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Abstract

Background: Magnetic resonance imaging (MRI) is a common diagnostic technique in medicine.
However, a limited understanding of its incidental findings may lead to unnecessary control
imaging. The assistance resources needed especially in small children who require sedation for
imaging are limited. Imaging should be targeted to those who need it most.

Aims: To examine the importance of MRI in diagnosing pineal cysts and mild intellectual
disability (ID) in children, and in the treatment of Chiari 1 malformation (CM1). The need for
follow-up imaging of the late vertebral side effects of pediatric brain tumor treatments was also
assessed.

Methods: The MRI studies and clinical information of 81 children with pineal cysts, 305
children with mild ID, and 51 patients with operated CM1 were analyzed retrospectively. A total
of 72 spinal MRI images of adults obtained in a prospective study concerning the late side effects
of childhood brain tumor treatments on vertebral structure were evaluated.

Results: In almost each of the cases analyzed in this study, the pineal cyst remained stable in
size, and its radiological appearance did not change in the follow-up. The children with mild ID
had remarkably fewer imaging findings than the children with a more severe form of ID. Only 1%
of the children with mild ID had significant imaging findings if there were no other symptoms. In
half of the CM1 patients, the location of the cerebellar tonsils moved cranially and in most of the
patients the size of the syrinx decreased after surgery. However, there were no significant
measurement values that could predict the surgical outcome of CM1. The imaging parameters did
not appear to be correlated with the symptoms of CM1. Significant morphological changes of the
vertebra and non-traumatic fractures were found in the childhood brain tumor survivors.

Conclusion: MRI follow-up of pineal cysts is not recommended in the absence of unusual
radiological characteristics or compression caused by the cyst to the adjacent structures. If a child
has no other symptoms in addition to mild ID, the routine brain MRI is not recommended and
rarely provides information that affects patient care. CM1 patients may show changes in their MRI
measurements after surgery, but these measurements are not correlated with symptom
improvement. Surgical decision should be made mostly on a clinical basis, and routine
postoperative MRI follow-up may not be reasonable in patients without syringomyelia. Childhood
brain tumor survivors may need regular follow-up in adulthood, and imaging of the spine may be
useful in many cases.

Keywords: brain tumor, Chiari malformation type 1, follow-up, incidental findings,
intellectual disability, magnetic resonance imaging, pediatric, pineal cyst





Jussila, Miro-Pekka, Neuroradiologisen kuvantamisen vaikuttavuus. Magneetti-
tutkimusten merkitys lasten käpylisäkekystien ja kehitysvammaisuuden, Chiari
tyypin 1 epämuodostuman hoitotulosten sekä aivokasvainhoitojen myöhäis-
vaikutuksiin liittyvien selkänikamamuutosten arvioinnissa
Oulun yliopiston tutkijakoulu; Oulun yliopisto, Lääketieteellinen tiedekunta; Medical Research
Center Oulu; Oulun yliopistollinen sairaala
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Oulun yliopisto, PL 8000, 90014 Oulun yliopisto

Tiivistelmä

Tausta: Magneettikuvaus (MK) on nykylääketieteen käytetyin keskushermoston kuvantamisme-
netelmä. Puutteellinen tietämys sattumalöydösten merkityksestä voi johtaa turhiin kontrolliku-
vantamisiin. Resurssit ovat rajalliset MK:n suhteen etenkin pienillä lapsilla, jotka yleensä tarvit-
sevat anestesiaa kuvauksen ajaksi, mikä taas vaatii ylimääräistä hoitohenkilökuntaa. MK tulisi
kohdistaa potilaille, jotka tarvitsevat sitä eniten.

Tavoitteet: Tässä tutkimuksessa arvioitiin MK:n merkitystä diagnostiikassa lapsilla, joilla on
käpylisäkkeen kysta tai lievä älyllinen kehitysvamma. Chiari tyypin 1 epämuodostuma (CM1) -
potilailla selvitettiin MK:n merkitystä diagnostiikassa ja sen tarpeellisuutta leikkaushoidon jäl-
keisessä seurannassa. Lapsuuden aivokasvainhoitojen myöhäisvaikutuksia selkärankaan arvioi-
tiin MK-seurannan tarpeellisuuden selvittämiseksi.

Menetelmät: Magneettikuvat ja kliiniset tiedot analysoitiin retrospektiivisesti 81 lapsella,
joilla oli käpylisäkkeen kysta, 305 lapsella, joilla oli lievä älyllinen kehitysvamma ja 51 potilaal-
la, joita oli kirurgisesti hoidettu CM1 indikaatiolla. Selkärangan magneettikuvat ja kliiniset tie-
dot tutkittiin aikuisilta, joilta oli lapsuudessa hoidettu aivokasvain.

Tulokset: Melkein kaikissa tapauksissa käpylisäkkeen kystat pysyivät sekä kooltaan että
radiologisilta piirteiltään ennallaan. Lievästi kehitysvammaisilla oli huomattavasti vähemmän
merkityksellisiä kuvantamislöydöksiä kuin vaikeammin kehitysvammaisilla lapsilla. Vain 1
%:lla tapauksista oli merkittävä kuvantamislöydös, jos muita oireita tai löydöksiä ei ollut kehi-
tysvamman lisäksi. CM1-potilaiden leikkaustulos oli hyvä suurimmassa osassa tapauksista, sillä
pikkuaivotonsillat siirtyivät kraniaalisuuntaan ja syringomyelia pieneni. Luotettavia mittausme-
netelmiä, jotka olisivat korreloineet CM1-potilaiden oireisiin ei löydetty. Lapsuuden aivokasvai-
mesta ja sen hoidoista selvinneillä todettiin merkittäviä morfologisia muutoksia nikamissa ja
jopa ei-traumaattisia murtumia.

Johtopäätökset: Käpylisäkekystien MK-kontrollit eivät ole suositeltavia, jos kystaan ei liity
epätyypillisiä radiologisia piirteitä eikä kysta paina viereisiä rakenteita. MK ei ole hyödyllinen ja
harvoin vaikuttaa potilaan hoitoon tai antaa tietoa lievän kehitysvamman etiologiasta, jos poti-
laalla ei ole muita oireita. Leikkaushoidon jälkeen CM1-potilailla tapahtuu magneettikuvissa
muutoksia, mutta nämä muutokset eivät merkittävästi korreloi oireisiin. CM1:n leikkauspäätös
tulisi tehdä enimmäkseen kliinisen arvion perusteella. Leikkauksen jälkeen rutiininomainen
CM1:n seurantakuvantaminen ei vaikuttaisi olevan suositeltavaa, jos potilaan oireet ovat paran-
tuneet ja potilaalla ei ole syringomyeliaa. Lapsuuden aivokasvaimesta selvinneet tarvitsevat hoi-
tojen päätyttyäkin säännöllistä seurantaa ja selän kuvantamisella näyttäisi olevan hyötyä seuran-
naishaittojen kehittymisen ehkäisyssä.

Asiasanat: aivokasvain, Chiari tyyppi 1 epämuodostuma, kehitysvamma,
käpylisäkekysta, lapsipotilaat, magneettikuvantaminen, satunnaislöydökset, seuranta
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1 Introduction 

With the advancement of imaging technology, magnetic resonance imaging (MRI) 

has gained great importance in the diagnosis of various diseases. Thus, the need for 

MRI is constantly increasing. Its availability can be limited, however, due to the 

scarcity of resources. For example, anesthesia services are especially needed in 

children. Imaging examinations also take more time if a patient must first be 

sedated, increasing the time spent for MRI scanning. Anesthesia induction also 

requires additional personnel. Therefore, it is important to eliminate unnecessary 

MRI studies so that imaging could be targeted to patients who are most in need of 

them.  

When it comes to imaging studies, children are in every way a special group. 

To reduce motion artifact children under school age usually require anesthesia 

during MRI, and anesthesia always poses a risk to the patient (Cauldwell, 2011; 

Schulte-Uentrop & Goepfert, 2010). In addition, some imaging protocols require 

the use of a contrast agent, which can cause adverse effects on the patient (Hao et 

al., 2012). The MRI procedure also commonly causes anxiety and fear in small 

children. Additional stress may occur if repeated imaging is needed. The need for 

follow-up imaging can also impose a psychological and financial burden on the 

parents.  

Imaging technology has developed rapidly of late. Higher-resolution MRI with 

new sensitive sequences enables the easy detection of brain abnormalities. 

Therefore, the number of incidental findings also increases (Dangouloff-Ros et al., 

2019; Li et al., 2021). In healthy children, the rate of incidental findings is reported 

to be 16.4%, with intracranial cysts being the most common (Dangouloff-Ros et al., 

2019). The most common of the intracranial cysts is pineal cyst, with a 2.3% 

prevalence in healthy children. Other common incidental findings are enlarged 

perivascular spaces (7.4%), white matter hyperintensities (1.9%), venous 

developmental anomaly (1.6%), and Chiari 1 malformation (CM1; 0.8%) 

(Dangouloff-Ros et al., 2019).  

The importance of routine follow-up MRI for pineal cysts should be carefully 

considered. There have not been many studies on pineal cysts in children, and there 

have been even fewer follow-up studies. In previous studies, the structure and size 

of most of the pineal cysts remained practically unchanged during follow-up 

imaging (Al-Holou, Maher, Muraszko, & Garton, 2010; Barboriak, Lee, & 

Provenzale, 2001; Nevins et al., 2016; Whitehead, Oh, & Choudhri, 2013). 

However, these cysts are commonly followed up through MRI in children (Al-
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Holou et al., 2010; Mandera, Marcol, Bierzynska-Macyszyn, & Kluczewska, 2003). 

Thus, the diagnostics of pineal cysts in children should be based on carefully 

analyzed MRI images to avoid unnecessary follow-up imaging.  

Brain MRI of children with intellectual disability (ID) is a routine procedure in 

Finland. Abnormal findings in ID populations have been observed in several studies 

(Althaf Ali et al., 2015; Murias, Moir, Myers, Liu, & Wei, 2017; Urion, Huff, & 

Carullo, 2015; Verbruggen et al., 2009), but the number of deviant findings has 

varied widely. One review article summarized the results of several studies and 

found that 38% of children with developmental delay had abnormal brain MRI 

findings (Murias et al., 2017). However, these findings, which are commonly 

reported in several studies, also occur in healthy children. These include white 

matter abnormalities, asymmetric or enlarged ventricles, and prominent 

perivascular cerebrospinal fluid (CSF) spaces (Virchow-Robin spaces). In the 

literature, there are different views on the use of MRI in the diagnosis of ID (Murias 

et al., 2017). Some authors state that brain MRI is recommended only if other 

symptoms (e.g. malformations, neurocutaneous findings, movement disorders, 

abnormal head size or pyramidal disorders) are found, and others suggest brain 

MRI even for those without neurological symptoms or comorbidities (Engbers et 

al., 2010; Soto-Ares, Joyes, Lemaitre, Vallee, & Pruvo, 2003).  

MRI has been suggested to provide valuable information before and after 

surgery for CM1 (McClugage & Oakes, 2019; Rozenfeld, Frim, Katzman, & Ginat, 

2015). In patients with poor surgical outcomes, MRI especially is used to detect 

possible complications (Rozenfeld et al., 2015). A previous study reported that 22.6% 

of children still had symptoms two years after CM1 surgery (McGirt, Attenello et 

al., 2008). Similar findings have been reported in other studies where, in the 

postoperative follow-up, approximately 30–35% of the patients had little or no 

symptom improvement (Aliaga et al., 2012; McGirt, Nimjee, Fuchs, & George, 

2006; McGirt, Atiba et al., 2008). As many patients do not achieve sufficient 

symptom management, it is important to evaluate which patients are likely to 

benefit from surgery, and to find out if there are predictive imaging findings that 

can be reliably used. Many different imaging parameters are described in the 

literature, but no reliable preoperative imaging parameter has been found (Atchley, 

Alford, & Rocque, 2020). CM1 does not always require surgery, and in some cases 

spontaneous symptom improvement can occur in both children and adults (Chavez, 

Roguski, Killeen, Heilman, & Hwang, 2014; Killeen, Roguski, Chavez, Heilman, 

& Hwang, 2015).  
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Children with brain tumors undergo routine MRI during the treatment schedule, 

but follow-up imaging for detecting the late side effects of the treatment should be 

more specifically targeted. One of the side effects of radiation therapy of brain 

tumors is the loss of bone density (Cohen et al., 2012; Gurney et al., 2003; Han et 

al., 2015; Petraroli et al., 2007). Radiation therapy in itself can cause bone 

destruction (Cohen et al., 2012; Hopewell, 2003). It has been shown that brain 

tumor patients suffer from bone loss in the lumbar spine, femoral neck, and hipbone 

(Cohen et al., 2012; Han et al., 2015; Petraroli et al., 2007). The need for follow-

up MRI for diagnosing the late vertebral side effects of pediatric tumor treatment 

should be evaluated. 
  



18 

 



19 

2 Review of the literature 

2.1 MRI 

MRI is a modern imaging technique with superior soft tissue contrast resolution. 

The first human MRIs were performed in 1977. Since then, MRI technology has 

significantly advanced (Edelman, 2014). MRI technology is very complex, based 

on the laws of physics and intricate mathematical models (Plewes & Kucharczyk, 

2012). In short, MRI is based on nuclear magnetic resonance (NMR). Nuclei in a 

strong magnetic field exhibit a spin precession if they contain an odd number of 

neutrons or protons. Absorption of radio frequency (RF) pulses at this precession 

frequency can be used to modify a spin. After a short period, nuclei emit absorbed 

energy as RF pulses, which can be measured to analyze differences in tissues. An 

NMR signal is mostly based on the spins of hydrogen nuclei because most of the 

human body is made up of water, which has an abundance of hydrogen nuclei. 

Using the strong external magnetic field of an MRI scanner, these hydrogen nuclei 

can be aligned, and the net magnetic field in a patient can be turned longitudinal. 

With a 90-degree RF pulse, this alignment can be flipped transversely, and thus 

longitudinal magnetization disappears. The time needed for a spin of protons to 

return to the previous alignment with the main magnetic field is called longitudinal 

relaxation time, and T1 is a time constant that describes this phenomenon. When 

the RF pulse ends, spins recess in-phase in the transverse plane. After a short time, 

due to inhomogeneities of internal and external magnetic fields, proton spins start 

to dephase and transverse magnetization starts to fade. The time needed for this 

transverse magnetization to disappear is called transverse relaxation time, and T2 

is a time constant that describes this phenomenon. Different tissues have different 

T1 and T2 relaxation times. These properties of tissues are used in T1-weighted 

(T1W) imaging and T2-weighted (T2W) imaging. On T1W imaging, fat appears 

bright and fluid appears dark. On T2W imaging, both fluid and fat appear bright. 

Signal intensity can be compared, for example, with CSF intensity. The terms 

isointense (similar intensity), hypointense (lower intensity), and hyperintense 

(higher intensity) are used to describe this comparison of signal intensities between 

different tissues. 

Fluid attenuated inversion recovery (FLAIR) is an imaging sequence that is 

used to remove signals from fluids such as CSF in the case of neural tissues 

(Saranathan, Worters, Rettmann, Winegar, & Becker, 2017). This is helpful in the 
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differentiation of intracranial lesions from CSF (Saranathan et al., 2017). The 

FLAIR sequence is useful in detecting minor lesions such as cortical dysplasia 

(Usui et al., 2001). On the FLAIR sequence, the inversion pulse is used, and then 

by selecting a specific inversion time, the signal from the specific tissue can be 

nulled (Saranathan et al., 2017). 

Diffusion-weighted imaging (DWI) is an imaging sequence that is used to 

detect and measure random movement (diffusion) of water molecules on tissues 

(Huisman, 2010). For a brain MRI, the DWI sequence can be used to detect 

ischemia and to differentiate the type of tumors (Filippi & Agosta, 2016). The 

higher the water mobility in the tissue, the lower the signal on the DWI (Huisman, 

2010). The apparent diffusion coefficient (ADC) image is a calculated parameter 

map of the magnitude of diffusion within tissue, which displays areas of high 

diffusivity in bright and low diffusivity in dark (Huisman, 2010). Restricted 

diffusion, for example, in cerebral ischemia, appears bright on DWI and dark on 

the ADC map (Huisman, 2010). Also, malignant tumors with high cell density (e.g., 

medulloblastoma) have more restricted diffusion than normal brain tissue (Brandão 

& Young Poussaint, 2017).  

Contrast agents may be used on MRI to improve tissue discrimination (Lohrke 

et al., 2016). According to Hao et al. (2012), the basic principle of these contrast 

agents is to reduce T1 and/or T2 relaxation times by affecting the magnetization of 

water molecules. Most contrast agents shorten the T1 relaxation time of protons, 

shortened T1 relaxation time in regions of high concentration results in higher 

signal intensity on T1W sequence, and most the commonly used contrast agents are 

gadolinium-based (Hao et al., 2012; Lohrke et al., 2016). 

2.2 Pineal cysts 

2.2.1 Structure 

The pineal gland is located in the pineal region in the quadrigeminal cistern (Korogi, 

Takahashi, & Ushio, 2001; Sun et al., 2008). The other structures in this region are 

the posterior third ventricle and aqueduct of Sylvius, the supraclinoid cisterns 

(quadrigeminal plate, ambient cisterns, and velum interpositium), brain (tectum and 

brainstem, thalami, corpus callosum splenium), dura (tentorial apex), and vessels 

(internal cerebral veins and vein of Galen, and posterior choroidal and posterior 

cerebral arteries) (Korogi et al., 2001). The internal cerebral veins are located above 
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the pineal gland. The superior colliculi of the midbrain are located anteriorly and 

below the pineal gland. Anterior to the pineal gland is the third ventricle. The pineal 

recess of the third ventricle invaginates into the pineal gland (Gaillard & Jones, 

2010). The pineal gland is round or oval in shape, and its average dimensions are 

reported to be 7.4 x 6.9 x 2.5 mm in the autopsy series of adults (Yamamoto & 

Kageyama, 1980). Quite similar dimension measurements are reported in imaging 

studies: 6 x 5 x 4 mm (Sumida, Barkovich, & Newton, 1996). The pineal gland has 

the important role of secreting melatonin and regulating circadian rhythms (Sapede 

& Cau, 2013). 

Pineal cysts are benign glial cysts formed within the pineal body (Hirato & 

Nakazato, 2001). They are usually 2–15 mm in size (Smith, Rushing, & 

Smirniotopoulos, 2010). Al-Holou et al. (2010) reported the size of pineal cysts to 

be 9.9 ± 4.5 mm in the sagittal anteroposterior dimension, 6.4 ± 2.8 mm in the 

sagittal craniocaudal dimension, and 9.4 ± 4.6 mm in axial width in children and 

young adults. In adults, the pineal cyst measurements are reported to be 9.7 ± 3.8 

mm in the sagittal anteroposterior dimension, 6.8 ± 2.9 mm in the sagittal 

craniocaudal dimension, and 7.0 ± 2.8 mm in axial width (Al-Holou et al., 2011).  

The microscopic structure of pineal cysts consists of three different layers 

according to Hirato and Nakazato (2001). Connective tissue forms the outer layer. 

The inner layer consists of gliotic tissue. In the gliotic tissue, there are fibrillary 

astrocytes and numerous glial fibers. Between the outer and inner layers, there is a 

layer consisting of pineal parenchymal tissue (Hirato & Nakazato, 2001). 

2.2.2 Prevalence 

Pineal cysts are a common incidental finding in both adults and children (Al-Holou, 

Garton, Muraszko, Ibrahim, & Maher, 2009; Al-Holou et al., 2011; Bumb, 

Brockmann, Groden, Al-Zghloul, & Nolte, 2012; Gur et al., 2013; Hirato & 

Nakazato, 2001; Pastel, Mamourian, & Duhaime, 2009; Whitehead et al., 2013). In 

children and young adults, its prevalence varied from 1.9–57% in various studies 

(Al-Holou et al., 2009; Bumb et al., 2012; Gur et al., 2013; Whitehead et al., 2013). 

In adults, 1–23% prevalence has been reported in imaging studies (Al-Holou et al., 

2011; Pu et al., 2007). In some autopsy studies, the prevalence was reported to be 

as high as 20–40% (Barboriak et al., 2001; Hasegawa, Ohtsubo, & Mori, 1987; 

Osborn & Preece, 2006). It seems that pineal cysts are more common in females 

(Al-Holou et al., 2009; Fain et al., 1994; Sawamura et al., 1995). It has been 

suggested that pineal cysts may enlarge as a result of hormonal influence, especially 
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in females, which may explain their higher prevalence in females (Al-Holou et al., 

2009; Fain et al., 1994; Sawamura et al., 1995). In the studies by Al-Holou et al. 

(2009) and Al-Holou et al. (2011), it was found that pineal cyst prevalence increases 

in late childhood, with the peak age ranging from 19 to 30 years. 

2.2.3 Radiological features  

Pineal cysts are typically unilocular fluid-filled masses (Figure 1). However, there 

can be internal septations in a cyst (Al-Holou et al., 2010; Al-Holou et al., 2011; 

Osborn & Preece, 2006; Pastel et al., 2009). The typical pineal cyst has a thin wall 

(≤2 mm) (Figure 1A) (Barboriak et al., 2001; Cauley, Linnell, Braff, & Filippi, 

2009). In MRI, the pineal cyst is typically isointense to slightly hyperintense to 

CSF on T1W imaging and isointense to hyperintense on T2W imaging (Figure 1) 

(Al-Holou et al., 2010; Al-Holou et al., 2011; Fakhran & Escott, 2008; Michielsen, 

Benoit, Baert, Meire, & Caemaert, 2002; Pastel et al., 2009). In most cases, at least 

partial enhancement is observed in the pineal cyst wall (Figure 1C) (Al-Holou et 

al., 2010; Al-Holou et al., 2011; Barboriak et al., 2001; Smith et al., 2010). Nodular 

enhancement may be a sign of a malignant tumor. Pineocytomas (a type of pineal 

tumor) usually have either internal or nodular wall enhancement on immediate 

postcontrast imaging (Fakhran & Escott, 2008). However, nodular enhancement 

may also be observed in a benign cyst, and it may represent a pineal gland (Fleege, 

Miller, Fletcher, Fain, & Scheithauer, 1994). An enhancing pineal gland below the 

pineal cyst is shown in Figure 1C (arrowhead). Partial wall enhancement is thought 

to be due to the lack of a blood–brain barrier (Mamourian & Yarnell, 1991). A 

hemorrhage in a pineal cyst and nodular enhancement in its walls should be 

analyzed using pre-contrast and contrast-enhanced sequences with thin slices 

(Gaillard & Jones, 2010). 
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Fig. 1. Representative images of the different pineal cysts. The pineal cyst is more 

hyperintense than CSF on the T2W three-dimensional (3D) sagittal image (A, arrow) and 

isointense to CSF on the T2W axial image (B, arrow). The walls of the cyst show only 

thin enhancement (C, arrow), but the pineal gland is enhancing below the cyst on the 

contrast-enhanced T1W sagittal image (C, arrowhead). On the T2W FLAIR axial image 

(D, arrow), the signal of the cyst corresponds to that of CSF. 
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2.2.4 Differential diagnostics  

It is important to differentiate pineal cysts from pineal region neoplasms. On brain 

MRI, shape, size, thickness of the wall, signal intensity on different sequences, and 

contrast enhancement of the pineal cysts are evaluated to differentiate them from 

the other pineal region tumors (Cauley et al., 2009; Engel et al., 2000). The 

differential diagnosis includes cystic tumors such as astrocytoma, pineocytoma, 

pineoblastoma, and germinoma (Gaillard & Jones, 2010; Hayashida et al., 2004; 

Smith et al., 2010). Pineal region tumors may have similar features to pineal cysts 

(Fakhran & Escott, 2008; Hayashida et al., 2004; Sirin et al., 2016), and 

pineocytomas have been reported to be misdiagnosed as pineal cysts (Fakhran & 

Escott, 2008). Classically, pineocytomas are homogeneously enhancing solid 

masses that are well defined (Gaillard & Jones, 2010; Smith et al., 2010). However, 

pineocytomas can be cystic and may have nodularity or internal enhancement 

(Fakhran & Escott, 2008; Smith et al., 2010). Solid parts of pineocytomas are 

hyperintense on T2W images and isointense on T1W images (Smith et al., 2010). 

Pineoblastomas are usually large, poorly defined masses (Gaillard & Jones, 2010; 

Smith et al., 2010). Pineoblastomas have a heterogeneous appearance, and the solid 

portion of pineoblastoma is hypo- to isointense on T1W images and iso- to mildly 

hyperintense to the cortex on T2W images (Smith et al., 2010). Normally, 

pineoblastomas show heterogeneous enhancement (Smith et al., 2010). 

Calcifications may be observed in both pineocytomas and pineoblastomas, and they 

are often located in the periphery of the tumor (Smith et al., 2010). However, the 

pineal gland surrounded by the germinoma may be calcified (Reis et al., 2006; 

Smith et al., 2010). Typically, germinomas are iso- or hyperintense compared with 

gray matter on T1W and T2W images (Smith et al., 2010). These typically are 

enhanced homogeneously by contrast agents (Borja, Plaza, Altman, & Saigal, 2013) 

and may include cystic parts (Smith et al., 2010). Germinomas are not typically 

calcified (Reis et al., 2006; Smith et al., 2010). ADC values can be used to 

differentiate germinomas from pineal cell tumors, as the latter have lower ADC 

values (Dumrongpisutikul, Intrapiromkul, & Yousem, 2012). Astrocytomas are 

typically hyperintense on T2W images and hypointense on T1W images compared 

with gray matter (Reis et al., 2006). Imaging characteristics of low-grade 

astrocytomas are the better definition of borders and milder or no contrast 

enhancement compared with higher-grade glial neoplasms, which have poorly 

defined borders and strong contrast enhancement (Borja et al., 2013; Reis et al., 

2006). 
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2.2.5 Clinical manifestation  

Symptoms  

In the literature, a broad spectrum of symptoms has been described with pineal 

cysts, although the cysts are considered asymptomatic in most cases (Al-Holou et 

al., 2010; Al-Holou et al., 2011; Barboriak et al., 2001; Cauley et al., 2009; Gaillard 

& Jones, 2010; Kahilogullari, Massimi, & Di Rocco, 2013; Mandera et al., 2003; 

Michielsen et al., 2002; Nevins et al., 2016; Seifert et al., 2008; Whitehead et al., 

2013). Non-specific symptoms such as headache (up to 51%), vertigo, and nausea 

have been reported in many cases (Al-Holou et al., 2010; Al-Holou et al., 2011; 

Kahilogullari et al., 2013; Nevins et al., 2016; Seifert et al., 2008; Whitehead et al., 

2013). However, headache is rarely associated with a pineal cyst itself (Al-Holou 

et al., 2010; Al-Holou et al., 2011). There are also a few rare cases where pineal 

intracystic hemorrhage, apoplexia, or acute hydrocephalus has caused sudden death 

(Kahilogullari et al., 2013; Milroy & Smith, 1996). 

Natural course and treatment  

Pineal cysts usually do not grow or grow only very minimally; thus, they are 

unlikely to be clinically significant in either adults or children (Al-Holou et al., 

2010; Barboriak et al., 2001; Nevins et al., 2016; Whitehead et al., 2013). The 

imaging structure of pineal cysts has been shown to change in a few cases, but the 

cysts usually remain unchanged in children and adults (Al-Holou et al., 2010; Al-

Holou et al., 2011; Nevins et al., 2016).  

Pineal cysts almost never require surgery (Al-Holou et al., 2010; Al-Holou et 

al., 2011; Kahilogullari et al., 2013; Nevins et al., 2016). However, in some 

symptomatic cases and in cases where the cyst compresses the aqueduct of Sylvius, 

surgery is performed (El Damaty, Fleck, Matthes, Baldauf, & Schroeder, 2019; 

Kahilogullari et al., 2013). 

2.2.6 Surveillance  

The threshold size for the follow-up imaging of pineal cysts has been considered 

10 mm in many studies (Barboriak et al., 2001; Fakhran & Escott, 2008; Mandera 

et al., 2003; Sener, 1995; Whitehead et al., 2013). However, there are varying 

opinions about the follow-up imaging of pineal cysts in children. The purpose of 
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follow-up studies is to confirm that the cyst is not growing or that its radiological 

appearance is not changing (Al-Holou et al., 2010; Barboriak et al., 2001; Cauley 

et al., 2009; Kahilogullari et al., 2013; Mandera et al., 2003). According to some 

authors, pineal cysts in children should be followed up to determine if there are 

symptoms (Al-Holou et al., 2010; Mandera et al., 2003). There is also an opinion 

that pineal cysts do not require follow-up imaging when they are asymptomatic and 

have a typical appearance (Barboriak et al., 2001; Whitehead et al., 2013). Because 

the underlying probability of pineocytoma is very low, Pastel et al. (2009) do not 

recommend follow-up imaging unless there are new or worsening symptoms 

(Pastel et al., 2009). As it was observed that both pineal cysts and pineocytomas 

grow extremely slowly, follow-up imaging may not be helpful for differential 

diagnosis (Osborn & Preece, 2006). 

2.3 Intellectual disability in children 

2.3.1 Definition and prevalence  

ID (intellectual disability) is a disorder with onset during the developmental period 

that includes both intellectual and adaptive functioning deficits in conceptual, 

social, and practical domains (Black & Grant, 2014, p. 34). The following three 

criteria must be met, according to Black and Grant (2014, p. 34): 

1. A person has deficits in intellectual functions, such as reasoning, problem-

solving, planning, abstract thinking, judgment, academic learning, and learning 

from experience, confirmed by both clinical assessment and individualized, 

standardized intelligence testing (criterion A). 

2. A person has deficits in adaptive functioning that result in failure to meet 

developmental and sociocultural standards for personal independence and 

social responsibility. Without ongoing support, the adaptive deficits limit 

functioning in one or more activities of daily life, such as communication, 

social participation, and independent living, across multiple environments, 

such as home, school, work, and community (criterion B). 

3. The onset of intellectual and adaptive deficits has been documented during the 

developmental period (criterion C). 

Standardized psychometric tests, in addition to clinical examination, are the basis 

for the diagnosis of ID (Black & Grant, 2014). The prevalence of ID has been 
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shown to be about 1.0%, and it seems to be more common in males, both adults 

and children (Maulik, Mascarenhas, Mathers, Dua, & Saxena, 2011). However, in 

some studies, the estimated prevalence of ID varied from 1–8% (Ropers, 2010). 

According to the World Health Organization (WHO) 10th revision of the 

International Statistical Classification of Diseases and Related Health Problems 

(ICD-10), ID is classified into different stages: mild, moderate, severe, profound, 

other, and unspecified (WHO, 2019). 

Severe ID (intelligence quotient [IQ] <50) is rarer (prevalence <0.5%) than 

mild ID (IQ 50–70) (Ropers, 2010; Westerinen, Kaski, Virta, Almqvist, & 

Iivanainen, 2007). In Finland, the prevalence of the mild form of ID has been shown 

to be 0.52% (Westerinen et al., 2017). 

2.3.2  Diagnostic evaluation of intellectual disability 

Clinical examination, laboratory tests (including e.g., karyotyping and fragile-X 

syndrome), and neuroimaging are used to help determine the etiology of ID. 

Genetic testing has greatly advanced since the first karyotyping tests. Exome 

sequencing is a modern technique used in diagnostics (Mithyantha, Kneen, 

McCann, & Gladstone, 2017; Moeschler, Shevell, & Committee on Genetics, 2014). 

Recently, the availability of exome sequencing has increased, and thus a more 

specific etiology of neurodevelopmental disorders can be reached (Finucane, 

Ledbetter, & Vorstman, 2021). Chromosomal microarray has a diagnostic yield of 

about 15–20% in patients with neurodevelopmental disorder and has been 

recommended as the first-tier clinical testing (Battaglia et al., 2013; Cheng et al., 

2019; Jang et al., 2019; Miller et al., 2010). However, a recent study by Srivastava 

et al. (2019) recommended exome sequencing as the first-tier clinical testing in 

neurodevelopmental disorders as it outperforms chromosomal microarray. The 

diagnostic yield of exome sequencing was reported to be 36% in 

neurodevelopmental disorders and 39% in patients primarily with ID (Srivastava et 

al., 2019). 

In Finland, a brain MRI is commonly performed on all children with ID. The 

clinical report of the American Academy of Pediatrics (Moeschler et al., 2014) has 

recommended that brain MRI should be done in cases with a new ID diagnosis or 

global developmental delay when the patients have microcephaly/macrocephaly or 

abnormal findings on neurologic examination (focal motor findings, pyramidal 

signs, extrapyramidal signs, intractable epilepsy, or focal seizures). Proper medical 
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anamnesis and the necessary cytogenetic and molecular diagnostic testing should 

be done before brain MRI (Moeschler et al., 2014).  

2.3.3 Imaging findings  

The imaging findings of children with ID are often insignificant and do not lead to 

the etiology of the disease. The review article by Murias et al. (2017) reported that 

38% of children with developmental delay had some imaging findings. In other 

studies that included a control group, 29% of the healthy children had imaging 

findings versus 42% of the children with developmental delay (Murias et al., 2017). 

However, the diagnostic value of the imaging findings is rarely significant. 

Diagnosis is reported to be found in approximately 7.9% of cases with the help of 

radiological imaging (Murias et al., 2017). A better diagnostic rate is obtained when 

imaging is done for a specific indication rather than when it is done only on a 

screening basis (Shevell, Majnemer, Rosenbaum, & Abrahamowicz, 2000). Some 

of the imaging findings both in healthy children and in children with developmental 

delay are white matter abnormalities, asymmetric or enlarged ventricles, and 

prominent Virchow-Robin spaces (Murias et al., 2017). Abnormal white matter 

changes have been found in 26% of children with developmental delay (Widjaja, 

Nilsson, Blaser, & Raybaud, 2008). However, white matter abnormalities are also 

found in healthy children. Thus, these findings are of unknown clinical significance 

(Dangouloff-Ros et al., 2019; Murias et al., 2017). Some insignificant findings in 

children with ID are presented in Figure 2A–E. 

There are imaging findings that are considered significant when evaluating ID. 

The anomalies of the corpus callosum (Figure 2F), abnormal gyration, and cortical 

dysplasia are suggested to be significant findings of ID (Murias et al., 2017). These 

imaging findings may lead to the etiology of ID. Anomalies of the corpus callosum 

can be asymptomatic but are very rare in healthy children (Dangouloff-Ros et al., 

2019). 



29 

Fig. 2. Shows representative MRI findings of the children with mild ID (Study III). A: 



30 

Slight enlargement of the cortical subarachnoid spaces (arrows) on T2 coronal image 

of a 14-year-old boy. B: A dilated perivascular space (arrow) on T2 axial image of a 4.5-

year-old boy. C: Mild lateral ventricular dilation (arrows) and asymmetry of the skull on 

T2 axial image of a 1.5-year-old boy. D: A temporal arachnoid cyst (arrow) of a 15-year-

old boy on T2 axial image. E: Increased T2-hyperintense signal posteriorly to the lateral 

ventricles (arrows) of a 2-year-old boy on T2 axial image. These regions are known for 

slow myelination and may be seen as hyperintense until 10 years of age. F: Thin corpus 

callosum (arrow) on T1 sagittal image of a 10-month-old boy. 

2.4 Chiari 1 malformation  

2.4.1 Definition and prevalence  

In Chiari malformation, the cerebellar tonsils are located more caudally than 

normal, and they are pointed rather than rounded. According to the current literature, 

there are four types of Chiari malformations (Tubbs, Lyerly, Loukas, Shoja, & 

Oakes, 2007). In CM1, the cerebellar tonsils are located at least 5 mm below the 

foramen magnum. However, in younger children with CM1, the diagnostic 

threshold is considered to be at least 7 mm below the foramen magnum (Chatrath 

et al., 2019). In type 2, both the cerebellar vermis and the brain stem are displaced 

caudally. In addition to type 2, there is also occipital and/or high cervical 

encephalocele in type 3. In type 4, there is severe cerebellar hypoplasia without 

displacement of the cerebellum through the foramen magnum (Atchley et al., 2020; 

Poretti et al., 2016; Tubbs et al., 2007). CM1 is the most common type of Chiari 

malformation (Atchley et al., 2020; Tubbs et al., 2007), and it is more common in 

children than in adults. Its prevalence in childhood has been reported to be 1.0–3.6% 

(Aitken et al., 2009; Strahle et al., 2011). In purely asymptomatic children, the 

prevalence has been found to be 0.6–0.8% (Dangouloff-Ros et al., 2019; Jansen et 

al., 2017). Incidental Chiari malformation has been found in 0.24–0.9% of the adult 

population (Morris et al., 2009; Vernooij et al., 2007). 

There is no clear consensus about the pathogenesis of CM1, but several 

theories are presented in the literature (Tubbs et al., 2007). These theories can be 

grouped into the small posterior fossa/hindbrain overgrowth theory, hindbrain 

dysgenesis and developmental arrest theory, caudal traction theory, the 

hydrocephalus and hydrodynamic theory of Gardner, and the lack of embryological 

ventricular distention theory (Tubbs et al., 2007). Quite recently, it has been 

suggested that CM1 is always associated with atlantoaxial instability (Goel, 2015). 
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However, this theory has been questioned by a recent review article, and it is not 

generally accepted (Wagner et al., 2020). 

2.4.2 Clinical manifestation  

Symptoms and related findings 

The clinical features of CM1 vary considerably. It may well be asymptomatic and 

just an incidental finding (Dangouloff-Ros et al., 2019; Langridge, Phillips, & Choi, 

2017; Tubbs et al., 2007). The most common associating symptom in both adults 

and children with CM1 is headache (McClugage & Oakes, 2019). Its prevalence 

varies from 15–80% (Victorio & Khoury, 2016). Neck pain is also a common 

symptom in this patient group (Poretti et al., 2016). Symptoms that could be 

associated with the brainstem or cerebellar compression are dysphagia, lower 

cranial nerve dysfunction, vertigo, ataxia, and central sleep apnea (McClugage & 

Oakes, 2019; Poretti et al., 2016). Upper motor and lower motor neuron signs, 

spasticity, pain and temperature sensory loss of body/limbs, and scoliosis can be 

explained by spinal cord dysfunction/syringomyelia (McClugage & Oakes, 2019). 

The CM1 patients have been shown to have a high prevalence (24–70%) of sleep 

disordered breathing, including sleep apnea (Abel & Tahir, 2019). The objectively 

detectable abnormalities linked to CM1 also include scoliosis and syringomyelia 

(Atchley et al., 2020; Strahle et al., 2015; Tubbs et al., 2007). The incidence of 

syringomyelia in patients with CM1 has been found to be as high as 12–70% 

(Aitken et al., 2009; Kalb et al., 2012; Strahle et al., 2011; Tubbs et al., 2007). There 

may also be a wide variety of unspecific symptoms in addition to the 

abovementioned symptoms and findings (Chavez et al., 2014; Langridge et al., 

2017; Tubbs et al., 2007). 

Surgical treatment 

Posterior fossa decompression is the most common surgical treatment option for 

CM1 (Langridge et al., 2017; Tubbs et al., 2007; Youmans & Winn, 2011), but there 

is no clear consensus on the indications for surgery (Langridge et al., 2017). 

Foramen magnum decompression with or without duraplasty has remained the best 

treatment option for CM1 patients without signs of atlantoaxial instability (Wagner 

et al., 2020). Approximately 30–40% of the patients experience no or only mild 
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relief of the symptoms after surgery (Aliaga et al., 2012; Furtado, Thakar, & Hegde, 

2011; Greenberg et al., 2015; Kalb et al., 2012; McGirt, Atiba, et al., 2008; McGirt 

et al., 2006). In addition, there has been reported symptom recurrence in 22.6% of 

patients after two years of follow-up (McGirt, Attenello, et al., 2008). 

Syringomyelia can be an indication for surgery in some cases (Langridge et al., 

2017). The preoperative presence of syringomyelia was associated with better 

postoperative outcomes in the study by Hekman et al. (2012), whereas in other 

studies, there was no difference in postoperative outcome between the patients with 

and without syringomyelia (Atchley et al., 2020; Kalb et al., 2012). It has been 

found that asymptomatic syringomyelia can often remain unchanged (Nishizawa, 

Yokoyama, Yokota, Tokuyama, & Ohta, 2001), but acute tetraparesis due to 

syringomyelia extending from the cervical vertebra C1 level to the C6 level has 

been observed (Schneider, Birthi, & Salles, 2013).  

It seems that spontaneous symptom improvement in both adults and children 

is common when patients have mild symptoms related to CM1 (Chavez et al., 2014; 

Killeen et al., 2015). Children, however, tend to have better spontaneous symptom 

improvement than adults (Killeen et al., 2015). As for asymptomatic CM1, it often 

remains asymptomatic (Langridge et al., 2017; Leon et al., 2019). 

2.4.3 Imaging and radiological measurements 

MRI is the first-choice imaging modality for the evaluation of CM1 when 

considering operative care. A wide variety of imaging parameters for determining 

which CM1 patients will benefit from surgery have been presented in the literature 

(Alperin et al., 2017; Atchley et al., 2020; Iskandar, Quigley, & Haughton, 2004; 

McGirt, Atiba, et al., 2008; McGirt et al., 2006). In the study by Alperin et al. (2017), 

the morphological measurements were not shown to be correlated with the surgical 

outcome. However, two preoperative physiological measurements were associated 

with better outcomes: larger cord displacement and small intracranial volume 

change (Alperin et al., 2017). The physiological parameter of combined ventral and 

dorsal hindbrain CSF flow abnormality is reported to be correlated with symptom 

recurrence (McGirt, Atiba, et al., 2008), but it has been reported that abnormal 

hindbrain CSF flow rather than normal hindbrain CSF flow is associated with better 

surgical outcome (McGirt et al., 2006).  

It has been previously observed that the cerebellar tonsils move during neck 

extension and flexion and are thus more caudally located in flexion than in 

extension (Tubbs et al., 2016). Rehder, Yang and Cohen (2016) studied the 
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variations in the tentorium angle during fetal development and childhood. 

Measurements of the occipital and tentorium angles have been proposed for 

assessing the slope of the tentorium. Tentorium slope assessment is a possible 

marker in the evaluation of posterior fossa anomalies (Rehder et al., 2016). In one 

study, a bigger pB-C2 line (perpendicular distance of the most posterior extent of 

the odontoid process at the dural interface to a line drawn between the basion and 

the posterior aspect of the second cervical vertebral body) was reported to be 

correlated with greater postoperative symptom improvement and syrinx reduction 

(Ladner et al., 2015). Although individual studies have reported that some 

parameters are correlated with the postoperative symptoms, no reliable parameters 

have yet been found to suggest the postoperative outcome prognosis in CM1 

(Atchley et al., 2020). 

2.5 Childhood brain tumors 

Brain tumors account for about 26% of all childhood cancers. They are the most 

common solid tumors in children (Siegel, Miller, & Jemal, 2019). The age-

standardized incidence of malignant central nervous system (CNS) tumors is 

reported to be 22.81 per million person-years, and that of pilocytic astrocytoma is 

8.4 per million person-years (Withrow, Gonzalez, Lam, Warren, & Shiels, 2019). 

In Sweden, the annual incidence of CNS tumors is reported to be 4.2/100,000 

children (Lannering et al., 2009). In that same study, the 20-year survival estimate 

for childhood CNS tumors was about 69%. The worst survival estimates were in 

the patients with brainstem tumors, and the best survival estimates were in the 

patients with plexus choroideus tumors, low-grade astrocytomas, optic 

nerve/chiasma gliomas, hypophyseal adenomas, craniopharyngiomas, 

dysembryonic neuroepithelial tumors, and gangliogliomas (Lannering et al., 2009). 

The treatment of brain tumors has advanced considerably in the last decades 

(DeNunzio & Yock, 2020; Gajjar et al., 2015; Lai et al., 2007; Zebian et al., 2017); 

hence, the mortality rate due to brain tumors has decreased (Lai et al., 2007). 

Radiation therapy, chemotherapy, and/or surgical operation have long been 

treatment options for brain tumors (Laprie et al., 2015). In diagnostics and during 

follow-up treatment, the most common imaging modality is MRI. Apart from tumor 

treatments, imaging technology has also greatly advanced in the last decades 

(AlRayahi et al., 2018). 



34 

2.5.1 Late effects of irradiated pediatric brain tumors 

The majority of pediatric brain tumor survivors have late adverse effects related to 

the brain tumor itself or the treatments for it. Only 18% of patients had no sequelae 

at all in adulthood (Vinchon, Baroncini, Leblond, & Delestret, 2011). According to 

a registry-based study in Finland, the prevalence of endocrine diseases, cognitive 

and developmental disorders, neurological diseases, and disorders of vision/hearing, 

was high (cumulative prevalence of hospitalization diagnoses: 9.1–30.4% after 10 

years) in childhood brain tumor survivors (Gunn et al., 2015). In addition to the 

abovementioned symptoms, reduced fertility, growth impairment, specific organ 

toxicities, secondary malignancies, and psychological, social, and cardiovascular 

late side effects have also been reported (Demoor-Goldschmidt et al., 2020; Gurney 

et al., 2003; Lai et al., 2007; Laprie et al., 2015; Rey-Casserly & Diver, 2019; Seo 

et al., 2018; Yu et al., 2015). Neurological diseases have been demonstrated to be 

the most common reason for hospitalization 20 years after diagnosis among 

survivors, with a cumulative prevalence of 32.6% (Gunn et al., 2015). Childhood 

brain tumor survivors have been reported to achieve lower overall grades in school 

in Finland (Ahomäki, Harila-Saari, Matomäki, & Lähteenmäki, 2017). Irradiation 

of brain tumors has been associated with poorer results. Brain tumors and their 

treatment, especially radiation therapy, also affect bone health (Cohen et al., 2012; 

Demoor-Goldschmidt et al., 2020; Dorr, Kallfels, & Herrmann, 2013; Faruqi et al., 

2018; Gurney et al., 2003; Han et al., 2015; Petraroli et al., 2007; Remes et al., 

2018; Yu et al., 2015). Several guidelines for long-term follow-up of childhood 

cancer survivors have been published (Landier et al., 2018). According to one 

guideline, bone mineral density (BMD) should be evaluated around two years after 

treatment if cranial irradiation is used (Wallace, Thompson, Anderson, & Guideline 

Development Group, 2013). 

Effect of irradiation on bone structure 

It has been shown that irradiation in general can cause direct bone destruction 

(Cohen et al., 2012; Hopewell, 2003). Radiation therapy of the brain has been 

thought to affect BMD, especially through the growth hormone. Other possible 

factors for decreased BMD include poor physical activity, poor nutrition, abnormal 

growth, delayed puberty, inflammatory conditions, corticosteroid therapies, and sex 

hormone disorders (Cohen et al., 2012; Han et al., 2015; Petraroli et al., 2007). The 

bone fracture risk may be higher in patients who have received irradiation (Willey, 
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Lloyd, Nelson, & Bateman, 2011). BMD is used to evaluate bone health. Low BMD 

z-scores have been found to be common in patients who have received radiation 

therapy in childhood for brain tumors (Remes et al., 2018). Craniospinal irradiation 

has been shown to affect patient growth (Hartley et al., 2008; Shalet, Gibson, 

Swindell, & Pearson, 1987). Another study found that the wider the area of 

radiation to the spine, the more such radiation affects the patient’s height. In the 

same study, the signal intensity of the spine treated through radiotherapy was more 

heterogeneous, suggesting fatty replacement, which was not found in the patients 

who did not receive radiotherapy (Yu et al., 2015). Radiation osteitis is a common 

side effect of radiation therapy, and it can lead to osteonecrosis, which is associated 

with insufficiency fractures (Meixel, Hauswald, Delorme, & Jobke, 2018). 

Vertebral compression fractures 

In adults, spinal irradiation has been reported to cause vertebral compression 

fractures (VCFs) (Faruqi et al., 2018). After spinal stereotactic body radiotherapy, 

VCFs were reported in 11–39% of the cases in the studies by Mantel et al. (2019) 

and Sahgal, Whyne, Ma, Larson, and Fehlings (2013). However, in these studies, 

spinal irradiation was done on the adult population. The rate of VCFs was reported 

to be much lower (<5%) in the cases where conventional radiation was used (Sahgal, 

Whyne, Ma, Larson, & Fehlings, 2013). Small vertebral height as well as small 

width, area, cross-sectional area, and volume of the vertebral body seemed to be 

risk factors for VCF, as these measurements were reported to be 5.5% to 9.5% 

smaller in patients with VCF than without VCF (Ruyssen-Witrand, Gossec, Kolta, 

Dougados, & Roux, 2007). Plain radiographs, dual-energy X-ray absorptiometry, 

computed tomography (CT), and MRI are the modalities used to diagnose vertebral 

fractures. While CT is the most accurate modality for detecting vertebral fractures, 

it has the disadvantage of a high radiation dose. MRI is more costly and slower than 

the other modalities. A considerably new imaging modality is the biplanar X-ray 

imaging system (EOS Imaging, Paris, France). It has advantages over the 

aforementioned modalities because it makes 3D images and has a lower radiation 

dose than CT (Alqahtani & Offiah, 2019).  
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3 Aims of the study 

This study consisted of four separate studies in which the effectiveness of MRI was 

evaluated. The specific aims of the study are the following: 

1. to determine if follow-up imaging is necessary in children with incidental 

pineal cysts; 

2. to evaluate the need for primary imaging in children with mild ID; 

3. to evaluate the role of imaging in surgical decision making and follow-up in 

patients with CM1; and 

4. to investigate the late vertebral side effects of the treatments of pediatric brain 

tumors to determine the need for control MRI during adulthood in childhood 

brain tumor survivors.  
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4 Materials and methods 

4.1 Study population 

This study targeted four different populations, namely: 

1. children with pineal cyst; 

2. children with ID; 

3. children and adults with CM1; and 

4. childhood brain tumor survivors. 

In Study I, 0- to 16-year-old patients with a pineal cyst were examined. Patients 

with a pineal cyst at least 10 mm in diameter detected in at least one imaging plane 

were included. All the brain MRI images (n = 3,851) of the children aged 0–16 

years during the period 2010−2015 at Oulu University Hospital were collected, and 

the radiological information was analyzed retrospectively from the database of the 

Department of Radiology. A total of 81 children with pineal cysts at least 10 mm in 

diameter were found, and they were included in the study. 

Study II included 0- to 16-year-old children who had been diagnosed with ID 

during the period 1999–2018 in the Northern Ostrobothnia Hospital District in 

Finland. Diagnosis was conducted at the tertiary referral hospital Oulu University 

Hospital, particularly in the Department of Pediatric Neurology. The clinical 

examination and MRI database was retrospectively analyzed. Prior to the initiation 

of the study, the sample size was calculated based on the following numbers: the 

population estimate rate of children with ID in this tertiary referral hospital’s area 

was 1,300, and it was assumed that a significant MRI finding would be found in 8% 

of the cases, with a ± 2% maximum deviation and a 95% confidence level. The 

calculated sample size was 458, and the 471 children who were born within the 1st 

to 19th days of the month during the period 1990−2017 were included in the study. 

Study III included patients with CM1 surgically treated in Oulu University 

Hospital between the years 2004 and 2018. The exclusion criterion was the 

concomitant presence of craniosynostosis (e.g., Crouzon or Apert’s syndrome). A 

total of 51 patients were found, 19 of whom were pediatric, 13 adolescents and 19 

adult patients. Data on the symptoms and other clinical information were gathered 

from the Oulu University Hospital patient records by a neurosurgeon who 

determined from the patient records the symptoms or findings that served as the 

indications for the surgery, and the postoperative outcome for each patient. All the 

patients had undergone standard posterior fossa decompression with either 
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dissection of the dural outer layer (39 cases) or duraplasty (12 cases). Preoperative 

MRI and at least one follow-up MRI were done for all the patients. Postoperative 

imaging was done after the treatment was considered complete. In five patients, re-

operation was done. The median time interval between pre- and postoperative 

imaging was 40 months (range 8–113) in children, 56 months (range 17−128) in 

adolescents and 52 months (range 5–147) in adults. The last available postoperative 

MRI image was used for the analyses.  

The population of Study IV consisted of the childhood brain tumor survivors. 

The study subjects were under 16 years of age at the time of diagnosis, and some 

of them had received chemotherapy while majority received partial or total tumor 

resection as children. All of them had received CNS radiation therapy. They were 

treated in the Oulu, Kuopio, Turku, Tampere, or Helsinki University Hospital 

within the period 1970–2008. For this study, MRI, BMD measurements, and 

clinical examinations were conducted during the years 2010–2015 in all the five 

university hospitals of Finland. All the subjects were at least 16 years old at the 

time of their spinal MRI, and a minimum of 5 years had passed after their treatment 

at the time of this study. No progressive disease was diagnosed in any of the 

subjects at the time of this study. A total of 74 patients were clinically examined, 

and 72 of such patients had undergone spinal MRI (Figure 3).  

 

Fig. 3. Patient selection in Study IV (Under CC BY 4.0 license from Jussila et al., 2018).  
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4.2 MRI and analysis 

4.2.1 Pineal cysts in children 

MRI scans were done with either a Magnetom Espree 1.5 T (Siemens, Erlangen, 

Germany) or a Signa HDx 1.5 T (GE Healthcare, Milwaukee, WI, USA) scanner. 

All the MRI studies included at least the following pulse sequences: axial spin-echo 

(SE) T2W (repetition time/time to echo [TR/TE] 4,000/112 ms, field of view [FOV] 

230 × 230 mm, matrix 328 × 328, and slice thickness 5 mm with a 1.5 mm gap) 

and axial SE FLAIR (TR/TE 8,500/112 ms, FOV 230 × 230 mm, matrix 328 × 328, 

and slice thickness 5 mm with a 1.5 mm gap) images of the whole brain. The pineal 

gland was imaged through turbo spin-echo (TSE) T2W coronal (TR/TE 3,500/80 

ms, FOV 230 × 230 mm, matrix 170 × 170, and slice thickness 2 mm with a 0.2 

mm gap) and TSE T1W sagittal and coronal or axial (TR/TE 550/11 ms, FOV 190 

× 190 mm, matrix 256 × 192, and slice thickness 2 mm with a 0.2 mm gap) 

sequences without and with gadolinium contrast enhancement (gadoteric acid, 

Dotarem®, 0.2 ml/ kg, Guerbet, France). Susceptibility-weighted imaging (SWI; 

TR/TE 49/40 ms, FOV 230 × 230 mm, matrix 384/320, and slice thickness 3 mm) 

or T2* imaging (TR/TE 800/26 ms, FOV 230 × 230 mm, matrix 280/320 mm, and 

slice thickness 5 mm with a 1.5 mm gap) was performed for 19 patients. The 

children were sedated during imaging when necessary. The MRI images were 

evaluated on a research Picture Archiving and Communication System/Digital 

Imaging and Communications in Medicine (PACS/DICOM) viewing application 

for diagnostic radiology (Neaview, Neagen, Helsinki, Finland). 

Six different measurements were used to evaluate the size of the pineal cyst 

(Figure 4). Measurements were taken in three different dimensions: the sagittal 

anteroposterior, oblique-diameter-perpendicular-to-the-tectum, and axial 

dimensions. In each dimension, inner and outer measurements of the pineal cyst 

wall were obtained. The error margin for cyst size change was 2 mm. This was 

decided based on previous studies that reported that the differences in the MRI 

technique used, including patient positioning, slice selection, and subtle motion 

artifacts, were found to have caused up to a 2 mm margin error (Al-Holou et al., 

2010; Cauley et al., 2009). The radiological structures were re-evaluated by a 

pediatric radiologist and the researcher. The cyst nodularity, internal septations 

(uni- or multilocular), contrast enhancement, and internal signal relative to the CSF 

were evaluated. Analysis of the symptoms was conducted by a pediatric neurologist. 
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Fig. 4.  Measurements of the pineal cyst in the 3D T2W sagittal isotropic 0.6 mm 

sequence. The width of the pineal cyst in the axial (A) and coronal (B) planes (white 

line), the anteroposterior measurements in the sagittal image (C, white line), and the 

oblique diameter perpendicular to the tectum (C, white dashed line) were measured. 

Measurements were obtained from both the inner and outer walls of the pineal cyst.  

4.2.2 Children with mild intellectual disability 

Brain MRI was done on all the children with ID. The MRI scans were performed 

at Oulu University Hospital, Kainuu Central Hospital, Länsi-Pohja Central 

Hospital, Lapland Central Hospital, or Ostrobothnia Central Hospital during the 

period 1996–2018, using 1.5T MRI scanners. The imaging protocol included at 

least T1W, T2W, and T2/FLAIR sequences (slice thickness 4–6 mm with a gap of 

0.5–1.5 mm). The protocol included sequences in three planes. The children were 

sedated during imaging when necessary. The brain MRI abnormalities were re-

evaluated and classified by a pediatric radiologist, who was blinded to the specific 

clinical features of the children when neurodevelopmental disorders were present. 

The significant imaging findings were defined as abnormalities supporting the 

etiological diagnosis for ID. 
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4.2.3 Surgically treated Chiari 1 malformation 

The pre- and postoperative cervical spine and brain MRI images were evaluated. 

The MRI scans were performed using either 1.5 or 3 Tesla MRI scanners. The 

preoperative scans were done in Oulu University Hospital or in the referring central 

hospitals while the postoperative control scans were done in Oulu University 

Hospital. Standard sagittal T1W sequences of the brain and both sagittal and axial 

T2W sequences of the cervical spine were included in all the patient scans. The 

children were sedated during imaging when necessary. Seventeen different 

measurements were taken in the preoperative MRI, and 11 in the postoperative MRI. 

The shape of the cerebellar tonsils was evaluated. If a syrinx was present, 

anteroposterior measurements of the syrinx and spinal cord were taken. The 

obtained measurements are shown in Figure 5. As tonsillar herniation cannot be 

evaluated postoperatively from the McRae line, the tonsillar descent was evaluated 

by measuring the distance from the tonsillar tip to the line drawn through C2 

synchondrosis and parallel to the lower endplate of the C2 vertebrae on the pre- 

and postoperative images to evaluate the dynamics of the tonsillar tip location. Thus, 

on preoperative imaging, four measurement methods were used to evaluate the 

tonsillar location, and they all showed good correlations (p < 0.001). The margin 

of error was considered to be 2 mm for a change of the cerebellar tonsils’ location. 
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Fig. 5.  Representative images of the measurements. A: 1 = angle between the line 

extending from the top of the dorsum sellae to the basion and the line between the 

inferodorsal portions of C2 to the most superodorsal part of the dens; 2 = angle between 

the line drawn from the synchondrosis of the C2 vertebra and its intersection and the 

line drawn from the odontoid tip; 3 = angle between the line drawn from the endplate of 

the C2 vertebra and its intersection and the line drawn from the odontoid tip. B: 4 = 

perpendicular distance of the tonsils from the midpoint of the McRae line; 5 = vertical 

distance of the tonsils from below the McRae line; 6 = distance from the obex to the 

midpoint of the McRae line; 7 = perpendicular distance of the tonsils from the line drawn 

from the endplate of the C2 vertebra; 8 = perpendicular distance of the tonsils from the 
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line drawn from the synchondrosis of the C2 vertebra; 9 = vertical distance of the tip of 

the dens from the McRae line; 10 = angle between the tentorium cerebelli and the line 

from the internal occipital protuberance to the tuberculum sellae (Twining’s line); 11 = 

angle between the tentorium cerebelli and the line from the internal occipital 

protuberance to the opisthion (slope of tentorium cerebelli). C: 12 = length of the 

odontoid process; 13 = perpendicular distance of the most posterior extent of the 

odontoid process at the dural interface from the line drawn between the basion and the 

posterior aspect of the C-2 vertebral body (pB-C2 line); 14 = basiocciput length 

(distance from the basion to the spheno-occipital synchondrosis); 15 = clivus length 

(distance from the basion to the posterior clinoid process). D: 16 = anteroposterior 

diameter of the spinal cord; 17 = anteroposterior diameter of the syrinx (Modified from 

Study III). 

4.2.4 Childhood brain tumor survivors 

Spinal MRI was done to 72 subjects during the years 2010–2015 in the five 

university hospitals in Finland. MRI scans were done with a Siemens Magnetom 

Espree 1.5T scanner at Oulu University Hospital, with Siemens Avanto 1.5T 

scanners at Helsinki, Kuopio, and Tampere University Hospital, and with a Philips 

Ingenia 1.5T scanner at Turku University Hospital. The spinal MRI protocol 

included contrast-enhanced T1W and T2W sagittal sequences. Gadolinium contrast 

agent (Dotarem, 0.2 ml/kg, Guerbet, France) was used. The children were sedated 

during imaging when necessary. The MRI scan images were evaluated on a 

research PACS/DICOM viewing application for diagnostic radiology (Neaview, 

Neagen, Helsinki, Finland). 

The vertebrae were evaluated on the basis of their shape and size. Possible 

vertebral fractures were identified. Genant’s visual semi-quantitative (SQ) method 

was used to evaluate the vertebra from the fourth thoracic to the fourth lumbar 

vertebra (Genant, Wu, van Kuijk, & Nevitt, 1993; Guglielmi et al., 2008). The 

spinal deformity index (SDI) was calculated by summing up the grades of the 

vertebral deformities (Guglielmi et al., 2008). Tumors (both primary and secondary) 

of the spine were excluded. To analyze the morphology of the thoracic (Th) and 

lumbar (L) vertebrae more specifically, the height and depth of one thoracic 

vertebra (Th8) in the middle of the kyphotic thoracic curvature and of one lumbar 

vertebra (L3) in the middle of the lordotic lumbar curvature were measured. The 

heights of the Th8 and L3 vertebrae were measured from the lowest part of the 

vertebral body. The depths (anterior-posterior measurement) of the Th8 and L3 
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vertebral bodies were measured from the superior and inferior endplates. The 

height–depth ratio of these vertebrae was calculated. 

4.3 Statistical analyses 

4.3.1 Pineal cysts in children 

Numerical data are given for the cases where the cyst size increased by more than 

2 mm. The unpaired t-test was used to compare the changes in the cyst size between 

the male and female patients. A linear regression model was used for comparing 

the correlation of different factors to the cyst size using the r square coefficient (r2). 

Because the follow-up interval was not normally distributed, the Mann–Whitney U 

test was used to compare the differences in the follow-up interval between the two 

groups (group 1: no change in the cyst size; group 2: the cyst size increased by 

more than 2 mm). The analysis of variance (ANOVA) test was used to compare the 

mean sizes of the cyst in the initial MRI and the mean ages of the patients in the 

two groups (group 1: no change in the cyst size; group 2: the cyst size increased by 

more than 2 mm). For all the tests, a ≤ 0.05 significance level was used. The 

descriptive values were given as mean ± standard deviation (SD) if not otherwise 

specified. All the data were analyzed using the IBM SPSS Statistics 24.0 software 

(IBM Corp., Armonk, NY, USA). 

4.3.2 Children with mild intellectual disability 

To evaluate the correlation of the neurological symptoms and clinical findings with 

the imaging findings, multivariate logistic regression analysis was used. In the 

logistic regression analysis, the forward stepwise selection method was used to 

exclude the insignificant variables from the analysis. The chi square test was used 

to determine if there were differences in symptoms or imaging findings between 

the male and female patients. To compare the prevalence of the imaging findings 

between different grades of ID, the chi square test was used. The same test was 

used to compare the prevalence of symptoms in the two groups (the patients with 

and without imaging findings). The patients were divided into four age groups (0–

2, 3–6, 7–10, and over 10 years) as it was assumed that there are different etiologies 

in particular age groups. The chi square test was used to compare the symptoms 

and imaging findings of the different age groups. For all the tests, a < 0.05 
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significance level was used. All the data were analyzed using the IBM SPSS 

Statistics 25.0 software (IBM Corp., Armonk, NY, USA). 

4.3.3 Surgically treated Chiari 1 malformation 

The patients were divided into four groups according to their postoperative results 

(preoperative symptoms resolved, improved, remained unchanged, or worsened). 

In the cases with scoliosis or syringomyelia without subjective symptoms, the 

patients were divided into these groups according to whether the syringomyelia 

and/or scoliosis had been resolved. If the patient had several symptoms, the result 

of the surgery was based on the patient’s most difficult symptom correlated with 

CM1. ANOVA was used to evaluate the differences in the pre- and postoperative 

measurements between the outcome groups. The chi square test was used to 

determine if the preoperative categorical variables were associated with 

postoperative symptom improvement. Repeated-measures ANOVA was used to 

compare the pre- and postoperative measurements. The children (age < 10), 

adolescents (10−19 years old) and adults (age > 19) were analyzed separately 

except when their clinical symptoms were studied, due to the relatively small 

number of cases. For all the tests, a < 0.05 significance level was used. Interrater 

reliability analyses and intraclass correlation coefficient were used to evaluate the 

variation between two raters. All the data were analyzed using the IBM SPSS 

Statistics 25.0 software (IBM Corp., Armonk, NY, USA). 

4.3.4 Spinal MRI of childhood brain tumor survivors 

ANOVA was used to determine if there were any statistically significant differences 

between the means of more than two groups. The non-parametric Kruskal−Wallis 

test was used when the variables were not normally distributed. The association of 

the tumor treatments (irradiation, chemotherapy, and total dose of corticosteroids 

administered during the brain tumor treatment), body mass index (BMI), and 

treatment age with the vertebra height–depth ratio was examined using the 

multivariate linear regression model with a stepwise variable selection procedure 

to identify the set of variables that best predicted the vertebral morphology. The 

Spearman correlation coefficient was used to evaluate the correlation between the 

corticosteroid dose and the vertebra. The subjects were analyzed in three age groups 

(0–6, 7–11, and 12–16 years), taking into account their different growth periods at 

the time of the radiation therapy. For all the tests, a < 0.05 significance level was 
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used. All the data were analyzed using the IBM SPSS Statistics 25.0 software (IBM 

Corp., Armonk, NY, USA). 
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5 Results 

5.1 Follow-up imaging of pineal cyst in children 

The prevalence of pineal cysts was 1.8% from all the evaluated brain MRI images 

(n = 3851) during the years 2010−2015. Ten pineal cysts were found before year 

2010 and those were also included in the study. Study I included 81 pineal cysts 

with a ≥ 10 mm diameter in at least one dimension. There were more females 

(59.3%) than males (40.7%) who had a pineal cyst. The most common symptoms 

that were mentioned in the referrals for MRI were headache (44.4%), seizures 

(14.8%), migraine (6.2%), developmental delay (6.2%), visual disturbances (6.2%), 

and vertigo (6.2%). In all the patients in this study, the pineal cyst was considered 

an incidental finding.  

The pineal cyst measurements are presented in Table 1. The mean thickness of 

the pineal cyst wall was 1.4 ± 0.3 mm. In three cysts, the wall thickness exceeded 

2 mm. Most of the cysts (93.8%) were isointense or slightly hyperintense compared 

to CSF on the T1W and T2W images, and hyperintense compared to CSF on the 

T2/FLAIR images (90.1%) (Figure 6). Contrast agent was used in 74 patients, and 

enhancement of the cyst walls was found in 87.8% of these cases, but there was no 

nodular or heterogeneous cyst wall enhancement. More prominent enhancement of 

the posterior aspect of the cyst wall was seen in 18.9% of the cases. 

The follow-up interval varied from 3 to 145 months, with the median interval being 

10 months (interquartile range [IQR] = 19). In at least one imaging plane, only 11.4% 

of the cysts grew by more than 2 mm during the follow-up. The mean changes in the 

sizes of the cysts in each dimension where the cyst growth exceeded 2 mm are presented 

in Table 2. In one imaging plane, a total of nine cysts grew by at least 2 mm. Four cysts 

grew in the outer sagittal anteroposterior dimension, inner sagittal anteroposterior 

dimension, and inner axial plane. Three cysts grew in the outer oblique-diameter-

perpendicular-to-the-tectum dimension, inner-oblique-diameter-perpendicular-to-the-

tectum dimension, and outer axial plane. The signal intensity did not change in any of 

the cysts in the follow-up. 
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Fig. 6. Representative images of the radiological features of a unilocular pineal cyst. A 

and C: Isointense pineal cyst compared to CSF on the contrast-enhanced T1W sagittal 

and coronal 2 mm sequences with thin enhancement of the cyst walls. B: Slightly 

hyperintense pineal cyst compared to CSF on the T2W axial 6 mm sequence. D: 

Hyperintense pineal cyst compared to CSF on the T2/FLAIR axial 6 mm image. 
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Table 1. Mean size of the pineal cyst included in the study. 

Measurement dimension Outer diameter (mm), mean ± 

SD 

Inner diameter (mm), mean ± 

SD 

Sagittal anteroposterior 12.8 ± 3.0 10.1 ± 3.0 

Oblique diameter perpendicular to the 

tectum 

8.9 ± 2.2 6.8 ± 2.2 

Axial width 10.5 ± 2.3 8.0 ± 2.3 

Table 2. Mean growth of the cyst in each dimension. 

Measurement dimension Outer diameter (mm), mean ± 

SD 

Inner diameter (mm), mean ± 

SD 

Sagittal anteroposterior 3.4 ± 1.7 3.1 ± 1.5 

Oblique diameter perpendicular to the 

tectum 

3.4 ± 1.0 2.6 ± 0.5 

Axial width 3.2 ± 1.6 2.8 ± 1.2 

A weak but statistically significant correlation was observed between the children’s 

age and the cyst outer diameter in the anteroposterior dimension (r2 = 0.132; p = 

0.001). There was no such correlation in the males whereas in the females, such 

weak correlation was also found in the other measurements (excluding the outer 

axial width). In the follow-up imaging, the children with stable pineal cysts were 

on average older (9.2 ± 4.4 years) than the children with cyst growth (5.3 ± 4.6 

years; p = 0.017). Other predictors (gender, follow-up interval, cyst shape, and size) 

were not associated with cyst growth. 

5.2 Brain MRI in children with mild intellectual disability 

A total of 471 0- to 16-year-old children with ID of various stages and who were 

born within the 1st to 19th days of the month during the period 1990–2017 were 

included in this study. Of the 471 children, 126 (26.9%) had significant imaging 

findings. The significant imaging findings were MRI findings that were considered 

related to ID or affecting patient treatment. The patients were divided into groups 

based on the ICD-10 classification of ID (mild, moderate to severe, and 

unspecified). Imaging findings were more often found in the children with 

moderate to severe ID (55.2% of 134 children; p < 0.001) and unspecified ID 

(43.8% of 32 children; p < 0.001) than in those with mild ID (12.5% of 305 

children). The imaging findings of the children with mild ID were analyzed more 

carefully.  
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Of the 471 patients in this study, 305 had been diagnosed with mild ID during 

the period 1999–2018. Of the 305, the number of males was about twice that of the 

females (98 females, 207 males). The mean age of the children at diagnosis was 6.9 

± 3.4 years. A significant imaging finding that was most probably correlated with 

ID or with comorbid neurological symptoms or diseases was found in 38 (12.5%) 

of these children. The other children either had normal brain MRI images or had 

incidental findings that were not correlated with ID or related comorbidities. The 

significant abnormal imaging findings are listed in Figure 7. 

 

Fig. 7. Number of significant imaging findings of the 38 patients with mild ID. 
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Among the children with mild ID, only three (1.0%) had imaging findings without 

other neurological symptoms or comorbidities. Their imaging findings were frontal 

pachygyria, syntelencephaly, and hypoplastic right cerebellar hemisphere (Figure 

8). Two children were 9 years old at the time of the ID diagnosis, and one child was 

6 years old. 

 

Fig. 8. MR images of the children with mild ID with significant imaging findings. T1 

coronal image of a 7-year-old boy with hypoplastic right cerebellar hemisphere (A, 
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arrow). T2 axial image of a 5,5-year-old girl with abnormally thick cortex showing 

pachygyria (B, arrows). T1 3D sagittal image with the absence of the corpus callosal 

body (C, arrow), a focus of gray matter on the roof of the ventricle (C, arrowhead) and 

absence of the interhemispheric fissure at the site of the missing corpus callosum on 

T1 3D axial image (D, arrow) showing syntelencephaly of a 16-year-old boy. 

Epilepsy, dysmorphic features, premature birth, hypotonia, and movement 

disorders were the most common symptoms or diseases in children with ID (Figure 

9). Non-specific symptoms like headache were not taken into account. In some 

cases, the aforementioned neurological symptoms occurred only after the imaging 

was performed, but the children were still included in the study. The children in the 

youngest age group (0−2 years) (87.5% vs. 47.5% of all the children with mild ID; 

p < 0.001) more commonly had other symptoms in addition to ID. 

Symptoms/comorbidities were present in 44.3% of the children aged 3–6 years, in 

36.1% of those aged 7–10 years, and in 64.6% of those aged over 10 years. 

However, age was found not to be correlated with the presence of imaging findings 

but with the presence of symptoms or comorbidities. No statistically significant 

differences were found between the four age groups (0–2, 3–6, 7–10, and over 10 

years) when the occurrence of significant imaging findings was evaluated. 

Of the children with neurological symptoms or clinical findings (n = 145), 

24.1% (n = 35) had significant imaging findings in MRI. Epilepsy (p = 0.011), 

traumatic brain injury (p = 0.003), and paralysis or cerebral palsy (p = 0.001) 

occurred more often in the children who had imaging findings (Figure 9). 

Logistic regression analysis was used to evaluate the correlation of multiple 

symptoms or clinical findings to the significant MRI findings. All the cases with 

mild ID in this study population were included in the analyses, and to remove the 

insignificant variables, forward stepwise selection was used. In the said analyses, 

seizures (without an epilepsy diagnosis), epilepsy, movement disorders, 

dysmorphia, encephalitis, traumatic brain injury, and abnormal head size 

significantly increased the likelihood of a significant imaging finding (odds ratio 

[OR]: 2.74−80.82; p < 0.001−0.046). All the children with cerebral palsy or 

paralysis had a significant imaging finding. However, because there were only a 

few patients with cerebral palsy or paralysis, statistical significance was not 

obtained. The patient age and gender were taken into account in the logistic 

regression analyses, but these variables did not increase the risk of a significant 

imaging finding. 
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Fig. 9. Symptoms of and clinical findings in the patients with and without imaging 

findings. 

Genetic etiology was found in 48 of the 305 children with mild ID. Imaging 

findings were more often found in the children with mild ID and a genetic etiology 

than in the rest of the children (27.1% vs. 9.7%). The 13 children who had a genetic 

error and an imaging finding also had other symptoms or comorbidities in addition 

to ID. All these imaging findings were significant and would have led to further 

etiological investigations, but most of them were not specific to any known genetic 

etiology in most of the cases.  

5.3 Pre- and postoperative MRI of Chiari 1 malformation 

The 51 patients with CM1 underwent surgery within the period 2004–2018. Of the 

51 patients, 19 were under 10 years old, 13 were adolescents (10−19 years old) and 

19 were adults. The mean age of the adult patients was 41.5 ± 14.1 years, for the 

adolescents it was 14.2 ± 2.5 years, and for the children, it was 5.1 ± 2.0 years. In 

addition, 36.8% of the children, 76.9% of the adolescents and 84.2% of the adults 

were female. Age was found not to be correlated with postoperative symptom 

improvement.  
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The interrater reliability was evaluated. Only the basilar invagination 

measurement was considered to have weak reliability. The measurements that were 

obtained in this study and the results of the interrater reliability analyses are 

presented in Table 3. 

Preoperatively, the children’s cerebellar tonsils were located more caudally 

when measured from the C2 vertebral endplate (p = 0.001) compared to the adults’. 

The clivus length (p = 0.001), the basioccipital length (p = 0.001), odontoid process 

length (p < 0.001), the pB-C2 line (p = 0.009) and occipital angle (p = 0.001) were 

smaller in the children. However, the angle of the dens and a the C2 vertebral end 

plate were bigger in children (p = 0.008). In addition, the following differences in 

the postoperative measurements were found compared to the preoperative 

measurements in the children: the angle of the dens and C2 endplate (p = 0.040) 

were smaller, and the basioccipital length, clivus length, odontoid process length, 

and pB-C2 line (p < 0.001) were bigger. In the adults, the tonsillar locations to the 

C2 endplate line (p = 0.002) and the C2 synchondrosis line (p = 0.002) increased. 

The same tendency was observed in children without statistical significance (p = 

0.066 and p = 0.054). In the children, adolescents and adults, the diameters of the 

syrinx decreased after surgery (p = 0.009, p = 0.013 and p < 0.006).  

There were no subjective symptoms associated with CM1 in 15.8% of the 

children and in 30.8% of the adolescents. In these cases, only syringomyelia and/or 

scoliosis was considered an indication for surgery whereas all the adults had 

subjective symptoms preoperatively. Preoperatively, syringomyelia was found in 

42.1% of the adults, in 69.2% of the adolescents and in 26.3% of the children. The 

smallest preoperative diameter of the syrinx was 3.1 mm (mean 7.3 mm) in the 

children, 1.5 mm (mean 7.0 mm) in the adolescents and 3.8 mm (mean 7.4 mm) in 

the adults. Syringomyelia was always considered an indication for surgery if 

present. None of the adults had scoliosis while two children (10.5%) and four 

adolescents (30.8%) had it. Scoliosis (scoliometer > 6 degrees or Cobbs angle > 20 

degrees) appeared to be an indication for CM1 surgery in all the cases if present. 
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With regard to the adult patients with and without syringomyelia, no differences 

between their preoperative measurement values were found. After the surgery, 

however, the tonsils were located more caudally in the adult patients without 

syringomyelia than in those with syringomyelia, when measured perpendicular to 

the C2 synchondrosis line [6.2 mm (3.7–8.7 mm) and 11.0 mm (6.3–17.0 mm) 

respectively], p = 0.026. The opposite finding was observed in adolescents with 

syringomyelia when measured perpendicular to the C2 end plate line 7.3 mm (2.9–

11.7 mm), vs without syringomyelia, 15.3 mm (5.8–24.9 mm), p = 0.042. The angle 

of the dens and the C2 synchondrosis was smaller in the adults without 

syringomyelia, 74.5 degrees (71.7–77.2 degrees), compared to those with 

syringomyelia, 80.1 mm (73.9–86.2 mm), p = 0.043. In the adolescents with 

syringomyelia, the clivus canal angle was smaller in the preoperative imaging (p = 

0.022). The same tendency was noticed postoperatively (p = 0.081) when the 

children with and without syringomyelia were compared. No other significant 

differences were found between the preoperative and postoperative measurements 

in the children, adolescent and adult patients with and without a syrinx. The 

preoperative size of the syrinx was found not to be correlated with the change in 

the size of the syrinx at the first or second follow-up imaging.  

5.3.1 Surgical outcome 

The outcome of the surgery was evaluated, and the patients were divided into the 

following four subgroups according to the postoperative behavior of the symptoms: 

preoperative symptoms resolved, improved, remained unchanged, or worsened. In 

the patients with scoliosis or syringomyelia who did not have subjective symptoms, 

the result of the surgery was estimated according to the changes in the 

measurements of the syringomyelia and/or scoliosis after surgery. As the study 

population was small, only two outcome groups were used in the statistical analyses: 

improved and not improved. 

In most (n = 45) of the adult, adolescent and child patients, the symptoms, 

scoliosis and/or syrinx that were an indication for surgery were either improved or 

resolved. They remained unchanged after surgery only in one child, one adolescent 

and three adults. In one adolescent, the scoliosis was considered to have worsened 

after surgery. In five patients, there was no improvement in the subjective 

symptoms. The symptoms were resolved or were at least improved in all the other 

cases.  
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No other variable had a significant correlation to the surgical outcome in the 

preoperative measurement, but the preoperatively measured diameter of the spinal 

cord (mean difference 3.3 mm, 95% CI: 0.5 – 6.2 mm, p = 0.024) was smaller in 

the patients whose symptoms were resolved or improved. It is worth mentioning 

that the symptoms remained unchanged or worsened in only three of the 22 patients 

with a syrinx. However, the preoperative size of the syrinx itself was not associated 

with symptom improvement, and neither was the preoperative presence of 

syringomyelia or scoliosis (p = 1.00). There was no statistically significant 

difference between the postoperative measurements in these two surgical-outcome 

groups. The change in syrinx size was found not to be correlated with the 

postoperative symptom improvement and with the follow-up time in the adults, 

adolescents and children. In most of the cases, the syrinxes decreased after surgery 

(Figure 10), but the syrinx size increased after surgery in two of the 22 patients with 

syringomyelia. In one of these two patients, the syrinx size increased at the first 

control and decreased at the second control but remained larger than in the 

preoperative imaging (follow-up time 72 months). In the other patient, the syrinx 

decreased in the first postoperative imaging and increased in the second follow-up 

imaging done 11 months after the surgery. 

Two methods were used to measure the tonsils’ descent below the McRae line 

in the preoperative imaging: measurement perpendicular to the line and 

measurement vertically from the McRae middle point. There was no statistical 

difference between the results of these two measurement methods. The tonsillar tip 

location perpendicular to the McRae line was on average 16.8 mm (range 7.7–30.9 

mm) in the children, 20.0 mm (range 10.6–41.7 mm) in the adolescents and 15.1 

mm (range 5.3–30.0 mm) in the adults. The tonsils moved cranially postoperatively 

in 51.0% (n = 26), did not change in 27.4% (n = 14), and moved caudally in 21.6% 

(n = 11) of the patients. The tonsillar tip perpendicular location measured from the 

McRae line correlated well to the location measured from the C2 vertebra using 

both the synchondrosis and the end plate line (r = 0.771 and r = 0.741, respectively, 

p < 0.001). The time interval between surgery and postoperative imaging was found 

not to be correlated with the change in the position of the cerebellar tonsils relative 

to the C2 vertebral endplate or synchondrosis. 
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Fig. 10. Representative images of the syrinx (white arrow) and tonsillar (arrowhead) 

upward movements of a 5-year-old CM1 patient on T2W sagittal preoperative (A) and 

postoperative (B) images. 

5.4 Spinal MRI of childhood brain tumor survivors 

In Study II, there were 74 patients who had been treated for childhood brain tumor. 

All the patients had received CNS radiation treatment. Craniospinal irradiation was 

done in 40.5% of the cases, and only cranial irradiation was done in 59.5% of the 

cases. The males accounted for 63.5% (n = 47) of the subjects, and the females 

accounted for 36.5% (n = 27). There were no primary or secondary spinal tumors 

in this study population. 

Chemotherapy was used in 63.5% (47 of 74) of the cases. It was used more in 

the patients who were treated with craniospinal irradiation than in those who were 

treated only with cranial irradiation (90% vs. 45.5%). 

A total of 65 patients received corticosteroid therapy. The median cumulative 

dose as prednisolone equivalent was 2.3 g/m2 (IQR = 0.9–7.0). The median dose 
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was higher in the patients who had received chemotherapy than in those who had 

not ([3.7 g/m2, IQR = 1.5–8.2 vs. 1.1 g/m2, IQR = 0.6–1.5]; p < 0.001). The 

corticosteroid doses varied between the age groups (p = 0.001). The median 

corticosteroid dose was highest in the youngest age group (0–6 years; 5.7 g/m2) and 

lowest in the oldest age group (12–16 years; 1.0 g/m2). 

According to the Genant SQ method, there were seven patients with vertebrae 

that met the criterion of osteoporotic fracture. Eleven patients had borderline-

deformed vertebrae (Genant grade 0.5), which was not considered an osteoporotic 

fracture. Four of the seven patients who had vertebrae with Genant grade ≥ 1 did 

not have an actual fracture but had decreased vertebral-body height and endplate 

irregularities in several adjacent thoracic vertebrae. These findings were considered 

representing other radiation-induced changes in the spine (Figure 11). Thus, three 

patients had an actual vertebral fracture. It is worth noting that these three patients 

were the oldest patients in this study. The patients with a vertebral fracture were 

41–43 years old. 

Compared with the females, the male patients had a lower mean height–depth 

ratio of both the Th8 (65.7% vs. 70.2%; p = 0.041) and L3 (73.3 vs. 78.9; p = 0.019) 

vertebrae. Thus, the shape of the vertebrae was flatter in the males.  

The Th8 height–depth ratio differed between the treatment age groups. A 

statistically significant difference was observed between the youngest and oldest 

age groups (mean 69.8 vs. 61.3; [mean difference {MD} 8.5; 95% CI 2.4–14.7]; p 

= 0.009). The Th8 height–depth ratio was smallest in the oldest treatment age group 

(Figure 12A). No other factors were associated with the Th8 vertebra. The L3 

height–depth ratios were smaller in the patients who had received chemotherapy 

(mean 73.5 vs. 78.5; [MD = 5.0; 95% CI 0.3–9.8]; p = 0.038). Also, the L3 height–

depth ratio was smaller in the patients who had received craniospinal irradiation 

than in those who had received local, full cranial, or stereotactic irradiation (mean 

71.0 vs. 78.3; [MD = 7.3; 95% CI 2.9–11.8]; p = 0.002) (Figure 12D). No other 

factors were found to be significantly correlated with the L3 vertebra. 
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Fig. 11.  Representative spinal MRI images showing vertebral changes on T2W sagittal 

images. Several adjacent flat thoracic vertebrae with endplate irregularities are shown 

on the T2W image of a male aged 31 years (A, arrowheads). The T2W image of a female 

aged 43 years shows a slightly compressed Th6 vertebra (Genant grade 1; B, arrow) 

and vertebral fracture of Th8 (Genant grade 2; B, arrowhead) (Under CC BY 4.0 license 

from Jussila et al., 2018).  

There were differences between the findings in the male and female patients. BMI 

was found to be negatively correlated with the Th8 and L3 height–depth ratios in 

the males, but not in the females. In the males, chemotherapy was associated with 

the L3 vertebra morphology (mean 70.6 vs. 77.4; [MD 6.8; 95% CI 1.0–12.6]; p = 
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0.023). A higher corticosteroid dose was associated with a lower L3 height–depth 

ratio in the males (r = −0.333; p = 0.024). Similarly, spinal irradiation was 

associated with a lower L3 height–depth ratio in the males (mean 68.8 vs. 77.0; 

[MD 8.3; 95% CI 2.8–13.7]; p = 0.004). The aforementioned statistically 

significant results were not observed in the female patients. 

In the multivariate analysis, BMI (adjusted β= −0.377; 95% CI −0.678 to 

−0.076; p = 0.015), age at the time of the treatment (adjusted β= −0.782; 95% CI 

−1.248 to −0.316; p = 0.001), and patient gender (adjusted β = −5.984; 95% CI 

−9.978 to −1.990; p = 0.004) were found to be significantly associated with the Th8 

morphology (R2 adj = 0.233). Thus, the males who were older during the treatment 

and who had a higher BMI had a lower Th8 height–depth ratio. The type of 

irradiation was found not to be correlated with the Th8 vertebra height–depth ratio. 

In multivariate regression analysis, patient gender (adjusted β = −4.857; 95% CI 

−9.381 to −0.333; p = 0.036) and craniospinal irradiation (adjusted β = −6.829; 

95% CI −11.265 to −2.393; p = 0.003) were found to be associated with the L3 

vertebra morphology (R2 adj = 0.166). The males who had received craniospinal 

irradiation had a lower mean L3 height–depth ratio than the other patients. 

 

Fig. 12. Association of the vertebral morphology with the BMI, mode of irradiation, and 

treatment age (Under CC BY 4.0 license from Jussila et al., 2018).  
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BMD was found not to be correlated with the vertebral morphology. However, the 

patients in this study were generally shorter than the general Finnish population, 

with a negative height standard deviation score (SDS) distribution in both gender 

subgroups. In the males, craniospinal irradiation was linked to shorter height (p = 

0.047) (Figure 13). 

 

Fig. 13.  Comparison of the heights of the study subjects with those of the general 

Finnish population. A: Height (cm) by gender, adult male height reference (solid line), 

and adult female height reference (dotted line). B: Height SDS by gender, with 0 SDS 

(dashed line). Cranial irradiation (solid square), craniospinal irradiation (triangle) (Under 

CC BY 4.0 license from Jussila et al., 2018).  
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6 Discussion 

In this study, four patient populations were presented, and the effectiveness of MRI 

on each situation was evaluated. The study addressed the following topics:  

1. the significance of incidental findings and the need for MRI (Study I and III); 

2. patient selection for surgical treatment and the utility of pre- and postoperative 

imaging (Study II); and 

3.  the need for late imaging after childhood brain tumor treatment (Study IV). 

The use of MRI has become more common of late, and with the development of 

imaging technology, it is possible to find increasingly smaller incidental findings. 

The importance of these findings is not clear, however, for which reason follow-up 

examinations have to be performed in some cases to confirm the findings. Pineal 

cysts and CM1 are common incidental imaging findings (Dangouloff-Ros et al., 

2019). It is also reported in children with developmental delay to have more 

abnormal imaging findings than in healthy children, although many of these 

imaging findings are insignificant (Murias et al., 2017). These findings are 

discussed in the reports herein on three of the studies that were conducted (Study I, 

II, and III), in which the effectiveness of MRI was evaluated. As for Study IV, its 

results indicated that late control imaging could be recommended in patients who 

had been treated for brain tumor in childhood. 

6.1 MRI of pineal cysts 

Follow-up imaging of pineal cysts is widely recommended in the literature to 

monitor their growth tendency and malignancies (Al-Holou et al., 2010; Fakhran 

& Escott, 2008; Fleege et al., 1994; Mandera et al., 2003). As imaging technology 

has advanced much in the last decades, a more specific evaluation of the brain 

structures, including pineal cysts, is possible. Sequences with thin slices and 3D 

imaging can show more detailed structures of the walls of the pineal cysts. Thus, a 

more accurate analysis of the radiological features, including the enhancement and 

nodularity of the cyst wall, can already be performed during the primary imaging. 

If no abnormal pineal cyst findings are obtained from MRI, the probability of the 

presence of a neoplastic cystic tumor is low. Thus, it is unnecessary to monitor these 

cysts through follow-up imaging. 

The results of the present study confirmed that of the previous studies: that 

pineal cysts are common findings in children who undergo brain MRI. A total of 
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71 children with pineal cysts > 10 mm in diameter (1.8% prevalence) were found 

when the 3,851 pediatric brain MRI images obtained during the years 2010−2015 

from Oulu University Hospital were analyzed. In previous studies, the prevalence 

was reported to be 1.9–57% in children and young adults (Al-Holou et al., 2009; 

Bumb et al., 2012; Dangouloff-Ros et al., 2019; Gur et al., 2013; Whitehead et al., 

2013). In the recent meta-analysis, the prevalence was 2.3% in the healthy children, 

which is almost the same as that in this study (Dangouloff-Ros et al., 2019). The 

children in the present study who did not manifest any pineal cyst-related symptom, 

however, were not considered healthy because they had medical indications for 

imaging. 

The findings of the present study indicate that pineal cyst growth is rare and 

often clinically insignificant, as has been found in earlier studies (Al-Holou et al., 

2010; Barboriak et al., 2001; Nevins et al., 2016; Whitehead et al., 2013). The 

morphology of the pineal cyst did not change in any of the cysts in the follow-up 

imaging, which is in line with the previous studies (Al-Holou et al., 2010; Al-Holou 

et al., 2011; Nevins et al., 2016). In almost all the cases, the fluid of the pineal cysts 

was isointense or slightly hyperintense compared to CSF on the T1W and T2W 

images, and hyperintense compared to CSF on the T2/FLAIR images, which 

confirms the findings of the previous studies (Al-Holou et al., 2010; Al-Holou et 

al., 2011; Fakhran & Escott, 2008; Michielsen et al., 2002; Pastel et al., 2009). 

Partial enhancement of the cyst wall is also a typical appearance in pineal cysts 

according to the present and previous studies (Al-Holou et al., 2010; Al-Holou et 

al., 2011; Barboriak et al., 2001; Smith et al., 2010). Posterior enhancement 

suggesting a dorsally located pineal gland is a common finding in pineal cyst 

imaging (Al-Holou et al., 2010; Maher, Piatt, & Section on Neurologic Surgery, 

American Academy of Pediatrics, 2015). In the present study, it was observed in 

almost one fifth of the patients. 

The children whose cysts grew were younger than those who had stable cysts, 

which could be due to such children’s head growth. The growth of these cysts, 

however, was considered clinically insignificant. Similar results were obtained by 

Al-Holou et al. (2010). Due to the nature of this retrospective study, measurements 

of the patients’ head circumferences were not found, and as such, head size cannot 

be conclusively associated with pineal cyst size. No other factor that could be 

correlated with cyst growth was found. Follow-up time was found not to be 

correlated with cyst size in line with the previous observation that the likelihood of 

cyst growth may not increase even if the follow-up interval is increased (Barboriak 

et al., 2001). Based on the results of the present and previous studies (Al-Holou et 
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al., 2010; Bumb et al., 2012; Nolte, Brockmann, Gerigk, Groden, & Scharf, 2010; 

Whitehead et al., 2013), follow-up imaging seems unnecessary in asymptomatic 

children who have pineal cysts with typical radiological characteristics.  

There are different opinions in the literature on follow-up imaging for cysts. 

Some authors recommend follow-up imaging of pineal cysts in children even in 

asymptomatic cases (Al-Holou et al., 2010; Mandera et al., 2003) while others do 

not recommend follow-up imaging unless there are related symptoms or atypical 

radiological features and unless the cyst is large (Barboriak et al., 2001; Pastel et 

al., 2009; Whitehead et al., 2013). There is no reliable evidence in the literature, 

however, that larger cysts are more prone to enlargement (Al-Holou et al., 2010; 

Barboriak et al., 2001; Cauley et al., 2009; Nevins et al., 2016; Whitehead et al., 

2013). Follow-up imaging should be considered, however, in cases where the pineal 

cyst has nodular enhancement, hemorrhage, or other features that may be a sign of 

a neoplasm. Also, follow-up imaging should be done if the cyst is large and is 

compressing the tectum and the aqueduct of Sylvius (Fleege et al., 1994; Steven, 

McGinn, & McClarty, 1996). It has been reported that patients with hereditary 

retinoblastoma have a higher risk of developing pineoblastoma. Thus, in these 

patients with pineal cysts, follow-up imaging is recommended (de Jong et al., 2014; 

de Jong et al., 2015; Gupta et al., 2016). 

6.2 The role of MRI in the evaluation of mild intellectual disability 

In Finland, children with ID usually undergo brain MRI to find a clue for the 

etiology of ID. In the present study, 12.5% of the children with mild ID had an 

imaging finding that yielded etiological diagnosis or had consequences for patient 

care. Almost all of them (except only three) had other symptoms in addition to ID. 

The findings of the present study are parallel to those of the previous studies, but 

the present study focused on mild ID while many of the previous studies included 

all ID grades (from mild to severe) and also delayed development. In those earlier 

studies, 37–54% of the patients with ID or developmental delay had abnormal 

imaging findings, but many of these imaging findings were clinically insignificant 

(Engbers et al., 2010; Griffiths et al., 2011; Murias et al., 2017). Only a small 

percentage (5–8%) of these abnormal findings led to etiological diagnosis 

(Decobert et al., 2005; Engbers et al., 2010; Murias et al., 2017). One previous 

study reported that only 1.9% of the patients in such study had no symptoms other 

than developmental delay with diagnostic brain MRI findings (Engbers et al., 2010). 
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The patients in the previous studies, however, largely varied from those with mild 

developmental delay to those with severe ID.  

Some symptoms and comorbidities in patients with ID seem to be better 

predictors of a significant imaging finding. In the present study, seizures (without 

an epilepsy diagnosis), epilepsy, movement disorders, dysmorphia, encephalitis, 

traumatic brain injury, and abnormal head size were shown to increase that 

likelihood. Paralysis and cerebral palsy may also be significant factors because 

none of the patients with ID and cerebral palsy had normal brain MRI findings. 

Similarly, in previous studies, some symptoms, including head size abnormality, 

pyramidal disorders, and movement disorders, were reported to be correlated with 

brain MRI abnormalities (Decobert et al., 2005; Engbers et al., 2010). Children 

with ID and cerebral palsy were reported to have had abnormal brain MRI findings 

in 92.1% of the cases (Reid, Meehan, Arnup, & Reddihough, 2018). As expected, 

imaging done for a specific indication was more likely to lead to an etiological 

diagnosis than imaging done only on a screening basis (41.2% vs. 13.9%) (Shevell 

et al., 2000). Epilepsy, brain injury, cerebral palsy, and encephalitis as such are 

indications for imaging, and if imaging has been done due to those diagnoses, then 

repeated brain imaging due to ID is not usually needed. 

In the present study, the most common imaging findings that were considered 

related to ID were ventricular dilation, corpus callosum anomalies, pachygyria, 

polymicrogyria, and cerebral atrophy. Similar findings were obtained by previous 

studies (Engbers et al., 2010; Murias et al., 2017; Soto-Ares et al., 2003; Spencer 

et al., 2005). One of the most common findings was ventricular dilation, which in 

some cases could be associated with ID. It has been reported to be a common 

finding in children with developmental delay (12–48%) (Decobert et al., 2005; 

Soto-Ares et al., 2003; Widjaja et al., 2008). However, ventricular dilatation has 

also been demonstrated to be a common finding in control populations, both in 

children (20%) and adolescents (35%) (Gabrielli et al., 1998; Spencer et al., 2005). 

Corpus callosum anomalies are rare in healthy children (Dangouloff-Ros et al., 

2019; Spencer et al., 2005), but it seems more common in children with ID (14–

46%) (Decobert et al., 2005; Soto-Ares et al., 2003; Spencer et al., 2005). These 

imaging findings, however, although pathological, do not often lead to etiological 

diagnosis. Thus, the diagnostic value of ventricular dilatation and corpus callosum 

abnormalities is often low based on the results of the present and previous studies 

(Decobert et al., 2005). As such, the results of the present study and of all the recent 

major studies provide sufficient evidence-based information which shows that 

children with only mild ID and without any comorbidities or symptoms may not 
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benefit from brain MRI (Moeschler et al., 2014; Murias et al., 2017; van Karnebeek, 

Clara D. M., Jansweijer, Leenders, Offringa, & Hennekam, 2005). Imaging 

findings leading to etiological diagnosis are reported to be more often found in 

children with more severe ID than in children with mild ID (Soto-Ares et al., 2003). 

6.3 The benefits of reducing unnecessary imaging studies 

The aforementioned studies suggested the use of different imaging strategies for 

two different patient groups: primary imaging for children with mild ID with no 

other symptoms or related neurological diseases and control imaging for children 

with pineal cysts. On the basis of the results of the present study, neuroimaging is 

recommended only if there is an evidence-based medical indication for it. First of 

all, by decreasing unnecessary imaging, the parents’ psychological burden can be 

reduced, in addition to their children’s physical and psychological burdens. Of 

course, parents will be relieved when brain MRI is done and nothing worrying is 

found, but the potential benefits of imaging must always be seen in the context of 

its potential disadvantages. With the results of this study, parents can be convinced 

that there is no need for imaging. Verifying imaging findings through control 

imaging may cause uncertainty, anxiety, and fear in both children and parents. Prior 

to this study, pediatric pineal cyst imaging was done 6 months after primary MRI. 

This period is a long time for parents to know if their child has a tumor or an 

enlarging cyst. Thus, the results of the current study markedly reduce the 

psychological burden of the parents of children who are diagnosed to have a pineal 

cyst.  

In addition, other benefits will become when unnecessary imaging is reduced. 

Decreasing the number of unnecessary MRI may have a marked cost-effective 

impact that is suggested to cause significant economical savings. Furthermore, a 

more important effect is that imaging studies will also become more available to 

those who really need them. It is worth noting that most children under school age 

must be sedated during MRI, which therefore demands more time, staff, and 

equipment. Anesthesia also has potential adverse effects, albeit rare (Callahan & 

Cravero, 2021; Cauldwell, 2011). Anesthesia can cause immediate risks or long-

term neurocognitive adverse effects, although the latter are not so clearly 

documented (Callahan & Cravero, 2021). Very young children and children with 

developmental delay are at a higher risk for anesthesia-related adverse effects 

(Callahan & Cravero, 2021; Kannikeswaran, Mahajan, Sethuraman, Groebe, & 

Chen, 2009). Using routine brain MRI in diagnostic evaluation of mild ID or in 
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follow-up imaging in children with pineal cysts will expose such children to 

unnecessary risks. Contrast agents are sometimes used in brain MRI, and these 

agents may have adverse effects, too (Fraum, Ludwig, Bashir, & Fowler, 2017; Hao 

et al., 2012). The rate of adverse events is reported to be 0.1% (Fraum et al., 2017). 

Minor adverse effects such as nausea, urticaria, and taste disturbance are more 

common than severe adverse effects such as anaphylaxis (Hao et al., 2012). 

Gadolinium-based MRI contrast agents may cause a very rare late adverse effect 

called nephrogenic systemic fibrosis in patients with renal insufficiency (Fraum et 

al., 2017; Hao et al., 2012). It is known that gadolinium can deposit in deep brain 

nuclei, especially after repeated exposure (Gulani et al., 2017). However, the 

clinical significance of gadolinium deposition in the brain has remained unknown 

(Gulani et al., 2017). In this study, contrast agents were used in 91.4% of MRI when 

imaging patients with a pineal cyst, but they are not routinely used in brain MRI 

for children with ID.  

6.4 The predictive value of MRI in patient selection for Chiari 1 

malformation surgery  

6.4.1 Surgical outcome of Chiari 1 malformation 

In most of the patients who were operated on due to CM1, the surgical outcome 

was considered good, which is in agreement with a previous study by Tubbs et al. 

(2011) concerning surgical outcome of 500 CM1 patients. Almost all the patients 

had preoperatively subjective symptoms, scoliosis and/or syringomyelia that had 

been improved. In one child, however, the clinical outcome was estimated to have 

worsened compared to the preoperative situation. In that case, the symptoms 

worsened during the 15-year follow-up. In 9.8% of the patients, the symptoms, 

scoliosis and/or syringomyelia that were indications for surgery remained 

unchanged. It has been reported that after surgery, approximately one fifth of the 

patients may have symptom recurrence after a long follow-up period (McGirt, 

Attenello, et al., 2008). A previous systematic review reported that approximately 

one fifth of the patients did not have symptom and clinical-sign improvement (Zhao, 

Li, Wang, & Meng, 2016). An even greater percentage (approximately 30–40%) of 

patients whose symptoms were not improved or were improved only slightly after 

the follow-up period have also been reported (Aliaga et al., 2012; Furtado et al., 

2011; Greenberg et al., 2015; Kalb et al., 2012; McGirt, Atiba, et al., 2008; McGirt 
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et al., 2006). However, the evaluation methods that were used in the present and 

previous studies were different, and as such, a solid comparison of the results of 

such studies is difficult to carry out. Also, in the present study, improvement only 

of the symptoms, scoliosis and/or syringomyelia that were an indication for surgery 

was taken into account. Some patients may have had other non-specific symptoms, 

but the changes in these symptoms were not evaluated. It is worth noting that the 

present study was retrospective, and that the evaluation of the results was thus 

subjective and open to interpretation. It is also worth mentioning that the spectrum 

of symptoms in these patients is very broad, as presented in this study. Patients may 

have non-specific symptoms that cannot be conclusively shown to be related to 

CM1 (Milhorat et al., 1999). 

6.4.2 Syringomyelia and scoliosis in patients with Chiari 1 

malformation 

Syringomyelia is a common finding in 12–70% of the patients with CM1 (Aitken 

et al., 2009; Ciaramitaro, Ferraris, Massaro, & Garbossa, 2019; Kalb et al., 2012; 

Strahle et al., 2011; Tubbs et al., 2007). It was found in the present study that 42.1% 

of the adults in the study, 69.2% of the adolescents and 26.3% of the children had 

preoperative syringomyelia, which coincides with the results of the previous 

studies. The preoperative size of the spinal cord seemed to have some correlation 

with symptom improvement. The diameter of the spinal cord was smaller in the 

patients whose symptoms, scoliosis and/or syringomyelia were improved. However, 

the preoperative presence of syringomyelia and the preoperative size of the syrinx 

were surprisingly not associated with the surgical outcome. Nevertheless, the 

symptoms, scoliosis and/or syringomyelia were not improved after surgery in only 

three of the 22 patients with syringomyelia. Statistical significance can be difficult 

to prove for such a small patient population, and the possibility of chance increases 

when the patients are divided into small groups. Thus, it cannot be said with 

certainty that syringomyelia or the size of the spinal cord is or is not associated with 

the surgical outcome.  

In the literature, the findings on the correlation between syringomyelia and 

symptom improvement vary considerably (Atchley et al., 2020; Hekman et al., 

2012; Kalb et al., 2012), but the decrease in the size of the spinal cord has been 

shown to be correlated with symptom improvement in the study by Furtado et al. 

(2011). In most of the cases in the present study, the size of the syrinx also 

decreased after surgery, which can be considered a good radiological outcome. In 
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the postoperative follow-up, however, the syrinx increased in size in only two 

patients. A possible explanation of this in one of the two patients is that there was 

a 13-month gap between the last preoperative imaging and the surgery; thus, there 

was a possibility that the syrinx had already increased in size preoperatively.  

Scoliosis is also a common finding in patients with CM1, having been reported 

in 13–36% of such patients (Ciaramitaro et al., 2019; Noureldine, Shimony, Jallo, 

& Groves, 2019; Strahle et al., 2015). This finding coincides with that of the present 

study, where 10.5% of the children and 30.8% of the adolescents had clinically 

significant scoliosis. It has been reported that CM1 decompression surgery is an 

adequate treatment for scoliosis < 20 degrees Cobb angle measurement in patients 

with CM1 and syringomyelia. Patients who have advanced scoliosis, however, 

often require other treatments for such (Krieger, Falkinstein, Bowen, Tolo, & 

Mccomb, 2011). In the present study, scoliosis improvement was found in three of 

the six children with scoliosis. None of the patients required surgery for scoliosis. 

6.4.3 MRI parameters in patients with Chiari 1 malformation 

No reliable correlation between symptom improvement and the measurements 

done on MRI images was found, which is in accordance with the results of the 

previous studies (Atchley et al., 2020; Deng, Wu, Yang, Tong, & Xu, 2013; 

Greenberg et al., 2015). The cerebellar tonsils moved upward in half of the cases, 

which was considered a good outcome radiologically. This is commonly found after 

posterior fossa decompression (Xie et al., 2014). Tonsillar movement cranially has 

been reported to be correlated with the syrinx–spinal cord ratio, and the maximal 

syrinx–spinal cord ratio and syrinx length has been shown to decrease after 

posterior fossa decompression (Xie et al., 2014). Although in the present study the 

syrinx size was observed to have decreased after surgery in most of the cases, no 

correlation was found between syrinx size decrease and symptom improvement. 

Neither was the change in the size of the syrinx found to be correlated with tonsillar 

movement postoperatively in adults or children. Interestingly, in the adults, the 

cerebellar tonsils were located more cranially if the patient had a syrinx. A possible 

explanation of this could be that surgical decision was made in milder tonsillar 

herniation cases due to the presence of a syrinx. 

In the children in the present study, there were some measurement values that 

statistically changed after surgery. The growth of the child’s head can be an 

explanatory factor for at least some of the measurement values obtained (e.g., 

odontoid process, clivus length). In the children, the pB-C2 line increased after 
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surgery. Higher pB-C2 measurement values have been reported to occur probably 

due to the lower pressure on the ventral dura (Bonney et al., 2016). A previous 

article defined the grading for the pB-C2 measurement. An over-3-mm pB-C2 line 

was reported to be associated with postoperative symptom improvement (Ladner 

et al., 2015). In the present study, this association was not found, which is in 

agreement with the results of other previous study (Greenberg et al., 2015). 

Although no significant difference in morphological measurements was found 

between the surgical-outcome groups in the present study, there could have been a 

difference in physiological measurements according to the previous articles 

(Alperin et al., 2017; McGirt, Atiba, et al., 2008; McGirt et al., 2006). In the study 

by Alperin et al. (2017), two preoperative physiological measurements were found 

to be associated with better surgical outcome: larger cord displacement and a slight 

intracranial-volume change during the cardiac cycle (Alperin et al., 2017). The 

physiological parameter that was reported to be correlated with symptom 

recurrence was combined ventral and dorsal hindbrain CSF flow abnormality 

(McGirt, Atiba, et al., 2008). Normal rather than abnormal hindbrain CSF flow has 

been found to be associated with worse surgical outcome (McGirt et al., 2006). 

Unfortunately, due to the retrospective nature of the present study, no data on the 

patients’ physiological parameters were obtained. 

6.4.4 Follow-up imaging of Chiari 1 malformation 

The decision on whether to treat CM1 operatively or conservatively should be 

based on the clinical evaluation rather than only on the imaging finding. It is not 

uncommon for mild CM1 to be spontaneously improved in both adults and children 

(Chavez et al., 2014; Killeen et al., 2015). This spontaneous improvement is more 

likely to happen in children (Killeen et al., 2015). CM1 can be asymptomatic and 

often remains asymptomatic (Chatrath et al., 2019; Langridge et al., 2017; Leon et 

al., 2019; Whitson, Lane, Bauer, & Durham, 2015). Leon et al. (2019) reported that 

patients with CM1 with minimal or no symptoms at initial presentation and no 

imaging evidence of syringomyelia, hydrocephalus, or spinal-cord signal 

abnormality can be conservatively managed, and in majority of the cases, there is 

no progression of symptoms or abnormal imaging findings even after a long follow-

up period. Symptom development did not seem to be correlated with the 

radiological changes, and the radiological findings seemed to have been 

spontaneously improved rather than worsened. Thus, routine follow-up imaging 

without syringomyelia in these asymptomatic cases may not be reasonable 
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(Whitson et al., 2015). The potential benefits from surgery and follow-up imaging 

must always outweigh the potential disadvantages, but because the postoperative 

symptom improvement of CM1 patients is not associated with any imaging 

parameter, routine follow-up imaging in cases with symptom improvement is not 

recommended on the basis of the findings of this study. However, in cases with 

syringomyelia, routine follow-up imaging may be reasonable because a previous 

study reported a sudden onset of the severe symptoms associated with 

syringomyelia (Schneider et al., 2013). Syringomyelia, however, usually remains 

asymptomatic (Nishizawa et al., 2001). 

6.5 Late follow-up imaging after childhood irradiation treatment 

There is no routine post-treatment imaging schedule for adults who were treated 

for cerebral brain tumor during childhood. Children treated for brain tumor are 

closely monitored for several years during childhood to detect the possible early 

recurrence of the tumor, but regular follow-up imaging to detect the late side effects 

of pediatric tumor treatment is not arranged for all childhood brain tumor survivors.  

It has been reported that irradiation causes several long-term side effects in 

childhood brain tumor survivors (Gurney et al., 2003; Laprie et al., 2015; Remes et 

al., 2018; Remes et al., 2020). For instance, it has been shown to affect bone health 

and cause direct bone destruction (Cohen et al., 2012; Hopewell, 2003). Patients 

receiving radiation therapy may have increased risk for fractures due to the 

radiation absorbed by the bones. Radiation affects both bone resorption and 

formation, leading to bone loss (Willey et al., 2011). In the 72 patients in the present 

study who had been treated for childhood brain tumor and had undergone both 

clinical examination and spinal MRI, three (4.2%) were found to have had non-

traumatic VCFs. In a previous study involving the same patient population, low 

BMD z-scores were a common finding, and z-scores were found to be potentially 

associated with long-bone fractures (Remes et al., 2018). However, low BMD is 

reported not to be associated with vertebral fractures in children (Harindhanavudhi 

et al., 2018). Similarly, in the present study, no correlation was found between 

BMD and vertebral morphology. However, it is not certain that lower BMD is not 

associated with vertebral morphology or fractures because there are several factors 

that may be associated with vertebral morphology. In the present study, patient age, 

gender, BMI, chemotherapy, and spinal irradiation seemed to be associated 

therewith. It was previously reported that in addition to irradiation, chemotherapy, 

brain surgery, local brain irradiation, and corticosteroids may also increase the risk 
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of fractures (Davies, Evans, Jenney, & Gregory, 2005). Although no correlation 

was found between BMD and vertebral morphology, the latter was found to be 

correlated with BMI. Overweight male patients seemed to have flatter vertebrae. 

BMI has been reported to be negatively correlated with BMD in the same patient 

population (Remes et al., 2018). Being overweight has also been shown to 

negatively affect bone health in other studies (Janicka et al., 2007; Palermo et al., 

2016). Corticosteroid treatment has been associated with osteoporotic vertebral 

fractures (Jaremko et al., 2015; Klein, 2015). This association was not found in the 

present study, but this may be because most of the patients (90%) received 

corticosteroids. 

In four cases in this study, there were several adjacent flat vertebrae with 

endplate irregularities, suggesting radiation-induced growth disturbance of the 

spine. These changes were similar to those in sickle cell disease or thalassemia. 

There may thus be a similar mechanism that causes these changes. Subsequent 

overgrowth of the surrounding portions of the endplate, infarcts, and osteonecrosis 

due to microvascular endplate occlusion may be caused by irradiation (Jaremko et 

al., 2015; Kumar, Guinto, Madewell, Swischuk, & David, 1988). 

In addition to vertebral morphology, patient growth was evaluated. It is worth 

noting that these patients were shorter than the general Finnish population. 

Radiation therapy has been shown to affect vertebral growth in the previous studies 

(Shalet et al., 1987; Tester et al., 1984; Yu et al., 2015). In the study by Demoor-

Goldschmidt et al. (2020), for instance, childhood cancer survivors have been 

shown to have a higher risk of having a short stature as adults, with 9.2% of 

childhood cancer survivors who did not receive growth hormones having been 

observed to have a short stature as adults. In such study, cerebral tumor and 

radiation therapy were significant independent risk factors for short stature as an 

adult (Demoor-Goldschmidt et al., 2020). The results of the present study suggest, 

however, that irradiation affects growth more in male patients. This may be due to 

a fact that a greater percentage of spinal growth is still remaining in childhood in 

males than in females (Lerner, Huang, McMahon, Sklar, & Oberfield, 2004). In the 

present study, males had a lower vertebrae height–depth ratio than females.  

Older age at the time of treatment was also associated with vertebral 

morphology. Vertebral-body growth was found to decrease more after radiation 

therapy in males than in females in the study by Ng, Wong, Ally Wu, Sposto, and 

Olch (2018). In such study, older treatment age, higher dose, and thoracic location 

were also found to be associated with decreased vertebral-body growth rate. The 

latter variable has been shown to normally decrease as the child ages, which can 



 

76 

explain why older treatment age was found to be associated with decreased 

vertebral-body growth in such study. 

Based on the results of the present and previous studies, childhood brain tumor 

survivors have a high risk of growth impairment, changes in vertebral morphology, 

and vertebral fractures (Demoor-Goldschmidt et al., 2020; Han et al., 2015; Hartley 

et al., 2008; Yu et al., 2015). In these patients with non-traumatic vertebral fracture, 

proper nutrition (with adequate calcium and vitamin D intake), regular physical 

activity, or targeted medication may be needed because vertebral fractures indicate 

bone fragility (Carey & Golden, 2015). In this patient group, follow-up imaging 

may be beneficial for detecting vertebral fractures and changes in vertebral 

morphology. With control imaging, vertebral changes will be detected early, and 

possible interventions may prevent vertebral fractures when done early enough. In 

favor of routinely scheduled control imaging is also a fact that vertebral fractures 

have been reported to be asymptomatic in almost half of the children treated with 

glucocorticoid due to rheumatoid disease (LeBlanc et al., 2015). 
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7 Summary and conclusions 

The effectiveness of MRI was evaluated in the four separate studies reported herein. 

It is important to reduce unnecessary imaging and allocate the resources to those 

patients who need it most. Study I concluded that routine follow-up imaging is not 

recommended in patients with a typical pineal cyst. Based on the results of Study 

II, neither is routine MRI recommended in patients with mild ID when there is no 

other symptom or disease in addition to ID. Study III confirmed the findings of 

several previous studies that the preoperative imaging parameters are not correlated 

with the surgical outcome. Also, Study III concluded that, because the 

postoperative imaging parameters were found not to be correlated with the 

symptoms, routine postoperative follow-up imaging is not indicated in cases with 

a good postoperative outcome. As for Study IV, its results indicated that imaging 

studies should be considered in childhood brain tumor survivors when they reach 

adulthood. Below is a summary of the results of this study. 

1. Routine monitoring of the pineal cysts is not recommended unless the cyst has 

atypical radiological structures, causes compression of the tectum and 

aqueduct of Sylvius, or the patient has retinoblastoma.  

2. In a child with mild ID without other neurological symptoms or findings, brain 

MRI rarely leads to any clue regarding the etiology of ID and thus brain MRI 

is not recommended. Comorbid diagnoses with ID such as epilepsy, brain 

injury, cerebral palsy, and encephalitis, are indications for imaging.  

3. There is no preoperative imaging parameter that can reliably predict the 

surgical outcome of CM1. Surgical decisions should thus be made mostly on a 

clinical basis. Postoperative imaging of CM1 is not routinely necessary, except 

in patients with poor surgical outcomes or with syringomyelia. 

4. Routine spinal imaging should be part of the careful multidisciplinary clinical 

follow-up of a patient with irradiated childhood brain tumors. The long-term 

side effects on the spine and height seem to be due to irradiation but may also 

be due to other treatments. Monitoring skeletal health through imaging in this 

patient group may be reasonable to prevent vertebral complications.  
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