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Patients with major depressive disorder (MDD) often have circadian rhythm alteration and sleep disturbance.
The pineal gland regulates the circadian rhythm and sleep by the secretion of melatonin neurohormone.
However, the relationship between pineal abnormality and MDD remains elusive. 50 patients with MDD and 35
gender- and age-matched healthy controls underwent high-resolution structural MRI. Pineal parenchymal vo-
lume (PPV) was measured manually. Inter-group differences in prevalence of pineal cyst and PPV were ex-
amined. In addition, we investigated the correlations between PPV and symptom severity as well as sleep

variables in the patient group. Compared to healthy controls, patients with MDD had a higher prevalence of
pineal cyst. Moreover, patients had significantly decreased PPV relative to controls. However, no significant
correlations were observed between PPV and symptom severity as well as sleep variables. Our findings suggest
that pineal abnormality may play a critical role in depression.

1. Introduction

Major depressive disorder (MDD) is a potentially debilitating psy-
chiatric disorder affecting more than 300 million people worldwide. It
is characterized by periods of time when individuals experience guilt,
sadness, a loss of interest or pleasure in their daily lives. Moreover,
these depressive symptoms last for the majority of a two week period
and are not caused by drug or other inducements (Melhuish Beaupre
et al.,, 2018). MDD is heterogeneous and caused by genetic and en-
vironmental factors as well as their interactions (Cohen-Woods et al.,
2013). However, the exact etiology of depression is still not entirely
clear.

The human pineal gland is a small neuroendocrine organ which is a
part of the diencephalon, and it regulates the circadian rhythm and
sleep by the secretion of melatonin neurohormone (Acer et al., 2011).
Melatonin secretion in the pineal gland is controlled by an endogenous
circadian timing system located in the suprachiasmatic nucleus of the
hypothalamus and is suppressed by light, resulting in a high blood
melatonin level at night and a low level during the day (Brown, 1994;
Macchi and Bruce, 2004). There is evidence that depression is linked to
the alterations of melatonin secretion and associated changes in bio-
logical rhythms. For instance, patients with MDD often have circadian
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rhythm alteration and sleep disturbance (Dmitrzak-Weglarz and
Reszka, 2017; Germain and Kupfer, 2008; Karatsoreos, 2014), which
may be attributed to abnormal melatonin secretion (Dmitrzak-Weglarz
and Reszka, 2017; Lanfumey et al., 2013). It has also been shown that
the melatonin secretion decreases during the depression onset and in-
creases after remission (Dmitrzak-Weglarz and Reszka, 2017), sug-
gesting that the melatonin level may serve as an effective indicator for
the diagnosis of depression (Srinivasan et al., 2006). Moreover, mela-
tonin has been used to treat depression despite inconsistent therapeutic
effects (Dmitrzak-Weglarz and Reszka, 2017).

MDD is present with circadian disruption in both physiology and
behavior (Karatsoreos, 2014). The disruption of the circadian clock
manifests as changes in sleep-wake cycles (Turek, 2007), such as in-
somnia or hypersomnia (Dmitrzak-Weglarz and Reszka, 2017), and
diurnal variation in mood (Gordijn et al., 1994). These abnormalities in
turn affect other physiological and endocrine systems, with dis-
turbances in the diurnal rhythms of hormonal secretion, levels of ac-
tivity, core body temperature and food intake (Bunney and Bunney,
2013; Lam and Levitan, 2000). The links between depression and cir-
cadian function might occur at many levels (Wirz-Justice, 2009). An
interesting example of this multi-level interaction is evident in the de-
velopment and use of agomelatine, a melatonin agonist that also has
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serotonergic activity (Karatsoreos, 2014). The agomelatine is actively
being used for its antidepressant actions (de Bodinat et al., 2010) and
has been shown to increase the relative magnitude of circadian rhythms
in the rest-activity cycle, which may lead to an improvement in sleep
and a parallel improvement in depressive symptoms (Kasper et al.,
2010).

In healthy individuals, smaller pineal volume is correlated with
greater sleep-rhythm disturbance (Liebrich et al., 2014), and the se-
cretion of melatonin is related to pineal volume, especially pineal
parenchymal volume (PPV) (Liebrich et al., 2014; Nolte et al., 2009).
Prior studies have demonstrated that pineal volume alterations might
be associated with a variety of clinical conditions including primary
insomnia (Bumb et al., 2014), psychiatric disorders (e.g., schizophrenia,
attention deficit hyperactivity disorder) (Bersani et al., 2002; Bumb
et al., 2016; Findikli et al., 2015), and neurological diseases (e.g.,
Alzheimer disease) (Matsuoka et al., 2018). Moreover, there is evidence
that school-age children in pineal cysts have significantly increased
levels of sleepiness and difficulty in sleep initiation and maintenance
(DelRosso et al., 2018). Evans et al. have suggested that pineal cysts
may be related to migraine (Evans and Peres, 2010). Given these
findings, one may speculate that circadian rhythm alteration and sleep
disturbance in patients with MDD might be associated with pineal ab-
normality and its related melatonin secretion change. A better clar-
ification of this issue may provide insights into the underlying neuro-
pathological mechanism of depression.

In this study, we aimed to investigate MDD-related pineal ab-
normality by comparing pineal cyst prevalence and PPV between pa-
tients suffering from MDD and gender- and age-matched healthy con-
trols. We hypothesized that patients with MDD would have higher
pineal cyst prevalence and reduced pineal volume relative to healthy
controls.

2. Materials and methods
2.1. Participants

Patients were recruited consecutively from the inpatient and out-
patient departments of Hefei Fourth People's Hospital. Healthy controls
were enrolled from the local community via poster advertisements. This
study comprised a total of 85 right-handed subjects, including 50 pa-
tients with MDD and 35 matched healthy controls. The diagnoses of
depression were confirmed by two well-trained clinical psychiatrists in
accordance with the International Classification of Diseases (ICD-10)
criteria. Healthy controls were carefully screened to confirm an absence
of any psychiatric illness using MINI-
International Neuropsychiatric Interview. Exclusion criteria for all
participants included: 1) the presence of other psychiatric disorders
such as schizophrenia, bipolar disorder, substance-induced mood dis-
order, anxiety disorders, substance abuse or dependence; 2) a history of
significant neurological or physical diseases; 3) a history of head injury
with loss of consciousness; 4) pregnancy or any contraindications for
MRI; 5) neoplastic lesion of the pineal gland. Additional exclusion
criterion for the healthy control subjects was a family history of major
psychiatric or neurological illness among their first-degree relatives. 24-
item Hamilton Rating Scale for Depression (HAMD) (Williams, 1988)
and 14-item Hamilton Rating Scale for Anxiety (HAMA)
(Thompson, 2015) were applied to capture the severity of depression
and anxiety symptoms. Pittsburgh Sleep Quality Index (PSQI) was used
to assess the sleep quality. All patients were receiving their regular
antidepressant medications (Table S1 in the Supplementary Materials),
either with selective serotonin reuptake inhibitors or with selective
serotonin norepinephrine reuptake inhibitors. This more natural setting
allows us to perform a more conservative analysis to identify aberra-
tions in MDD, and thus should better reflect the overall population of
MDD patients. This study was approved by the ethics committee of The
First Affiliated Hospital of Anhui Medical University. Written informed
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consent was obtained from all participants after they had been given a
complete description of the study.

2.2. Image acquisition

MRI scans were obtained using a 3.0-Tesla MR system (Discovery
MR750w, General Electric, Milwaukee, WI, USA) with a 24-channel
head coil. Earplugs were used to reduce scanner noise, and tight but
comfortable foam padding was used to minimize head motion. During
the scans, all participants were instructed to keep their eyes closed,
relax but not fall asleep, think of nothing in particular, and move as
little as possible. High-resolution 3D T1-weighted structural images
were acquired by employing a brain volume (BRAVO) sequence with
the following parameters: repetition time (TR) = 8.5ms; echo time
(TE) = 3.2ms; inversion time (TI) = 450ms; flip angle (FA) = 12°%
field of view (FOV) = 256 mm X 256 mm; matrix size = 256 X 256;
slice thickness = 1 mm, no gap; voxel size = 1 mm X 1 mm X 1 mm;
188 sagittal slices; and acquisition time = 296s.

2.3. Image processing

All images were checked to ensure only images without visible ar-
tifacts were included in subsequent analyses. The pineal gland was
identified in the 3D T1-weighted structural images from multiple
planes. Benefiting from the surrounding cerebrospinal fluid, the pineal
borders were determined easily according to the adjacent structures
including the corpora quadrigemina, medial boundary of the thalamus,
posterior commissure and habenulae (Fig. 1A and B). The pineal par-
enchyma without and with pineal cyst were manually delineated and
the pineal parenchymal volume was measured by using the MRIcron
software (Fig. 1C and D). Since pineal cysts do not contain pinealocytes,
the pineal parenchymal volume was computed by subtracting the pineal
cyst volume from the total pineal volume, i.e., pineal parenchymal
volume (PPV) = total pineal volume (cyst included) - pineal cyst vo-
lume. Two raters who were blinded to the clinical data measured the
PPV of all participants separately. The intra-class correlation coefficient
(ICC) was calculated to test the inter-rater variability. Finally, the mean
PPV values of the two raters’ measurement were used for further sta-
tistical analyses. In addition, total intracranial volume (TIV) was as-
sessed by using the CAT12 toolbox (http://www.neuro.uni-jena.de/cat)
implemented in the Statistical Parametric Mapping software (SPM12,

C. D.

Fig. 1. The pineal gland and its surrounding structures in axial (A) and sagittal
(B) positions, and delineation of the pineal parenchyma without (C) and with
(D) pineal cyst. Abbreviations: P, pineal; H, habenulae; MBT, medial boundary
of the thalamus; CQ, corpora quadrigemina; PC, posterior commissure.
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2.4. Polysomnography

Full overnight polysomnography (PSG) monitoring was performed
on the patients using the Embla N7000 instrument (New York, USA).
Standard elctroencephalogram (EEG), electrocardiogram (ECG), chin
electromyogram (EMG), electrooculogram (EOG), oral and thoracic,
nasal airflow and abdominal movements, body position, oximetry, and
snoring were recorded. We acquired some relevant PSG parameters
including apnea hypopnea index (AHI, the AHI was calculated as the
average of the total number of apnea and hypopnea events experienced
per hour of sleep), saturation of oxygen (Sa0O,), time in bed (TIB), total
sleep time (TST), sleep period time (SPT), rapid eye movement (REM),
non-rapid eye movement (NREM), REM sleep latency, NREM sleep
phase 1 (N1), NREM sleep phase 2 (N2), NREM sleep phase 3 (N3), N1
latency, N2 latency, N3 latency. Excessive daytime sleepiness was
evaluated by using the Epworth Sleepiness Scale (ESS) (Johns, 1991).

2.5. Statistical analysis

The statistical analyses were performed by using the SPSS 23.0
software package (SPSS, Chicago, Ill). Age, educational years, TIV and
clinical variables (HAMD and HAMA) were compared between MDD
patients and healthy controls by using two-sample t-tests. Group dif-
ferences in gender and the prevalence of pineal cyst were tested by
using Pearson Chi-square test. A general linear model was used to test
differences in PPV between patients with MDD and healthy controls,
adjusting for age, gender, educational years and TIV. In addition, we
compared PPV depending on the presence or absence of pineal cysts in
MDD patients and healthy controls, separately. Pearson's correlation
analyses were performed to examine the associations between PPV and
clinical variables (HAMD, HAMA, PSQI and multiple PSG parameters)
in the patient group. For these analyses, P < 0.05 was considered to
indicate statistical significance.

3. Results
3.1. Participant characteristics

The characteristics of participants are shown in Table 1. The patient
and control groups did not differ in gender (chi-square test, x> = 1.510,
P = 0.219), age (two-sample t-test, t = —0.282, P = 0.778), and edu-
cational years (two-sample t-test, t = —1.808, P = 0.074). Compared
with healthy controls, MDD patients exhibited reduced TIV (two-
sample t-test, t = —2.055, P = 0.043), and increased HAMD (two-
sample t-test, t = 13.527, P < 0.001) and HAMA (two-sample t-test,
t=11.921, P < 0.001).
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Fig. 2. Pineal parenchymal volume reduction in patients with MDD.
Abbreviations: PPV, pineal parenchymal volume; MDD, major depression dis-
order; HC, healthy controls.

3.2. Pineal abnormality in patients with MDD

Patients with MDD had a higher prevalence of pineal cyst (62% vs.
40%, chi-square test, x> = 4.000, P = 0.046) compared to healthy
controls. The ICC of inter-rater PPV measurement was 0.991, implying
an excellent inter-rater reliability. Mean PPV in patients with MDD was
70.47 + 28.30 mm® (95% confidence interval [CI]: 62.43, 78.51 mm?),
and that in healthy controls was 89.87 + 38.81 mm® (95% CI: 76.54,
103.20 mm?). Patients had significantly decreased PPV (F = 4.985,
P = 0.028) relative to controls when controlling for age, gender, edu-
cational years and TIV (Fig. 2). As shown in Table S2 in the Supple-
mentary Materials, there were no significant differences between in-
dividuals with and without pineal cysts for both patient and control
groups (P > 0.05). In patients with MDD, we did not find any sig-
nificant correlations between PPV and clinical variables (HAMD, HAMA
and PSQI) (P > 0.05). In addition, there were no significant correla-
tions between PPV and PSG parameters (P > 0.05) in the patient group
(Table S3 in the Supplementary Materials).

4. Discussion

In the present study, we found higher cyst prevalence and decreased
volume of the pineal gland in patients with MDD, which is inconsistent
with prior finding that there is no difference in the pineal volume be-
tween depressed patients and controls (Findikli et al., 2015). In addi-
tion, Sarrazin et al. found that there was no difference in total pineal
volume between patients with bipolar disorder and healthy subjects
(Sarrazin et al., 2011). Differences in sample sizes, pineal delineation
strategies, MRI scanners may lead to these discrepancies. Carpenter
et al. have reported that although melatonin levels are related to both
sleep-wake cycles and functioning in young people with affective

Table 1

Summary of Demographic and Clinical Characteristics.
Characteristic MDD (n = 50)* HC (n = 35)* Statistics p value
Gender (female/male) 31/19 17/18 x? =1.510 0.219"
Age (years) 42.10 + 10.52 (18-60) 42.74 + 10.04 (23-56) t= —0.282 0.778"
Education (years) 9.30 = 3.80 (5-16) 10.89 = 4.23 (5-18) t= —1.808 0.074"
HAMD 29.42 + 11.59 (3-52) 2.49 + 2.37 (0-12) t=13.53 < 0.001"
HAMA 19.06 + 7.41 (7-35) 2.86 + 3.72 (0-21) t=11.92 < 0.001"
PSQI° 11.96 = 5.43 (1-23) - - -
TIV (ecm®) 1458.00 + 157.90 1523.50 + 123.10 t= —2.055 0.043"

* Except for gender designation, data are means + standard deviations. Numbers in parentheses are the range. Abbreviations: MDD, major depressive disorder;
HC, healthy control; TIV, total intracranial volume; HAMD, Hamilton Rating Scale for Depression; HAMA, Hamilton Rating Scale for Anxiety; PSQI, Pittsburgh Sleep

Quality Index.
@ The P value was obtained by chi-square test.
> The P values were obtained by two-sample t-tests.
¢ The data are available for 48 of 50 patients.
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disorders, pineal size and presence of cyst are not directly related to
sleep disturbances or depressive symptoms, indicating abnormalities in
pineal function rather than structure (Carpenter et al., 2017). However,
this study did not enroll healthy controls, and the lack of inter-group
comparison analysis may prevent researchers from drawing a clear
conclusion on the relationship between pineal structural abnormality
and affective disorders.

In humans, the pineal gland arises out of the third ventricle, and
reaches its final size in early childhood (Golan et al., 2002; Schmidt
et al., 1995; Sumida et al., 1996). It regulates the circadian rhythm and
sleep by the secretion of melatonin neurohormone (Acer et al., 2011;
Brown, 1994; Macchi and Bruce, 2004). Pineal volume alterations have
been observed in many mental illnesses, such as primary insomnia
(Bumb et al., 2014), psychiatric disorders (e.g., schizophrenia, attention
deficit hyperactivity disorder) (Bersani et al., 2002; Bumb et al., 2016;
Findikli et al., 2015), and neurological diseases (e.g., Alzheimer dis-
ease) (Matsuoka et al., 2018). In this study, the prevalence of pineal
cyst in healthy subjects is 40%, which is in line with previous reports
(Hasegawa et al., 1987; Pu et al., 2007; Tapp, 1979; Tapp and Huxley,
1972). The higher pineal cyst prevalence (62%) may be another MDD-
related pathological feature of the pineal gland.

In this study, we found decreased TIV in the MDD patients, which is
consistent with previous findings of reduced volumes in widespread
brain regions, such as the orbitofrontal cortex, prefrontal cortex, insula,
supplementary motor area, middle temporal gyrus, anterior cingulate
cortex, hippocampus, putamen, caudate, pallidum, thalamus, para-
hippocampal gyrus and fusiform gyrus (Amico et al., 2011; Baumann
et al., 1999; Bielau et al., 2005; Kim et al., 2008; Koolschijn et al., 2009;
Lorenzetti et al., 2009; Matsuo et al., 2008; Nugent et al., 2013;
Parashos et al., 1998; Soriano-Mas et al., 2011; Vasic et al., 2008;
Wagner et al., 2011; Zhang et al., 2018, 2016).

It is well-established that patients with MDD have circadian rhythm
alterations resulting in disturbed sleep (Dmitrzak-Weglarz and Reszka,
2017; Germain and Kupfer, 2008; Karatsoreos, 2014). For example,
some patients with MDD suffer from hypersomnia or insomnia
(Dmitrzak-Weglarz and Reszka, 2017). Subjective sleep complaints are
common in patients with MDD, and up to 90% of patients have trouble
in falling asleep and staying asleep, and have symptoms of early
morning awakenings (Almeida and Pfaff, 2005; Tsuno et al., 2005).
Once the circadian rhythm is disrupted, hormonal and metabolic
changes occur accordingly, which in turn leads to the development or
exacerbation of depressive symptoms in MDD. For example, Emens
et al. have found that severity of depressive symptoms is correlated
with circadian misalignment in MDD (Emens et al., 2009). However, we
cannot rule out the possibility that depressed mood may render patients
particular susceptible to sleep disturbance. Combined, depression and
sleep disturbance are often comorbidity and have interaction. Previous
studies have found that melatonin plays an important role in the in-
itiation and maintenance of sleep (Brzezinski et al., 2005; Buscemi
et al., 2005; Cajochen et al., 2003; Kim et al., 2013). The disturbance of
endogenous melatonin secretion rhythm will result in the disturbance
of sleep-wake cycle (Micic et al., 2015; Saxvig et al., 2013) and intake
of exogenous melatonin can effectively reduce the latency of sleep in-
itiation, increase sleep time, improve sleep efficiency and correct the
circadian rhythm abnormality (Brzezinski et al., 2005; Buscemi et al.,
2005; Cajochen et al., 2003; Kim et al., 2013). Smaller pineal volume
has been shown to correlate with melatonin deficit (Kunz et al., 1999;
Liebrich et al., 2014; Mahlberg et al., 2009; Matsuoka et al., 2018; Nolte
et al., 2009) and greater sleep-rhythm disturbance (Liebrich et al.,
2014). All of these findings converge to support the notion that pineal
gland abnormality may serve as a potential mediator of the interaction
between disturbed sleep and depression.

Several limitations must be taken into account when interpreting
the findings. First, serum levels of melatonin were not measured, which
precludes us from exploring the relationship between melatonin level
and pineal abnormality in patients with MDD. Moreover, we did not
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control for the effect of antidepressant medication, which may influ-
ence the melatonin secretion. Second, pineal calcification is not taken
into account because MRI has limitations in detecting calcification. The
degree of pineal calcification may vary across the participants, which
may have affected our results and interpretation. Third, the evaluation
of pineal cysts using T1 weighted images is difficult. Future investiga-
tions into pineal cyst morphometry would be improved by including a
TrueFISP/FIESTA sequence to enhance cyst identification (Bumb et al.,
2012; Nolte et al., 2009). Finally, the sample size was relatively small,
which may lead to non-significant correlations between pineal ab-
normality and psychometric data in patients with MDD due to a limited
statistical power. In future study, larger sample is needed to validate the
current findings.

In conclusion, in this study we present evidence that patients with
MDD had higher prevalence of pineal cyst and reduced parenchymal
volume relative to healthy controls, suggesting a critical role of pineal
abnormality in the interaction between sleep disturbance and depres-
sion.
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