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Background: Poor sleep quality is related to depression. However, the investigation of the neural basis for poor sleep quality in individuals with major depression (MD) is limited.

Methods: Resting state functional and structural MRI data were derived from 114 MD individuals and 74 normal controls (NCs). Fractional amplitude of low-frequency fluctuation (fALFF) and gray matter volume (GMV) were used to measure function and structure of the brain. Pittsburgh Sleep Quality Index (PSQI) was performed to evaluate subjective sleep quality. Correlations were carried out to investigate links of PSQI score with brain imaging indices in MD and NCs, separately. We also examined the differences in fALFF and GMV of brain regions related to PSQI score between MD and NCs.

Results: In contrast to NCs, MD individuals had higher PSQI score. The higher PSQI score was associated with lower fALFF and lower GMV in bilateral precuneus in MD individuals. Moreover, the MD individuals exhibited increased fALFF in bilateral precuneus compared with NCs. However, the correlation between subjective sleep quality and neuroimaging parameters was not significant in NCs.

Conclusion: The implication of these findings is that the function and structure of precuneus provides a neural basis for subjective poor sleep quality in MD. Understanding this may lead to better intervention of depression and associated sleep complaints.
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INTRODUCTION

Major depression (MD) is a kind of serious psychiatric condition that limits psychosocial functions and diminishes the life quality (1). Recently, WHO reported that MD is the leading cause of disability worldwide, considering that it influences more than 4.4% of the world's population (2). MD is a clinically heterogeneous illness that is characterized by various symptoms such as depression, anhedonia, sleep complaints, cognitive decline, weight loss, suicidal ideation, and fatigue (1). Sleep complaint is prevalent in MD and more than 90% of individuals with MD (MDs) report sleep problems such as insomnia and early awakening (3). The Diagnostic and Statistical Manual of Mental Disorders (DSM-5) criteria (4) and the International Classification of Diseases (ICD-11) (5) include sleep disturbance in the core symptoms that are present in the diagnosis of depression. Previous efforts have been made to explore the neurobiological mechanisms of the association between depression and sleep disturbance. For example, Santiago et al. reported that changes in cortisol are the modulator between sleep disturbances and depression (6). Lin et al. found 719 shared genes between MD and insomnia, which provide insight into the genetic substrates in depression individuals' comorbid insomnia symptoms (7). Yan et al. proposed that dysfunctional glymphatic pathway may serve as a bridge between sleep disturbance and depression (8). In addition, sleep disturbance has been found to play a vital role in the development of depression (9), an increase risk for depression recurrence (10), poor response to antidepressant treatment (11), and suicidal ideation (12). Therefore, elucidating the neural basis for poor sleep quality in MD helps to understand the neuropathology of disease and develop treatment measures.

Recently, many researchers utilized MRI techniques to examine the neural mechanisms for the associations between sleep and MD and found that the altered function and structure of some brain regions (13–17) and networks (18–20) may serve as the potential neuroimaging biomarkers. Our previous studies tested brain differences between MDs with low and normal sleep efficiency, and further explored associations between sleep efficiency, brain structural and functional alterations, and clinical variables using multi-modal MRI (21, 22). Taken together, these studies not only provided important evidence for the existence of neural basis for poor sleep quality in MD but also validate MRI as an effective tool to investigate this neural mechanism.

In the present study, our goal was to explore the neural basis for poor subjective sleep quality in terms of local neuronal activity and gray matter volume (GMV) in MDs. We used the Pittsburgh Sleep Quality Index (PSQI), the most frequently adopted measure to evaluate subjective sleep quality. Fractional amplitude of low-frequency fluctuations (fALFF) (23), an index assessing the low-frequency oscillation magnitude of blood oxygen level dependent (BOLD) signal, was employed to test the strength of local neuronal activity. We first compared the between-group difference in PSQI score. Next, we explored the correlations of PSQI score with fALFF and GMV in MDs and normal controls (NCs), separately. In addition, inter-group differences of fALFF and GMV in brain regions related to PSQI score were also compared.



MATERIALS AND METHODS


Participants

Data were derived from 114 MD individuals in the Affiliated Psychological Hospital of Anhui Medical University. Two clinical psychiatrists with abundant clinical experience determined the diagnoses according to ICD-10. NCs came from local community and were screened by the Mini-Mental State Examination to exclude any psychiatric disease. For all subjects, exclusion criteria included (1) the presence of other psychiatric illness, (2) a history of major physical or neurological illnesses, (3) a history of severe head injury leading to consciousness loss, and (4) MRI contraindications. For NCs, additional exclusion criteria were a history of psychiatric disorder and first-degree relatives who had a history of psychiatric illness. Hamilton Rating Scale for Depression (HAMD) (24) with 24 items and Hamilton Rating Scale for Anxiety (HAMA) (25) with 14 items were conducted to measure the severity of clinical symptoms including depression and anxiety. Subjective sleep quality was evaluated by using PSQI. All individuals with MD received standard antidepressant medications. The ethics committee of The First Affiliated Hospital of Anhui Medical University approved the study design. All the individuals signed the informed consent before participation. Differences in demographic variables (e.g., age and educational years), brain imaging indices [e.g., frame-wise displacement (FD) and total intracranial volume (TIV)], and clinical variables (e.g., HAMD, HAMA, and PSQI) between the MD and NCs were tested by use of independent sample t-tests. Inter-group difference in sex was assessed using Pearson χ2 test. The statistical tests were conducted using SPSS 22.0 software.



MRI Data Acquisition

We obtained MRI scans on a 3.0T MR scanner (Discovery MR750w, GE, Milwaukee, WI, USA) using a comfortable 24-channel head coil. Foam padding and earplugs were utilized to minimize head movement and noise, respectively. All the subjects were asked to keep their eyes closed, hold still, keep awake, and not think about any specific things during the scanning. rs-fMRI data were obtained with a gradient echo single shot echo planar imaging (GRE-SS-EPI) sequence. The parameters for the scan were as follows: repetition time (TR) = 2,000 ms, echo time (TE) = 30 ms, field of view (FOV) = 220 × 220 mm2, flip angle (FA) = 90°, matrix = 64 × 64, slice thickness = 3 mm, slice gap = 1 mm, 35 interleaved axial slices, 185 volumes, acquisition time = 370 s. A brain volume (BRAVO) sequence was used to acquire high-resolution three-dimensional T1-weighted structural images: TR = 8.5 ms, TE = 3.2 ms, inversion time (TI) = 450 ms, FOV = 256 × 256 mm, FA = 12°, matrix = 256 × 256, slice thickness = 1 mm, slice gap = 0, 188 sagittal slices, acquisition time = 296 s.



FMRI Data Pre-processing

Resting-state MRI data were preprocessed with the Data Processing Assistant for Resting-State fMRI (DPARSF, http://rfmri.org/dpabi) (26) based on the Statistical Parametric Mapping (SPM12, http://www.fil.ion.ucl.ac.uk/spm) software. The first 10 time points for each individual were removed to enable the signal to attain equilibrium and the participants to adapt to the noisy scanning. The remaining 175 time points were adjusted for temporal differences across slices. For each volume, head movement metrics were measured by calculating the angular rotation on each axis and the displacement in each direction. Each subject's functional data were constrained within the predefined thresholds (i.e., maximum rotational motion parameter <2° and translational motion parameter <2 mm). FD was also calculated to evaluate the volume-to-volume alterations in the position of the head. Some variables of no interest including linear drift, Friston-24 head movement metrics, “bad” time points with FD more than 0.5 mm, and signals from cerebrospinal fluid and white matter were removed from the BOLD data. For spatial normalization, each subject's T1-weighted map was co-registered with the average functional map. Next, these structural maps were parcellated and transformed to the Montreal Neurological Institute (MNI) standard space utilizing the DARTEL tool (27). Lastly, the functional imaging data were transformed to the MNI standard space utilizing these normalization metrics derived from the aforementioned step and resliced into a 3 × 3 × 3 mm cubic voxel size. After spatial transformation, all the functional data were smoothed by use of a Gaussian kernel of 6 × 6 × 6 mm full width at half-maximum (FWHM).



fALFF Calculation

To calculate fALFF, we transformed each preprocessed voxel's BOLD signal time series to a frequency domain by using a Fast Fourier Transform approach, with the power spectrum obtained. fALFF was calculated as the ratio of the low-frequency (0.01–0.1 Hz) power spectrum to the power spectrum in the whole frequency range (23). For standardization, each voxel's fALFF value was scaled by the average fALFF value of the whole brain. We used multiple regression in the SPM12 software to find voxels in the fALFF images exhibiting a statistically significant correlation with the PSQI score when adjusting for sex, age, educational years, and FD in individuals with MD and NCs, separately. The cluster-level family-wise error (FWE) approach was adopted to perform multiple testing correction, resulting in a cluster-defining threshold of p < 0.005 and a FWE-corrected cluster significance level of p < 0.05. If statistically significant associations were found for brain areas in either MDs or NCs, we defined these areas as regions of interest (ROIs) and calculated average fALFF values in these ROIs to further test whether significant group differences in the associations were present. Specifically, at the ROI level, partial correlation coefficients between fALFF and PSQI score were first changed into Fisher's Z scores and subsequently compared between MDs and NCs.

To examine whether significant differences were present in fALFF values of the brain regions that were related to PSQI score in MDs or HCs, ROI-based independent sample t-tests were carried out. The statistical significance threshold was set at p < 0.05.



GMV Calculation

The three-dimensional T1-weighted maps were processed using the VBM8 (http://dbm.neuro.uni-jena.de/vbm.html) software implemented in the SPM8. Initially, all the T1-weighted maps were closely checked to exclude obvious anatomical deficits or artifacts. After the T1-weighted maps were parcellated into three components including gray matter, white matter, and cerebrospinal fluid, gray matter concentration images were spatially transformed into the MNI standard space. Notably, these images were transformed non-linearly with use of the DARTEL method (27) and resliced to a 1.5-mm cubic voxel. The GMV image was derived via multiplying the transformed gray matter concentration image by the non-linear parameters generated from the previously described spatial transformation step. Lastly, the resulting GMV maps were spatially smoothed by the use of a Gaussian kernel of 6 × 6 × 6 mm FWHM. To examine if the GMV of brain regions identified in the fALFF analysis were correlated with subjective sleep quality, we first calculated the GMV values of these brain areas and then performed ROI-based correlation analysis using SPSS software. Pearson's correlation analysis was used to identify the relationship between GMV and the PSQI score when adjusting for sex, age, educational level, and TIV in MDs and NCs, separately. Partial correlation coefficients were changed into Fisher's Z scores and then compared between MDs and NCs. In addition, we also compared GMV of brain areas related to the PSQI score between MDs and NCs. The statistical significance threshold was set at p < 0.05.




RESULTS


Characteristics of MDs and NCs

The demographic data and clinical characteristics of all subjects are listed in Table 1. The MDs and NCs did not significantly differ in age (t = 0.915, p = 0.362), sex (χ2 = 1.855, p = 0.173), TIV (t = −1.137, p = 0.257), and FD (t = −1.838, p = 0.068). MDs exhibited higher PSQI score (t = 11.377, p < 0.001), higher HAMD score (t = 21.847, p < 0.001), higher HAMA score (t = 19.591, p < 0.001), and lower educational level (t = −6.589, p < 0.001) than NCs.


Table 1. Demographic and clinical characteristics of the sample.
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Correlation Between fALFF and PSQI Score

In the voxel-wise fALFF analysis, a statistically significant negative association (p < 0.05, cluster-level FWE-corrected) was found between the PSQI score and fALFF in the precuneus bilaterally [size of cluster = 194 voxels, MNI coordinate x/y/z of the peak = 12/−42/39, peak T-value = −3.9182, partial correlation coefficient (pr) = −0.486, p < 0.001] after adjusting for sex, age, educational level, and FD in MDs (Figures 1A,B). The correlation between fALFF and PSQI score was not significant in NCs. For completeness, we extracted fALFF of the bilateral precuneus and then conducted ROI-based partial correlation analysis in NCs. The correlation between PSQI score and fALFF was not significant in NCs (pr = −0.054, p = 0.654, Figure 1C). Moreover, there existed a significant group difference in the PSQI score–fALFF association (prMDD = −0.486, prHCs = −0.054, Z-value of group comparison in pr = −3.14, p = 0.0017).


[image: Figure 1]
FIGURE 1. Correlation between fALFF and PSQI score. (A) Voxel-based correlation between fALFF of bilateral precuneus and PSQI score in MDs. (B) Scatter plot of correlation between fALFF of bilateral precuneus and PSQI score in MDs. (C) Scatter plot of correlation between fALFF of bilateral precuneus and PSQI score in NCs. fALFF, fractional amplitude of low-frequency fluctuations; PSQI, Pittsburg Sleep Quality Index; MD, individual with major depression; NC, normal control; L, left; R, right.


The group comparison analysis showed a higher fALFF in the bilateral precuneus in MDs (t = 2.783, p = 0.006, Figure 2).


[image: Figure 2]
FIGURE 2. Between-group comparison in fALFF of bilateral precuneus. Error bars indicate the SEM. fALFF, fractional amplitude of low-frequency fluctuations; MD, individual with major depression; NC, normal control.




Correlation Between GMV and PSQI Score

To further test whether the GMV of bilateral precuneus was correlated with PSQI score, we performed ROI-based partial correlation analysis between GMV of bilateral precuneus and PSQI score in MDs and NCs, separately. The GMV of bilateral precuneus was significantly associated with PSQI score in MDs (pr = −0.205, p = 0.031, Figure 3A) rather than in NCs (pr = −0.007, p = 0.953, Figure 3B). The group difference in the PSQI score–GMV association was not significant (prMDD = −0.205, prHCs = −0.007, Z value of group comparison in pr = −1.5, p = 0.13).


[image: Figure 3]
FIGURE 3. Scatter plots of correlations between GMV of bilateral precuneus and PSQI score. (A) Correlation between GMV of bilateral precuneus and PSQI score in MDs. (B) Correlation between GMV of bilateral precuneus and PSQI score in NCs. GMV, gray matter volume; PSQI, Pittsburg Sleep Quality Index; MD, individual with major depression; NC, normal control.


There existed no statistically significant difference between MDs and NCs in GMV of bilateral precuneus in group comparison (t = −1.383, p = 0.168, Figure 4).
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FIGURE 4. Between-group comparison in GMV of bilateral precuneus. Error bars indicate the SEM. GMV, gray matter volume; MD, individual with major depression; NC, normal control.





DISCUSSION

Using MRI, we investigated neural basis for poor subjective sleep quality in MDs. We observed three findings in the current study. First, MDs had poorer subjective sleep quality than NCs. Second, in MDs, poorer subjective sleep quality was correlated with lower fALFF and lower GMV in bilateral precuneus. Third, such associations between subjective sleep quality and brain imaging indices obtained in MDs were not present in NCs. Overall, these findings highlight that precuneus may serve as a potential sleep quality–associated neural signature in MDs.

The PSQI is a self-reported questionnaire that evaluates sleep quality over a 1-month time interval (28). PSQI score >5 reflects poor subjective sleep quality. In the present study, the mean PSQI score of MDs is 12.9 and MDs had higher PSQI score compared with NCs. Prior studies have demonstrated that poor sleep quality was seen in MDs (19, 29), which is coincident with our finding.

The precuneus is a key node of the posteromedial cortex, engaging in a wide range of functions, e.g., self-related processing, consciousness, episodic memory, and visuo-spatial imagery (30). The function and structure of precuneus have been proved to be implicated in the neuropathology (31–34) and treatment (35) of MD. Furthermore, precuneus is a central region of the default-mode network, whose impairments have been widely reported in depression (36, 37). The precuneus also plays a pivotal role in sleep disturbance. For example, reduced degree centrality and GMV were found in insomnia patients (38, 39). Functional connectivity and cortical thickness in precuneus were correlated with sleep quality (40, 41). In the current research, PSQI score was negatively correlated with the fALFF and GMV value of the precuneus bilaterally in MDs. These results were congruent with earlier studies. For example, functional connection of the precuneus has been reported to play a mediating role in the relationship between depression and sleep quality in healthy adults (13). In a longitudinal study, the GMV of precuneus was associated with sleep duration via depressive problems in children (42). Collectively, these prior studies, combined with our current finding, suggest that precuneus may serve as the neural basis for poor subjective sleep quality in MD.

In the inter-group comparison analysis, we found that MDs exhibited higher fALFF of bilateral precuneus, suggesting increased local neuronal activity in bilateral precuneus in MDs. This result is different from previous studies investigating the local neuronal activity changes in MD using fALFF method. For example, Li et al. found lower fALFF value of the precuneus in first-episode, drug-naive MDs (43). Liu et al. found decreased fALFF of the precuneus in individuals with recurrent depression. In addition, the decreased fALFF correlated with depression episode numbers (44). These disparities may be linked to the heterogeneity of MDs (MD subtypes, the durations of illness, and antidepression treatments) and sample sizes (32–114 subjects). The absence of inter-group difference in GMV of bilateral precuneus indicated a disassociation between structural and functional alterations. We speculate the reason may be that the structural changes might lag behind the functional changes, which further supports the idea that anatomical structures shape rather than limit regional neuronal activity.

Some limitations should be considered in the current research. First, MDs and NCs were different in educational levels. Even though we regressed educational levels in correlation analysis, the potential effect on result cannot be completely moved. Education-matched NCs are required in future researches. Second, individuals with MD had different illness durations and were receiving antidepressant treatment, which may bias the reliability of the results. Future studies will be conducted in first-episode, drug-naive MDs to confirm the findings. Finally, cross-sectional design is not sufficient for the conclusion of causal relationship. Longitudinal researches are necessary to investigate the causality direction.

In summary, we found that PSQI score was negatively associated with the fALFF and GMV of bilateral precuneus in MDs. Moreover, the fALFF of precuneus was higher in MD compared with NCs. Our findings help to identify sleep quality–associated neural signature and further improve our understanding of the neural basis for poor subjective sleep quality in MD.
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