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Abstract

AIM: To determine the spectrum of pineal microstructures (solid/cystic parts) in a large clinical population using a high-resolution 3D-T2-weighted sequence.

METHODS: A total of 347 patients enrolled for cranial magnetic resonance imaging were randomly included in this study. Written informed consent was obtained from all patients. The exclusion criteria were artifacts or mass lesions prohibiting evaluation of the pineal gland in any of the sequences. True-FISP-3D-imaging (1.5-T, isotropic voxel 0.9 mm) was performed in 347 adults (55.4 ± 18.1 years). Pineal gland volume, cystic volume, and parenchyma volume (cysts excluded) were measured manually.

RESULTS: Overall, 40.3% of pineal glands were cystic. The median pineal gland volume was 54.6 mm3 (78.33 ± 89.0 mm3), the median cystic volume was 5.4 mm3 (15.8 ± 37.2 mm3), and the median parenchyma volume was 53.6 mm3 (71.9 ± 66.7 mm3). In solid glands, the standard deviation of the pineal gland volume was substantially higher than in cystic glands (58% vs 98% of the mean). Pineal gland volume declined with age (r = -0.130, P = 0.016).

CONCLUSION: Most of the high interindividual volume variation is secondary to cysts. Pineal parenchyma volume decreased slightly with age, whereas gender-related effects appear to be negligible.
© 2013 Baishideng. All rights reserved.  
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INTRODUCTION
The enormous interindividual variation of the pineal gland frequently complicates radiological evaluations. Frequently, cases with a presumably enlarged solid or cystic pineal gland cannot be classified due to the lack of reliable data for comparison. The differential diagnosis of pineal enlargements includes pineal neoplasms, such as pineocytoma, pinealoblastoma and germinoma. 

For the definition of normal pineal volume and morphometry, cross-sectional imaging studies have yet not provided sufficient data. A slice thickness of 4 mm to 10 mm is used for computed tomography, and most magnetic resonance imaging (MRI) suggest that this structure has a mean size of 6-10 mm1[]
. Recently, high-resolution 3D-MRI (1 mm isotropic voxel size or less) has been applied for the characterization of the pineal gland in more detail2-5ADDIN EN.CITE.DATA 


[ ADDIN EN.CITE ]
 and for 3D-volumetry of the pineal gland5ADDIN EN.CITE.DATA 


[ ADDIN EN.CITE ,6]
. Bumb et al6[]
 measured pineal volume in a clinical pediatric population, whereas a study by Sun et al5[]
 included young Chinese adults aged 20 to 30 years (n = 112) with the intention of assisting in the early diagnosis of small pineal lesions. The authors of that study concluded that the exploration of a larger age range is required to define the reference values of high resolution 3D-volumetry for clinical evaluations. Therefore, the principal goal of our study is to provide a reference range for pineal volume (and the number and size of cystic changes) in a broader clinical population ranging from young adulthood to old age.
Moreover, prior histological and high-resolution MRI studies have indicated that there is high interindividual variability in the size of the pineal gland4ADDIN EN.CITE.DATA 


[ ADDIN EN.CITE ,7,8]
. The extent of this variability is unique among the organs of the central nervous system. Although cysts are a common finding in autoptic7ADDIN EN.CITE.DATA 


[ ADDIN EN.CITE ,8]
 and imaging studies4ADDIN EN.CITE.DATA 


[ ADDIN EN.CITE ]
, the degree to which cysts and solid parenchyma contribute to this variability is not known.

Consequently, we used high-resolution 3D-MRI to analyze in detail which morphological part of the pineal gland (cystic or solid part) contributes to the high variability. As the underlying causes of the variability are not well understood, we further investigated the effect of age and gender on the volume and microstructure of the pineal gland.

MATERIALS AND METHODS
Population and MRI protocol

A total of 347 patients enrolled for cranial MRI were randomly included in this study. Written informed consent was obtained from all patients. The exclusion criteria were artifacts or mass lesions prohibiting evaluation of the pineal gland in any of the sequences.

MRI scans were performed using two 1.5-T scanners (Siemens Sonata and Avanto, Siemens, Erlangen, Germany). The MR sequences for all patients included transversal T1-weighted spin echo (T1-SE, TR/TE 434/11), T2-weighted turbo spin echo (T2-TSE, TR/TE 3900/101), fluid-attenuated inversion recovery (FLAIR, TR/TI/TE 9000/2500/89) (all 24 slices, 5 mm slice thickness, 20% gap, field of view 205 mm × 230 mm, matrix 448 mm × 304 mm), and trueFISP (fast imaging with steady precession, TR/TE 7.1 / 3.5, field of view 178 mm × 220 mm, matrix 212 mm × 275 mm, 36 slices, slice thickness 800 μm). A diagnosis for each patient was extracted from the medical records.

Evaluation

All images were evaluated digitally using OsiriX software (www.osirix-viewer.com). Two experienced neuroradiologists blinded to the clinical information evaluated the images. 

Pineal gland volume (PGV) was measured as described previously 4ADDIN EN.CITE.DATA 


[ ADDIN EN.CITE , 9]
. In brief, the contour of the pineal gland was manually traced on transversal reconstructed trueFISP images using the OsiriX volume quantification tool. If cysts were detected in the trueFISP imaging, then the total cyst volume (TCV) was also measured. Pineal parenchyma volume (PPV) was defined as PGV-TCV.

To determine the intrarater variability, the same evaluator assessed all datasets a second time with a time gap of three weeks. To determine the interrater variability, a second evaluator unaware of the results of the first evaluation assessed ten randomly chosen datasets.

Ethical approval

The local ethics committee waived ethical approval of this study.

Statistical analysis

For the statistical analysis, SPSS 18.0 (IBM, Illinois, USA) was used. To determine intra- and interrater variability of the volume measurements, the Pearson correlation coefficient and the paired samples t test was used. Student’s t test was used to detect gender differences in PGV, PPV, and TCV. The Pearson correlation coefficient was computed for the relationship between age and PPV, TCV, and number of cysts. For all tests, a significance level of 0.05 was used. Descriptive values are given as the mean ± standard deviation if not otherwise specified.
RESULTS
Reliability of measurements

To assess intrarater variability, all 347 datasets were assessed twice by one evaluator with a time gap of three weeks (PPV: mean of first assessment 71.9 ± 66.6 mm3, mean of second assessment 72.3 ± 66.8 mm3). The Pearson correlation coefficient was 0.999 (P < 0.001). There was no difference between the evaluations (P < 0.001).

To assess interrater variability, ten of the 347 datasets were randomly chosen and assessed by a second evaluator. There was no difference between the two evaluators for these ten datasets (P < 0.05). The Pearson correlation coefficient between both evaluators was 0.829 (P = 0.003). The coefficients indicate an adequately high reliability.

Population

The study population comprised 347 individuals (55.4 ± 18.1 years, range 19 to 94 years; 47.0% female and 53.0% male). The diagnoses included intracranial neoplasm [glioma (12.1%), meningioma (4.3%), metastasis (5.2%), and other intracranial neoplasm (4.9%)], ischemia (25.4%), hemorrhage (3.7%), inflammatory disease of the CNS (3.5%), epilepsy (1.7%), hydrocephalus (9.5%), other diagnosis (13.5%), and normal findings (16.1%). 

Figure 1 Illustrates the smallest and largest solid pineal gland as well as the largest monocystic gland. The mean PGV, PPV, and TCV values are shown in Table 1. Of the 347 pineal glands, 40.3% contained cysts. More than 10% were multicystic (29.1% with one cyst, 9.5% with two cysts, 1.2% with three cysts, 0.3% with four cysts, and 0.3% with five cysts).

Influence of gender

The differences in the median PGV, PPV, and TCV between females and males were subtle (Table 1). The median PGV was equivalent in females and males. The median PPV was slightly higher in females, whereas the median TCV was higher in males.

The mean PGV and PPV were slightly higher in females than in males, but the difference was far from significant (P = 0.464 and P = 0.586, respectively) (Table 1 and Figure 2A, B). 

Females displayed almost 6% more cystic glands than males. However, females had a smaller mean TCV, although this difference was not significant (Table 1 and Figure 2C, D).

There was no difference with respect to the number of cysts (P = 0.516) (Table 1).

In both females and males, PGV, PPV, and TCV had high standard deviations (table 1), indicating high interindividual variations.

To focus on the relationship between pineal parenchyma and gender, we factored out any possible effect of the cysts and analyzed only the solid glands (PPVsolid in Table 1). Interestingly, even in this case, the difference between the sexes was still negligible.

Females: In women (n = 163), the mean PPV decreased with age (Figure 2A) (r = -0.13, P = 0.097). Among the cysts in females, TCV exhibited a weakly negative correlation with age (Figure 2C). TCV and number of cysts showed no significant correlation with age (P = 0.455). TCV showed a strong positive correlation with PPV (P < 0.001, Pearson correlation coefficient 0.934). 
Males: In men (n = 184), the mean PPV exhibited a weakly negative correlation with age (P = 0.044, r = -0.149) (Table 1 and Figure 2B). Regarding cysts in males, TCV showed a weakly negative correlation with age, although this correlation was not significant (Figure 2D). The number of cysts showed no significant correlation with age (P = 0.744, r = -0.024). Similar to women, TCV was strongly correlated with PPV in men (P < 0.001, Pearson correlation coefficient 0.846).
Influence of age

PPV declined with age (r = -0.135, P = 0.012). PGV also declined with age (r = -0.130, P = 0.016). 

There were no significant correlations between age and the number of pineal cysts (P = 0.242) and between age and the TCV (P = 0.190).

To exclude a potential effect of the cysts on the volume measuring procedure, we analyzed the solid glands separately (n = 207). Here, the correlation with age was slightly worse (r2 = 0.003, y = 51.13 – 0.079x), which highlights that the effect of age on the pineal volume is minor.

Interindividual variation: Secondary to the solid or cystic component?

The median and mean PGV, PPV, TCV, and the PPVcystic/solid values are shown in Table 1. The expected high interindividual variability of PGV is reflected by a SD of 114% of the mean PGV (PGV 78.3 ± 89.0 mm3). 

To answer the question of whether the interindividual variation of the PGV is secondary to the solid or cystic component, the SDs of the solid and cystic glands were compared. The SD of the PGVsolid was 58% of the mean (46.6 ± 26.8 mm3). This variation suggests that substantial variation is secondary to the solid parenchyma. The SD of PGVcystic was 98% of the mean (125.2 ± 122.2 mm3), emphasizing the high influence of the cystic component. Accordingly, TCV shows a high variation. Taken together, the variation in the cystic component of the pineal gland adds more to the variation than the solid component.

DISCUSSION
The pineal gland is an important neuro-endocrine organ located in the center of the brain. It is one of the circumventricular organs lacking a blood-brain barrier10ADDIN EN.CITE.DATA 


[ ADDIN EN.CITE ]
. Its major function is circadian production of the hormone melatonin, the most important hormone in chronobiology11ADDIN EN.CITE.DATA 


[ ADDIN EN.CITE ]
. 

The distinction between normal pineal tissue and a small tumor can be problematic. In T1- and T2-weighted imaging, the signal characteristics are similar12ADDIN EN.CITE.DATA 


[ ADDIN EN.CITE ,13]
. As the pineal gland lacks a blood-brain barrier, a distinction by simple enhancement differences is not possible. Therefore, the establishment of normal reference values of the pineal volume is important for their evaluation.

The development of new techniques has improved the radiological precision of pineal imaging. Before the introduction of high-resolution 3D-sequences, PGV could only be estimated indirectly from two-dimensional measurements. This estimation included the measurement of up to three diameters and a geometric model (for example: globe). However, the shape of the pineal gland is known to be highly variable14[]
, and consequently, there is only a very weak correlation between the estimated volume and the true volumetric value5[]
. Until now, there no study has directly quantified volume in adults older than thirty years. Two studies used direct volume quantification for pediatric patients6[]
 and for young male adults up to 30 years of age5[]
. For clinical practice, however, a much broader age range is necessary5[]
.

For the first time, we present precise volumetric data covering the whole spectrum of adulthood. For young adults5[]
, a mean pineal volume of 94 mm³ was found. In our study, the mean for this age group (18 to 39 years) was higher (109 mm³). Although differences in the population may play a role, the choice of the volumetric sequence may also be influential [Sun et al[5] used non-isotropic T1-weighted 3D-sequence (fast spoiled gradient echo)]. Because the contrast of a small structure surrounded by the CSF is obviously higher in heavily T2-weighted imaging than in T1-weighted imaging, we opted for the trueFISP sequence, an isotropic heavily T2-weighted 3D-sequence. As a consequence, the observed organ border volumes were more precise, the partial volume effects were minimized, and the volumes measured were more valid. 

Sequence choice was also the reason for the higher prevalence of pineal cysts in our analysis. Pineal cysts were detected in 40.3% of the participants in the present study, which is in good agreement with histological studies reporting prevalences of 39.1%7[]
. Similar prevalences were reported for trueFISP imaging by Nolte et al4


[ ADDIN EN.CITE ]
 and Bumb et al6ADDIN EN.CITE.DATA 


[ ADDIN EN.CITE ]
 (35.1% in adults and 57.4% in children). The studies using T1-weighted 3D-sequences by Pu et al2


[ ADDIN EN.CITE ]
 and Sun et al5[]
 found prevalences of only 25% and 23%, respectively. Previous MRI studies using 2D-sequences with a slice thickness of more than 3 mm reported substantially lower prevalences of 0.14% to 4.3%15-20ADDIN EN.CITE.DATA 


[ ADDIN EN.CITE ]
. Obviously, both the chosen sequence and the resolution may influence the sensitivity. 

Theories concerning the pathogenesis of pineal cysts include a dysontogenetic residual of the embryonic pineal diverticulum and a degeneration within a glial plaque or within a cluster of pinealocytes 16ADDIN EN.CITE.DATA 


[ ADDIN EN.CITE ,21-23]
.

A significant effect of the degenerative hypothesis would entail more and possibly larger cysts with increasing age. We found no correlation either between age and TCV or between age and the number of cysts. This result is a strong argument against a significant influence of age on most pineal cysts. The stable TCV and the stable number of cysts support the assumption that the dysontogenetic mechanism is predominant for the formation of pineal cysts.

Some authors suggest that pineal cysts are subject to hormonal influence16ADDIN EN.CITE.DATA 


[ ADDIN EN.CITE ,24]
. In our study, we analyzed the prevalence, number of cysts, and cystic pineal volume but did not find significant gender differences. Other high-resolution MRI studies analyzing cyst prevalence reported that these values were slightly higher in females2ADDIN EN.CITE.DATA 


[ ADDIN EN.CITE ]
 or that there was no difference between males and females5[]
. Nevertheless, longitudinal studies are necessary to fully answer this question with respect to hypothetical volume changes during the menstrual cycle. 

Phylogenetically, the pineal gland is a very old structure. It is present not only in almost all mammals but also in a number of lizards, fishes, reptiles (but not in crocodiles), birds, and even probably in certain dinosaurs (branchiosaurs, among others)25[]
. An interesting finding is that across the different species, the volume appears to be dependent on both the degree of latitude (the more distant from the equator, the larger the volume) and nocturnality and diurnality (e.g., a smaller volume in owls and a larger volume in horses). 

In humans, the variation in brain structures is relatively small; for example, the hippocampus volume of young and healthy adults varies by less than approximately 10% of the mean (standard deviation of the mean)26[]
. In contrast, the pineal weight has been reported to vary approximately 50% in an autopsy study, with an estimated volume range from 20 to 330 mm37[]
. A study of young Chinese adults (20 to 30 years) reported a mean pineal volume of 95 ± 31 mm327ADDIN EN.CITE.DATA 


[ ADDIN EN.CITE ]
. Despite the observation that pineal cysts are very common (13%-57% in high resolution 3D-imaging, depending on the sequence, resolution and minimal diameter2ADDIN EN.CITE.DATA 


[ ADDIN EN.CITE , 4-6]
), until now, whether there is “true” variation in the hormone-producing parenchyma or whether the cysts are the cause of the high variability in humans was not clear.

To clarify whether the variation in PGV is secondary to the cystic and/or solid compartments, we determined that the volume variation in cystic glands was much higher (almost twice) than in purely solid glands (as a percent of the mean). This finding is contrary to the study by Sun et al5[]
, who reported higher variations in solid than in “macrocystic” glands (SD 29 mm3 vs 20 mm3). In this study, however, the small sample size of the macrocystic group (n = 7) might explain the contra-intuitive finding.

Although the high variation of cystic glands may not be surprising, the observation that the variation in the solid glands was considerably high in both women and men throughout the different age groups is important for the evaluation of the pineal gland and has not been reported so far. 

Similar striking interindividual differences have been reported for the production of melatonin28-30ADDIN EN.CITE.DATA 


[ ADDIN EN.CITE ]
. In a pilot study, Nolte et al3[]
 indicated that the production of melatonin was linked to the volume of the solid pineal tissue. Interestingly, the high variability of the solid pineal volume reported here appears to mirror the highly varying melatonin production in adults.

The reason for the high interindividual variability of the pineal volume is not clear. By studying this variability with respect to age, we found a weakly significant negative correlation (r = -0.130). In other words, only approximately 1.69% (r2) of the variance can be explained by the influence of age, indicating that there is only a slight decrease in the pineal volume with age. Whether genetic factors are involved remains to be elucidated.

Herein, we report directly measured pineal volume parameters in a large clinical population. The results can be used as a reference for clinical research and radiological evaluations. The high interindividual variability of the pineal volume is secondary mainly to the variability of the cystic compartment and, to a lesser degree, to the solid compartment. Our study suggests that PPV and TCV decrease slightly with age and that there is no substantial effect of gender.
COMMENTS

Background

The knowledge regarding pineal gland volume and microstructure is fragmentary only. Cross-sectional imaging studies have not yet provided sufficient data on the definition of normal pineal volume and morphometry. Consequently, the enormous interindividual variation of the pineal gland frequently complicates the radiological evaluation in radiological practice. Especially, large solid or cystic pineal glands cannot be satisfactory classified. Therefore, their study was designed to determine and accurately describe the spectrum of pineal volume and microstructures (solid/cystic parts) in a large clinical population using a high-resolution 3D-T2-weighted sequence. 

Research frontiers

The development of new techniques has improved the radiological precision of pineal imaging. Up to now, pineal gland volume was estimated indirectly from two-dimensional measurements. These estimations were based on the measurement of up to three diameters and a geometric model (for example: globe). However, there is only a very weak correlation between the estimated volume and the true volumetric value. Furthermore, the relatively high slice thicknesses precluded an accurate measurement of the pineal volume. Therefore authors used a high-resolution 3D-sequence to determine the pineal volume. 

Innovations and breakthroughs

For the first time, authors present precise volumetric data covering the whole spectrum of adulthood in a huge clinical sample. Previous studies were based on much smaller populations. Authors used the trueFISP sequence, an isotropic heavily T2-weighted 3D-sequence, because of the superior contrast for the definition of the small pineal gland against the cerebrospinal fluid in comparison to the frequently used 3D-T1-weighted sequences. Thereby, the organ borders are more precisely delineated and partial volume effects are minimized, resulting in more valid volumes measurements. 

Applications 

Authors obtained precise information about pineal volume and microstructure in a large population. These data can be used as reference values for radiological comparison and reflect an enormous spectrum of morphological variability. The results suggest that most of the high interindividual volume variation is secondary to cysts. Pineal parenchyma volume decreased slightly with age, whereas gender-related effects appear to be negligible.

Terminology

The pineal gland is an endocrine gland localized in the diencephalon of the human brain. Its major task is the synthesis and release of melatonin, a very versatile hormone regulating many physiological body functions. The pineal gland is localized at the dorsal wall of the third ventricle, in front of the superior colliculi of the quadrigeminal plate and under the splenium of the corpus callosum. The habenulae connect the pineal gland to the thalamus. 

Peer review

The authors reported their results of measured pineal volume parameters using a high-resolution 3D-T2-weighted True-FISP-3D-imaging sequence. The study is done in a large clinical population (347 adults). The conclusion is that most of the high pineal volume variation is secondary to cysts. This group is a very large population compared to that reported in literatures. Therefore, the results are more convincing and provide useful reference for evaluation of the pineal volume clinically.
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Figure 1 TrueFISP imaging of the pineal region illustrating the spectrum of pineal volumes and cysts. A and B show solid glands. A: Smallest pineal parenchyma volume (PPV), 5 mm3; B: Largest PPV, 228 mm3; C: Largest single cyst, 189 mm3. The pineal gland was axially reformatted along its long axis. Upper row: Axial reconstruction; Lower row: Sagittal reconstruction. In A, the small pineal gland can hardly be demarcated from the habenula (H). In C, the cystic part (CP) of the pineal gland is larger than the solid part (SP) and accounts for most of the pineal volume. 3rd V: Third ventricle; AC: Anterior commissure; M: Mesencephalon; P: Pineal gland; QC: Quadrigeminal cistern.
Figure 2 Regression diagram of pineal parenchyma and age. In both females (A) and males (B), the mean pineal parenchyma volume decreased slightly with age. In both females (C) and males (D), the total cystic volume of the pineal gland decreased slightly with age. Dotted line: Linear regression and 95% mean prediction interval.
Table 1 Morphometric characteristics of 347 pineal glands
	Gender


	F / M
	F
	F
	F
	F
	F
	M
	M
	M
	M
	M

	Age (yr)
	> 18

(n = 347)
	> 18

(n = 163)
	18 to 39

(n = 28)
	40 to 59

(n = 63)
	60 to 79

(n = 57)
	> 80

(n = 15)
	> 18

(n = 184)
	18 to 39

(n = 41)
	40 to 59

(n = 59)
	60 to 79

(n = 79)
	> 80

(n = 5)

	PGV (mL)
	Median
	54.6
	54.6
	73.0
	54.6
	50.1
	54.9
	54.6
	77.8
	58.0
	51.3
	27.2

	
	mean ± SD
	78.3 ± 89.0
	82.0 ± 107.8
	118.5 ± 191.7
	78.8 ± 78.7
	72.3 ± 88.9
	64.3 ± 31.9
	75 ± 68.3
	102.7 ± 99.9
	56.2 ± 31.1
	77.8 ± 65.5
	26.1 ± 7.1

	PPV (mL)
	Median
	53.6
	53.6
	69.8
	53.6
	48.4
	54.9
	53.5
	73.3
	58.0
	51.3
	27.2

	
	mean ± SD
	71.9 ± 66.7
	74.0 ± 78.1
	100.8 ± 133.4
	72.1 ± 60.0
	66.3 ± 66.5
	61.4 ± 27.1
	70.1 ± 55.0
	92.3 ± 74.5
	54.6 ± 28.0
	72.9 ± 55.5
	25.9 ± 6.9

	TCV (mL)
	Median
	5.4
	5.3
	6.3
	6.3
	4.7
	3.2
	5.4
	5.3
	2.5
	8.4
	1.0

	
	mean ± SD
	15.8 ± 37.2
	18.6 ± 46.7
	30.9 ± 77.8
	15.6 ± 29.3
	16.6 ± 40.7
	7.3 ± 8.3
	12.9 ± 24.3
	20.2 ± 36.4
	5.7 ± 7.4
	12.3 ± 19.3
	1.0 (n = 1)

	Number of cysts (in cystic glands)
	1.3 ± 0.6
	1.3 ± 0.6
	1.3 ± 0.4
	1.4 ± 0.6
	1.2 ± 0.5
	1.3 ± 0.5
	1.4 ± 0.7
	1.2 ± 0.4
	1.5 ± 1.2
	1.4 ± 0.6
	1 (n = 1)

	Cystic glands
	40.3%
	42.9%
	57.1%
	42.9%
	36.8%
	40.0%
	38.0%
	51.2%
	28.8%
	39.2%
	20.0%

	PPVsolid
	Median
	42.7
	42.1
	38.2
	43.7
	37.3
	48.5
	43.4
	46.6
	45.4
	42.9
	24.2

	
	mean ± SD
	46.6 ± 26.8
	45.0 ± 23.0
	41.9 ± 22.0
	43.7 ± 19.0
	45.4 ± 27.5
	52.6 ± 20.9
	47.9 ± 29.6
	52.5 ± 29.2
	47.7 ± 24.4
	48.2 ± 34.4
	25.0 ± 7.7


♀ / ♂
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