempt to recruit more specific brain areas with advanced cognitive functions to accomplish the cognitive performance because of a continuing decline in the cerebellum activity. Interestingly, Wang et al. showed different findings of altered SD-related regional brain activities in several areas (29). Since the gender factor may influence the results in the neuroimaging studies of sleep disorders (6, 24), we therefore speculated that the differences between our study and Wang et al.'s study may be associated with the gender factor.

CONCLUSIONS

In summary, the ALFF analysis is a useful index to locate the underlying altered regional brain activities in individuals during the SD status relative to the RW status with high degrees of sensitivities and specificities. SD is associated with the model of excitation–inhibition imbalance of cortical activations. These findings expand our knowledge and may help in deeper understanding of the neurobiological mechanisms underlying acute SD. Furthermore, the gender factor should be taken into account in the neuroimaging studies of sleep disorders. However, there are several potential limitations that should be noted. First, our study has a relatively small sample size and future studies on a larger number of sample sizes are necessary to corroborate our findings. Second, in our study the design of replication is not addressed. Third, the electronystagmogram has been used to dynamically monitor the sleep.
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Objective: To investigate the brain functional organization induced by sleep deprivation (SD) using functional connectivity density (FCD) analysis.

Methods: Twenty healthy subjects (12 female, 8 male; mean age, 20.6 ± 1.9 years) participated a 24 h sleep deprivation (SD) design. All subjects underwent the MRI scan and attention network test twice, once during rested wakefulness (RW) status, and the other was after 24 h acute SD. FCD was divided into the shortFCD and longFCD. Receiver operating characteristic (ROC) curve was used to evaluate the discriminating ability of those FCD differences in brain areas during the SD status from the RW status, while Pearson correlations was used to evaluate the relationships between those differences and behavioral performances.

Results: Subjects at SD status exhibited lower accuracy rate and longer reaction time relative to RW status. Compared with RW, SD had a significant decreased shortFCD in the left cerebellum posterior lobe, right cerebellum anterior lobe, and right orbitofrontal cortex, and increased shortFCD in the left occipital gyrus, bilateral thalamus, right paracentral lobule, bilateral precentral gyrus, and bilateral postcentral gyrus. Compared with RW, SD had a significant increased longFCD in the right precentral gyrus, bilateral postcentral gyrus, and right visuospatial network, and decreased longFCD in the default mode network. The area under the curve values of those specific FCD differences in brain areas were (mean ± std, 0.933 ± 0.035; 0.863~0.977). Further ROC curve analysis demonstrated that the FCD differences in those brain areas alone discriminated the SD status from the RW status with high degree of sensitivities (89.19 ± 6%; 81.3~100%) and specificities (89.15 ± 6.87%; 75~100%). Reaction time showed a negative correlation with the right orbitofrontal cortex (r = −0.48, p = 0.032), and accuracy rate demonstrated a positive correlation with the right default mode network (r = 0.573, p = 0.008).

Conclusions: The longFCD and shortFCD analysis might be potential indicator biomarkers to locate the underlying altered intrinsic brain functional organization disturbed by SD. SD sustains the cognitive performance by the decreased high-order cognition related areas and the arousal and sensorimotor related areas.

Keywords: sleep deprivation, functional connectivity density, receiver operating characteristic, sensorimotor, short-range, long-range

INTRODUCTION

Sleep deprivation, widespread in current society, can be caused by environmental factors or personal reasons. It generally has a deleterious effect on emotional regulation, memory, attention, and executive control function (1–5), and even metabolic, physiological, psychological, and/or behavioral reactivity with a greater risk of being multiorgan and multisystem dysfunction (6–9). Recently, several studies have demonstrated structural and functional changes in the frontal cortex, parietal cortex, and temporal cortex in individuals after acute SD (1, 6, 10–21); however, the neurologic mechanism of acute SD has not been fully studied.

Resting-state functional MRI (rfMRI) can combine the functional images and structural images without exposure to radioactive tracers, which makes the rfMRI suitable for mechanism and pathophysiology exploration in several diseases (1). The advance of rfMRI can help us non-invasively explore the functional organization in the human brain thus better characterize the changes of regional neuronal spontaneous brain activity and intrinsic connectivity patterns to understand the underlying neural basis of neuropsychiatric disorders.

Seed-based functional connectivity studies have revealed abnormal connectivity patterns in individuals with insufficient sleep in brain regions related to emotion and cognition (13, 18, 21–26); however, the seed-based functional connectivity analysis provides limited information about the relationships between the time series of a given seed point area and the time series of other areas in a whole brain network (27, 28). Voxel-based functional connectivity density (FCD) was used to identify the distribution of hubs in the human brain (29). In contrast to the seed-based functional connectivity analysis, the FCD analysis, similar to the degree centrality analysis, provides an opportunity for unbiased searches abnormalities within the whole brain without the need for a prior definition of regions of interest (27). The FCD can be divided into the short-range FCD and long-range FCD on the basis of the neighboring relationships between brain voxels (30). Recently, the FCD analysis has been widely applied to the exploration of the neurophysiological basis of several diseases (31–34), and reveals extra information which cannot be provided by the seed-based functional connectivity analysis. In this framework, in the present study we utilized the potential indicators of shortFCD and longFCD approaches to characterize the changes of intrinsic functional connectivity strength after acute SD status relative to rested wakefulness (RW) status, and further explore the potential neurobiological mechanisms of SD.

MATERIALS AND METHODS

Subjects

Twenty healthy subjects (12 female, 8 male; mean age, 20.6 ± 1.9 years; mean education, 14.5 ± 1.19 years) participated in a 24 h SD design experiment. All subjects met the following criteria, as in previous studies (1, 6):

• Right-handed

• Good sleep habits without any symptoms of sleep disorders [such as difficulties in sleep onset (> 30 min) and/or maintaining sleep]

• Pittsburgh sleep quality index score < 5

• No consumption of any nicotine, hypnotic, or psychoactive medications, diet pills, alcohol, and caffeine for ≥ 3 months prior and during to the current study

• Regular dietary habit with moderate weight and body shape

• No foreign implants, inborn, and acquired diseases

Each of the subjects underwent the MRI scan twice; once during RW status, and the other after 24 h' acute SD. The acute SD process started at 19:00 on the first day and lasted until 07:00 in the second day. The food and water were provided during the SD procedure. The temperature of the room was maintained between 23°C and 27°C. The team took turns to monitor and make sure that the participants did not fall asleep using video monitors. This study was approved by the Medical Research Ethical Committee of The Affiliated Huai'an No. 1 People's Hospital of Nanjing Medical University in accordance with the Declaration of Helsinki. All volunteers participated voluntarily and were informed of the purposes, methods, and potential risks of this study, and signed an informed consent form.

MRI

The MRI examination was performed, via acquisition, on a clinical 3T MRI scanner (SIEMENS Trio, Erlangen, Siemens, Germany) with a standard eight-channel head coil using a 12-channel array coil. First, we acquired a high-resolution 3D anatomical images with 176 T1-weighted images in a sagittal orientation: repetition time = 1950 ms, gap = 0 mm, echo time = 2.3 ms, thickness = 1 mm, acquisition matrix = 248 × 256, flip angle = 9°, field of view = 244 × 252 mm. Second, we also acquired 240 functional images using a single-shot Gradient-Recalled Echo-Planar Imaging pulse sequence (repetition time = 3000 ms, gap = 0.5 mm, echo time = 25 ms, thickness = 5.0 mm, flip angle = 90°, acquisition matrix = 32 × 32, field of view = 210 × 210 mm).

Attention Network Test (ANT)

Before the MRI scan, all volunteers underwent an attention network test (ANT) (1, 12, 35, 36). The ANT contained three cue conditions (no cue, center cue, spatial cue) and two target conditions (congruent and incongruent). The visual stimuli consisted of a row of five horizontal black arrows pointing leftward or rightward with the target arrow in the center. The participants responded to the direction of the central arrow by pressing the left or right buttons of the computer mouse. The task measured alerting, orienting, and conflict effects by calculating the difference between the response time and the presentation time under three different cue conditions. The accuracy rate using corrected recognition, reaction time using only trials with correct responses, and lapse rate using missing recognition, were calculated.

Data Analysis

First, the first 10 time points of the functional images were deleted, due to the possible instability of the initial MRI signal. The remaining data was analyzed by Data Processing & Analysis for Brain Imaging (DPABI 2.1, http://rfmri.org/DPABI) toolbox based on MATLAB2010a (Mathworks, Natick, MA, USA). The data preprocessing contained the following steps: including the format transformation, slice timing, head motion correction spatial normalization to the Montreal Neurological Institute (MNI) space, and smooth. The data of participants with > 1.5 mm maximum translation in x, y, or z directions and >1.5° degree of motion rotation were removed. Based on the recent work showing that higher-order models benefit from the removal of head motion effects (37, 38), after the head motion correction, The functional images were re-sampled at a resolution of 3 × 3 × 3 mm3 during the spatial normalization. Linear regression was applied to remove the effects of spurious covariates, including the Friston 24 head motion parameters, global mean signal, white matter and cerebrospinal fluid signal. Next, the functional images were entered into temporally bandpass filtered (0.01–0.1 Hz) and linearly detrended.

Calculation of Long FCD and ShortFCD Calculation Maps

The local and global FCD maps for each individual were calculated in a gray matter (GM) mask. The number of functional connections of a given voxel was considered as a degree of a node in a binary graph. First, we defined the functional connectivity between a given voxel with each of other voxels in the whole brain with a correlation threshold of r > 0.25 (39). In the present study, we adopted the threshold of r = 0.3 to calculate the FCD maps. Second, the longFCD and shortFCD were defined based on the neighborhood strategy. We defined the voxels with a correlation threshold of r > 0.25 inside their neighborhood (radius sphere ≤ 6 mm) as shortFCD, and defined the voxels with a correlation threshold of r > 0.25 outside their neighborhood (radius sphere > 6 mm) as long FCD. Next, the shortFCD and longFCD maps of each subject were divided by the mean value so as to convert to Z scores to improve the normality. Finally, the shortFCD and longFCD maps underwent spatial smoothing with a Gaussian kernel of 6 × 6 × 6 mm3 full-width at half-maximum using SPM8. The detailed procedure of the shortFCD and longFCD is given in a previous study (29).

Statistical Analysis

Data was presented as mean ± standard deviation (mean ± std). Pair t-tests were used for demographic factors (age, years of education, and ANT findings). p < 0.05 was considered as significant.

Pair t-tests were used to investigate the FCD differences in regional brain areas of the subjects during the acute SD status relative to the RW status. AlphaSim correction (threshold of individual voxel of p < 0.05 and cluster level of p < 0.05) was used to determine the statistical differences.

We used the receiver operating characteristic (ROC) curve to investigate the ability of those binarized FCD differences in regional brain areas to distinguish the SD status from the RW status, and we used Pearson correlations to evaluate the relationships between those binarized FCD differences in brain areas and ANT during the SD status. The statistical threshold was set at P < 0.05.

RESULTS

Ant Findings

Individuals at acute SD status showed a lower accuracy rate (acute SD = 96.25 ± 2.32%, RW = 97.85 ± 1.77%; t = −2.482, p = 0.023; Figure 1A) and a longer reaction time (acute SD = 635.27 ms ± 82.68 ms; RW = 540.01 ± 48.37 ms; t = 5.013, p < 0.001; Figure 1B) during the ANT relative to the individuals at RW status.
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FIGURE 1. Behavioral findings of ANT. The accuracy rate and reaction time of RW group (A) and SD group (B), respectively. Data is presented as mean ± standard error. ANT, Attention network test; SD, Sleep deprivation; RW, Rested wakefulness.



FCD Differences Between-Groups

First, we performed one-sample t-test to explore the FCD differences at within-group level for each group. Figure 2 shows the shortFCD maps in the SD group (Figure 2A) and RW group (Figure 2B), respectively. Figure 3 shows the longFCD maps in the SD group (Figure 3A) and RW group (Figure 3B), respectively. The covered differences in brain areas both in binarized shortFCD and in binarized longFCD were larger in the SD group than that of RW group.
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FIGURE 2. One sample t-test differences of SD and RW in Binarized shortFCD. The Binarized shortFCD maps in the SD group (A) and the RW group (B), respectively. These maps are the results of the within-groups using one-sample t-tests, corrected by FDR. L, left; R, right; SD, sleep deprivation; RW, rested wakefulness; shortFCD, short-range functional connectivity density; FDR, false discovery rate.
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FIGURE 3. One sample t-test differences of SD and RW in Binarized longFCD. The Binarized longFCD maps in the SD group (A) and the RW group (B), respectively. These maps are the results of the within-groups using one-sample t-tests, corrected by FDR. L, left; R, right; SD, sleep deprivation; RW, rested wakefulness; longFCD, long-range functional connectivity density; FDR, false discovery rate.



Second, we performed pair t-tests to explore the FCD differences between-groups. Compared with RW, acute SD had significant decreased binarized shortFCD areas in the left cerebellum posterior lobe, right cerebellum anterior lobe (Figure 4A) and right inferior frontal gyrus (orbitofrontal cortex), and increased binarized shortFCD areas in the left occipital gyrus, bilateral thalamus, right paracentral lobule, bilateral precentral gyrus, and bilateral postcentral gyrus (Table 1, Figure 4B). Compared with RW, acute SD had significant increased binarized longFCD areas in the right precentral gyrus, bilateral postcentral gyrus, and right superior parietal lobule in the visuospatial network, and decreased binarized longFCD areas in the right supramarginal gyrus in the default mode network (Table 2, Figure 5).
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FIGURE 4. Binarized shortFCD differences between SD and RW. The color in the map represents the differences. The blue signifies decreased binarized shortFCD in brain areas (A), and the red color signifies increased binarized shortFCD in brain areas (B). shortFCD, short-range functional connectivity density; SD, Sleep deprivation; RW, Rested wakefulness; L, left; R, right.




Table 1. The binarized shortFCD differences between SD and RW.
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Table 2. The binarized longFCD differences between SD and RW.
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FIGURE 5. Binarized longFCD differences between SD and RW. The color in the map represents the differences. The red color signifies increased binarized longFCD in brain areas, and the blue signifies decreased binarized longFCD in brain areas. longFCD, long-range functional connectivity density; SD, Sleep deprivation; RW, Rested wakefulness; L, left; R, right.



ROC Curve

The mean beta value of binarized shortFCD (Figure 6A) and binarized longFCD (Figure 6B) differences in those altered brain areas were extracted. These different binarized FCD differences in brain areas were further used for the ROC curve to evaluate their ability to distinguish the acute SD status from the RW status. The area under the curve (AUC) values of those specific binarized FCD differences in brain areas were (mean ± std, 0.933 ± 0.035; 0.863~0.977). Further ROC curve demonstrated that the binarized FCD differences in those regional brain areas alone discriminated the acute SD status from the RW status with high degree of sensitivities (mean ± std, 89.19 ± 6%; 81.3~100%) and specificities (mean ± std, 89.15 ± 6.87%; 75~100%) (Tables 3–4, Figure 7).
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FIGURE 6. Binarized shortFCD value (A) and longFCD value (B) of between-group differences in brain areas. Data are mean ± standard error values. L, left; R, right; shortFCD, short-range functional connectivity density; longFCD, long-range functional connectivity density; CPL, Cerebellum posterior lobe; CAL, Cerebellum anterior lobe; IFG, Inferior frontal gyrus; LG, Lingual gyrus; PrG, precentral gyrus; PG, Postcentral gyrus; PL, Paracentral lobule; SPL, Superior parietal lobule; SG, Supramarginal gyrus; SD, Sleep deprivation; RW, Rested wakefulness.




Table 3. ROC curve for the binarized shortFCD differences in brain areas between SD and RW.
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Table 4. ROC curve for the binarized longFCD differences in brain areas between SD and RW.
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FIGURE 7. ROC curve of binarized FCD differences in regional brain areas. ROC curve of regional brain areas with decreased binarized shortFCD (A), increased binarized shortFCD (B), increased binarized longFCD (C), and decreased binarized longFCD (D). ROC, Receiver operating characteristic; R, right; L, left; CPL, Cerebellum posterior lobe; CAL, Cerebellum anterior lobe; IFG, Inferior frontal gyrus; LG, Lingual gyrus; PrG, precentral gyrus; PG, Postcentral gyrus; PL, Paracentral lobule; SPL, Superior parietal lobule; SG, Supramarginal gyrus; SD, Sleep deprivation; RW, Rested wakefulness; shortFCD, short-range functional connectivity density; longFCD, long-range functional connectivity density.



Pearson Correlation Analysis

The reaction time showed negative correlation with the mean beta value of binarized shortFCD in the right inferior frontal gyrus (r = −0.48, p = 0.032; Figure 8A), and the accuracy rate demonstrated a positive correlation with the mean beta value of binarized longFCD in the right supramarginal gyrus (r = 0.573, p = 0.008; Figure 8B). None of the other correlations between the mean beta value of binarized FCD in other different areas and the ANT during the acute SD status were found (p > 0.05).
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FIGURE 8. Pearson correlation between beta value of FCD differences in brain areas and ANT. ShortFCD, short-range functional connectivity density; longFCD, long-range functional connectivity density.



DISCUSSION

In the present study, we utilized shortFCD and longFCD analysis to characterize the differences of intrinsic functional connectivity induced by acute SD, and their correlations with the ANT. Specifically, we found that acute SD was associated with binarized shortFCD alterations in more regional brain areas than that of binarized longFCD. Acute SD was associated with a significant decrease in binarized shortFCD areas in the cerebellum posterior/anterior lobe and orbitofrontal cortex, and significant increase in the occipital gyrus, thalamus, paracentral lobule, and precentral/postcentral gyrus. Using the binarized longFCD method, only the supramarginal gyrus in the default mode network with decreased binarized longFCD were observed after acute SD relative to RW, and significantly increased binarized longFCD in the precentral/postcentral gyrus and visuospatial network were found. Furthermore, the ANT showed correlations with the beta value of FCD differences in those brain areas during the SD status. Recently, the ROC curve was widely used to applied into the exploration of the reliability of one neuroimaging approach as a potential indicator in distinguishing one group from the other group (1, 40, 41). In general, an AUC value between 0.9 and 1 is considered as excellent, while a value between 0.8 and 0.9 is considered as good. In the present study, the ROC curve demonstrated that the AUC values of the binarized FCD differences in those brain areas showed good discriminating abilities with extremely high AUC values (0.933 ± 0.035; 0.863~0.977). Further diagnostic analysis revealed that the binarized FCD differences in those regional brain areas alone discriminated the acute SD status from the RW status with extremely high degree of sensitivity (89.19 ± 6%; 81.3~100%) and specificities (89.15 ± 6.87%; 75~100%).

The default-mode network is thought to be associated with self-referential mental activity (42), extraction of episodic memory (43), sleep and daydreaming (1, 44), and social cognitive processes related to decision making and self-regulation (45, 46). The orbitofrontal cortex, connected with prefrontal, and deep structures known to mediate sensorimotor processing, motivation, and self-evaluation, is thought to be responsible for mediating the interactions between emotional processes and cognitive functions (47, 48), and play a significant role in fatigue, executive functions, attention, and motivation (49–51). This area is particularly vulnerable to subjects with sleep loss (40, 41, 52, 53). The decreased gray matter volume in the orbitofrontal cortex has previously been reported in patients with daytime sleepiness and chronic insomnia (54, 55). In the present study, we found that acute SD was associated with a significant decreased binarized longFCD within the default mode network node and decreased binarized shortFCD in the right orbitofrontal cortex, which showed an extremely high degree of sensitivity and specificity in distinguishing the acute SD status from the RW status. In addition, the accuracy rate of the ANT demonstrated a positive correlation with the mean beta value of binarized longFCD in the default mode network node, and the reaction time of the ANT showed negative correlation with the mean beta value of binarized shortFCD in the orbitofrontal cortex. We speculated that the decreased long-/shortFCD in the default mode network and orbitofrontal cortex implicated the brain's exertion of voluntary control to remain awake and perform, which might be sensitive biomarkers for advanced cognitive function.

Higher level visual brain areas are divided into two distinct visual pathways: the object properties processing pathway and the spatial properties processing pathway (56–58). The spatial properties processing pathway runs from the occipital lobe up to the posterior parietal lobe and has been called the dorsal system. This system processes object localization and spatial attributes, and is also essential for guiding movements. Damage to the dorsal pathway disrupts the ability to visualize locations or perceive space. The postcentral gyrus is the main receptive region for external stimuli as the location of the primary somatosensory cortex. Recently the postcentral gyrus was implicated with the default mode network (59), which are functional brain hubs showing coupled slow signal fluctuations in the absence of external stimuli during restful waking and sleep (60). The thalamus is a vital region in integrating neural activity from widespread neocortical inputs and outputs, and is thought to play an important role in regulating state of sleep and wakefulness. Previous PET studies have revealed that SD could increase the metabolic rate of glucose in the visual cortex, somatosensory cortex, and fusiform gyrus, which were much higher after 48 h and 72 h than after 24 h SD (61, 62). Previous neuroimaging studies observed disturbed regional spontaneous neural activities in brain areas of the two visual pathways in insomnia patients and individuals after SD (6, 15, 25, 40, 63). In the present study we observed acute SD was associated with altered FCD areas in the thalamus and dorsal system, including significant increased binarized shortFCD areas in the occipital gyrus, thalamus and postcentral gyrus, and increased binarized longFCD areas in the postcentral gyrus and visuospatial network. The increased FCD in these regions in the visual pathway could be considered a compensatory effect to sustain the cognitive performance despite a continuing decline of activity in the higher cognition related areas. This may generate an excessive hyperarousal status, which leads to increased sensory information processing (64).

There are extensive round-trip nerve interactive fibers between the cerebellum posterior lobe(s) and the cerebral cortex. The cerebellum posterior lobe(s) has been widely used for adjusting nerve function, adjusting the start, and planning and coordinating movement. It also works together with the cerebrum to complete functions; such as cognition, language, and emotion; and to initiate, plan, and coordinate movement (65–67). In light of mounting evidence for cerebellar involvement in various neurologic and psychiatric conditions, including obstructive sleep apnea (53), depression (68), primary insomnia (40, 63), mood disorders (69) and sleep deprivation (6); this is crucial. In the present study we found acute SD showed decreased shortFCD in the cerebellum, which may indicate functional deficits associated with decreased ability in adjusting coordinate movement.

CONCLUSIONS

In summary, the longFCD and shortFCD analysis might be sensitive biomarkers to locate the underlying altered intrinsic brain functional organization in individuals during SD status relative to RW status with high degree of sensitivities and specificities. Specifically, the shortFCD analysis is more sensitive to locating the functional organization with more alterations in regional brain areas than that of longFCD. In the present study, we found that the longFCD and short FCDs in the high-order cognition related areas decreased while the arousal and sensorimotor related areas increased to sustain the cognitive performance. These findings expand our knowledge and may help give us insight into a deeper understanding of the neurobiological mechanisms of how the functional organization was altered in the sleep-deprived brain.

There are several limitations that should be noted. First, our study has a relatively small sample size and future studies with a larger sample size is necessary to corroborate our findings. Second, the electronystagmogram has not been used to dynamically monitor the sleep in the SD procedure.

AUTHOR CONTRIBUTIONS

DK wrote the main manuscript text, DK, RL, JiyZ, and WC conceived and designed the whole experiment, DK, LS, and JiaZ collected the data, DK, RL, and JiyZ analyzed the data.

ACKNOWLEDGMENTS

This work was supported by Key Research and Development Projects in Shaanxi province in the field of social development (2017SF-081).

REFERENCES

 1. Dai XJ, Liu CL, Zhou RL, Gong HH, Wu B, Gao L et al. Long-term total sleep deprivation decreases the default spontaneous activity and connectivity pattern in healthy male subjects: a resting-state fMRI study. Neuropsychiatr Dis Treat (2015) 11:761–72. doi: 10.2147/NDT.S78335

 2. Drummond SP, Brown GG. The effects of total sleep deprivation on cerebral responses to cognitive performance. Neuropsychopharmacology (2001) 25:S68–73. doi: 10.1016/S0893-133X(01)00325-6

 3. Jackson ML, Hughes ME, Croft RJ, Howard ME, Crewther D, Kennedy GA et al. The effect of sleep deprivation on BOLD activity elicited by a divided attention task. Brain Imaging Behav. (2011) 5:97–108. doi: 10.1007/s11682-011-9115-6

 4. Luber B, Stanford AD, Bulow P, Nguyen T, Rakitin BC, Habeck C et al. Remediation of sleep-deprivation-induced working memory impairment with fMRI-guided transcranial magnetic stimulation. Cereb Cortex (2008) 18:2077–85. doi: 10.1093/cercor/bhm231

 5. Nilsson JP, Soderstrom M, Karlsson AU, Lekander M, Akerstedt T, Lindroth NE et al. Less effective executive functioning after one night's sleep deprivation. J Sleep Res. (2005) 14:1–6. doi: 10.1111/j.1365-2869.2005.00442.x

 6. Dai XJ, Gong HH, Wang YX, Zhou FQ, Min YJ, Zhao F et al. Gender differences in brain regional homogeneity of healthy subjects after normal sleep and after sleep deprivation: a resting-state fMRI study. Sleep Med. (2012) 13:720–7. doi: 10.1016/j.sleep.2011.09.019

 7. Ohayon MM, Smolensky MH, Roth T. Consequences of shiftworking on sleep duration, sleepiness, and sleep attacks. Chronobiol Int. (2010) 27:575–89. doi: 10.3109/07420521003749956

 8. Tsigos C, Chrousos GP. Hypothalamic-pituitary-adrenal axis, neuroendocrine factors and stress. J Psychosom Res. (2002) 53:865–71. doi: 10.1016/S0022-3999(02)00429-4

 9. Walker MP, Stickgold R. Sleep, memory, and plasticity. Annu Rev Psychol. (2006) 57:139–66. doi: 10.1146/annurev.psych.56.091103.070307

 10. Bosch OG, Rihm JS, Scheidegger M, Landolt HP, Stampfli P, Brakowski J et al. Sleep deprivation increases dorsal nexus connectivity to the dorsolateral prefrontal cortex in humans. Proc Natl Acad Sci USA. (2013) 110:19597–602. doi: 10.1073/pnas.1317010110

 11. Cui J, Tkachenko O, Gogel H, Kipman M, Preer LA, Weber M et al. Microstructure of frontoparietal connections predicts individual resistance to sleep deprivation. Neuroimage (2015) 106:123–33. doi: 10.1016/j.neuroimage.2014.11.035

 12. Dai XJ, Jiang J, Zhang Z, Nie X, Liu BX, Pei L et al. Plasticity and susceptibility of brain morphometry alterations to insufficient sleep. Front Psychiatry (2018) 8:266. doi: 10.3389/fpsyt.2018.00266

 13. De Havas JA, Parimal S, Soon CS, Chee MW. Sleep deprivation reduces default mode network connectivity and anti-correlation during rest and task performance. Neuroimage (2012) 59:1745–51. doi: 10.1016/j.neuroimage.2011.08.026

 14. Elvsashagen T, Norbom LB, Pedersen PO, Quraishi SH, Bjornerud A, Malt UF et al. Widespread changes in white matter microstructure after a day of waking and sleep deprivation. PLoS ONE (2015) 10:e0127351. doi: 10.1371/journal.pone.0127351

 15. Gao L, Bai L, Zhang Y, Dai XJ, Netra R, Min Y et al. Frequency-dependent changes of local resting oscillations in sleep-deprived brain. PLoS ONE (2015) 10:e0120323. doi: 10.1371/journal.pone.0120323

 16. Gao L, Zhang M, Gong H, Bai L, Dai XJ, Min Y et al. Differential activation patterns of FMRI in sleep-deprived brain: restoring effects of acupuncture. Evid Based Complement Alternat Med. (2014) 2014:465760. doi: 10.1155/2014/465760

 17. Rocklage M, Williams V, Pacheco J, Schnyer DM. White matter differences predict cognitive vulnerability to sleep deprivation. Sleep (2009) 32:1100–3. doi: 10.1093/sleep/32.8.1100

 18. Shao Y, Wang L, Ye E, Jin X, Ni W, Yang Y et al. Decreased thalamocortical functional connectivity after 36 hours of total sleep deprivation: evidence from resting state FMRI. PLoS ONE (2013) 8:e78830. doi: 10.1371/journal.pone.0078830

 19. Verweij IM, Romeijn N, Smit DJ, Piantoni G, Van Someren EJ, van der Werf YD. Sleep deprivation leads to a loss of functional connectivity in frontal brain regions. BMC Neurosci. (2014) 15:88. doi: 10.1186/1471-2202-15-88

 20. Wang L, Chen Y, Yao Y, Pan Y, Sun Y. Sleep deprivation disturbed regional brain activity in healthy subjects: evidence from a functional magnetic resonance-imaging study. Neuropsychiatr Dis Treat (2016) 12:801–7. doi: 10.2147/NDT.S99644

 21. Yeo BT, Tandi J, Chee MW. Functional connectivity during rested wakefulness predicts vulnerability to sleep deprivation. Neuroimage (2015) 111:147–58. doi: 10.1016/j.neuroimage.2015.02.018

 22. Killgore WD, Schwab ZJ, Kipman M, Deldonno SR, Weber M. Insomnia-related complaints correlate with functional connectivity between sensory-motor regions. Neuroreport (2013) 24:233–40. doi: 10.1097/WNR.0b013e32835edbdd

 23. Li Y, Wang E, Zhang H, Dou S, Liu L, Tong L et al. Functional connectivity changes between parietal and prefrontal cortices in primary insomnia patients: evidence from resting-state fMRI. Eur J Med Res. (2014) 19:32. doi: 10.1186/2047-783X-19-32

 24. Liu X, Yan Z, Wang T, Yang X, Feng F, Fan L et al. Connectivity pattern differences bilaterally in the cerebellum posterior lobe in healthy subjects after normal sleep and sleep deprivation: a resting-state functional MRI study. Neuropsychiatr Dis Treat (2015) 11:1279–89. doi: 10.2147/NDT.S84204

 25. Nie X, Shao Y, Liu SY, Li HJ, Wan AL, Nie S et al. Functional connectivity of paired default mode network subregions in primary insomnia. Neuropsychiatr Dis Treat (2015) 11:3085–93. doi: 10.2147/NDT.S95224

 26. Shao Y, Lei Y, Wang L, Zhai T, Jin X, Ni W et al. Altered resting-state amygdala functional connectivity after 36 hours of total sleep deprivation. PLoS ONE (2014) 9:e112222. doi: 10.1371/journal.pone.0112222

 27. Liu X, Zheng J, Liu BX, Dai XJ. Altered connection properties of important network hubs may be neural risk factors for individuals with primary insomnia. Sci Rep. (2018) 8:5891. doi: 10.1038/s41598-018-23699-3

 28. Luo X, Guo L, Dai XJ, Wang Q, Zhu W, Miao X et al. Abnormal intrinsic functional hubs in alcohol dependence: evidence from a voxelwise degree centrality analysis. Neuropsychiatr Dis Treat (2017) 13:2011–20. doi: 10.2147/NDT.S142742

 29. Tomasi D, Volkow ND. Functional connectivity density mapping. Proc Natl Acad Sci USA. (2010) 107:9885–90. doi: 10.1073/pnas.1001414107

 30. Tomasi D, Volkow ND. Aging and functional brain networks. Mol Psychiatry (2012) 471:549–58. doi: 10.1038/mp.2011.81

 31. Tomasi D, Volkow ND. Gender differences in brain functional connectivity density. Hum Brain Mapp. (2012) 33:849–60. doi: 10.1002/hbm.21252

 32. Wang J, Wei Q, Yuan X, Jiang X, Xu J, Zhou X et al. Local functional connectivity density is closely associated with the response of electroconvulsive therapy in major depressive disorder. J Affect Disord. (2018) 225:658–64. doi: 10.1016/j.jad.2017.09.001

 33. Zhang Y, Xie B, Chen H, Li M, Liu F, Chen H. Abnormal functional connectivity density in post-traumatic stress disorder. Brain Topogr. (2016) 29:405–11. doi: 10.1007/s10548-016-0472-8

 34. Tomasi D, Volkow ND. Resting functional connectivity of language networks: characterization and reproducibility. Mol Psychiatry (2012) 17:841–54. doi: 10.1038/mp.2011.177

 35. Fan J, McCandliss BD, Fossella J, Flombaum JI, Posner MI. The activation of attentional networks. Neuroimage (2005) 26:471–9. doi: 10.1016/j.neuroimage.2005.02.004

 36. Fan J, McCandliss BD, Sommer T, Raz A, Posner MI. Testing the efficiency and independence of attentional networks. J Cogn Neurosci. (2002) 14:340–7. doi: 10.1162/089892902317361886

 37. Satterthwaite TD, Elliott MA, Gerraty RT, Ruparel K, Loughead J, Calkins ME et al. An improved framework for confound regression and filtering for control of motion artifact in the preprocessing of resting-state functional connectivity data. Neuroimage (2013) 64:240–56. doi: 10.1016/j.neuroimage.2012.08.052

 38. Yan CG, Cheung B, Kelly C, Colcombe S, Craddock RC, Di Martino A et al. A comprehensive assessment of regional variation in the impact of head micromovements on functional connectomics. Neuroimage (2013) 76:183–201. doi: 10.1016/j.neuroimage.2013.03.004

 39. Buckner RL, Sepulcre J, Talukdar T, Krienen FM, Liu H, Hedden T et al. Cortical hubs revealed by intrinsic functional connectivity: mapping, assessment of stability, and relation to Alzheimer's disease. J Neurosci. (2009) 29:1860–73. doi: 10.1523/JNEUROSCI.5062-08.2009

 40. Dai XJ, Nie X, Liu X, Pei L, Jiang J, Peng DC et al. Gender differences in regional brain activity in patients with chronic primary insomnia: evidence from a resting-state fMRI study. J Clin Sleep Med. (2016) 12:363–74. doi: 10.5664/jcsm.5586

 41. Li HJ, Dai XJ, Gong HH, Nie X, Zhang W, Peng DC. Aberrant spontaneous low-frequency brain activity in male patients with severe obstructive sleep apnea revealed by resting-state functional MRI. Neuropsychiatr Dis Treat (2015) 11:207–14. doi: 10.2147/NDT.S73730

 42. Gusnard DA, Akbudak E, Shulman GL, Raichle ME. Medial prefrontal cortex and self-referential mental activity: relation to a default mode of brain function. Proc Natl Acad Sci USA (2001) 98:4259–64. doi: 10.1073/pnas.071043098

 43. Cabeza R, Dolcos F, Graham R, Nyberg L. Similarities and differences in the neural correlates of episodic memory retrieval and working memory. Neuroimage (2002) 16:317–30. doi: 10.1006/nimg.2002.1063

 44. Mason MF, Norton MI, Van Horn JD, Wegner DM, Grafton ST, Macrae CN. Wandering minds: the default network and stimulus-independent thought. Science (2007) 315:393–5. doi: 10.1126/science.1131295

 45. Bechara A, Damasio H, Damasio AR. Emotion, decision making and the orbitofrontal cortex. Cereb Cortex (2000) 10:295–307. doi: 10.1093/cercor/10.3.295

 46. Beer JS, Lombardo MV, Bhanji JP. Roles of medial prefrontal cortex and orbitofrontal cortex in self-evaluation. J Cogn Neurosci. (2010) 22:2108–19. doi: 10.1162/jocn.2009.21359

 47. Etkin A, Egner T, Kalisch R. Emotional processing in anterior cingulate and medial prefrontal cortex. Trends Cogn Sci. (2011) 15:85–93. doi: 10.1016/j.tics.2010.11.004

 48. Libedinsky C, Smith DV, Teng CS, Namburi P, Chen VW, Huettel SA et al. Sleep deprivation alters valuation signals in the ventromedial prefrontal cortex. Front Behav Neurosci. (2011) 5:70. doi: 10.3389/fnbeh.2011.00070

 49. Hamilton DA, Brigman JL. Behavioral flexibility in rats and mice: contributions of distinct frontocortical regions. Genes Brain Behav. (2015) 14:4–21. doi: 10.1111/gbb.12191

 50. Hong SB, Kim JW, Choi EJ, Kim HH, Suh JE, Kim CD et al. Reduced orbitofrontal cortical thickness in male adolescents with internet addiction. Behav Brain Funct. (2013) 9:11. doi: 10.1186/1744-9081-9-11

 51. Pardini M, Bonzano L, Roccatagliata L, Mancardi GL, Bove M. The fatigue-motor performance paradox in multiple sclerosis. Sci Rep. (2013) 3:2001. doi: 10.1038/srep02001

 52. Goel N, Rao H, Durmer JS, Dinges DF. Neurocognitive consequences of sleep deprivation. Semin Neurol. (2009) 29:320–39. doi: 10.1055/s-0029-1237117

 53. Peng DC, Dai XJ, Gong HH, Li HJ, Nie X, Zhang W. Altered intrinsic regional brain activity in male patients with severe obstructive sleep apnea: a resting-state functional magnetic resonance imaging study. Neuropsychiatr Dis Treat (2014) 10:1819–26. doi: 10.2147/NDT.S67805

 54. Altena E, Vrenken H, Van Der Werf YD, van den Heuvel OA, Van Someren EJ. Reduced orbitofrontal and parietal gray matter in chronic insomnia: a voxel-based morphometric study. Biol Psychiatry (2010) 67:182–5. doi: 10.1016/j.biopsych.2009.08.003

 55. Killgore WD, Schwab ZJ, Kipman M, DelDonno SR, Weber M. Voxel-based morphometric gray matter correlates of daytime sleepiness. Neurosci Lett. (2012) 518:10–3. doi: 10.1016/j.neulet.2012.04.029

 56. Blazhenkova O, Kozhevnikov M. The new object-spatial-verbal cognitive style model: Theory and measurement. Appl Cogn Psychol. (2008) 23:638–63. doi: 10.1002/acp.1473

 57. Kosslyn SM, Ganis G, Thompson WL. Neural foundations of imagery. Nat Rev Neurosci. (2001) 2:635–42. doi: 10.1038/35090055

 58. Kozhevnikov M, Kosslyn S, Shephard J. Spatial versus object visualizers: a new characterization of visual cognitive style. Mem Cogn. (2005) 33:710–26. doi: 10.3758/BF03195337

 59. Tomasi D, Volkow ND. Association between functional connectivity hubs and brain networks. Cerebral Cortex (2011) 21:2003–13. doi: 10.1093/cercor/bhq268

 60. Fukunaga M, Horovitz SG, van Gelderen P, de Zwart JA, Jansma JM, Ikonomidou VN et al. Large-amplitude, spatially correlated fluctuations in BOLD fMRI signals during extended rest and early sleep stages. Magn Reson Imaging (2006) 24:979–92. doi: 10.1016/j.mri.2006.04.018

 61. Thomas M, Sing H, Belenky G, Holcomb H, Mayberg H, Dannals R et al. Neural basis of alertness and cognitive performance impairments during sleepiness. I. Effects of 24 h of sleep deprivation on waking human regional brain activity. J Sleep Res. (2000) 9:335–52. doi: 10.1046/j.1365-2869.2000.00225.x

 62. Wu JC, Gillin JC, Buchsbaum MS, Hershey T, Hazlett E, Sicotte N et al. The effect of sleep deprivation on cerebral glucose metabolic rate in normal humans assessed with positron emission tomography. Sleep (1991) 14:155–62.

 63. Dai XJ, Peng DC, Gong HH, Wan AL, Nie X, Li HJ et al. Altered intrinsic regional brain spontaneous activity and subjective sleep quality in patients with chronic primary insomnia: a resting-state fMRI study. Neuropsychiatr Dis Treat. (2014) 10:2163–75. doi: 10.2147/NDT.S69681

 64. Perlis ML, Merica H, Smith MT, Giles DE. Beta EEG activity and insomnia. Sleep Med Rev. (2001) 5:363–74. doi: 10.1053/smrv.2001.0151

 65. Desmond J, Marvel C. Cognition: cerebellum role. Encyclopedia Neurosci. (2009) 2:1079–85. doi: 10.1016/B978-008045046-9.00411-3

 66. Parvizi J, Anderson SW, Martin CO, Damasio H, Damasio AR. Pathological laughter and crying: a link to the cerebellum. Brain (2001) 124:1708–19. doi: 10.1093/brain/124.9.1708

 67. Yoo SS, Teh EK, Blinder RA, Jolesz FA. Modulation of cerebellar activities by acupuncture stimulation: evidence from fMRI study. Neuroimage (2004) 22:932–40. doi: 10.1016/j.neuroimage.2004.02.017

 68. Liu ZF, Xu C, Xu Y, Wang YF, Zhao B, Lv YT et al. Decreased regional homogeneity in insula and cerebellum: A resting-state fMRI study in patients with major depression and subjects at high risk for major depression. Psychiat Res-Neuroim (2010) 182:211–5. doi: 10.1016/j.pscychresns.2010.03.004

 69. Soares JC, Mann JJ. The anatomy of mood disorders - Review of structural neuroimaging studies. Biol Psychiat. (1997) 41:86–106. doi: 10.1016/S0006-3223(96)00006-6

Conflict of Interest Statement: The authors declare that the research was conducted in the absence of any commercial or financial relationships that could be construed as a potential conflict of interest.

Copyright © 2018 Kong, Liu, Song, Zheng, Zhang and Chen. This is an open-access article distributed under the terms of the Creative Commons Attribution License (CC BY). The use, distribution or reproduction in other forums is permitted, provided the original author(s) and the copyright owner(s) are credited and that the original publication in this journal is cited, in accordance with accepted academic practice. No use, distribution or reproduction is permitted which does not comply with these terms.







	 
	ORIGINAL RESEARCH
published: 13 June 2018
doi: 10.3389/fneur.2018.00363





[image: image1]

Topological Reorganization of the Default Mode Network in Severe Male Obstructive Sleep Apnea

Liting Chen1†, Xiaole Fan2†, Haijun Li1, Chenglong Ye1, Honghui Yu1, Honghan Gong1, Xianjun Zeng1, Dechang Peng1* and Liping Yan3*

1 Department of Radiology, The First Affiliated Hospital of Nanchang University, Nanchang, Jiangxi, China

2 Department of General Surgery, The First Affiliated Hospital of Nanchang University, Nanchang, Jiangxi, China

3 Department of Cardiology, People’s Hospital of Jiangxi Province, Nanchang, Jiangxi, China

OPEN ACCESS

Edited by:

Xi-jian Dai, Medical School of Nanjing University, China

Reviewed by:

Feng Liu, Tianjin Medical University General Hospital, China
Federico Giove, Centro Fermi – Museo storico della fisica e Centro studi e ricerche Enrico Fermi, Italy

*Correspondence:

Dechang Peng
pengdcdoctor@163.com;
Liping Yan
824852148@qq.com

†These authors have contributed equally to this work.

Specialty section:

This article was submitted to Sleep and Chronobiology, a section of the journal Frontiers in Neurology

Received: 10 December 2017
Accepted: 04 May 2018
Published: 13 June 2018

Citation:

Chen L, Fan X, Li H, Ye C, Yu H, Gong H, Zeng X, Peng D and Yan L (2018) Topological Reorganization of the Default Mode Network in Severe Male Obstructive Sleep Apnea. Front. Neurol. 9:363. doi: 10.3389/fneur.2018.00363

Impaired spontaneous regional activity and altered topology of the brain network have been observed in obstructive sleep apnea (OSA). However, the mechanisms of disrupted functional connectivity (FC) and topological reorganization of the default mode network (DMN) in patients with OSA remain largely unknown. We explored whether the FC is altered within the DMN and examined topological changes occur in the DMN in patients with OSA using a graph theory analysis of resting-state functional magnetic resonance imaging data and evaluated the relationship between neuroimaging measures and clinical variables. Resting-state data were obtained from 46 male patients with untreated severe OSA and 46 male good sleepers (GSs). We specifically selected 20 DMN subregions to construct the DMN architecture. The disrupted FC and topological properties of the DMN in patients with OSA were characterized using graph theory. The OSA group showed significantly decreased FC of the anterior–posterior DMN and within the posterior DMN, and also showed increased FC within the DMN. The DMN exhibited small-world topology in both OSA and GS groups. Compared to GSs, patients with OSA showed a decreased clustering coefficient (Cp) and local efficiency, and decreased nodal centralities in the left posterior cingulate cortex and dorsal medial prefrontal cortex, and increased nodal centralities in the ventral medial prefrontal cortex and the right parahippocampal cortex. Finally, the abnormal DMN FC was significantly related to Cp, path length, global efficiency, and Montreal cognitive assessment score. OSA showed disrupted FC within the DMN, which may have contributed to the observed topological reorganization. These findings may provide further evidence of cognitive deficits in patients with OSA.
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INTRODUCTION

Obstructive sleep apnea (OSA) is a common sleep-disordered breathing condition characterized by repetitive cessations of breathing and/or reduced airflow due to frequent episodes of complete (apnea) or partial (hypopneas) obstruction of the upper airway during sleep. These respiratory events lead to sleep fragmentation (1), chronic intermittent hypoxemia (2), repetitive arousals, oxygen desaturation, and hypercapnic hypoxia. Moderate to severe OSA is estimated to occur in 12% of women and up to 30% of men aged between 30 and 70 years, and these estimated prevalence rates are increasing as the population ages and due to the ongoing obesity epidemic (3). OSA is associated with an increased risk of both traffic and occupational accidents (4), decreased quality of life, and long-term health problems resulting from a number of concomitant diseases, including hypertension, cardiovascular impairment, stroke, chronic kidney disease (5), depression (6), anxiety, metabolic syndrome, insomnia, cognitive dysfunction, and even Alzheimer’s disease (7). OSA is also associated with cognitive dysfunction, which is an important independent predictor of mortality, even in the absence of dementia manifestations. Cognitive deficits, including deficits in attention, memory, psychomotor function, executive functions, visuospatial function, and language ability, have been observed in patients with OSA (8, 9). Unfortunately, the neurological basis of neurocognitive dysfunction in patients with OSA has not been examined in detail.

Neuroimaging studies have been widely applied to explain these cognitive deficits and have revealed that patients with OSA show alterations in multiple brain regions, which are responsible for cognitive, affective, autonomic, and sensorimotor control (10–13). According to recent resting-state functional magnetic resonance imaging (rs-fMRI) studies, patients with OSA exhibited significant global and regional connectivity deficits, particularly in the default mode network (DMN) (14), salience network (SN), central executive network (CEN) (15).

The DMN is critical for maintaining brain function in the resting-state and experiences progressive deactivation as the brain engages in goal-directed activity. The DMN is a large-scale network that includes a set of highly interconnected brain regions, such as the posterior cingulate cortex (PCC), precuneus, medial prefrontal cortex, and the medial, lateral and inferior parietal regions, which contribute to internal mentation, attention, and adaptive functions (16). In previous studies, patients with OSA showed significant regional deficits in spontaneous activity in DMN subregions (17–19). In addition, Zhang found patients with OSA exhibited structural and functional deficits in the anterior DMN and functional compensation in the posterior DMN (20) using independent component analysis (ICA). Moreover, Li et al. observed altered functional connectivity (FC) between eight pairs of DMN subregions, which was associated with cognitive impairment (21). Patients with OSA show abnormal deactivation in the DMN during working memory tasks. The deactivation of DMN regions is significantly associated with behavioral performance and episodic memory impairments, plays a role in cognitive impairment in patients with OSA (14). However, these previous studies were limited to the spontaneous abnormalities in local brain regions and did not directly assess important topological changes in the DMN of patients with OSA.

Accumulating evidence implicates aberrant activity in the DMN in cognitive impairments and symptoms associated with neuropsychiatric disorders, such as mild cognitive impairment (22), social anxiety disorder (23), primary insomnia (24), and depression (25). Functional alterations in the DMN have been proposed as a quantitative MRI assessment that may facilitate the clinical prognosis and diagnosis (26). Previous study that utilized graph theory approaches revealed alterations in the topological properties of the gray matter volume (GMV) structural network (27) and the brain functional network (28) in individuals with OSA. However, whether the FC is altered within the subregions of the DMN and the topological changes that occur in the DMN in patients with OSA remain unclear.

Here, we hypothesized that the cognitive impairment observed in patients with OSA might be attributed to disrupted FC and the topological configuration of the DMN, and the topological reorganization may probably related to abnormal DMN FC. To test our hypothesis, we applied graph theory approaches to analyze FC and the topological organization of the DMN in male patients with untreated severe OSA and examined the relationships between neuroimaging measures and clinical index.

MATERIALS AND METHODS

Participants

Fifty male patients with newly diagnosed untreated severe OSA and 46 male education- and age-matched good sleepers (GSs) were recruited from the Sleep Monitoring Room of the Respiratory Department at the First Affiliated Hospital of Nanchang University, China, from June 2015 to February 2017. Sex differences, depression, obesity, and anxiety may affect spontaneous brain activity, and female OSA patients exhibited a lower apnea–hypopnea index (AHI), which was frequently accompanied by depression and anxiety (29–32). To improve the credibility of our study, we only recruited untreated male patients with severe OSA to rule out potential confounders of sex differences, severity of OSA, depression, and anxiety. The inclusion criteria for patients with OSA and GSs were (1) OSA: an AHI greater than or equal to 30; GSs: an AHI less than 5; (2) male sex; (3) right-handedness; and (4) aged older than 20 years but less than 60 years. The exclusion criteria for all participants were (1) a history of other sleep disorders, such as insomnia or sleep-related eating disorder; (2) identifiable focal or diffuse abnormalities in structural MR images; (3) a history of neurological or mental illnesses (e.g., head injury, depression, psychosis, neurodegenerative diseases, hypothyroidism, and epilepsy); (4) a history of addiction; (5) a history of cerebrovascular disease; and (6) MRI contraindications, such as claustrophobia, metallic implants, or devices in the body. The study protocol was approved by the Medical Research Ethics Committee and the Institutional Review Board of the First Affiliated Hospital of Nanchang University. The current study was conducted according to the principles of the Declaration of Helsinki and the approved guidelines. Written informed consent was obtained from all participants.

Overnight Polysomnography (PSG)

Prior to collecting MRI brain scans, overnight PSG was performed on all participants using the Respironics LE-Series Physiological Monitoring System (Alice5 LE, FL, USA) to confirm the OSA/GS diagnosis and to exclude other sleep disorders. On the day prior to overnight PSG, all participants were required to refrain from using hypnotics and consuming alcoholic beverages or coffee. Overnight PSG was recorded from 10:00 p.m. to 6 a.m. A standard electroencephalogram (EEG, F4/M1, C4/M1, O2/M1, F3/M2, C3/M2, and O1/M2), chin electromyogram, electrocardiogram, electrooculogram, thoracic and abdominal respiratory movements, oral and nasal airflow, oxygen saturation (SaO2), body posture, and snoring were recorded. Studies were scored by a PSG technician and reviewed by a qualified sleep medicine physician according to the American Academy of Sleep Medicine (AASM) guidelines (33). Obstructive apnea was defined as any 10 s or longer decrease in airflow ≥90% with evidence of persistent respiratory effort. Hypopnea was defined as a reduction in airflow ≥30% lasting for more than 10 s, accompanied by 4% or greater oxygen desaturation and/or EEG arousal (33). The AHI was computed as the mean number of apnea and hypopnea events per hour during sleep. The arousal index (AI) was calculated as the average number of EEG arousals per hour of sleep.

Neuropsychological Assessments

Each participant was evaluated with the Epworth sleepiness scale (ESS) (Chinese version) for excessive daytime sleepiness, which requires the participant to rate his/her probability of falling asleep in eight different situations on a scale of increasing probability from 0 to 3. The aggregate score of the ESS is 24, with a score greater than 6 indicating sleepiness, a score greater than 11 indicating excessive sleepiness, and a score greater than 16 suggesting risky sleepiness. In addition, we used the Montreal Cognitive Assessment (MoCA, Chinese version) (34) as a rapid screening tool to assess cognitive function in all participants, including executive function, calculation, memory, attention, abstraction, language, and orientation. The total MoCA score is 30, with a score less than or equal to 26 indicating the presence of a mild cognitive impairment.

MRI Data Acquisition

All MRI data were collected on a 3.0-T MRI system (Siemens, Erlangen, Germany) by implementing an 8-channel phased-array head coil at the First Affiliated Hospital of Nanchang University, China. Comfortable fixed foam pads were used to reduce head movements and ear plugs were used to minimize scanner noise. First, each participant underwent conventional T1 and T2-weighted imaging to exclude the presence of massive brain lesions. Then, both an 8-min rs-fMRI scan with an echo planar imaging sequence [repetition time (TR) = 2,000 ms, echo time (TE) = 30 ms, field of view (FOV) = 230 mm × 230 mm, thickness = 4.0 mm, gap = 1.2 mm, flip angle = 90°, matrix = 64 × 64, slices = 30] and high-resolution three-dimensional T1-weighted structural MR images using a magnetization-prepared rapidly acquired gradient echo sequence with generalized autocalibrating partially parallel acquisition (GRAPPA) for K space fill (TR = 1,900 ms, TE = 2.26 ms, FOV = 250 mm × 250 mm, thickness = 1.0 mm, gap = 0.5 mm, flip angle = 9°, resolution matrix = 256 × 256, slices = 176) were collected. During the rs-fMRI scan, all subjects were asked to remain motionless, relax, keep their eyes closed, and avoid thinking systematically or falling asleep. After the MRI scan, the participants were asked whether they fell asleep and/or avoided thinking systematically during the entire scan.

Functional Magnetic Resonance Imaging Data Preprocessing

Image preprocessing was performed using the Data Processing & Analysis Assistant for Resting-State Brain Imaging (DPABI, Chinese Academy of Sciences, Beijing, China1) (35) and Statistical Parametric Mapping (SPM8),2 which is run on the MATLAB R2012a (MathWorks, Natick, MA, USA) platform. Preprocessing included the following steps: (1) the first 10 volumes of each functional time series were discarded; (2) slice timing correction was performed for the remaining 230 volumes; (3) three-dimensional head motion correction was conducted for small head movements; (4) high-resolution T1-weighted structural images were co-registered to the mean realigned functional images for each individual, and the transformed T1 structural images were segmented into gray matter, white matter, and cerebrospinal fluid using a new segment algorithm with the diffeomorphic anatomical registration through exponentiated lie algebra (DARTEL) tool (36), the realigned functional volumes were spatially normalized to the Montreal Neurological Institute (MNI) space using the normalization parameters estimated in DARTEL, and then each voxel was re-sampled to 3 mm × 3 mm × 3 mm; (5) the images were spatially smoothed with a 6-mm full-width at half-maximum Gaussian kernel; (6) the time series were further linearly detrended, and temporal bandpass filtering (0.01–0.08 Hz) was performed to reduce the effect of physiological high-frequency noise and low-frequency drifts; and (7) to further reduce possible sources of artifacts, the nuisance signal (white matter, cerebrospinal fluid, and global signal) and the Friston 24-parameter model (37) were regressed from the time series of all voxels using multiple regression analyses. The participants were excluded if the maximum head motion of maximum rotation was more than 2.0°, the maximum orthogonal direction displacement was more than 2.0 mm, or the mean relative root mean square was greater than 0.2 mm, according to the criteria (38, 39). Four patients with OSA were excluded. Finally, 46 male patients with untreated severe OSA and 46 male age- and education-matched GSs were included in the current study.

DMN Construction and Graph Analyses

Definition of DMN Subregions

According to a previous study, we focused on the DMN and chose a specific set of 20 regions of interest (ROI) with substantial agreement with the functional and anatomic partitions of the DMN (Table 1) (16).

TABLE 1 | Regions of interest within the default mode network (DMN).
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DMN Functional Connectivity and Graph Analyses

A network is composed of a set of nodes and edges between different nodes. The mean time series for each voxel within the ROI of the DMN was extracted using spherical seeds (6 mm in radius) based on the MNI coordinate system. Next, the Pearson correlation coefficients were computed between each pair of DMN subregions in each participant to generate a 20 × 20 correlation matrix of the DMN. Then, we used the graph theoretical network analysis (GRETNA)3 toolbox (40) to evaluate the topological organization of the DMN.

Threshold Selection

In this study, the DMN was modeled based on an undirected, binarized method. The establishment of a sparsity threshold (Sp), which is defined as the fraction of the number of existing edges divided by the maximum possible number of edges in a network, ensured that the resulting networks had the same number of edges and minimized the influence of potential confounders on the overall correlation strength between groups (41). In the present study, we computed the network properties of the DMN over a wide range of sparsity levels (from 0.05 to 0.50 using an interval of 0.01), in which the number of spurious edges was minimized and the small-world parameters could be properly estimated (42).

Network Metrics

In this study, we used the graph theory approach to calculate the global and nodal network properties of the DMN in patients with OSA and GSs. The area under the curve (AUC) of each network metric was calculated for statistical comparison, which was extracted by thresholding across a range of sparsity values to depict changes in the topological characterization of brain networks, and which is susceptible to detecting topological alterations of brain disorders (41, 43).

Global Network Metrics

Small-World Parameters

Small-world parameters (1) small-worldness, σ, is a fascinating model for the description of complex brain networks that not only support both specialized and integrated information processing but also facilitates an energy-efficient balance between network segregation and integration. Mathematically, a real brain network is considered a small-world network if it displays a much higher clustering coefficient (Cp) and a similar characteristic path length (Lp) (compared with 1,000 matched random networks in our study) and meets the following criteria: normalized clustering coefficients [image: image1] and normalized characteristic path length [image: image1]. The small-worldness, σ = γ/λ, is typically >1 for small-world networks (44, 45); (2) The clustering coefficient of node i (Ci) is defined as the percentage of the number of existing connections among the node’s nearest neighbors and the maximum possible number of connections. The clustering coefficient of network Cp is the average of Ci across nodes, which is a measure of network segregation (44); (3) The characteristic path length, Lp, is quantified as the average of the shortest path length that links all pairs of nodes in the network, which is the most commonly used measure of network information integration (45). The characteristic path length was calculated as the “harmonic mean” distance between all possible pairs of regions to deal with the possible disconnected graphs dilemma in the present study (46). The largest component sizes of individual networks over the sparsity range of 0.05–0.50 with an interval of 0.01, see in Figure 1.


[image: image1]

FIGURE 1 | The largest component sizes of individual networks both of the patients with obstructive sleep apnea (OSA) and good sleepers (GSs) over the sparsity range of 0.05–0.50.



Network Efficiency

Network efficiency, including global efficiency, Eglob, which represents the capacity of parallel information transmission over the network, and local efficiency, Eloc, represents the capacity of a network to transmit information at the local level and measures the fault tolerance of the network (42).

Regional Network Metrics

The degree for a brain region is defined as the number of edges of a node that connect with the remaining nodes in the network, thus measuring how interactive a particular node is in the network. The nodal betweenness is designated as the fraction of shortest paths between two nodes passing through the area in the network and measures the influence of a region on network communication. Nodal efficiency is defined as the inverse of the harmonic mean of the shortest path length in the network, quantifying the importance of the nodes for communication within the network (42).

Statistical Analysis

Demographic and clinical characteristics of the OSA and GS groups were compared using independent two-sample t-tests with IBM Statistical Package for the Social Sciences 20.0 software (IBM SPSS Inc., Chicago, IL, USA). Independent two-sample t-tests were performed to compare group differences in the AUC of global network metrics and ROI-ROI FC of the DMN. We also compared nodal properties between patients with OSA and GSs and Bonferroni correction was performed for multiple comparison. The effects of age, body mass index (BMI), and educational level were diminished by a regression analysis. Abnormal DMN FC was calculated as the average of the correlation coefficients of the DMN in patients with OSA that showed significant between-group differences. The relationships between abnormal DMN FC and topological metrics of the DMN, and the relationships between network metrics with significant between-group differences and clinical indices in the OSA group were investigated using a Pearson correlation analysis. p < 0.05 was considered statistically significant.

RESULTS

Demographic and Clinical Data

As shown in Table 2, significant inter-group differences were observed in BMI, AHI, total sleep time, Stage 1, rapid eye movement (REM), AI, SaO2 < 90%, average SaO2, oxygen desaturation index, nadir SaO2, MoCA score, visuospatial/executive, delayed memory, attention, abstraction, orientation and ESS score (p < 0.05). No inter-group differences in Stage 2 or Stages 3 + 4 were observed (p > 0.05).

TABLE 2 | Comparison of the demographic and clinical data from the patients with OSA and GSs.
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Changes in FC Within the DMN Between Patients With OSA and GSs

Compared to GSs, patients with OSA exhibited significantly decreased FC between the bilateral PCC and the bilateral hippocampal formation (HF) and left retrosplenial cortex (Rsp), between the left temporal pole (TempP) and the dorsal medial prefrontal cortex (dMPFC) and left temporal parietal junction (TPJ), between the left Rsp and the bilateral anterior medial prefrontal cortex (aMPFC) and the left posterior inferior parietal lobule (pIPL), between the bilateral HF and the bilateral Rsp, and between the right HF and the right TPJ and the right pIPL. Patients with OSA displayed significantly increased FC in the DMN between the right TempP and the right parahippocampal cortex (PHC) and between the right and left HF, compared to GSs (Figure 2; Table 3). The abnormal DMN FC was positively correlated with Cp (r = 0.384, p = 0.008) and Lp (r = 0.338, p = 0.022), and negatively correlated with Eglob (r = −0.565, p < 0.001) in patients with OSA (see Figure 3).
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FIGURE 2 | Abnormal functional connectivity (FC) within the default mode network (DMN) between patients with obstructive sleep apnea (OSA) and good sleepers (GSs). The blue edges represent decreased FC in patients with OSA compared to GSs and the red edges represent increased FC within the DMN. Undirected edges correspond to t-values, with a larger t-value corresponding to a thicker edge (p < 0.05, uncorrected).



TABLE 3 | Abnormal functional connectivity (FC) within the default mode network (DMN) between patients with obstructive sleep apnea (OSA) and good sleepers (GSs).
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FIGURE 3 | The relationship between abnormal functional connectivity (FC) and topological metrics of the default mode network (DMN) in patients with obstructive sleep apnea (OSA). The abnormal DMN FC value was significantly correlated with Cp, Lp, and Eglob in patients with OSA. p < 0.05, which was considered statistically significant.



Differences in Global Network Measures of the DMN

In the defined wide range of thresholds (here from 0.05 to 0.50), both the patients with OSA and GSs exhibited σ value larger than 1, γ value obviously larger than 1, and λ value of approximately equal to 1 (see Figure 4), suggesting that both patients with OSA and GSs have typical small-world topology. However, compared to GSs, patients with OSA showed a significantly decreased Cp (t = −2.200, p = 0.030) and a decreased Eloc (t = −1.942, p = 0.054), which have a trend for difference. There was no significant difference in σ (t = 0.412, p = 0.483), Lp (t = −0.004, p = 0.997) or Eglob (t = −0.035, p = 0.972). Global network measures are illustrated in Figure 5.
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FIGURE 4 | Small-world parameters of default mode network in patients with obstructive sleep apnea (OSA) and good sleepers (GSs). Graphs show that in the defined wide range of thresholds, both the patients with OSA and GSs exhibited normalized clustering coefficient (γ) obviously larger than 1, normalized path lengths (λ) approximately equal to 1, and small-worldness (σ) larger than 1, suggesting that both OSA patients and GSs show typical small-world topology.
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FIGURE 5 | Graphs showing the small-world parameters and network efficiency of the default mode network in patients with obstructive sleep apnea (OSA) and good sleepers (GSs). Although OSA and GSs have typical small-world topology, compared to GSs, patients with OSA showed a significantly decreased Cp (t = −2.200, p = 0.030) (p < 0.05, uncorrected), and a decreased Eloc (t = −1.943, p = 0.054), which have a trend for difference.



Group Differences in Regional Network Measures of the DMN

Patients with OSA showed abnormal nodal centrality, which showed significant between-group differences in at least one nodal metric, including nodal betweenness, nodal efficiency, and nodal degree. Compared with the GSs, patients with OSA showed decreased nodal centralities in the left PCC and dMPFC, and increased nodal centralities in the vMPFC and the right PHC (p < 0.05, uncorrected). Regional network measures are illustrated in Table 4.

TABLE 4 | Between-group differences in regional network measures of the default mode network (DMN) in patients with obstructive sleep apnea (OSA) and good sleepers.

[image: image1]

Correlations Between Network Measures With Group Differences and Clinical Variables

Within the OSA group, the abnormal DMN FC was negatively correlated with the MoCA score (r = −0.366, p = 0.012). Cp was negatively correlated with the MoCA score (r = −0.332, p = 0.024) and delayed memory (r = −0.306, p = 0.039). The nodal degree of the left PCC was positively correlated with the nadir SaO2 (r = 0.317, p = 0.032), and nodal betweenness of the right PHC was positively correlated with the MoCA score (r = 0.309, p = 0.037). The nodal betweenness (r = 0.297, p = 0.045), degree (r = 0.358, p = 0.015), and efficiency (r = 0.334, p = 0.023) of the right PHC were positively correlated with delayed memory (see Figure 6).
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FIGURE 6 | Correlations between network measures with group differences and clinical variables in patients with obstructive sleep apnea (OSA). Scatter plot showed the relationship between the aberrant network attribute parameters and clinical index in patients with OSA. The red ball represents the increased nodal centrality and the blue ball represents the decreased nodal centrality. Eloc, local efficiency; Cp, clustering coefficient; PCC.L, left posterior cingulate cortex; PHC.R, right parahippocampal cortex.



DISCUSSION

The present study applied graph theory approaches to provide evidence that the cognitive impairments observed in patients with OSA might be attributed to the topological configuration of the DMN, which probably resulted from the abnormal DMN FC. Although the DMN of patients with OSA exhibited small-world properties, patients with OSA showed decreased Cp and Eloc, abnormal nodal centralities in the DMN, and abnormal FC within the DMN, implying a disturbance in the functional differentiation of the DMN. In addition, the abnormal DMN FC was related to Cp, Lp, Eglob, and the MoCA score. The disrupted topological properties of the DMN significantly influenced cognitive function, including delayed memory and memory extraction in patients with OSA.

Abnormal FC Within the DMN in Patients With OSA

The current study revealed significantly decreased FC in the anterior–posterior DMN involving the prefrontal, parietal and temporal regions in patients with OSA. Zhang et al. (20) found that patients with OSA exhibited decreased FC in the anterior DMN and a compensatory increased FC in the posterior DMN. Decreased FC in the anterior–posterior DMN indicated that the transmission of information and integration of long-distance connectivity between different regions may be damaged in patients with OSA.

We also observed significantly decreased FC in the posterior DMN, which includes the PCC, HF, temporal, and parietal lobes and the limbic system. Eloc predominantly reflects short-distance connections between neighboring regions (45). Decreased short-distance connections that are primarily located in the posterior DMN may lead to decreased Cp and decreased Eloc of the DMN in patients with OSA. The PCC and HF are connected anatomically and functionally, and these functional interactions are presumed to underlie normal episodic memory capacity (47). Patients with OSA showed decreased FC between the right HF and the PCC, which is related to delayed memory (21). Based on the results, the OSA group showed decreased FC between the bilateral PCC and the bilateral HF, consistent with previous studies (21). Decreased FC in the anterior–posterior DMN and posterior DMN may further indicate cognitive impairments in patients with OSA (48).

Park observed abnormal FC in various brain regions, and altered FC subsequently resulted in disrupted topological properties in patients with OSA, particularly in the integrative aspects of brain network organization (49). Given the significant association between abnormal DMN FC and Cp, Lp, and Eglob of the DMN in the current study, we believe that disrupted FC within the DMN may contribute to the topological reconfiguration of the DMN in patients with OSA. Furthermore, abnormal DMN FC was associated with the MoCA score. Therefore, the abnormal DMN FC may partially explain the impaired cognitive function and topological reconfiguration in patients with OSA.

Global Network Measures of the DMN

Patients with OSA have recently been shown to display an abnormal small-world organization in both functional (28, 49) and structural (27) brain networks. In the present study, both patients with OSA and GSs showed efficient economic small-world organization in the DMN. Although the DMN has small-world properties, our results identified decreased Cp and Eloc of the DMN in patients with OSA. Thus, individuals with OSA likely have sparse connectivity and disconnections between adjacent brain regions in the DMN, resulting in decreased Cp and Eloc. Cp is a metric that quantifies the strength of network segregation (50). The present results indicate a decline in functional differentiation in the DMN, suggesting that highly local specialization and the integrity of the DMN may be impaired in patients with OSA. Eloc essentially reflects the fault tolerance of the network and the capacity for transmitting information over local networks (45). Our finding of a decreased Eloc suggests disrupted DMN architecture in patients with OSA that is characterized by higher vulnerability and a decreased capacity for regional information processing. Moreover, Cp was negatively correlated with the MoCA score and delayed memory, further illustrating that disrupted global topology of the DMN influence cognitive impairments in patients with OSA, including delayed memory and memory extraction.

Regional Network Measures

Nodal betweenness centrality, nodal efficiency, and nodal degree were combined to compare the regional topological organization between patients with OSA and GSs in our study. Deceased nodal centrality was identified in the PCC and dMPFC. The PCC has strong reciprocal connections with other structures involved in cognitive function (51), the collection and evaluation of information, attention processing, personal significance, and evoked emotion (16). Previous structural neuroimaging studies have observed decreased GMV (52) and white matter integrity (53) in the PCC in patients with OSA. Furthermore, patients with OSA show decreased brain activation, decreased degree centrality, and FC alterations in the PCC (17, 18, 20, 21, 54). DMN dysfunction is associated with impairments in cognitive performance (55, 56). Intermittent hypoxia is a major factor in DMN dysfunction in patients with OSA (14, 21). We also observed a positive correlation between the nodal degree of the left PCC and nadir SaO2, suggesting that the functional damage of the PCC was related to intermittent hypoxia, which may be a major factor involved in DMN dysfunction and may further explain cognitive dysfunction in patients with OSA.

The dMPFC subsystem includes the dMPFC, temporal parietal junction, lateral temporal cortex, and TempP, which are involved in social cognition, metacognition, and mental state inference (16). Patients with OSA displayed decreased FC and reduced GMV in the MPFC of the anterior DMN, indicating structural and functional deficits (20). The OSA group showed decreased nodal centrality of the dMPFC, but a compensatory increase in nodal centrality of the ventral medial prefrontal cortex in the present study, which may also confirm the deficiency in the dMPFC subsystem of the DMN in patients with OSA.

The PHC plays an important role in episodic memory, autobiographical memory and episodic simulation, spatial memory, scene perception, and spatial navigation (47). Previous voxel-based morphometry studies revealed that atrophy (57) and regional cerebral blood flow were significantly reduced in the bilateral PHC (58), which may be related to cognitive impairments in patients with OSA. Nevertheless, we found a compensatory increase in nodal centrality in the right PHC, which was positively correlated with delayed memory, may partially explain the deficits in memory, spatial learning, memory extraction and attention in patients with OSA.

Limitations

Several limitations in this study should be addressed. First, we only revealed the small-world properties of the DMN, but patients with OSA exhibited disruptions in the DMN, as well as the SN and CEN (15). Therefore, further investigations of other specific brain networks are necessary. Second, we only specifically selected 20 nodes of the DMN (16) and characterized the DMN using an unbiased seed-based FC approach. More nodes of the DMN should be used to construct the DMN and the present findings should be validated by ICA. Third, the global network measures, nodal centrality, and ROI-ROI FC results were not corrected by multiple comparisons, meaning that this study should be considered an exploratory analysis. In addition, a more detailed neuropsychological assessment questionnaire must be used to obtain more interesting data.

CONCLUSION

In the current GRAPPA study, patients with OSA showed disrupted FC and topological reorganization of the DMN. Abnormal DMN FC may contribute to the topological configuration of the DMN and cognitive impairment in patients with OSA. These results provide important insights into the neurobiological mechanisms of both disrupted FC and disrupted network properties of the DMN, which may partially account for the impaired cognitive function in patients with OSA.
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Objective: To identify narcolepsy related regional brain activity alterations compared with matched healthy controls. To determine whether these changes can be used to distinguish narcolepsy from healthy controls by recursive partitioning analysis (RPA) and receiver operating characteristic (ROC) curve analysis.

Method: Fifty-one narcolepsy with cataplexy patients (26 adults and 25 juveniles) and sixty matched heathy controls (30 adults and 30 juveniles) were recruited. All subjects underwent a resting-state functional magnetic resonance imaging scan. Fractional low-frequency fluctuations (fALFF) was used to investigate narcolepsy induced regional brain activity alterations among adult and juveniles, respectively. Recursive partitioning analysis and Receiver operating curve analysis was used to seek the ability of fALFF values within brain regions in distinguishing narcolepsy from healthy controls.

Results: Compared with healthy controls, both adult and juvenile narcolepsy had lower fALFF values in bilateral medial superior frontal gyrus, bilateral inferior parietal lobule and supra-marginal gyrus. Compared with healthy controls, both adult and juvenile narcolepsy had higher fALFF values in bilateral sensorimotor cortex and middle temporal gyrus. Also juvenile narcolepsy had higher fALFF in right putamen and right thalamus compared with healthy controls. Based on RPA and ROC curve analysis, in adult participants, fALFF differences in right medial superior frontal gyrus can discriminate narcolepsy from healthy controls with high degree of sensitivity (100%) and specificity (88.9%). In juvenile participants, fALFF differences in left superior frontal gyrus can discriminate narcolepsy from healthy controls with moderate degree of sensitivity (57.1%) and specificity (88.9%).

Conclusion: Compared with healthy controls, both the adult and juvenile narcolepsy showed overlap brain regions in fALFF differences after case-control comparison. Furthermore, we propose that fALFF value can be a helpful imaging biomarker in distinguishing narcolepsy from healthy controls among both adults and juveniles.
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INTRODUCTION

Narcolepsy is a chronic sleep disorder, characterized by excessive daytime sleepiness, cataplexy, sleep paralysis, hypnagogic, and hypnopompic hallucination and disturbed nocturnal sleep. A deficient endogenous orexin system due to neuronal degeneration in the hypothalamus is the main pathophysiology of the narcolepsy in the human (1). It is indicated that loss of hypocretin is thought to be an underlying cause to the sleep-related changes and cataplexy, also deficiency in hypocretin system can result in the abnormal cognition and emotion observed in narcolepsy patients (2).

In the past decades, neuroimaging techniques have played an important role in the understanding of physiology and pathology in human sleep medicine (3, 4). Changes in brain structure and function have been investigated in hypersomnia and narcolepsy (5–8). These studies include the measurement of brain structure, such as voxel-based morphometry, diffusion tensor imaging, and metabolic studies using spectroscopy, as well as functional view, such as positron emission tomography (PET), single photon emission computed tomography (SPECT), and functional magnetic resonance imaging (fMRI). Detection of local dysfunction is crucial to the clinical research and clinical practice. Results from previous neuroimaging studies suggested that reduction of hypocretin can lead to attenuation in both resting state glucose metabolism and perfusion within cortex (9). Abnormal perfusion and glucose metabolism in the hypothalamus and prefrontal cortex has been detected among narcolepsy using PET and SPECT (5, 10). A very recent PET research in a large group of junior narcolepsy patients observed that abnormality in many frontal and subcortical brain areas, exhibited significantly correlation with neuro-cognition performance (7).

Resting state fMRI can provide information about spontaneous brain activity by assessment of blood oxygen level dependent (BOLD) signal fluctuations. The resting BOLD signal fluctuations are thought to represent spontaneous and functional process, although on a slower time response. Brain regions involved in specific task or stimuli display coherent low BOLD signal fluctuations in the resting state. Amplitude of low-frequency fluctuations (ALFF), in which the square root of power spectrum was integrated in a low-frequency range, was developed for detecting the local intensity of BOLD signal fluctuations (11). ALFF has already been applied to fMRI studies about attention deficit hyperactivity disorder and Alzheimer's disease, also in the exploration of neural mechanism of sleep disorders, such as insomnia, sleep deprivation and sleep apnea (11–14). Although ALFF was considered to be a useful tool in detecting the regional neural activity, physiological noise, such as the repetition times in MRI scan and so on, are not critically considered in the ALFF calculation. Therefore, a modified calculation called fractional amplitude of low-frequency fluctuation (fALFF), which means the ratio of the power spectrum of low frequency (0.01–0.08 Hz) to that of the entire frequency range, has been proven to suppress non-specific noise components and improve the effectiveness in exploring local BOLD signals (15). Considering the robustness and stability of ALFF and fALFF calculation, both the ALFF and fALFF can be indicated as potential biomarkers in neuroimaging studies (16).

Recursive partitioning analysis (RPA) could provide a simple, straightforward and intuitive method to classify subjects or to identify synergistic interaction among numerous factors (17, 18). RPA is considered to be a machine learning method and usually requires a large sample to establish a classification model from a training data and verify this model by another test sample. RPA can be realized through computer and many medical care studies have used RPA to detect prognostic and risk factors (19, 20), as well as diagnosis in imaging study (21). Classification and regression tree (CRT) analysis is a kind of tree-building technique from RPA to the generation of clinical decision rules (22). It is a non-parametric method for multi-model numerical data and categorical predictors, also suitable for managing the interactions between predictors which are crucial in determining the outcome. The CRT is a relatively data-driven machine learning calculation, which produces decision tree model easy to interpret (22).

In the present study, we hypothesized that fALFF has the ability to indicate narcolepsy induced neurobiological mechanism with the location of altered neural brain activity, and further distinguish narcolepsy from healthy controls with excellent sensitivity and specificity. Specifically, classification and regression tree form recursive portioning analysis (RPA) and receiver operating characteristic (ROC) curve analysis were used to investigate and validate the ability of fALFF values in distinguishing narcolepsy from healthy controls.

MATERIALS AND METHODS

Participants

Twenty six adult narcolepsy patients and another 25 juvenile patients were recruited as newly diagnosed narcolepsy with cataplexy according to the International Classification of Sleep Disorders (ICSD)-3 (23) from the Sleep Medicine Center of the Respiratory Department at Peking University People's Hospital between November 2016 and February 2018. Another 60 gender- and age- matched healthy volunteers (30 juveniles and 30 adults) were recruited from the hospital and community (Table 1). None of healthy controls had any consistent psychiatric or neurologic condition producing excessive daytime sleepiness. All narcolepsy cases were the first-time visitors and previously had never taken psychiatric stimulant medications. The clinical diagnosis of narcolepsy was made by a sleep specialist based on both excessive daytime sleepiness lasting more than 3 months and defined history of cataplexy, according to the International Classification of Sleep Disorders criteria for narcolepsy. The final diagnosis of narcolepsy was confirmed by a polysomnogram followed by a next day multiple sleep latency test (MSLT). Detailed information, including the presentation of excessive daytime sleepiness and cataplexy, hypnagogic hallucinations, and sleep paralysis, were obtained from patients.


Table 1. Demography for narcolepsy patients and healthy controls.
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The exclusion criteria for both narcolepsy and normal subjects were as follows: (1) other sleep disorders, such as obstructive sleep apnea, insomnia; (2) diabetes, and chronic obstructive pulmonary disease and heart disease; (3) neurological diseases and structural lesion based on brain MRI findings; (4) psychosis disorder; (5) alcohol, drug, and substance abuse; (6) inborn or congenital diseases; (7) MRI contraindications, such as claustrophobia or foreign implants in the body.

This research was performed in accordance with the ethical guidelines of the Declaration of Helsinki (version 2002) and was approved by the Medical Ethics Committee of Peking University People's University. All participants provided written informed consent.

Imaging Data Acquisition

MRI examination was performed exactly following the daytime MSLT. MRI data were obtained on 3T (3 Tesla) scanner (Siemens, Skyra, Germany) using an 8-channel brain phased-array coil. Foam pads were used to minimize subject head motion, and headphones were used to reduce scanner noise. Resting BOLD MRI scans were obtained with gradient-echo planar imaging (TR = 2030 ms, TE = 30ms, slice = 33, FA = 90°, FOV = 224 × 224 mm, matrix = 64 × 64, voxel size = 3.5 × 3.5 × 3.5), after the BOLD MRI scan, a high-resolution T1-weighted structural image was acquired with the following parameters: TR = 1900 ms, TE = 2.55 ms, FA = 9°, FOV = 240 × 240 mm, thickness = 1 mm. A total 240 brain functional volumes were acquired in the resting BOLD MRI scans. All participants, including patients and controls were asked to resist sleeping in order to remain fully awake (5, 24), not to move and keep eye open during the whole MRI scan, supervised clinically and by video both a physician and a technician during the whole process. In addition, we controlled for the absence of emotional triggering factors during the entire process to avoid cataplexy-related events.

Functional Imaging Data Analysis

Functional MRI data preprocessing was performed using the Data Processing & Analysis for Resting State Brain Imaging V2.1 [DPABI V2.1 (25)], which works with Statistical Parametric Mapping (SPM8) implemented in the MATLAB (The Math Works, Inc., Natick, MA, USA) platform. The first 5 functional volume images of each subject's dataset were discarded, then the remaining fMRI data were corrected for slice timing and realigned for motion correction. Participants with head motion exceeding 3 mm in translation and 3° in rotation were rejected. Anatomical and functional images were manually reoriented to the anterior commissure, and structural images were co-registered to the functional images for each subject using a linear transformation. Also the transformed structural images were segmented into gray matter, white matter, and cerebrospinal fluid by the new segmentation in SPM8. For adult participants, the functional images were normalized to the standard Montreal Neurological Institute (MNI) space template with a resampling voxel size of 3 × 3 × 3 mm. For juvenile participants, the functional images were normalized to the CCHMC pediatric brain template (irc.cchmc.org, The imaging research center, Cincinnati Children's Hospital Medical Center) (26) with a resampling voxel size of 3 × 3 × 3 mm. The normalized functional images were smoothed using a Gaussian filter 4 mm FWHM. Linear trends were removed within each time series. The covariates were regressed out from the time series of every voxel, including the white matter signal, cerebrospinal fluid signal, Friston 24 motion parameters (27, 28) and the global signal. The calculation of the fALFF have been reported in previous studies (15). After fALFF calculation, the time series were filtered using typical temporal bandpass (0.01–0.1Hz) to reduce low-frequency drift, physiological high-frequency respiratory and cardiac noise. To reduce the global effects of variability across the participants, the individual fALFF map was transformed to Z score (minus the global mean value and then divided by the standard deviation) other than simply being divided by the global mean (15).

STATISTICAL ANALYSIS

Demographic Data

The demographic data differences between narcolepsy and healthy controls were computed by independent two sample t-test with the IBM Statistical Package for the Social Sciences 23.0 software (IBM SPSS Inc., Chicago, IL, USA). We set the significance level at P < 0.05. Values are expressed as the mean ± SD or median (25%quartile, 75%quartile).

Between Group Differences in FALFF

A two-sample t-test was performed between narcolepsy and controls using age, gender, and years of education as nuisance covariates to assess case-control comparison in fALFF among adults and juveniles, respectively, corrected for false discovery rate (FDR, P < 0.05).

Recursive Partitioning Analysis (RPA)

Narcolepsy cases and healthy controls were randomly split into testing data and validation data in the proportion of 7:3, respectively. Testing data was used to develop decision tree model by recursive partitioning analysis (70%) and validation data was used to test the developed model (30%). In the analysis of between group fALFF differences, the brain regions showing statistically significant in adults or juveniles were selected as ROI seeds, respectively, then the mean fALFF value in the region of interesting (ROI) regions were extracted. Recursive partitioning analysis was performed using mean fALFF values within ROI regions showing group differences in adults or juveniles, respectively. We chose the Classification and Regression Trees (CRT) technique in the process of RPA to define narcolepsy or control. The criteria for splitting node including the following: child nodes derived from a parent node should be as homogeneous as possible with the dependent variables, corresponding cut-off points should result in the minimal P value, provides the minimal P value was ≤ 0.0001 (29). Terminal nodes were identified to a class when the significant level of comparison between 2 terminal nodes was >0.05 (29). As for the validation data, sensitivity, specificity, false positive rate (FPR), false negative rate (FNR), positive predictive value (PPV), negative predictive value (NPV), and accuracy were calculated according to the fALFF value cut-off obtained on the basis of developed decision tree model. ROC analysis was applied to measure the discrimination of the decision tree model. RPA process and ROC curve statistical analysis was performed with R (http://www.R-project.org) and Empower-Stats software (www.empowerstats.com, X&Y solutions, Inc., Boston, MA, USA).

RESULTS

Demographic Data

As shown in Table 1, there were no significant differences between narcolepsy and healthy controls in age, gender, years of education.

Differences in FALFF Between Narcolepsy and Healthy Controls

In adult participants, compared with healthy controls, narcolepsy had lower fALFF values in bilateral medial superior frontal gyrus (SFGmed), bilateral inferior parietal lobule (IPL) and left supra-marginal gyrus (SMG). Compared with healthy controls, narcolepsy had higher fALFF values in bilateral sensorimotor cortex (SMC) and bilateral middle temporal gyrus (MTG) (Figures 1A, 2A and Table S1). In juvenile participants, compared with healthy controls, narcolepsy had lower fALFF values in bilateral medial superior frontal gyrus, bilateral inferior parietal lobule, left superior frontal gyrus (SFG), and right supra-marginal gyrus. Compared with healthy controls, narcolepsy had higher fALFF values in bilateral sensorimotor cortex, right middle temporal gyrus, right putamen and right thalamus (Figures 1B, 2B and Table S1).
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FIGURE 1. Two-sample t-test results for fALFF between narcolepsy and healthy controls among adults (A) and juveniles (B).
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FIGURE 2. Mean fALFF values differences in regional brain areas between narcolepsy and healthy controls among adults (A) and juveniles (B). SFGmed, medial superior frontal gyrus; MTG, middle temporal gyrus; SMG, supra-marginal gyrus; IPL, inferior parietal lobule; PoCG, postcentral gyrus; PreCG, precentral gyrus; PUT, putamen; THA, thalamus; SFG, superior frontal gyrus. L, left; R, right.



Recursive Partitioning Analysis (RPA) of FALFF Values

In adult participants, 18 narcolepsy cases (18/26, 69%) and 21 healthy controls (21/30, 70%) were used as testing data in the recursive partitioning analysis and the developed decision tree model was shown in Figure 3A. In juvenile participants, 18 narcolepsy cases (18/25, 72%) and 21 healthy controls (21/30, 70%) were used as testing data in the recursive partitioning analysis and the developed decision tree model was shown in Figure 3B. The cut-off fALFF values of these nodes were also shown in the decision tree model (Figure 3). In adult participants, 8 narcolepsy cases (8/26, 31%) and 9 healthy controls (9/30, 30%) were used as validation data in the ROC analysis of developed decision tree model (Figure 4A). When decision tree model applied to the validation data, it revealed the sensitivity was 100%, and the specificity 88.9%. The FPR was 11.1% and the FNR was 0. Meanwhile the model showed the PPV of 88.9%, the NPV of 100%, and the accuracy of 94.1% (Table 2). In juvenile participants, 7 narcolepsy cases (7/25, 28%) and 9 healthy controls (9/30, 30%) were used as validation data in the ROC analysis of developed decision tree model (Figure 4B). When decision tree model applied to the validation data, it revealed the sensitivity was 57.1%, and the specificity 88.9%. The FPR was 11.1% and the FNR was 42.9%. Meanwhile the model showed the PPV of 80%, the NPV of 72.7% and the accuracy of 75% (Table 2).
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FIGURE 3. RPA process results of classification and regression tree about fALFF values within two brain regions between narcolepsy and healthy controls among adults (A) and juveniles (B). As for each box, the binary value in the top represents group (0, healthy controls; 1, narcolepsy); as for the ratio in the middle, numerator means the size of patients or controls in the box and it is reflected by the top binary value, denominator means sample size in the box; the percentage in the bottom means the percentage of each box sample size in the tree. As for a brain region (or a splitting node), the cut-off fALFF value was also shown. SFGmed, medial superior frontal gyrus; SFG, superior frontal gyrus. L, left; R, right.
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FIGURE 4. The validation ROC curve of each brain region based on results from RPA analysis for distinguishing narcolepsy from healthy controls among adults (A) and juveniles (B). SFGmed, medial superior frontal gyrus; SFG, superior frontal gyrus. L, left; R, right.




Table 2. Validation for Decision tree model about fALFF differences in brain regions between narcolepsy and healthy control.
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DISCUSSION

This study compared fALFF differences in both adult and juvenile narcolepsy patients with those in a group of matched healthy controls. Specially, compared with healthy controls, we identified some overlap brain regions showing significantly different fALFF values in both adult and juvenile narcolepsy patients, including bilateral medial superior frontal gyrus, bilateral sensorimotor cortex, supra-marginal gyrus, middle temporal gyrus, and bilateral inferior parietal lobule. It has been revealed that utility of ROC curve analysis in neuroimaging can distinguish one group of participants from another group of participants (13, 14). Furthermore, by using recursive partitioning analysis and ROC curve analysis, we speculated that the fALFF values in some brain regions were excellent in discriminating narcolepsy subjects from healthy controls in both adults and juvenile with high AUC value.

Low-frequency fluctuation measures are widely used for the assessment of group differences in many previous resting-state studies focusing on clinical case-control comparison (16). Furthermore, standardization has been identified effective in eliminating the dependency of fALFF values on subjective motion (16), so Z score of fALFF (i.e., standardization of fALFF) was used in the between group comparison. In both the adult and juvenile participants, narcolepsy patients showed decreased fALFF in bilateral SFGmed, bilateral supra-marginal gyrus and bilateral IPL compared with healthy controls, while narcolepsy patients showed increased fALFF in bilateral SMC and bilateral middle temporal gyrus compared with healthy controls. Both the medial frontal cortex, supra-marginal gyrus, and parietal lobe are abundant in hypocretin projection (30, 31), which can explain the reduced fALFF value in these regions among narcolepsy due to hypocretin deficiency, consistent with two previous positron emission tomography studies (7, 8). Increased fALFF in bilateral SMC, extending to bilateral paracentral lobule (Figure 1), may be a compensation of hypocretin deficiency in motor cortex among narcolepsy, although a contradictory result has been reported hypo-activity in sensorimotor cortex in narcolepsy by transcranial magnetic stimulation (TMS) in a previous study (32). Increased glucose metabolism in temporal lobe has been indicated in previous studies (7, 24), which was consistent with increased fALFF value in middle temporal gyrus in the present study result. Such increased fALFF value or hyper-metabolism in temporal lobe may be related to transient activation of this region, compensation for the hypocretin deficiency.

Meanwhile, especially in juvenile narcolepsy, higher fALFF value in right putamen and right thalamus can be detected compared with healthy controls. Putamen is a component of the salience network (24). The salience network is responsible for integration of sensory and attention information, initiation of responses to significant stimuli as a function of top-down attention and cognitive control process (33, 34). The salience network is also thought to maintain the tonic of alertness, correlated with sympathetic regions (35, 36). Also thalamus is a core brain region responsible for sympathetic regulation, arousal, and wakefulness (35, 36). In our resting-state fMRI study, for drug-free narcolepsy patients, it requires a specific order to resist sleepiness during the MRI scan. The increased fALFF in putamen and thalamus among juvenile narcoleptic patients reinforced its major role in the reservation of the awaking status and the activated sympathetic nervous system. The relatively increased fALFF may reflect the patients' subjective effort to maintain vigilance, consistent with already reported in obstructive sleep apnea (37), in Kleine-Levin syndrome (38) and in PET narcolepsy study (24).

Interestingly, based on the results of classification and regression tree from recursive partitioning analysis, validated ROC curve analysis indicates that in adult participants the fALFF value in right SFGmed alone could discriminate narcolepsy from healthy controls with high degree of sensitivity, specificity, and accuracy (Figure 4A). Also in juvenile participants, the validated ROC curve indicated that the fALFF value in left SFG alone could also discriminate narcolepsy from healthy controls with moderate degree of sensitivity, specificity and accuracy (Figure 4B). Although there were many brain regions showing fALFF value differences between groups, just one brain region was necessary to discriminate narcolepsy from healthy controls in adults and juveniles, respectively.

The present study has some limitations. Small sample size and single setting should be the first consideration in limitations, especially in the validation data, small sample size may lead to some bias and confounding. Also participants in this study all come from China, which may potentially be not applicable to other ethnic groups. While being fully awake during the whole examination as controlled clinically and by video, but the vigilance state was not monitored through synchronous EEG recording during the MRI scan. Our design cannot directly confirm the absence of short fluctuations in alertness and even short sleep events during the MRI process. Further simultaneous EEG-fMRI studies based on large samples are necessary to confirm our preliminary results on fALFF value differences between narcolepsy and healthy controls, also to compare narcolepsy patients with other hypersomnia and sleep deprivation in resting wakefulness.

To conclude, compared with healthy controls, both the adult and juvenile narcolepsy showed overlap brain regions in fALFF differences after case-control comparison. Furthermore, we propose that fALFF value can be a helpful imaging biomarker in distinguishing narcolepsy from healthy controls among both adults and juveniles.

ETHICS STATEMENT

This study was approved by the Ethical Committee of the Peking University People's Hospital.

AUTHOR CONTRIBUTIONS

ZJ and HF designed the study. XF, LC, ZD, ZQ, and ZW carried out the study. XF performed data analysis and wrote the manuscript.

FUNDING

This work was supported by the National Natural Science Foundation of China (81700088), National Natural Science Foundation of China (81671765), Key International (Regional) Cooperation Program of National Natural Science Foundation of China (81420108002), National Program on Key Basic Research Project of China (973 Program, 2015CB856405), and Beijing Municipal Natural Science Foundation (7172121).

ACKNOWLEDGMENTS

We thank all the patients and healthy volunteers for their collaboration.

SUPPLEMENTARY MATERIAL

The Supplementary Material for this article can be found online at: https://www.frontiersin.org/articles/10.3389/fneur.2018.00936/full#supplementary-material

Table S1. Significant differences in fALFF value between narcolepsy patients and healthy controls.

Table S2. Original data for testing RPA and validated ROC analysis.

ABBREVIATIONS

fMRI, Functional magnetic resonance imaging; PET, Positron emission tomography; SPECT, Single photon emission computed tomography; BOLD, Blood oxygen level dependent; ROC, Receiver operating characteristic; MSLT, Multiple sleep latency test; RPA, Recursive partitioning analysis; AUC, Area under the curve

REFERENCES

 1. Nishino S, Okuro M, Kotorii N, Anegawa E, Ishimaru Y, Matsumura M, et al. Hypocretin/orexin and narcolepsy: new basic and clinical insights. Acta Physiol. (2010) 198:209–22. doi: 10.1111/j.1748-1716.2009.02012.x

 2. Bayard S, Croisier Langenier M, Cochen De Cock V, Scholz S, Dauvilliers Y. Executive control of attention in narcolepsy. PLoS ONE (2012) 7:e33525. doi: 10.1371/journal.pone.0033525

 3. Desseilles M, Dang-Vu T, Schabus M, Sterpenich V, Maquet P, Schwartz S. Neuroimaging insights into the pathophysiology of sleep disorders. Sleep (2008) 31:777–94. doi: 10.1093/sleep/31.6.777

 4. Engstrom M, Hallbook T, Szakacs A, Karlsson T, Landtblom AM. Functional magnetic resonance imaging in narcolepsy and the kleine-levin syndrome. Front Neurol. (2014) 5:105. doi: 10.3389/fneur.2014.00105

 5. Dauvilliers Y, Comte F, Bayard S, Carlander B, Zanca M, Touchon J. A brain PET study in patients with narcolepsy-cataplexy. J Neuro Neurosurg Psychiatry (2010) 81:344–8. doi: 10.1136/jnnp.2009.175786

 6. Joo EY, Hong SB, Tae WS, Kim JH, Han SJ, Cho YW, et al. Cerebral perfusion abnormality in narcolepsy with cataplexy. NeuroImage (2005) 28:410–6. doi: 10.1016/j.neuroimage.2005.06.019

 7. Huang YS, Liu FY, Lin CY, Hsiao IT, Guilleminault C. Brain imaging and cognition in young narcoleptic patients. Sleep Med. (2016) 24:137–44. doi: 10.1016/j.sleep.2015.11.023

 8. Joo EY, Tae WS, Kim JH, Kim BT, Hong SB. Glucose hypometabolism of hypothalamus and thalamus in narcolepsy. Ann Neurol. (2004) 56:437–40. doi: 10.1002/ana.20212

 9. Drissi NM, Szakacs A, Witt ST, Wretman A, Ulander M, Stahlbrandt H, et al. Altered brain microstate dynamics in adolescents with narcolepsy. Front Hum Neurosci. (2016) 10:369. doi: 10.3389/fnhum.2016.00369

 10. Hong SB, Tae WS, Joo EY. Cerebral perfusion changes during cataplexy in narcolepsy patients. Neurology (2006) 66:1747–9. doi: 10.1212/01.wnl.0000218205.72668.ab

 11. Zang YF, He Y, Zhu CZ, Cao QJ, Sui MQ, Liang M, et al. Altered baseline brain activity in children with ADHD revealed by resting-state functional MRI. Brain Dev. (2007) 29:83–91. doi: 10.1016/j.braindev.2006.07.002

 12. He Y, Wang L, Zang Y, Tian L, Zhang X, Li K, et al. Regional coherence changes in the early stages of Alzheimer's disease: a combined structural and resting-state functional MRI study. NeuroImage (2007) 35:488–500. doi: 10.1016/j.neuroimage.2006.11.042

 13. Li HJ, Dai XJ, Gong HH, Nie X, Zhang W, Peng DC. Aberrant spontaneous low-frequency brain activity in male patients with severe obstructive sleep apnea revealed by resting-state functional MRI. Neuropsychiatr Dis Treat. (2015) 11:207–14. doi: 10.2147/NDT.S73730

 14. Dai XJ, Nie X, Liu X, Pei L, Jiang J, Peng DC, et al. Gender differences in regional brain activity in patients with chronic primary insomnia: evidence from a resting-state fMRI study. J Clin Sleep Med. (2016) 12:363–74. doi: 10.5664/jcsm.5586

 15. Zou QH, Zhu CZ, Yang Y, Zuo XN, Long XY, Cao QJ, et al. An improved approach to detection of amplitude of low-frequency fluctuation (ALFF) for resting-state fMRI: fractional ALFF. J Neurosci Methods (2008) 172:137–41. doi: 10.1016/j.jneumeth.2008.04.012

 16. Kublbock M, Woletz M, Hoflich A, Sladky R, Kranz GS, Hoffmann A, et al. Stability of low-frequency fluctuation amplitudes in prolonged resting-state fMRI. NeuroImage (2014) 103:249–257. doi: 10.1016/j.neuroimage.2014.09.038

 17. Cook EF, Goldman L. Empiric comparison of multivariate analytic techniques: advantages and disadvantages of recursive partitioning analysis. J Chron Dis. (1984) 37:721–31. doi: 10.1016/0021-9681(84)90041-9

 18. Kang S, Kim HS, Kim S, Kim W, Han I. Post-metastasis survival in extremity soft tissue sarcoma: a recursive partitioning analysis of prognostic factors. Eur J Cancer (2014) 50:1649–56. doi: 10.1016/j.ejca.2014.03.003

 19. Niwinska A, Murawska M. New breast cancer recursive partitioning analysis prognostic index in patients with newly diagnosed brain metastases. Int J Radiat Oncol Biol Phys. (2012) 82:2065–71. doi: 10.1016/j.ijrobp.2010.10.077

 20. Suzuki H, Asami K, Hirashima T, Okamoto N, Yamadori T, Tamiya M, et al. Stratification of malignant pleural mesothelioma prognosis using recursive partitioning analysis. Lung (2014) 192:191–5. doi: 10.1007/s00408-013-9516-y

 21. Onuma K, Ishikawa E, Matsuda M, Hirata K, Osuka S, Yamamoto T, et al. Clinical characteristics and neuroimaging findings in 12 cases of recurrent glioblastoma with communicating hydrocephalus. Neurologia Medico-Chirurgica (2013) 53:474–81. doi: 10.2176/nmc.53.474

 22. Fei Y, Gao K, Hu J, Tu J, Li WQ, Wang W, et al. Predicting the incidence of portosplenomesenteric vein thrombosis in patients with acute pancreatitis using classification and regression tree algorithm. J Crit Care (2017) 39:124–130. doi: 10.1016/j.jcrc.2017.02.019

 23. AAo Medicine S. The International Classification of Sleep Disorders. 3rd edn, Westchester, (2014).

 24. Dauvilliers Y, Evangelista E, de Verbizier D, Barateau L, Peigneux P. 18F.fludeoxyglucose-positron emission tomography evidence for cerebral hypermetabolism in the awake state in narcolepsy and idiopathic hypersomnia. Front Neurol. (2017) 8:350. doi: 10.3389/fneur.2017.00350

 25. Yan CG, Wang XD, Zuo XN, Zang YF. DPABI: Data processing & analysis for (Resting-State) brain imaging. Neuroinformatics (2016) 14:339–51. doi: 10.1007/s12021-016-9299-4

 26. Wilke M, Schmithorst VJ, Holland SK. Assessment of spatial normalization of whole-brain magnetic resonance images in children. Hum Brain Mapp. (2002) 17:48–60. doi: 10.1002/hbm.10053

 27. Friston KJ, Williams S, Howard R, Frackowiak RS, Turner R. Movement-related effects in fMRI time-series. Magn Reson Med. (1996) 35:346–55. doi: 10.1002/mrm.1910350312

 28. Yan CG, Craddock RC, He Y, Milham MP. Addressing head motion dependencies for small-world topologies in functional connectomics. Front Hum Neurosci. (2013) 7:910. doi: 10.3389/fnhum.2013.00910

 29. Chang YJ, Chung KP, Chen LJ, Chang YJ. Recursive partitioning analysis of lymph node ratio in breast cancer patients. Medicine (2015) 94:e208. doi: 10.1097/MD.0000000000000208

 30. Taheri S, Zeitzer JM, Mignot E. The role of hypocretins (orexins) in sleep regulation and narcolepsy. Ann Rev Neurosci. (2002) 25:283–313. doi: 10.1146/annurev.neuro.25.112701.142826

 31. Del Cid-Pellitero E, Garzon M. Hypocretin1/orexinA-immunoreactive axons form few synaptic contacts on rat ventral tegmental area neurons that project to the medial prefrontal cortex. BMC Neurosci. (2014) 15:105. doi: 10.1186/1471-2202-15-105

 32. Oliviero A, Della Marca G, Tonali PA, Pilato F, Saturno E, Dileone M, et al. Functional involvement of cerebral cortex in human narcolepsy. J Neurol. (2005) 252:56–61. doi: 10.1007/s00415-005-0598-1

 33. Uddin LQ. Salience processing and insular cortical function and dysfunction. Nat Rev. (2015) 16:55–61. doi: 10.1038/nrn3857

 34. Spetsieris PG, Ko JH, Tang CC, Nazem A, Sako W, Peng S, et al. Metabolic resting-state brain networks in health and disease. Proc Natl Acad Sci USA. (2015) 112:2563–8. doi: 10.1073/pnas.1411011112

 35. Sadaghiani S, Scheeringa R, Lehongre K, Morillon B, Giraud AL, Kleinschmidt A. Intrinsic connectivity networks, alpha oscillations, and tonic alertness: a simultaneous electroencephalography/functional magnetic resonance imaging study. J Neurosci. (2010) 30:10243–50. doi: 10.1523/JNEUROSCI.1004-10.2010

 36. Beissner F, Meissner K, Bar KJ, Napadow V. The autonomic brain: an activation likelihood estimation meta-analysis for central processing of autonomic function. J Neurosci. (2013) 33:10503–11. doi: 10.1523/JNEUROSCI.1103-13.2013

 37. Ayalon L, Ancoli-Israel S, Klemfuss Z, Shalauta MD, Drummond SP. Increased brain activation during verbal learning in obstructive sleep apnea. NeuroImage (2006) 31:1817–25. doi: 10.1016/j.neuroimage.2006.02.042

 38. Dauvilliers Y, Bayard S, Lopez R, Comte F, Zanca M, Peigneux P. Widespread hypermetabolism in symptomatic and asymptomatic episodes in Kleine-Levin syndrome. PLoS One (2014) 9:e93813. doi: 10.1371/journal.pone.0093813

Conflict of Interest Statement: The authors declare that the research was conducted in the absence of any commercial or financial relationships that could be construed as a potential conflict of interest.

Copyright © 2018 Fulong, Chao, Dianjiang, Qihong, Wei, Jun and Fang. This is an open-access article distributed under the terms of the Creative Commons Attribution License (CC BY). The use, distribution or reproduction in other forums is permitted, provided the original author(s) and the copyright owner(s) are credited and that the original publication in this journal is cited, in accordance with accepted academic practice. No use, distribution or reproduction is permitted which does not comply with these terms.







	 
	ORIGINAL RESEARCH
published: 18 May 2018
doi: 10.3389/fneur.2018.00355





[image: image1]

Lack of Association Between Shape and Volume of Subcortical Brain Structures and Restless Legs Syndrome

Marco Hermesdorf1*, Benedikt Sundermann2, Rajesh Rawal1, András Szentkirályi1, Udo Dannlowski3 and Klaus Berger1

1 Institute of Epidemiology and Social Medicine, University of Münster, Münster, Germany

2 Department of Clinical Radiology, University Hospital Münster, Münster, Germany

3 Department of Psychiatry, University of Münster, Münster, Germany

OPEN ACCESS

Edited by:

Kai Spiegelhalder, Universitätsklinikum Freiburg, Germany

Reviewed by:

Martin Gorges, Universität Ulm, Germany
Katja Menzler, Philipps-Universität Marburg, Germany

*Correspondence:

Marco Hermesdorf
hermesdorf@uni-muenster.de

Specialty section:

This article was submitted to Applied Neuroimaging, a section of the journal Frontiers in Neurology

Received: 22 December 2017
Accepted: 01 May 2018
Published: 18 May 2018

Citation:

Hermesdorf M, Sundermann B, Rawal R, Szentkirályi A, Dannlowski U and Berger K (2018) Lack of Association Between Shape and Volume of Subcortical Brain Structures and Restless Legs Syndrome. Front. Neurol. 9:355. doi: 10.3389/fneur.2018.00355

Objective: Previous studies on patients with restless legs syndrome (RLS) yielded inconclusive results in the magnetic resonance imaging (MRI)-based analyses of alterations of subcortical structures in the brain. The aim of this study was to compare volumes as well as shapes of subcortical structures and the hippocampus between RLS cases and controls. Additionally, the associations between the genetic risks for RLS and subcortical volumes were investigated.

Methods: We compared volumetric as well as shape differences assessed by 3 T MRI in the caudate nucleus, hippocampus, globus pallidus, putamen, and thalamus in 39 RLS cases versus 117 controls, nested within a population-based sample. In a subsample, we explored associations between known genetic risk markers for RLS and the volumes of the subcortical structures and the hippocampus.

Results: No significant differences between RLS cases and controls in subcortical and hippocampal shapes and volumes were observed. Furthermore, the genetic risk for RLS was unrelated to any alterations of subcortical and hippocampal gray matter volume.

Interpretation: We conclude that neither RLS nor the genetic risk for the disease give rise to changes in hippocampal and subcortical shapes and gray matter volumes.

Keywords: restless legs syndrome, gray matter volume, subcortical brain structures, genetic risk, risk alleles

INTRODUCTION

Restless legs syndrome (RLS) is a sensorimotor disorder affecting 2.5–10% of the general population (1). RLS is characterized by unpleasant sensations in the legs or other extremities combined with an urge to move in order to reduce the discomforting sensations. These symptoms typically worsen during periods of rest, thus having a negative impact on sleep and quality of life (2, 3). Genetic factors play an important role in RLS as it has been revealed that several single nucleotide polymorphisms (SNPs) contribute to the development of the disease (4, 5). Furthermore, RLS is believed to be a result of iron insufficiency in the brain, presumably caused by improper iron transportation across the blood–brain barrier leading to dysregulated dopaminergic neurotransmission (6).

Due to the specific role of subcortical structures in dopaminergic neurotransmission (7) and their role in iron deposition and motor function (8), these structures are of particular interest in the search for neurobiological correlates of RLS. Previous studies employing magnetic resonance imaging (MRI) of the brain provided conflicting results regarding volumetric changes of subcortical gray matter in RLS cases. In particular, a reduction in gray matter volume has been observed in the left hippocampus (9), while others found a significant increase in left hippocampal gray matter associated with RLS (10). Increased gray matter volume in the pulvinar nuclei located inside the thalamus has also been reported (11). In contrast, several studies found no significant associations between RLS and alterations of subcortical gray matter volume (12–15). Most of these studies applied voxel-based morphometry for the detection of local changes in gray matter volume across the brain (9–14). However, specific methods have been developed to detect localized shape differences in subcortical regions and the hippocampus, considering the specific signal characteristics of these brain structures (16). Only a single study investigated such localized shape differences of the thalamus, but did not detect significant shape differences in patients with RLS versus controls (15). Localized shape differences in subcortical regions other than the thalamus have not been investigated in patients with RLS.

The present study aimed to contrast potential differences in localized shape and overall volume of several subcortical gray matter structures (caudate nucleus, globus pallidus, putamen, and thalamus) as well as the hippocampus between RLS cases and controls, all participants in the BiDirect Study. Additionally, we investigated associations between known genetic risks for RLS and potential alterations of subcortical gray matter volume, since MRI-detectable changes in these subcortical structures might be a mediator in the pathway between genotype and RLS.

MATERIALS AND METHODS

Participants

The ongoing BiDirect study is conducted to investigate associations between subclinical arteriosclerosis and depression. For this purpose, the BiDirect study integrates two patient cohorts, one including patients with depression, the other patients with cardiovascular disease, and one general population cohort into one project. Details on methods and design of the BiDirect Study are provided elsewhere (17, 18). Participants in the general population cohort were randomly sampled from the population register of the city of Münster, resulting in 911 individuals included in this cohort. All participants had to be in the age range from 35 to 65 years at recruitment. Informed consent was signed by all study participants in the BiDirect project, which was approved by the ethics committee of the University of Münster and the Westphalian Chamber of Physicians. Within the general population cohort, we performed a nested case-control analysis. Participants from the two patient cohorts of the BiDirect Study were thus not considered in the present analysis. Participants who did not undergo T1-weighted MRI were excluded and RLS-status was assessed in face-to-face interviews by a set of questions that were based on the criteria established by the International RLS Study Group (19). This question set has previously been validated against a standardized neurological examination and both were in good agreement (20). In addition, a physician diagnosis of RLS in the past was assessed. Study participants who positively answered questions on all minimum criteria or reported a physician diagnosis of RLS were classified as RLS cases. In total, 11 participants had a prior physician-based diagnosis of RLS and 28 participants were screened positive by the question set. Participants without a physician diagnosis of RLS and a negative screening were classified as controls. Controls with a previously diagnosed kidney disease and/or diabetes were excluded from the analysis. Based on the group of RLS cases, controls were frequency-matched one to three by the variables age and sex. This resulted in 39 RLS cases and 117 controls for the nested case-control analysis as depicted in Figure 1. Furthermore, we conducted a sensitivity power analysis using G*Power (21), revealing that we can detect substantial effects (f = 0.29) with a power of 95% in the shape analysis.


[image: image1]

FIGURE 1 | Flowchart illustrating the inclusion procedure.



Image Acquisition

Magnetic resonance imaging of the brain was performed in all BiDirect participants without contraindications. Structural 3D T1-weighted turbo field echo imaging was performed on a 3 T scanner (Intera, Philips, Best, Netherlands) to obtain 160 sagittal slices with a thickness of 2 mm (reconstructed to 1 mm), resulting in a voxel-size of 1 × 1 × 1 mm (TR = 7.26 ms, TE = 3.56 ms, 9° flip angle, matrix dimension 256 × 256, FOV = 256 × 256 mm).

Image Preprocessing

Magnetic resonance imaging data were preprocessed using FSL (22) version 5.06. Images were linearly registered to the MNI152 template using FLIRT (23). If necessary, images were cropped or bias-field corrected with fsl_anat1 to ensure optimal registration. The inverse transformation matrix was then applied to the predefined subcortical shape models provided by FSL. With these predefined shape models in native space, subcortical structures of interest (caudate nucleus, hippocampus, globus pallidus, putamen, and thalamus) were segmented from the participants’ native space images using a Bayesian appearance model in FIRST (16) and modeled as surface meshes. In a last step, the subcortical surfaces were aligned to a sample-specific mean shape of the respective surface structures applying a 6 degree of freedom transformation whereby differences in rotation and translation were removed.

For the purpose of a volume-based analysis, subcortical structures were boundary corrected and the respective volumes of interest were extracted. In order to adjust for the overall brain volume in the course of analyses, brain volume (i.e., gray and white matter) was estimated by partial volume estimation in FAST (24).

Genotyping

Genotyping was conducted using the Illumina PsychChip array (Illumina, San Diego, CA, USA). Several SNPs in MEIS1, BTBD9, MAP2K5, PTPRD, and TOX3/BC034767 (4, 25–27) have previously been associated with RLS and were selected for the study at hand. Imputation was performed using IMPUTE version 2.3.2 (28). SNPs being in linkage disequilibrium (R2 ≥ 0.8) or with a minor allele frequency below 5% were excluded from the analysis. Statistics regarding linkage disequilibrium were derived from the database of the Broad Institute.2

Comorbidities

We assessed comorbidities using data from face-to-face interviews as well as laboratory data. Previous physician-based diagnoses of stroke, myocardial infarction, and cancer were collected by self-report. Participants were classified as hypertensive if the mean of the second and third blood pressure readings for systolic blood pressure was ≥140 mm Hg or the diastolic blood pressure exceeded 89 mm Hg. Furthermore, participants with a self-reported physician-based diagnosis of hypertension in combination with use of antihypertensive medication according to the Anatomical Therapeutic Chemical (ATC) Classification System (ATC C02A, C02D, C02L, C03, C07, C08, C09) were also defined as having hypertension. Depression was assessed as a previous physician-based diagnosis via self-report or if participants scored ≥16 points on the Center for Epidemiologic Studies Depression Scale (29). Body size and weight were assessed and participants with a body mass index larger than 30 [image: image1] were classified as obese. The presence of thyroid disease was assessed by self-report of a physician-based diagnosis or intake of relevant medication (ATC H03). Thyroid-stimulating hormone (TSH) and free thyroxine (fT4) levels were used to estimate hypothyroidism (TSH > 4.8 [image: image1] and fT4 < 13 [image: image1]) as well as hyperthyroidism (TSH < 0.3 [image: image1] and fT4 > 23 [image: image1]) and participants in either category were also defined as having thyroid disease. Migraine was assessed as physician-based diagnosis via self-report or current use of relevant medication (ATC N02CA, N02CC). A comorbidity index was calculated by summing up the presence of the previously described conditions (stroke, myocardial infarction, cancer, hypertension, depression, obesity, thyroid disease, and migraine). A similar index of cumulative disease burden has been used previously in the context of RLS (30).

Statistical Analysis

Participants with RLS and controls were compared on orthogonal displacements at each vertex regarding the sample-specific mean surfaces of the subcortical structures of interest. These analyses were conducted with a cluster-based F-test implemented in FSL randomize (31) with 5,000 permutations. Statistical threshold for significance was set to p < 0.05. Extracted volumes of the subcortical structures were compared across groups by several analyses of covariance (ANCOVAs) while adjusting for overall brain volume. The obtained p-values were corrected for false discovery rate (FDR) following the Benjamini–Hochberg procedure (32).

Genotyping data were available for 137 participants. For each participant, the number of risk alleles per SNP was noted. For each respective SNP, a logistic regression was conducted with RLS as dependent variable and risk allele frequency as predictor along with age and sex as covariates of no interest. A weighted genetic risk score (GRS) was calculated for each SNP by multiplying the risk allele frequency of the respective SNP with the odds ratio obtained by the logistic regression. Each respective GRS was used as a predictor in multiple regression analyses with the subcortical brain volumes as dependent variables while adjusting for age, sex, and overall brain volume. The analyses of extracted subcortical volumes and genotyping data were conducted in SPSS version 22 (IBM, Armonk, NY, USA).

RESULTS

Subject Demographics

A comparison of group characteristics is summarized in Table 1. Participants with RLS and controls did not differ in terms of age and sex. Distributions of comorbidity load were significantly different across groups and the median comorbidity load was higher in RLS cases. Genotyping data were available for 137 (87.8%) participants. The remaining 19 participants were thus not considered for the analyses of genotyping data.

TABLE 1 | Comparison of demographic characteristics across groups.
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Shape Analyses

The comparisons of the shapes in the caudate nucleus, hippocampus, globus pallidus, putamen, and thalamus across groups did not yield significant differences in either hemisphere. The subcortical and hippocampal shapes of the sample are shown in Figure 2. The analyses of extracted volumetric data did not reveal significant group differences after FDR correction (Table 2).
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FIGURE 2 | Average shapes of the rigidly aligned subcortical structures in the sample.



TABLE 2 | Comparison of subcortical volumes (mm3 and SE) across groups.a
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Associations Between Risk allele Frequency and RLS

The logistic regressions yielded significant associations between RLS and the risk allele (G) frequency in rs11635424, located in MAP2K5. Due to the small sample size, no significant associations were found for the remaining eight SNPs. However, the magnitude of the odds ratios indicated a higher risk for RLS concerning the majority of the SNPs (Table 3), in line with prior reports (4, 25, 27, 33).

TABLE 3 | Associations between allele frequency and RLS.a
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Genetic Risk for RLS and Subcortical Volumes

No significant associations between the odds ratio weighted GRS derived from the respective SNPs and subcortical as well as hippocampal volumes were found. The regression coefficients are presented in Table 4.

TABLE 4 | Regression coefficients for the GRS per subcortical region.
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DISCUSSION

In this nested case-control study, we examined potential alterations in shape and volume of subcortical structures and the hippocampus in cases with RLS versus controls. While potential volumetric alterations of subcortical structures and the hippocampus have been investigated previously using VBM (9–15), shape differences in the caudate nucleus, hippocampus, globus pallidus, and putamen have not been compared before between cases with RLS and controls. Analyzing shape differences, however, is important in order to determine the exact locations where potential anatomical changes in subcortical structures occur. Knowledge of localized shape differences may also aid the interpretation of the relationship with other anatomical findings, e.g., when localized changes in thalamic shape are associated with adjacent reductions of white matter volume (34). Our analyses revealed no group differences in either shape or volume of the caudate nucleus, hippocampus, globus pallidus, putamen, and thalamus. The lack of volume differences supports previous findings (12–15), suggesting that RLS is not accompanied by any changes of subcortical gray matter. Instead, it seems more likely that alterations of the dopaminergic system (6), possibly induced by genes involved in neurodevelopment [MEIS1 (35, 36) and TOX3 (37)], protection of dopaminergic neurons [MAP2K5 (38)], sleep disturbances [BTBD9 (39)], modulation of dopaminergic neurotransmission [PTPRD (40)], and iron regulation within the brain [BTBD9 (41)], may lead to changes in functional brain networks. In particular, increased functional connectivity has been reported in sensory-thalamic, basal ganglia-thalamic, and other cortical and subcortical networks in patients with RLS, whereas symptom severity correlated with increased network connectivity (42). Hence, in the absence of gray matter alterations, RLS is more likely to be characterized by inefficient network performance.

Although RLS has previously been associated with several SNPs within regions of the above-mentioned genes (4), the exact mechanisms how these SNPs contribute to the development of RLS are still unknown. Hence, we also explored potential associations between known genetic risk markers for RLS and alterations of subcortical volumes to evaluate if these are a potential mediator of the genotype-disease association. Only SNP rs11635424 was significantly associated with RLS. While most of the remaining RLS-related SNPs indicated risks, i.e., odds ratios larger than 1 for the risk alleles, these associations did not reach statistical significance given the small sample size in our study. The magnitude of effect sizes is largely in line with previous studies (4, 25, 27, 33), suggesting that larger samples are advantageous to detect effects of allele frequency in the context of RLS. With regards to the volume of the subcortical structures and the hippocampus, we did not find a significant association with SNP rs11635424 or any of the other eight SNPs, suggesting that RLS-related variations in the genome do not play an important part in the volumetric appearance of subcortical structures and the hippocampus.

The present study is limited by its sample size which is rather small regarding the search for genetic factors contributing to the development of RLS. However, the primary aim was to compare subcortical as well as hippocampal shapes and volumes between RLS cases and controls and to analyze the influence of the odds ratio weighted genetic risk for RLS on subcortical and hippocampal volumes. Within the field of 3 T MRI-literature, the present study is the largest investigating potential volumetric alterations in RLS cases versus controls.

We conclude that RLS is unrelated to changes in shape and volume of the caudate nucleus, hippocampus, globus pallidus, putamen, and thalamus. The SNP rs11635424 was significantly associated with RLS in our sample. The odds ratio weighted GRS from each of the nine SNPs as well as a summed GRS do not account for any volume alterations of subcortical gray matter.
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Imaging Individual Differences in the Response of the Human Suprachiasmatic Area to Light
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Circadian disruption is associated with poor health outcomes, including sleep and mood disorders. The suprachiasmatic nucleus (SCN) of the anterior hypothalamus acts as the master biological clock in mammals, regulating circadian rhythms throughout the body. The clock is synchronized to the day/night cycle via retinal light exposure. The BOLD-fMRI response of the human suprachiasmatic area to light has been shown to be greater in the night than in the day, consistent with the known sensitivity of the clock to light at night. Whether the BOLD-fMRI response of the human suprachiasmatic area to light is related to a functional outcome has not been demonstrated. In a pilot study (n = 10), we investigated suprachiasmatic area activation in response to light in a 30 s block-paradigm of lights on (100 lux) and lights off (< 1 lux) using the BOLD-fMRI response, compared to each participant's melatonin suppression response to moderate indoor light (100 lux). We found a significant correlation between activation in the suprachiasmatic area in response to light in the scanner and melatonin suppression, with increased melatonin suppression being associated with increased suprachiasmatic area activation in response to the same light level. These preliminary findings are a first step toward using imaging techniques to measure individual differences in circadian light sensitivity, a measure that may have clinical relevance in understanding vulnerability in disorders that are influenced by circadian disruption.

Keywords: melatonin suppression, light sensitivity, circadian rhythms, light exposure, BOLD-fMRI

INTRODUCTION

The human circadian system is responsible for regulating physiological processes across the 24-h day. This includes rhythms in alertness, sleep-wake behavior, metabolism, mood and cognitive function (1–3). The endogenous master clock (the suprachiasmatic nucleus, SCN) generates rhythms of ~24 h, which are synchronized to the environmental light/dark cycle via retinal light exposure (4).

Disrupting the relationship between the light-dark cycle, behavior and internal rhythms has significant consequences for health. Circadian disruption is a factor in the etiology of mood disorders (5), cognitive decline (6), the onset of metabolic diseases such as diabetes (3, 7), cardiovascular health (8), and is associated with an increased risk for cancer (9). Although these health concerns may arise from the uncoupling of rhythms with behavior (e.g., cross-meridian travel, engaging in shift-work), it has also been suggested that an abnormal response to environmental light may lead to the development of circadian disruption in the absence of, or in combination with, behavioral change (10, 11). Both hyper- and hypo- sensitivity to environmental light could lead to the development of abnormal circadian synchronization (10–12). Therefore, an abnormal response of the circadian system to light is a potentially important factor for disease vulnerability.

Better characterization of the function of the SCN (master circadian clock) in response to light cues may provide clinically relevant information, leading to improved interventions. However, our understanding of human SCN function in a clinical context to date has often relied on peripheral measurements of clock function. For example, the most common assessments of SCN function involve measuring the timing of melatonin onset (usually via dim-light melatonin onset; DLMO) for circadian timing [e.g., 13, 14], and melatonin suppression to assess circadian light responsiveness [e.g., 11, 15]. However, for patients taking beta-blockers, antidepressants, or sleeping aids such as exogenous melatonin, these assessments will be uninformative due to the pharmacological impact on endogenous melatonin levels, or cross reactivity with existing assays (16, 17). The ability to directly assess the activity of the SCN in response to light cues would overcome these limitations.

There is a substantial neuroimaging literature examining non-visual light responses in humans. For example, the BOLD-fMRI response of the suprachiasmatic area to light during the day, evening, and night has been imaged, showing differential activation across times of day which matches the known rhythm in the responsiveness of the circadian system to light (18). Studies have also shown enhancement of activity in brain areas associated with working memory, alertness and cognition [e.g., 19, 20] and emotional processing (21) in response to blue light, compared to green. Further, the use of light stimuli which differentially stimulate melanopsin (high- or low-stimulation) during fMRI has been utilized to characterize the cerebral activation associated with non-visual light processes (22). However, the measurement of suprachiasmatic area function in humans has yet to be related to individual responsiveness using established laboratory techniques. In this study we examined, within individuals, the relationship between suprachiasmatic area activation in response to light in an fMRI scanner and melatonin suppression to light in the laboratory. We hypothesized increased activation of the suprachiasmatic area in response to light would be associated with increased melatonin suppression to light.

MATERIALS AND METHODS

Participants

Ten healthy young men and women (5 men, Mage = 20.80, SD = 1.87) were recruited. Participants were free of medical and psychiatric conditions and were not taking any medications at the time of the study. Women were naturally cycling (i.e., not using any hormonal contraception).

In-laboratory Circadian Assessments

All participants completed an in-laboratory assessment of circadian light sensitivity. This involved an assessment of dim-light melatonin levels and a subsequent light exposure of ~100 lux. Sessions ran from ~4 h prior to the participants' bedtime, until 1 h after, during which the participant remained awake and seated (other than for bathroom breaks). These two sessions were a minimum of 1 week apart, with the dim-light session occurring first. Participants maintained a strict 8:16 h sleep-wake dark-light schedule for at least 1 week prior to, and in between sessions, whereby >1 deviation of more than 30-min in 1 week would be exclusionary. Adherence to the schedule was monitored using wrist-worn actigraphy (Actiwatch Spectrum Plus or L, Philips Respironics, OR, USA) and sleep diaries. Schedules were selected to be in line with participants typical sleep-wake behavior, an example schedule, with an overview of the protocol is available in the Supplementary Material. During test-sessions, hourly saliva samples were taken using salivettes (Sarstedt, Germany), which were then assayed in duplicate for melatonin at the Adelaide Research Assay Facility using radioimmunoassay with the G280 antibody and the [1251]2-iodomelatonin radioligand (LOD 4.3 pMol).

In MRI Light Exposure and Imaging Procedure

Participants completed an fMRI scan beginning ~1 h prior to habitual bedtime. For 1 h prior to this they were seated in dim-lighting conditions of < 10 lux. Prior to their scan, participants provided a urine sample for toxicology to be conducted, with a positive result being exclusionary (n = 0, SureStep 6 Panel, Medvet, South Australia, Australia).

All subjects were imaged using a 3T Scanner (Siemens Magnetom Skyra) with 20 channel head coils. High-resolution anatomical images of the whole brain were acquired using T1-weighted anatomical scans (TE = 2.07 ms; TR = 2.3 s; field of view: 256 × 256 mm; slice thickness: 1 mm). Functional images were acquired using echo-planar-imaging (TR: 2.06 s; TE: 24 ms; field of view: 190 × 190 mm; slice thickness: 3 mm; number of slices: 41; flip angle = 90, number of volumes = 177). The first five images of each session were discarded to allow for T1 equilibration.

Participants were requested to lay supine in the MRI scanner, while an optic-fiber-based light delivery system was fitted on the MRI head coil. This device consisted of a halogen light source (DC950H, Dolan-Jenner Industries, MA, USA), which transmitted light through metal-free fiber optic cables (100 strand cable with 0.75 mm fibers, Optic Fiber Lighting, Sydney, AU) to two circular plastic diffusers (40 mm diameter) positioned ~50 mm above each eye. The diffusers were designed to bathe each eye in light, achieving an even spread of illumination. Light stimuli had a CCT of ~2800 K (λp = 650 nm), and was delivered at two intensities, ~100 lux (42.73 μW/cm2) and ~1000 lux (392.28 μW/cm2).

Each participant was exposed to a passive light stimulus paradigm in which they were requested to keep their eyes open (other than normal blinking). This was comprised of alternating periods of lights off (darkness, six 30 s epochs) and lights on at a moderate level (100 lux, six 30 s epochs) or bright level (1000 lux, six 30 s epochs). Moderate and bright blocks (of 6 min total duration each) were delivered separately, with the moderate light exposure block always being presented first. Due to the aversive nature of the 1000 lux bright-light stimuli (which often led to significant eye closures), only data for the moderate light exposures are reported here.

Data Analysis

Melatonin Suppression

Area under the curve (AUC) was calculated for the final 2 h of each dim-light control, and each 100-lux light exposure (where melatonin levels were adequate in all participants in our protocol). Average percent suppression across the 2 h was then calculated by determining the percent change in AUC from baseline to the 100-lux light exposure for each individual.

MRI Data Processing

Detailed information regarding fMRI data processing and analysis can be found in the Supplementary Material. Briefly, MRI data were pre-processed using FSL (FMRIB's Software Library, www.fmrib.ox.ac.uk/fsl). For each participant, pre-processed fMRI data were analyzed using first-level general linear models. The linear models included regressors for light on blocks and standard motion parameters (six regressors). To focus our analysis on the suprachiasmatic area of the brain, we generated a mask covering hypothalamic area using a meta-analytic tool NeuroSynth (http://neurosynth.org/analyses/terms/hypothalamus/). This mask (see Figure 1) covered both the anterior and posterior hypothalamus including the suprachiasmatic area.


[image: image]

FIGURE 1. Mask of the suprachiasmatic area used to determine BOLD activation during the light exposure paradigm.



Statistical Analyses

A correlational analysis was used to assess the relationship between suprachiasmatic area function in response to light (100 lux relative to dark periods) and melatonin suppression. A Spearman's correlation was used due to the small sample size and potential non-normality of the BOLD response.

RESULTS

There was a significant, strong positive correlation between suprachiasmatic area activity during light exposure periods (relative to dark) and melatonin suppression (Figure 2). Increased suprachiasmatic area activation was associated with an increase in melatonin suppression (i.e., greater circadian light sensitivity).
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FIGURE 2. Relationship between the fMRI BOLD response in the suprachiasmatic area (SCA) during 100 lux light exposures (relative to dark), and melatonin suppression.



DISCUSSION

This study provides preliminary evidence for a relationship between suprachiasmatic area activation in response to light and an established in-laboratory measure of circadian light sensitivity. We found a significant relationship between suprachiasmatic area activation and melatonin suppression, indicating that an increase in fMRI measured suprachiasmatic area activation in response to light related to an increase in circadian light sensitivity. Thus, these are the first data in humans to show a relationship between a proximal measure of activity in the anterior hypothalamus and a functional outcome.

An increase in melatonin suppression relates to larger shifts in circadian phase (23), and has been associated with disease states (10, 11). Our results suggest that increased melatonin suppression findings may reflect increased activation of the SCN in response to environmental light. Light information is received at the retina by intrinsically photosensitive retinal ganglion cells (iPRGCs), which then project to the SCN via the retinohypothalamic tract (RHT), and to other brain areas (24, 25). Light exposure leads to changes in circadian timing, amplitude, levels of alertness and mood (23, 26, 27). The magnitude of the impact of this light on the circadian system will be partly dependent on individual differences in light sensitivity, and our results demonstrate that this inter-individual variability may arise from functional differences in the ability of retinal light exposure to activate the SCN.

Circadian dysfunction has been associated with several chronic disease states, including mood disorders (10, 28), metabolic and cardiovascular disease (29) and sleep disorders (11, 14, 30). Abnormalities in circadian light sensitivity may be a trait vulnerability for mood disorders with variable or decreased sensitivity being observed in seasonal affective disorder (12), while hypersensitivity to light has been observed in bipolar disorder (10, 28), and in some sleep disorders or disturbances (11, 31). Imaging of the response to moderate light as used in this study may reveal abnormal SCN function, which could lead to circadian dysfunction.

It should be noted that although a significant relationship was observed here between suprachiasmatic area activation and melatonin suppression, our sample was small, and these data do not indicate that an individual scan of the response to light can currently replace melatonin suppression as an indicator of circadian light sensitivity. The BOLD fMRI response to light in the suprachiasmatic area may instead prove a useful clinical tool for studying changes in light sensitivity associated with either a clinical diagnosis, or pharmacological intervention. Given suggestions that light sensitivity can change across a disease course (12), and may mediate treatment response in mood disorders (32, 33), this has important clinical implications. However, further characterization of the relationship between suprachiasmatic area activation and melatonin suppression is required in order to establish clinically meaningful ways of interpreting individual data.

This study has shown, in a small sample, evidence for a relationship between suprachiasmatic area BOLD-fMRI activation to light and an established measure of circadian light sensitivity. This is a first step in the development of imaging techniques for the assessment of individual differences in circadian function. This is critical given the pervasive nature of circadian dysfunction in disease states.
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The P value for gender distribution in the two groups was obtained by the Chi-square
test. The P values for differences in age and years of education in the two groups were
obtained by the two-sample t test. Values are expressed as the mean<SD or median
(25%quartile, 75%quartile). EDS, excessive daytime sleepiness.
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4148 207.1
1635 772
755 445
462 231
292 17

Nighttime TSD
00:00-05:59
Mean  SD
780.9 419.0
2461 1629
17.1 647
55.0 36.9
273 18.1
192 122

Daytime TSD

06:00-11:59

Mean  SD
5474 2269
1086 919
100.1 400
574 244
120 10.2
128 85

Mean

2503.4
769.4
380.7
187.9

85.5
61.2

bSelf-reported food diaries were used to calculate nutritional information. Subjects were required to fast from 13:00~18:30 prior to arriving at the lab.
¢Recommended Daily Intake (RDJ) as set by the United States Food and Drug Administration.

Total TSD

sD

754.0
302.6
1246
755
336
189

% RDI®

125.2
100.9
138.4
375.7
109.6
1224
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Anatomical region Hemisphere Cluster size Tao Cluster p® x y z

Calories Nucleus accumbens L 181 5.15 0.024 -10 10 -8
Carbohydrates Nucleus accumbens. L 196 5.97 0016 -10 10 -8

Middle temporal gyrus R 423 639 <0.001 64 —46 4

Superior temporal gyrus L 158 4.47 0.038 —64 36 18
mback U
Calories Nucleus accumbens L 226 4.4 0.026 -4 18 2
Carbohydrates Nucleus accumbens L 266 446 0013 -4 18 2

aCluster level analyses were family-wise error corrected at p < 0.05, with whole-brain analyses thresholded at p < 0.001. MSIT, Multi-Source Interference Task.
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TV (em®) GMV(em®)  WMV(em®)  CSFMVol(em®) GMV/TIV(%) WMV/TIV(%) CSFMVoUTIV(%) GMV/WMY

Patients with ~ 1430.87 £12304 618335873 5127 £52.37 20085+34.16 4321161 358+ 144 2098192 1214007
insomnia

GSs 145537 £ 1083  627.02£4337 617925117 310434646 43.16£225 3555+£165  21.20£244 1222009
t -0.933 -0.744 ~0.445 —1.146 0.421 0714 -0612 -0.42

P 0.354 0.459 0.658 0.255 0.904 0.478 0.542 0.676

Data are mean  standard deviation values; GSs, Good sleepers; TV, Total intracranial volume; GIAV, Gray matter volume; WMV, White matter volume; CSFM, Cerebrospinal flid
matter: Vol, Volume.
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Group

20hSD
20nSD
20nSD
20nSD

20nSD
24hSD
24hSD
24nSD
24hSD

24hSD

24nSD

32hSD
32hSD
32hSD

32hSD

32hSD

36hSD

36hSD
36hSD
36hSD

36hSD

Recover
Recover
Recover
Recover

Dependent variable

Accuracy rate in ANT
Aertness in ANT
Executive control in ANT
Accuracy rate in SWM

Reaction time in SWM
Accuracy rate in ANT
Aertness in ANT

‘Spatial orientation in ANT
Executive control in ANT

Accuracy rate in SWM

Reaction time in SWM
Aertness in ANT

‘Spatial orientation in ANT
Executive control in ANT

Accuracy rate in SWM

Reaction time in SWM

Accuracy rate in ANT

Lapse rate in ANT
Aertness in ANT
Accuracy rate in SWM

Reaction time in SWM
Accuracy rate in ANT
Reaction time in ANT
‘Spatial orientation in ANT
Reaction time in SWM

Independent variables

Left precuneus
Left postcentral gyrus

Right insula

Left Insula, Inferior parietal lobule

Left superior parietal lobule, Inferior parictal lobule

Left postcentral gyrus

Right precuneus.

Left paracentral lobule

Right caudate body

Right insula

Right precuneus

Right middle frontal gyrus
Leftinsula

Left Insula, Inferior Parietal Lobule:
Right precuneus

Left Insula, Inferior parietal lobule
Left precuneus.

Right insula

Precuneus, Paracentral lobule
Left precuneus

Right precuneus

Right precuneus.

Left precuneus.

Right insula

Right precuneus

Right precuneus.

Left thalamus

Right insula

Leftinsula.

Right precuneus

Left postcentral gyrus, inferior parietal lobule
Left postcentral gyrus, nferior paristal lobule

Left paracentral lobule
Right precuneus

Coefficient (R?)

0.368
0275
0.355
0.598

0272
0.304
0.286
0.231
0.857

0.461

0.303
0.208
0.296
0.369

0.48

0.585

0.426

0.265
0.184
0.42

0.246
0372
0.239
0317
03

3

-0351
-395.578
413.265
0.419
0387
-0.868
~1158.708
—0573
353412
—330.661
—~165.228
662.865
~1.191
0.495
-1516.186
17021
410993
565.979
~354.971
-1.180
0.442
~1834.941
1520079
-0579
0.340
~25945
~436.246
1.962
-1.350
~975.657
-0.363
-481855
—127.442
-966.936

Standard error

0.103
143535
124,528

0.141

0170

0279
4236

0.194
124,862
135.044

57.974
135704

0328

0215
513985

74.381
1417
170.759
165.907

0.380

0.155
360.138
508598

0213

0.098

9.656
205713

0534

0517
381748

0.105
192.372

41.866
330269

t-value

-3.415
-2.756
3319
2071
2269
-3.109
—2.736
-2.954
283
—2.449
-285
4.885
-3625
2308
-2.95
2288
29
3314
—2.140
-3.108
2850
-5.005
2989
-2725
3.484
~2.687
-2121
3676
-2612
-2.556
—3.445
-2.505
~3.044
-2.928

p-value

0.003
0012
0.003
0.008
0.036
0.008
0013
0.008
001
0.024
001
<0001
0.002
0.032
0.008
0.033
0.009
0.004
0.046
0.006
0010
<0.001
0.008
0013
0.002
0014
0.047
0.002
0017
0019
0.003
0021
0,008
0.008
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Patients with insomnia ass t-value p-value

4892 % 11.38 4787 £915
39(10,29) 39(13,26) 0.555" 0.456"
695 +3.87 7.28 4358

Duration of insomnia, year 652565 NA NA NA

Pittsburgh Sieep Qualty Index (PSQ) 1505 + 2.24 2444088 32781 <0001
PSQl total sleep time, hour 344124 7.38 4 059 —17.965 <0.001
PSQl time in bed, hour 836 1.18 843048 -0354 0725
PSQI sleep efficiency, % 421445 17.24 87.34+54 -15.622 <0001
Self Rating Scale Of Sleep (SRSS) 34.64+477 1592 % 1.48 23.407 <0001
Insomnia Severity Index (ISI) 18£301 NA NA NA

Self-rating Aniety Scale (SAS) 4114+ 869 27.69£27 9235 <0001
Sel-Rating Depression Scale (SDS) 4947 £ 978 3126 + 307 10919 <0001
Hamilton Aniety Scale (HAMA) 8137 185+ 078 1032 <0001
Hamilton Depression Scale (HAMD) 956 4.89 2264142 9094 <0001
Profie of Mood States (POMS) 119.49 £ 21.22 83.08 £ 581 -0.701 <0001
Five negative index of POMS 3167 £ 17.28 869 + 325 8.16 <0.001
Two positive index of POMS 1238+ 7.64 2562 £ 377 10333 0,001

chi.square valus; Data are mean i standard deviation values; GSs, Good sleapers; N/A, Not applicabe; Self-rating Anxiety Scale and Self-Rating Depression Scale showed the
standard score. The five negative index comprised nervousness, wrath, fatigue, depression and confusion, and the two positive index comprised energy and self-esteem.





OPS/images/fneur-09-00355/fneur-09-00355-In_eq002.jpg
»y
T





OPS/images/fneur-09-00355/fneur-09-00355-In_eq001.jpg





OPS/images/fneur-09-00355/fneur-09-00355-In_eq003.jpg
pmol





OPS/images/fneur-09-00936/fneur-09-00936-g004.gif





OPS/images/fpsyt-09-00266/fpsyt-09-00266-g007.gif





OPS/images/fneur-09-00936/fneur-09-00936-g003.gif





OPS/images/fpsyt-09-00266/fpsyt-09-00266-g008.gif
i

A

J—
$ 8888

P P S S
¢ ° B Ecstive conrol
2. B
H £
B f PR
o«
SIS SIS

H

TN

o ks ryn






OPS/images/fneur-09-00936/fneur-09-00936-g002.gif
H1| 1' 1“]11 ‘ ‘

Iln xIHInH

!HHFTT






OPS/images/fpsyt-09-00266/fpsyt-09-00266-g005.gif
[ Bl e ol LT
0@@@%@%@@@
0%@@%0%@@@
0@.%.%@@@%
i@@@%ﬁ@@@%






OPS/images/fneur-09-00936/fneur-09-00936-g001.gif





OPS/images/fpsyt-09-00266/fpsyt-09-00266-g006.gif
@029 %0
00@@@@%@%@%
@900 0





OPS/images/fpsyt-09-00266/fpsyt-09-00266-g003.gif
é&é@%@éﬁ%@%é@é@ zu‘





OPS/images/fpsyt-09-00266/fpsyt-09-00266-g004.gif
M

() st o oy s
o e g s o o o

i

R
()l e s






OPS/images/fpsyt-09-00266/fpsyt-09-00266-g001.gif





OPS/images/fpsyt-09-00266/fpsyt-09-00266-g002.gif
® 9 @ @
_T_Z
H:
Incongruent Incongruent  Congruent
i

& & & o

. L
EEEEnE/an:

1 T - -






OPS/images/fneur-09-00363/fneur-09-00363-g005.jpg
0.8

0.6

0.4

0.2

. 0sA
. HC

p=0.05
*

p=0.03
*

Cp Lp Eg Eloc





OPS/images/fneur-09-00363/fneur-09-00363-g006.jpg
dMPF(’. |
vMPF %’

Abnormal DMN FC
Nodal betweenness

20 22 24 26 28 30 20 22 24 26 28 30

MoCA || Sorh
r=-0.306, P50.039. N m
it 2 o
8 8 2 | r=0.297, P=0.045
£
B 8 o £ .
° H
4 ° $ .
o 8 875 3 g
K H ‘ s g 8%
§ o 3 ;i °
) | z 8 §
bz dis ¢ R RN

Delay memory

S

#1r=0.358, P=0.01
.8

Nodal degree

Nodal degree
Nodal effciency

o\
9%,
°

o

0o 1 2 3 4 5

20 22 24 26 28 30 30 40 50 60 70 80 90 o1 2 3 4 5
MoCA Nadir Sa02 Delay memory Delay memory





OPS/images/fneur-09-00363/fneur-09-00363-g001.jpg
- 0SA =+ GSs.

n

e w = o=

oz yusuodinios 3peaey

040 045 050

035

010 015 020 025

005

Sparsity





OPS/images/fneur-09-00363/fneur-09-00363-g002.jpg
TempP.R TempP.L





OPS/images/fneur-09-00363/fneur-09-00363-g003.jpg
r=0.384, P=0.008

U1944202 BulRISNd

Abnormal DMN FC

Abnormal DMN FC

Abnormal DMN FC





OPS/images/fneur-09-00363/fneur-09-00363-g004.jpg
——ost 1 ——osx ——os
s s ey
1]
1
’
12
B
1]
¥ 10
@ o 45 2 25 30 3 Ao 45 50 g5 o s 3 30 35 A0 45 s @ A0 A5 2 a5 a0 a5 A0 a5 50
Sparsity Sparsity Sparsity






OPS/images/fneur-09-00363/fneur-09-00363-t001.jpg
Regions Abbreviation  Brodmann Montreal

areas Neurological

Institute (MNI)

x y =z

Anterior medial prefrontal ~ aMPFC.L 10,32 -6 52 -2

cortex aMPFCR 6 52 -2

Posterior cingulate cortex  PCC.L 23,31 -8 -5 26

PCCR 8 -56 26

Dorsal medial preffontal  dMPFG 9,32 o 52 2
cortex

Temporal parietal junction  TPJ.L 40,39 54 -54 28

TPUR 54 54 28

Lateral temporal cotex  LTG.L 21,22 60 -24 -18

LTCR 60 -24 -18

Temporal pole TempPL. 21 -50 14 40

TempPR 50 14 40

Ventral medial prefrontal ~ Vmpfc 11,24,2582 0 26 -18
cortex

Posterior inferior parietal  pIPLL 39 -44 74 32

lobule pIPLR 44 74 32

Retrosplenial cortex Rsp.L 29,30,19 14 -52 8

RspR 14 52 8

Parahippocampal cortex  PHC.L 20,36,19 -28 -40 -12

PHC.R 28 -40 -12

Hippocampal formation  HEL 20,3 -2 -20 -26

HFR 2 -20 -26

Coordinates are based on the MNI coordinate system, and each region of the DMN.
was acquired by spherical seeds with a radius of 6 mm.
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DMN region

PCC.LL
dMPFC
VMPFC
PHCR

Nodal
betweenness

t-Value p-Value

-4.427  <0.001*
-1989  0.049"
2475 0015
2017 0047

Nodal
degree
t-Value  p-Value
2883 0.005"
—1375 0472
1172 0.244
2833 0.006'

Nodal

efficiency
t-Value p-Value
552 0.001%
-1.324 0189
0403 0688
2,074 0.041*

Patients with OSA showed abnormal nodal centray in PCC.L, dMPFC, vMPFC, and
PHC.R, which showed significant between-group differences in at least one of the
three nodal metrics.

0 < 0.05, uncorrected.
“Bonferroni correction p = 0.05.
PCC.L, left posterior cinguiate cortex; IMPFC, dorsal medlal prefrontal cortex; MPFC,
ventral medial prefrontal cortex; PHC.R, right parahippocampal cortex.
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Characteristics Patients with GSs t-Value p-Value
OSA (N = 46) (N = 46)

BMI, kg/m? 2752+330  2309%196  7.827 <0.001"
AHIn 5826+2037  251%121 18520 <0.001"
Total sleep time, min  372.26+ 8388 39830+ 1894 -2.054  0.043'
Stage 1, % 3128+17.38 1022+372 8037 <0.001"
Stage 2, % 3012+1478 4074705 -0672 0504
Stages 3 +4, % 2049£1821 21155454 0483 0630
REM, % 729£796  2189£748 -9.070 <0001
Arousal index/h 4036+2363 1193+279 8102 <0.001"
Sa0; <90, % 3115£2134  027£017 9813 <0.001"
Average S20;, % 9069+446  9550%241 -6547 <0.001"
Oxygendesaturation 54422551 28414 14897 <0001
index

Nadir S20,, % 6626+1246 9033288 =-12765 <0.001"
MoCA score 25.17£211  2774%139 -6883 <0.001"
Visuospatial/ 407 +083 467£063 -3960 <0001
executive

Delayed memory 320£1.17 485:036 9172 <0001"
Attention 533099 583£038 -3194 0002
Language 204+056  283+038 -7.860 <0.001"
Abstraction 1.50 0,51 1854036 -3790 <0.001"
Orientation 572+066  593+025 -2102  0.088"
ESS score 1211384 339218 13405 <0001

Data are presented as the mean + SD.

084, obstructive sleep apnea; GSs, good sleepers; BMI, body mass index; AHI,
apnea-hypopnea index; REM, rapid eye movement; Sa0: < 90%, percentage of total
sleep time spent at an oxygen saturation less than 90%; MoCA, Montreal cognitive
assessment; ESS, Epworth sleepiness scale; N, number

“p < 0.05, which was considered statistically significant.
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Brain region 1 Brain region 2 t-Value p-Value

PCC.L Rsp.L -2.490 0015
PCC.L HFL -2.948 0.004
PCC.L HFR -2.479 0015
PCCR HFL -2.412 0018
PCCR HFR ~2.940 0.004
TempPL dMPFC -2.146 0.035
TempPL TPIL -2.137 0.035
TempPR PHCR 2.100 0.039
Rsp.L. aMPFC.L -2.555 0012
Rsp.L. aMPFC.R -3.086 0.003
Rsp.L. pIPLL -3.045 0.003
HFL Rsp.L -2.257 0.026
HFL Rsp.R -2.050 0.043
HEL HFR 2557 0012
HFR TPUR -2.791 0.006
HFR pPLR —2.417 0018
HFR Rsp.L -2.09 0.039
HFR Rsp.R -2.565 0012

Abrormal FC within the DMN between patients with OSA and GSs (o < 0.05,
uncorrected).

L, left; R, right; PCC, posterior cingulate cortex; Rsp, retrosplenal cortex; HF,
hippocampal formation; TempP. temporal pole; dMPFC, dorsal medial prefrontal cortex;
TRJ, temporal parietal junction; PHC, parahippocampal cortex; aMPFC, anterior medal
prefrontal cortex: plPL, posterior inferior parietal lobule.
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Group Brainregions Sn  Sp FPR FNR PPV NPV Accuracy AUC
% % % % % % %

Adult SFGmedR 100 889 111 0 889 100 941 0986
JuvenileSFG.L 57.1 889 111 429 80 727 75 0.825
Sn, sensitivty; Sp, specificity; FPR, false positive rate; FNR, false negative rate; PPV,

positive predictive value; NPV, negative predictive value; AUC, area under the curve;
SFGmed.R, right medial superior frontal gyrus; SFG.L, left superior frontal gyrus.
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Brain area

L _Cerebellum
Posterior Lobe

R_Cerebellum Anterior
Lobe

L_Cerebellum Posterior
Lobe

R _Inferior Frontal Gyrus
L_Lingual Gyrus,
Middie Occipital Gyrus
L, R_Thalamus
R_Precentral Gyrus,
Posteentral Gyrus

L_Posteentral Gyrus.

R_Postcentral Gyrus,
Paracentral Lobule

L_Precentral Gyrus
L_Postcentral Gyrus

AUC Sensitivity (%) Specificity (%) Cut off Point*

0.906

0922

0.863

0977
091

0922
0922

0.887
0977

0961
0914

813

875

875

875
%8

813
875

875
100

875
%8

“Cut off point of mean shortFCD signal value.

ROC, Receiver operating characteristc; ShortFCD, short-range functional connectivty
density; SD, Sleep deprivation; RW, Rested wakefulness; AUC, Area under the curve;

R, Right: L, Left.

9.7

875

812

100
812

9.7
875

87.5
875

9.7
75

0242

—0.0865,

05555

~0.2065,
03715

05005
0.16

0.006
0.2995

-0.166
0.1635
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Brain area AUC  Sensitivity (%)  Specificity (%)  Cutoff

Point*
R_Posteentral 0965 813 100 02845
Gyrus, Precentral
Gyrus
R_Superior 0973 100 875 00165
Parietal Lobule
L_Postcentral 0949 98 875 01275
Gyrus
R Supramarginal 0949 875 %7 -0.048
Gyrus

*Cut off point of mean longFCD signal value.
ROC, Receiver operating characteritic; longFCD, long-range functional connectivity
density: SD, Sleep deprivation; RV, Rested wakefulness; AUC, Area under the curve;
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Brain regions of peak
coordinates

Cerebellum Posterior
Lobe

Cerebellum Anterior
Lobe

Cerebellum Posterior
Lobe

Inferior Frontal Gyrus
Lingual Gyrus, Middle
Occipital Gyrus,
Thalamus

Precentral Gyrus,
Posteentral Gyrus

Postcentrel Gyrus

Postcentral Gyrus,
Paracentral Lobule

Precentral Gyrus
Postcentral Gyrus

RIL

L
L

BA

NA

NA

NA

1
18,19

NA
3,46

2,3
3,4

3,5

Voxel
size

7%

54

87
216

82
157

3

t-score
of peak
voxel
-4.7451
-3.8821

-4.7238

-4.0811
5.3826

57899
46467

3.5485
45021

42005
47004

MNI
coordinates

XY,z

~30-69-27

51 -48 -36

-3-75-18

18 24 —15
~15-93-12

9-18 9
54-1257

-30-3645
9-3375

-24-6 63
—18-4257

Between-group differences in binarized shortFCD thresholded at r = 0.3, The statistcal
threshold was set at corrected significance level of individual two-tailed voxel-wise p <
0.05 using an ApphaSim corrected threshold of custer p < 0.05.
ShortFCD, short-range functional connectivity density; D, sleep deprivation; RW, rested
waketuhess; R, right; L, let; BA, Brodmann’s area; MNI, Montreal Neurological Insttute;

N/A, Not applicable.
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Brainregionsof peak R/L BA  Voxel t-score  MNI

coordinates size  ofpeak  coordinates

voxel

XY,z

Postcentral Gyrus, R 34 108 51928  51-2451
Precentral Gyrus
Superior Parietal R 7,40 52 38173  33-4242
Lobule
Postcentral Gyrus L 34 40 40209  -42-2763
Supramarginal Gyrus R 39 42 -3.6057  51-6627

Between-group differences in binarized shortFCD thresholded at r = 0.3. The statistcal
threshold was set at corrected significance level of individual two-tailed voxelwise p <
0.05 using an ApphaSim corrected threshold of cluster p < 0.05.

IongFCD, long-range functional connectivity density R, right; L, left; BA, Brodmann's aree;
MNI, Montreal Neurological Institute; N/A, Not applicable.
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ROC, Receiver operating characteritic; ALFF, Amplitude of low-frequency fluctuation; SD,

Sleep deprivation; RW, Rested waketulness; AUC, Area under the curve; R, Right;

, Left,
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The statistcal threshold was set at corrected significance level of individual voxel p < 0.01 using an ApphaSim-corrected threshold of cluster p < 0.0.
ALFF, Amplitude of low-frequency fluctuation; SD, Sleep deprivation; RW, Rested wakefulness; R, right; L, left; BA, Brodmann’s area; MNJ, Montreal neurological institute; N/A, Not

applicable.
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Region RLS cases

Controls P FDR-sig
n=39 n=117
Leftnucleus caudate  3,280.88 (68.56)  3.214.5(338) 0328  ns.
Left hippocampus 3881.74(5685) 4,01267(3282) 0.048 ns.
Left globus pallidus ~ 1,5638.77 (44.81)  1,629.51 (25.86) 0082  n.s.
Left putamen 478691 (8131) 4854704693 0471  ns.
Left thalamus 7,481.04 (78.46) 7,542.56(45.29) 0498  nis.
Right nucleus caudate  3,381.60 (66.37) 3,308.45 (32.54) 0263  ns.
Right hippocampus ~ 4,012.95 (61.09) 4,075.04(35.26) 0380  ns.
Right globus palidus ~ 1,629.77 (39.02) 1,688.05(2252) 0.198  ns.
Right putamen 4811.87(70.33) 4,886.11(40.59) 0362  ns.
Right thalamus 7,252.85(76.20) 7.270.17(40.59) 0844  nis

RLS, restless legs syndrome; FDR-sig, false discovery rate corrected significance at

q < 0.05; n.s., not significant

*The group comparison is adjusted for overall brain volume.





OPS/images/fneur-09-00355/fneur-09-00355-t001.jpg
Variable Participants  Controls  p
with RLS
n=39
Age: mean (SD) 5121@51) 5129833 0957
Women: n (%) 26 (66.7%) 78 (66.7%) 1
Comorbidity index?: median (IQR) 2(1-2) 1(0-2) <001
Genotyping data available: 1 (%) 3589.7%)  102(87.2%)
Duration of disease in years® 5(2.5-10)
median (IQR)
Frequency of symptoms: n (%)
Less than once in per month 5(12.8%)
1-3 times per month 11(28.2%)
1-2 times per week 6(15.4%)
3-6 times per week 6(15.4%)
Daily 8(20.5%)
Undetermined 3(7.7%)

RLS, restless legs syndrome; IQR, interquartie range.
“One participant had incomplete comorbidity data and two participants had missing

data on disease duration.

Age was compared with a ttest. Distibution of sex was compared with a ¢* test and
comorbidity load with a Mann-Whitney U-test.
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GRS GRS GRS GRS GRS GRS GRS GRS GRS
512469063  rs6710341  rs3023809  rs4714156  rs9394492  rsd626664  rs11635424  rs6747972  rs3104767

Left caudate nucleus 2217 59.96 18.86 -21.91 456 82.02 ~3.489 -21.52 3.802
Left hippocampus. 29.36 9.56 80.71 49.67 37.60 4621 ~33.49 11.85 14.77
Left globus palidus 31.40 224 -2092 -29.71 9.74 34.41 11.43 -17.63 -7.20
Left putamen 3.02 6517 -62.88 -78.58 -52.31 a.77 35.82 -4.80 -20.85
Left thalamus -1497 2083 -2097 -62.61 -48.98 -10.72 -37.39 -25.45 7451
Right caudate nucleus -6.84 38.38 55.30 3.12 -2029 63.33 -013 -13.95 -11.49
Right hippocampus. -9.53 48.50 -1432 ~15.16 48.69 2236 -28.04 -65.148 28.52
Right globus pallidus 34.81 34.24 -17.79 -14 26.33 44.08 -2.37 456 -1361
Right putamen -1459 64.07 17.27 -32.39 -52.04 40.80 -20.83 -8.14 -0.66
Right thalamus 1.60 28.61 -20.06 -67.19 -17.31 37.72 -40.70 -14.14 72.87

GRS, genetic risk score.
The regression analyses were adjusted for age, sex, and overall brain volume.
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Single nucleotide polymorphisms (risk allele) Odds ratio p

512469063 (G) 1.408 0252
6710341 (G) 1.029 0.940
rs3923809 (A) 1.031 0917
134714156 (C) 1.395 0.366
59394492 (C) 0945 0848
54626664 (A) 1.339 0.455
511635424 (G) 2149 0.032
16747972 (G) 1.049 0.852
s3104767 (G) 1.472 0.197

RLS, restless legs syndrome.
*The logistic regressions are adjusted for age and sex.
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Variable Plgroup(n=50)  HCgroup(n=40)  Pvalue
Sex (WF) 20/30 17/23 081"
Age (years) 40.06 + 852 39.38:£9.26 037
Duration (months) 4031 +44.09 N/A NA
Education (years) 7.56.+3.24 8324343 028
PSQl 12.55 2,95 568246 <0.001°
isi 19.44£3.18 578234 <0.001°
SAS 51.83£927 4169 +561 <0.001°
sDs 56.03+7.83 42754264 <0.001°

Unless othenwise noted, data are mean + SD,

PSQ, Pittsburgh Sleep Qualty Index; ISI, Insomnia Severity Index; SAS, Self-rating
Anxiety Scale; SDS, Self-rating Depression Scale; PI, primary insomnia.
*The P value was obtained by using chi-square test.

*The P value was oblained by using two-sample t tests.
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Brain regions MNI coordinates (mm)  Cluster size (voxels) T values (peak) Mean values of causal
influences in ROI

Pl group HC group
From ventral rAl to following regions
Left precuneus. (0-6357) 35 —461 -021£033  009:+0.35
Left postcentral gyrus (extending to bilateral precuneus) (-8-4572) 68 -4.94 122024 0.26+0.48
Left cerebelum_Crus1 (-48 ~72 -15) 34 -4.28 -007£020  0.09:+0.23
Right cerebelum_Crus1 (48 -66 -21) 72 —4.97 ~0.17£031  0.08+0.24
Left cerebelum_6 (-24-78 -18) 37 -4.66 -008+020 0.13+0.21
From dorsal rAl to following regions
Bilateral precuneus (0-6357) 45 -5.35 -033:045  0.14+041
Left postcentral gyrus (extending to left precuneus) (-3-4572) 28 -4.94 -0.18+030  0.26 +0.43
From following regions to ventral rAl
Left orbitofrontal cortex (-8045 ~15) % -5.34 ~004£004 000002
Right orbitofrontal cortex (8342 15) 3 -4.93 -004£005  0.00+002

RO, regions of interest, which was defined s 6-mm-diameter spheres centered on voxels that exhibited the largest absolute t value in each of the significant clusters in the t map of
between-group differences in Granger causal influences.
Pl primary insomnia; HC, healthy conirol, rAl: rioht anterior insula.





