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Brain cancer and neurological injuries, such as stroke, are life-threatening conditions for which further research is needed to overcome the many challenges associated with providing optimal patient care. Multivariate analysis (MVA) is a class of pattern recognition technique involving the processing of data that contains multiple measurements per sample. MVA can be used to address a wide variety of neuroimaging challenges, including identifying variables associated with patient outcomes; understanding an injury’s etiology, development, and progression; creating diagnostic tests; assisting in treatment monitoring; and more. Compared to adults, imaging of the developing brain has attracted less attention from MVA researchers, however, remarkable MVA growth has occurred in recent years. This paper presents the results of a systematic review of the literature focusing on MVA technologies applied to brain injury and cancer in neurological fetal, neonatal, and pediatric magnetic resonance imaging (MRI). With a wide variety of MRI modalities providing physiologically meaningful biomarkers and new biomarker measurements constantly under development, MVA techniques hold enormous potential toward combining available measurements toward improving basic research and the creation of technologies that contribute to improving patient care.
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INTRODUCTION

Basic functional tasks require the coordination and cooperation of neurons distributed in multiple regions across the brain, all of which are in a state of rapid growth in pre-adult populations. Researchers focused on pre-adult populations face considerable challenges due to brain activity differences between children and adults (1–3), the structural changes that many regions undergo during development (4–7) and the recruitment of large cohorts of age-matched subjects. Important information regarding brain function is encoded in distributed patterns of brain activity and structure (8–11) and identifying these distributed patterns is particularly challenging in a pre-adult population due to a rapidly changing physiology, a high degree of brain plasticity, small brain sizes, patient motion, and an incomplete understanding of brain development.

Magnetic resonance imaging (MRI) provides a wide variety of physiological/anatomical measurements distributed across a subject’s brain, information that may assist in both clinical applications and in basic research. The most commonly used MRI method produces basic structural information related to the concentration of hydrogen protons, two of which are present in each water molecule. Since the body regulates many tissues and organs by controlling the concentration of water across membranes, structural MRI provides clinically useful tissue contrast. Perfusion MRI measures blood perfusion by tagging fast-moving hydrogen protons in the blood stream and monitoring what tissues they travel to. Functional MRI (fMRI) measures a blood oxygen level-dependent signal associated with brain activity and is an important method for monitoring brain function during an assigned task. Functional MRI is also used to monitor normal blood oxygen levels in the brain, while the subject is at rest (called resting-state fMRI). Diffusion-weighted imaging (DWI) and the closely related apparent diffusion coefficient (ADC) are focused on acquiring measurements of water diffusion that can assist in identifying a wide variety of tissue conditions. Diffusion tensor imaging (DTI) is a directional extension of DWI that measures water diffusion in many different spatial directions throughout the brain. DTI allows the tracking of tissue coherence that is typically associated with neural fiber tracts, which is extremely important for monitoring development of brain pathways. Fractional anisotropy (FA) is a scalar value that measures the strength of directionality of a DTI measurement. MR spectroscopy is often not spatially resolved but involves a single measurement that is acquired across the entire brain or at a particular region-of-interest within the brain. Spectroscopy involves investigating the effect of small radiofrequency shifts on MR signals acquired, which provides considerable information on the concentration of a variety of molecules present in the tissue.

Multivariate analysis (MVA) techniques (i.e., multivariate regression, multivariate analysis of variance, machine learning, etc.) are statistical, computational, and pattern recognition technologies that evaluate multiple variables simultaneously. MVA technologies provide a theoretical improvement over traditional univariate techniques that only examine each acquired measurement individually. MVA has particularly large potential in MRI as many physiological and anatomical parameters can be measured, new measurements are constantly under development and distributed measurements are acquired across the entire brain. The ideal way to combine a distributed set of a variety of physiological and anatomical measurements for any particular medical condition is not known a priori, making MVA research applied to the developing brain a fertile field of ongoing investigation. MVA techniques can be employed to discover what subregions of the brain and what physiological/anatomical measurements best help characterize different medical conditions. Furthermore, reliably assessing brain injury can assist in detection, diagnosis, and predicting a neurological condition’s development. This in turn could lead to technologies responsible for monitoring a condition’s progression as well as monitoring a subject’s response to treatment. MVA techniques can also be used to identify clinical factors and imaging parameters that are associated with important issues, such as patient outcomes.

Variations in MRI modalities allow us to acquire a wide variety of measurements distributed across the brain in vivo. Furthermore, brain injury and cancer can be associated with abnormal physiological/anatomical measurements of various types at a wide variety of different locations within the brain. Thus, powerful MVA techniques that combine multiple measurements have the potential to assist in identifying the physiological/anatomical conditions associated with the formation and presence of a variety of medical conditions. MVA techniques also have the potential to inform prognosis prediction.

Recent years have seen remarkable growth in interest in MVA techniques from the pediatric, neonatal, and fetal imaging research community. An excellent review article on the use of MVA classification technologies in developmental brain imaging was published in 2009 (12), however, at the time of publication the number of research studies using MVA in a pre-adult population was limited. In the years since 2009, pediatric brain MRI studies employing MVA technologies have exhibited remarkable growth warranting a thorough systematic review. This article reviews MVA techniques applied to pediatric/neonatal/fetal populations imaged with brain MRI with a focus on brain injury and cancer.

METHODS

Multivariate Analysis Techniques

Multivariate analysis techniques can be divided into several subgroups. Multivariate statistical techniques are quite varied in their application, with a prominent example being techniques focused on the identification of measurements that are correlated with an important clinical variable. With a large set of measurements available, MVA techniques, such as multivariable linear regression (13) can be used to identify a subset of variables associated with an important clinical outcome. MVA techniques, such as multivariate analysis of variance (MANOVA) (14), can help assess the effect that changes in one variable have on dependent variables and can generally help elucidate the existing relationships between dependent and independent variables. This review will discuss many applications of multivariate statistics in a pediatric, neonatal, and fetal population, which will help to further illustrate the wide variety of potential applications of these techniques in a medical research context. Multivariate statistical techniques can also create new measurements that are a combination of existing measures, thus creating customized factors/components that can represent underlying physiological conditions, with Factor Analysis (15), Principal Components Analysis (16), and Independent Components Analysis (17) as some representative examples. These data reduction methods (summarizing many measurements with few measurements) bridge the gap between statistical analysis techniques and the closely related computational technologies that are used in an automated and semi-automated fashion.

A related class of analysis techniques have considerable overlap with multivariate statistical approaches in that many also involve measurement selection and data reduction, however, they are often considered technologies rather than statistical analysis techniques with a prime example being machine learning (18). Machine learning is divided into two main approaches: supervised and unsupervised learning. Supervised learning technologies use training data that are a collection of measurements associated with multiple groups, such as healthy controls and subjects with a known neurological condition. The training data is used to inform future predictions, allowing the computer algorithm to assign new unknown samples to one of the training groups for which it was provided example measurements. Some supervised learning algorithms include measurement selection as part of the overall technology (the process of selecting which measurements/features to rely upon for prediction), however, many do not and feature selection is often addressed as a separate topic in the scientific literature. Example supervised learning technologies include the support vector machine (19), artificial neural networks (20), linear discriminant analysis (21), random forests (22), and the generalized linear model (23), which is also referred to as a multivariate statistical analysis technique, highlighting the considerable overlap between machine learning technologies and statistical MVA techniques.

In contrast to supervised learning, unsupervised learning technologies are not provided with a set of example training data on which to base predictions from new unknown samples. Instead, unsupervised learning technologies are tasked with performing a basic level of pattern recognition on a medical imaging examination based on the analysis strategies employed by the unsupervised learning technology. This typically involves dividing a medical examination into multiple regions-of-interest that can facilitate more in-depth analyses (this process is also referred to as image segmentation). These technologies can be applied to isolating a particular structure in the brain, identifying the extent of tissue damage due to brain injury and can be used to monitor changes in a medical condition. Unsupervised learning technology can assist in the extraction of regional physiological statistics, which can play a critical role in computer-aided diagnosis systems, supporting high-level patient-wide diagnoses. Unsupervised learning technologies can also play a useful role in tissue outcome prediction research by delineating the extent of tissue damage at follow-up imaging. Unsupervised learning technologies include the ISODATA algorithm (24) and cluster analysis (25), a family of techniques that include k-means, hierarchical clustering, etc.

Review Parameters

The search engine MEDLINE/PubMed was used for this review on May 4th, 2015. The search terms used were <Multivariate pediatric brain MRI> or <machine learning pediatric brain MRI> or <Multivariate neonatal brain MRI> or <machine learning neonatal brain MRI> or <Multivariate fetal brain MRI> or <machine learning fetal brain MRI>. This yielded 166 articles whose titles and abstracts were reviewed for appropriateness for inclusion in this review. Articles were excluded if brain MRI was not performed in a pre-adult population. Articles were excluded if they did not involve MVA that included brain MRI data acquired as an important component of the analysis (this includes measurements from MRI examinations being incorporated into the MVA, MRI informed clinical diagnoses allowing group stratification prior to MVA, etc.). Articles were excluded if they were not in English. Articles were excluded if they were focused on healthy brains, normal neurological development, and neurodevelopmental disorders, however, articles were retained for this review if they were focused on any type of brain cancer, stroke, hemorrhage, brain injury, neurological damage associated with a medical condition located outside the central nervous system and related surgeries. Articles from this search process that were not excluded were analyzed and included in this systematic review; citations within these articles deemed of interest were added as candidates for inclusion (subject to the same exclusion criteria).

RESULTS

The results of this systematic review are divided into subsections focusing on brain cancer, stroke, hemorrhage, cerebral palsy, brain injury, encephalopathy, non-neurological conditions that adversely affect the brain, and surgeries with adverse effects on the brain. This is followed by a section containing the remaining studies that met our review criteria but for whom very few papers were available.

Brain Cancer

Pediatric brain cancer is characterized by uncontrolled cell growth. Multivariate analysis of pediatric brain cancer is a relatively new field of research; however, medical image analysis of brain cancer in adult populations has been the subject of considerable effort and is the subject of a recent review paper (26). Some preliminary work in pediatric brain cancer exists that did not reach the stage of evaluation of the methodologies employed (27); however, most of the studies included a self-evaluation and are summarized in Table 1. Due to the inherent heterogeneity in these datasets, it is challenging to accurately compare the results between studies. Table 1 is provided to summarize the results and facilitate comparisons and includes the study Author, Year of publication, n (the number of subjects with brain cancer included in the study), Results (which summarizes important findings of the approach presented) followed by a column devoted to Noteworthy Comments. Accuracy refers to the Overall Accuracy metric that computes the percentage of samples correctly diagnosed from a pool of both pathological and healthy subjects. The Jaccard Index is a metric that evaluates the amount of overlap between two regions-of-interest with higher values indicating greater agreement. The Area Under the Receiver Operating Characteristic Curve (AUC) is a robust metric evaluating the tradeoff between a test’s sensitivity (its accuracy on pathological subjects) and its specificity (its accuracy on healthy subjects), with higher values indicating a test that better separates the pathological and healthy groups.

TABLE 1 | Summary of multivariate analyses applied to pediatric brain tumors.
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Magnetic resonance imaging examinations of two patients with diffuse intrinsic pontine glioma is illustrated in Figure 1 below, which is reproduced with permission from Jansen et al. (38). Diffuse intrinsic pontine glioma carries the worst prognosis of all pediatric brain tumors. Figure 1A is of a small nodular enhancement, whereas Figure 1B demonstrates a large area of ring enhancement (38).
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FIGURE 1 | MRI examinations of two patients with diffuse intrinsic pontine gliomas (see arrows). (A) demonstrates a small nodular enhancement (arrow) and (B) demonstrates a large ring enhancement (arrow). Figure reproduced with permission (38).



Posterior fossa syndrome is a related disorder that occurs after posterior fossa tumor surgery in 25% of patients. The condition is characterized by mutism and disturbance of speech. Spiteri et al. (50) used multivariate techniques to determine that the presence of hypertrophic olivary degeneration is correlated with the development of posterior fossa syndrome.

Stroke

Ischemic stroke is characterized by interrupted or severely reduced blood supply to part of the brain and is a leading cause of perinatal brain injury, cerebral palsy, and lifelong disability. Lee et al. (51) investigated maternal and infant characteristics associated with perinatal arterial stroke in infants assessed with MRI. They investigated a population of 199,176 infants identifying 40 with perinatal arterial stroke. MVA identified the following clinical characteristics as being independently associated with MRI assessed perinatal arterial stroke: history of infertility, preeclampsia, prolonged rupture of membranes, and chorioamnionitis. The rate of perinatal arterial stroke increased dramatically in the presence of multiple risk factors. Benders et al. (52) studied perinatal stroke in preterm infants using MRI and MVA and determined that preterm perinatal arterial stroke is associated with prenatal, perinatal, and postpartum risk factors. They were unable to identify any relevant maternal risk factors. Darmency-Stamboul et al. (53) investigated antenatal factors associated with perinatal arterial ischemic stroke (PAIS – a common cause of hemiplegic cerebral palsy) using MVA which indicated that maternal smoking during pregnancy was the only risk factor significantly associated with PAIS diagnosed by MRI in a section of their patient cohort. Westmacott et al. (54) investigated cognitive outcomes in children with unilateral arterial ischemic stroke and applied MVA which demonstrated that children with both cortical and subcortical lesions as assessed by MRI performed poorly cognitively relative to those with damage to either cortical or subcortical areas alone.

Sickle-cell anemia is a genetic disorder causing malformation of blood cells and reduced life expectancy and is often associated with cerebral infarctions. Dowling et al. (55) employed multivariate analyses and determined that the presence of silent cerebral infarction on MRI examinations was not associated with recurrent headaches or migraines in children with sickle-cell anemia. DeBaun et al. (56) employed multivariate regression to determine that lower baseline hemoglobin concentration, higher baseline systolic blood pressure and male gender were associated with an increased risk of silent cerebral infarction as assessed by MRI in a cohort of patients with sickle-cell anemia. Kinney et al. (57) studied subjects with sickle-cell anemia and associated silent cerebral infarcts assessed by MRI examinations in order to identify risk factors for infarction. According to the results of the MVA, patients with silent cerebral infarction were more likely to have a lower painful event rate, a history of seizures, a raised leukocyte count, and a SEN betaS globin gene haplotype.

Ischemic stroke can also be associated with hemorrhage (ruptured blood vessels) whose section of this review follows. Kirton et al. (58) combined MVA with MR findings of symptomatic neonatal arterial ischemic stroke which indicated that neonatal resuscitation was independently associated with multiple territory infarctions. MVA also indicated that bilateral lesions were an independent predictor of intracranial hemorrhage. Jordan et al. (59) investigated a pediatric population with cerebral sinovenous thrombosis and employed MVA which indicated that MRI findings, such as presence of infarction and hemorrhage, did not predict whether the subject would receive antithrombotic treatment. MVA indicated that only geographic location within the United States was a significant predictor of whether a patient would receive treatment.

Hemorrhage

Hemorrhage is characterized by ruptured blood vessels that cause a potentially dangerous release of blood from the vasculature. Vasileiadis et al. (60) investigated uncomplicated intraventricular hemorrhage in infants at near-term age with MRI and MANOVA. Their results indicate that cerebral cortical gray matter volume was significantly reduced in the intraventricular hemorrhage group representing a 16% volumetric reduction. Their results remained statistically significant after testing for possible confounding factors and after adjusting for size differences between the infants. No differences were observed between the two groups in terms of the respective volumes of subcortical gray matter, white matter, and cerebrospinal fluid.

Steggerda et al. (61) studied small cerebellar hemorrhage (CBH) in preterm infants with MRI and MVA and determined that there was no association between CBH and neurodevelopmental outcome at 2 years of age. Figure 2 illustrates two preterm infants born at 29 weeks gestational age (GA) with small CBHs (61). Wong and Fong (62) investigated children with ruptured brain arteriovenous malformations and employed multivariate analyses which demonstrated that a scoring scale that combined the Glasgow Coma Score, pupillary response and significant focal neurological injuries was a statistically significant independent predictor of clinical outcomes 6 months after hemorrhage.
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FIGURE 2 | Two preterm infants born at 29 weeks gestational age, imaged at term with T2 weighted MRI. Subject A exhibited multiple small streak-like hemorrhages in both cerebellar hemispheres (see arrows). Subject B exhibited a single small hemorrhage in the left cerebellar hemisphere (see arrow). Figure was reproduced with permission (61).



Miller et al. (63) investigated the neurodevelopmental outcome of prematurely born newborns with MRI abnormalities, including hemorrhage. Their work indicated that abnormal neurodevelopmental outcome was associated with increasing severity of white matter injury, ventriculomegaly, intraventricular hemorrhage, and moderate/severe abnormalities on MRI. MVA indicated that initial severity of white matter injury as assessed by MRI and postnatal infection was independently associated with abnormal outcome.

Trauma

Traumatic brain injury is sometimes associated with new-onset psychiatric disorders. Max et al. (64) combined DTI with multivariate analyses to determine that there was a statistically significant covariance between FA in hypothesized regions-of-interest (bilateral frontal and temporal lobes, bilateral centrum semiovale, and bilateral uncinate fasciculi) in traumatic brain injury versus orthopedic injury. Gerlach et al. (65) investigated traumatic epidural hematomas, a build-up of blood between the skull and the dura mater in children and adolescents. MVA was performed, which did not identify any variables with prognostic relevance for this population. Keenan et al. (66) performed a comparison of clinical and outcome characteristics of young children with inflicted and non-inflicted traumatic brain injury as assessed by several methods, including MRI. Their experiment included an MVA to examine the adjusted risk of a poor outcome as dependent on the type of injury. Retinal hemorrhage, metaphyseal fracture, rib fracture, and subdural hemorrhage were more common among children with inflicted traumatic brain injury relative to non-inflicted traumatic brain injury. The authors also found that 10% of inflicted traumatic brain injury would have been missed had clinicians relied only on a skeletal survey and an ophthalmologic examination. The authors recommend that such cases be referred to computed tomography and/or MRI.

Gano et al. (67) used MRI and multivariate regression to demonstrate that the odds of moderate/severe white matter injury among premature newborns decreased by 11% for each birth year of their cohort. Limperopoulos et al. (68) studied ex-preterm infants with isolated cerebellar injury using MRI and multivariate analyses and demonstrated that increases in regional cerebral volume were associated with lower odds of abnormal outcome.

Periventricular leukomalacia is a type of brain injury characterized by white matter necrosis near the lateral ventricles generally causing motor control problems or other developmental delays. Cioni et al. (69) investigated patients with periventricular leukomalacia with MRI and MVA techniques which demonstrated that visual impairment was more important than MRI lesion extent and motor disability in determining neurodevelopmental outcome in this population.

Hemiplegia is characterized by total or partial paralysis of one side of the body that results from disease or injury in the motor centers of the brain. Rocca et al. (70) investigated hemiplegia from 14 children with resting-state functional MRI, DTI, and multivariate analyses. Their results demonstrated reduced resting-state functional connectivity in the bilateral cerebellum, left precentral gyrus, and right secondary sensorimotor cortex.

Encephalopathy

Encephalopathy is characterized by an altered mental state with common neurological symptoms, including loss of cognitive function, inability to concentrate, lethargy, and depressed consciousness. Neonatal encephalopathy is a heterogeneous group of conditions associated with lifelong developmental disabilities and neurological deficits and has a diverse etiology. Ziv et al. (71) used DTI and MVA technologies to predict neurological outcome in neonatal encephalopathy with 79% accuracy. Jenster et al. (72) used multivariate analyses to evaluate the association between maternal or neonatal infection on the severity of injury as assessed by neonatal MRI and determined that chorioamnionitis was associated with a lower risk of moderate–severe brain injury. Hayashi et al. (73) employed MVA to demonstrate that loss of consciousness 24 h after onset and prolonged seizure at onset are poor predictors of MRI assessed acute encephalopathy with reduced subcortical diffusion. Steinman et al. (74) employed MVA to a cohort of survivors of neonatal encephalopathy that demonstrated decreasing verbal intelligence quotient (IQ) with increasing basal ganglia-distribution injury as assessed by MRI.

Hypothermia is used as a therapeutic intervention that improves clinical outcomes and MRI findings in infants with hypoxic–ischemic encephalopathy. Wayock et al. (75) studied risk factors for severe injury in neonates treated with whole-body hypothermia for encephalopathy using MRI and multivariable logistic regression and determined that lower initial arterial pH, spontaneous respiration at >30 min of life and absence of exposure to oxytocin were associated with severe injury as assessed by MRI with 74% sensitivity and 74% specificity. Shah et al. (76) demonstrated with multivariate analyses that high seizure burden was associated with greater injury as assessed by MRI in newborns undergoing therapeutic hypothermia. Figure 3 illustrates an example right intraparenchymal hematoma with surrounding hyperintensity on a T2 weighted MRI examination of a child who received therapeutic hypothermia as a treatment for hypoxic ischemic encephalopathy. Sarkar et al. (77) used MVA to demonstrate that the existence of feeding difficulties and a history of clinical seizures were significantly associated with an abnormal MRI in patients who received hypothermia therapy. Sarkar et al. (78) demonstrated with MVA that clinically identifiable intrapartum sentinel events were independently associated with neonatal mortality related to hypoxic–ischemic encephalopathy and severe injury as shown in brain MRI, even after therapeutic hypothermia. In another study, Sarkar et al. (79) employed MVA to determine that receipt of phenobarbital before therapeutic hypothermia and placental abruption are independently associated with a worse primary outcome as assessed by neonatal death or an abnormal post-hypothermia brain MRI.
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FIGURE 3 | Patterns of enhancement on T2 weighted MRI classified as severe demonstrating right intraparenchymal hematoma (arrow) with surrounding hyperintensity. Figure is reproduced with permission (76).



Non-Neurological Conditions that Adversely Affect the Brain

Bronchopulmonary dysplasia is a chronic lung disorder affecting infants and children. Neubauer et al. (80) studied brain maturation in preterm infants using MRI and MVA which demonstrated that bronchopulmonary dysplasia is a predictor of delayed brain maturation. Anjari et al. (81) studied the association between lung disease and cerebral white matter abnormalities in preterm infants. The employed MVA indicated that infants receiving mechanical ventilation for more than 2 days in the perinatal period showed reduced FA in the genu of the corpus callosum and subjects with chronic lung disease exhibited a reduction in FA in the left inferior longitudinal fasciculus.

Transposition of the great arteries (TGA) is a type of heart defect characterized by a reversal of the two main arteries leaving the heart. Single ventricle (SV) physiology is another type of heart defect characterized by subjects having only a single functioning ventricle. Ibuki et al. (82) studied infants with either TGA or SV physiology with MRI and MVA to identify what anatomic development variables of the brain are associated with functional impairment. Their results demonstrated that, at 1 year old, whole and frontal lobe volumes were significantly reduced in patients with TGA and SV relative to controls. However, at 3 years old, whole and frontal brain volumes were normal in the TGA group. At 3 years old, the whole and frontal brain volumes remained significantly smaller in the SV group. Their work demonstrated that the improvement of hypoxic conditions correlates with neuroanatomic and developmental outcomes.

The placenta is an organ that connects the developing fetus to the uterine wall that allows nutrient uptake, waste elimination, and gas exchange. Reiman et al. (83) investigated whether placental inflammation is related to brain volume as assessed on MRI in preterm infants and employed MVA. Their results indicated that low GA at birth, female sex, and low birth weight correlated to smaller volumes in total brain tissue and cerebellum. Additionally, low GA and low birth weight correlated to a smaller combined volume of basal ganglia and thalami.

Diabetic ketoacidosis is a complication of diabetes that occurs when the subject’s body produces high levels of blood acids called ketones. Glaser et al. (84) studied clinical and biochemical factors influencing cerebral edema formation during diabetic ketoacidosis in children. Brain MRI was performed using the ADC and MVA identified the initial urea nitrogen concentration and respiratory rate as independently associated with an elevation in the ADC. In another study, Glaser et al. (85) investigated the frequency of sub-clinical cerebral edema (swelling) in children with diabetic ketoacidosis using MRI and MVA techniques. Swelling in turn can push on the ventricle system causing a ventricular narrowing. The results of their MVA indicated that a lower initial partial concentration of carbon dioxide (PCO2) level was significantly associated with ventricular narrowing. Their study concludes that ventricular narrowing is evident in just over half of children being treated for diabetic ketoacidosis and evidence of cerebral edema in affected children may be more common that had previously been reported.

Acute kidney injury is characterized by an abrupt loss of kidney function that develops within 7 days. Sarkar et al. (86) performed a MVA on a population of asphyxiated neonates with acute kidney injury. Their results indicated that abnormal MRI was more frequent in infants in the acute kidney injury group. The presence of acute kidney injury was independently associated with primary outcome.

Hypoglycemia (low blood sugar) can cause clumsiness, trouble talking, confusion, loss of consciousness, seizures, and death. Montassir (87) studied factors associated with neonatal hypoglycemic brain injury and performed a MVA which indicated that duration of hypoglycemia was statistically significantly related to hypoglycemic brain injury.

Hypogonadism is characterized by diminished functional activity of the testes and ovaries. Noetzli et al. (88) used MVA techniques based on MRI measurements of pituitary iron and volume in order to evaluate their relationship with hypogonadism. Their study found that pituitary iron and volume predict hypogonadism in patients with transfusional iron overload.

Surgeries with Adverse Effects on the Brain

Lynch et al. (89) studied neonates with hypoplastic left heart syndrome using brain MRI and multivariate regression and determined that greater preoperative cerebral blood flow, delayed sternal closure, and a longer time between birth and surgery were predictors of postoperative white matter injury. Vinall et al. (90) studied preterm children with MRI and multivariate modeling and determined that greater numbers of invasive procedures was associated with a lower IQ and reduced white matter maturation as assessed by FA at 7 years of age. Chen et al. (91) studied stroke in infants undergoing open heart operations for congenital heart disease and their MVA indicated that lower birth weight, preoperative intubation, lower interoperative hematocrit and higher postoperative blood pressure at admission to the cardiac intensive care unit were significant factors associated with stroke as assessed by MRI. Watanabe et al. (92) studied infants with congenital heart disease and employed MVA which revealed that preoperative hypoxia is strongly associated with decreased frontal gray matter volume as well as a diagnosis of hypoplastic left heart syndrome.

Hemispherectomy is a surgical procedure involving the removal or disabling of one hemisphere of the brain. Moosa et al. (93) used multivariate analyses to demonstrate that multilobar MRI abnormalities in the contralateral hemisphere were correlated with poor language outcome in pediatric patients who had underwent hemispherectomy.

Heinrichs et al. (94) investigated adolescents after neonatal switch operation for TGA with anatomical structural MRI and MVA techniques and determined that hypoxia and preoperative acidosis were the only independent patient-related risk factors for neurological dysfunction, reduced brain volume, reduced intelligence, and periventricular leukomalacia.

Other Studies

Cerebral palsy is a group of permanent movement disorders that develop in early childhood and is characterized by poor coordination, stiff and weak muscles, trouble swallowing or speaking, and tremors. Cerebral palsy consists of multiple subtypes, including dyskinetic cerebral palsy that is primarily associated with damage to the basal ganglia and spastic cerebral palsy that is characterized by muscles that appear stiff with unsteady movements. Griffiths et al. (95) used multivariate analyses to identify predictors that can assist in differentiating dyskinetic and spastic cerebral palsy in subjects with acute hypoxic–ischemic injury. Children with dyskinetic cerebral palsy were shown to have more frequent injury to the subthalamic nucleus. Children with spastic cerebral palsy were shown to have more severe damage to the white matter in the vicinity of the paracentral lobule.

Neurofibromatosis is a genetic condition characterized by cognitive dysfunction and carries a high risk of tumor formation, particularly in the brain. Duarte et al. (96) demonstrated that the application of MVA technologies can discriminate individuals with neurofibromatosis from controls with 94% accuracy. Huang et al. (97) created an image-matching system that retrieves similar exams to a provided case of clinical interest. Their testing of the matching algorithm included an examination of a patient with neurofibromatosis, an examination of a patient with an arachnoid cyst and a patient with an arterial venous malformation. Their image-matching results were compared to the opinion of a pediatric neuroradiologist which demonstrated that the proposed approach exhibited widely varying performance with 0–60% of the matches yielding a correct diagnosis.

Ventriculomegaly is characterized by dilation of the lateral ventricles of the brain. Baffero et al. (98) employed MVA which indicated that the only significant contribution to the prediction of major cerebral abnormalities was provided by persistence or progression of ventricular enlargement on serial ultrasound examinations. MRI findings were significant predictors.

Reiman et al. (99) studied whether genotypes that regulate individual immunologic responses are associated with MRI brain lesions and regional brain volumes in very low birth weight infants or very preterm infants. MVA was employed which indicated that the genotypes investigated were associated with reduced combined volume of the basal ganglia and thalami.

Fukuhara and Luciano (100) investigated patients with late-onset idiopathic aqueductal stenosis, a narrowing of the aqueduct of Sylvius that blocks the flow of cerebrospinal fluid in the ventricular system. Their subjects were divided into those with symptomatic headaches and those with hydrocephalus. Their study included MRI examinations and MVA which indicated that age independently affected the type of chronic symptoms. Mandell et al. (101) employed multivariate supervised learning technology to determine that large fluid volume was associated with a decrement in subject cognition.

Meningiomas are a diverse set of mostly benign tumors arising from the membranous layers that surround the central nervous system. Felicetti et al. (40) used Cox MVA in an MRI study of children who received cranial radiotherapy for cancer. Their results demonstrated that the occurrence of meningioma was associated with the development of second neoplasms and that age, sex, and cranial radiation therapy had no influence on the development of meningiomas.

Batchelor et al. (102) presented a set of measurements meant to help quantify folding patterns in the brain from fetal MRI examinations. They propose a multivariate approach to studying the shape of the cerebral cortex to assist in quantifying brain folding. Their study focused on the imaging of ex vivo brain specimens that included a wide variety of pathological findings, including acute chorioamnionitis, placental abruption, gastroschisis, herpes simplex viral hepatitis, placental infarcts, and fetal dyserythropoietic anemia.

Postnatal infection is a risk factor for adverse neurodevelopmental outcome in preterm neonates. Chau et al. (103) used multivariate regression to demonstrate that infected preterm newborns had brain imaging measures indicative of delayed brain development, such as elevated average diffusivity and decreased white matter FA. Figure 4 demonstrates a proton MRI examination, including regions-of-interest (squares) marking locations in the brain at which spectroscopy was performed. Imaging was performed on a preterm neonate born at 27 weeks GA and imaged at 28 weeks GA. Spectroscopy allows the assessment of concentration of local choline, creatine, lactate, N-acetylaspartate, etc., in specified regions-of-interest.
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FIGURE 4 | A preterm neonate MRI examination, including spectroscopy performed at eight different of regions-of-interest (squares), located at the level of (A) the high centrum semi-ovale and (B) the basal ganglia. This includes regions-of-interest corresponding to high white matter [(1) anterior, (2) central, and (3) posterior], (4) caudate, (5) lentiform nuclei, (6) thalamus, (7) optic radiations, and (8) calcarine region. The provided spectrum corresponds to the left frontal white matter. Cho, choline; Cr, creatine; Lac, lactate; NAA, N-acetylaspartate. Figure reproduced with permission (103).



Hansen-Pupp et al. (104) investigated brain volumes and circulatory insulin-like growth factor-I in very preterm infants. Multivariate analyses indicated that higher unmyelinated white matter volume in combination female gender produced a model that was highly predictive for a Mental Development Index >85.

Bookstein et al. (105) investigated the midline corpus callosum as a neuroanatomical focus of fetal alcohol damage using MRI and MVA. Their results indicated that alcohol affected brains exhibited much more variability in the shape of the corpus callosum and its vicinity. Their work also yielded a diagnostic classification rule with 85% sensitivity and 82% specificity. Swayze et al. (106) investigated fetuses, infants, and children with fetal alcohol syndrome postmortem using MRI technology and MVA. They determined that patients with fetal alcohol syndrome have a high incidence of midline brain anomalies.

DISCUSSION

The results of this systematic review demonstrate a remarkably wide variety of applications of MVA techniques in brain injury and cancer among pediatric, neonatal, and fetal populations. Since the ideal combination of MVA technique and medical imaging derived clinical information is unknown a priori for any given application, an enormous amount of research is required to optimize MVA’s potential in this domain. Recent years have exhibited ample growth in MVA applied to brain injury and cancer with further work in this field ongoing.

While feature selection can be addressed as a class of technology separate from supervised learning, some supervised learning techniques incorporate feature selection into their learning procedure, while others do not. Feature selection is particularly important in the characterization of brain injury because we acquire a multitude of measurements distributed across the brain and we do not know a priori all the regions that are involved in the injury being investigated. Thus, feature selection technologies have considerable potential in improving our understanding of recovery from injury. Feature selection can theoretically lead to new technologies to assist in the characterization, detection, and diagnosis of a variety of medical conditions and to help perform clinical therapeutic assessment.

While predicting a sample as belonging to a particular group based on training data is the most common approach to the use of supervised machine learning algorithms, they can also be adapted to produce a single measurement of the severity of a given condition. This is a very powerful and underdeveloped area of research that allows the MVA technology to create composite medical images that combine multiple pre-existing images to create useful customized medical images (based on the use of the machine learning technology in regression mode, which is related to some multivariate statistical analysis techniques). Examples of customized composite medical images that can be created with this technology include images of tissue stress, images of the likelihood of the presence of injury or images of the likelihood of a given region of tissue exhibiting a physiological condition that could lead to the development of cancer.

There are many MVA techniques and technologies available to the medical researcher and there is a wide array of associated challenges that will contribute to making this an exciting and difficult research field in the years to come. One major obstacle in this application domain is caused by patient motion that is particularly challenging in children who tend to have difficulty remaining still during clinical imaging. Children instructed to remain motionless in the scanner may forget over the course of the examination. The problems with patient motion are even more poignant for many types of brain injury, such as stroke that can be disorienting for the patient and can make remaining motionless during MRI all the more challenging. Image registration is a class of technology used to compensate for patient motion but this is a very challenging problem for which no gold standard solution is available. Spatial registration to standard templates (or brain atlases) is typically based on the adult brain (107) and it has been shown that normalization procedures used can cause distortions in the brain examinations of 6-year-olds and under (108). Distortional effects may negatively impact MVA results and so care should be taken to avoid providing data containing these artifacts to MVA technology. While many studies employ image registration technology to compensate for patient motion, it should be noted that many techniques are available and those methods are not perfect and so the use of such technologies are associated with the introduction of an unknown quantity of experimental error. This unknown experimental error applies regardless of whether registration is performed for within-subject motion correction or if registration is employed to align patient data in a group-wise fashion using atlases.

Overfitting is an unwanted effect characterized by supervised learning technologies that are overly tuned to the training data provided. Overfitting can yield remarkably impressive test evaluation metrics while simultaneously not representing a robust test that will perform well on an independent dataset. Thus, reported impressive test evaluation metrics in the literature may be unrealistic if the authors are reporting results based on an overfitted MVA solution. The earliest studies targeting any given developmental condition typically have to rely on only a single dataset due to the availability of appropriate data on which to base the research. Further testing on independent datasets is required for advancing an MVA technology beyond preliminary analyses. Additionally, it is known that the number of measurements an MVA technology relies upon needs to be substantially smaller than the total number of samples provided in order to produce robust and reliable results (109). When MVA technologies are provided with an inappropriately large number of measurements (or correspondingly, too few samples), the input data space is so large that many MVA techniques might fully or nearly fully separate the data merely due to the large amount of separation between neighboring samples of any of the classes/groups provided. Thus, MVA technologies are prone to overfitting unless the number of measurements is substantially lower than the number of samples. Keeping the number of measurements at one-tenth of the total number of samples is a reasonable way to avoid this type of overfitted solution (109).

The scientific literature has seen enormous growth in developmental imaging of pre-adult populations that utilize MVA technologies. However, the majority of this work has been focused in pediatric imaging with considerably less focus on neonatal and fetal imaging. Neonatal imaging is more challenging as brain size is considerably smaller than in pediatrics and it is more challenging for imaging technicians to get a neonate to remain still over the course of their imaging examination. Patient movement induces multiple types of imaging artifacts as discussed above, which make studies on neonate populations challenging. Fetal imaging is the greatest challenge of the three as the brain sizes are the smallest and movement remains a substantial issue. Furthermore, MRI technology is reliant on the spatial proximity of a radiofrequency (RF) coil (antenna) to the organ being imaged. Normal brain imaging benefits from a specialized head RF coil that is mounted immediately adjacent to the subject’s cranium; however, in fetal imaging, this is not possible and so coils located outside the mother’s abdomen are used, inherently reducing image quality. Additional challenges exist in fetal imaging due to variations in tissue contrast observed in utero in fetal subjects relative to later developmental ages. Regardless of the many challenges inherent in the use of MVA in the imaging of fetal, neonatal, and pediatric populations, there is considerable potential for ongoing research growth.

CONCLUSION

Multivariate analysis technologies play a useful role in helping to answer questions about structural, functional, and metabolic organization and development in the brain. Furthermore, MVA techniques have the potential to better characterize a variety of medical conditions than univariate techniques are capable of. MVA technologies have tremendous potential in the creation of the next generation of clinical diagnostic tests informed by the large amount of information acquired with clinical MRI. MVA technologies have exhibited enormous growth in MRI of pre-adult populations with a strong emphasis on pediatric imaging. The technologies are very flexible and a wide range of potential applications have already been investigated; however, so many variations on MVA technologies are available in the scientific literature that ample research will need to be performed in order to thoroughly evaluate the tradeoffs imposed by the selection of a given MVA technique applied to a particular medical condition. Future work will look at improving MVA techniques and adapting them to better characterize, diagnose, and detect neurological developmental disorders in pre-adult populations as well as to assist in the identification of clinical variables associated with important aspects of patient outcome.

AUTHOR CONTRIBUTIONS

Both authors were involved in the planning and design of the study. JL performed the literature review and authored the first draft of the paper. Both authors participated in editing the manuscript and approving it for submission.

FUNDING

This article was supported financially by the National Institute of Health grants R01HD078561 and R03NS091587 to ET.

REFERENCES

1. Casey BJ, Trainor RJ, Orendi JL, Schubert AB, Nystrom LE, Giedd JN, et al. A developmental functional MRI study of prefrontal activation during performance of a go-no-go task. J Cogn Neurosci (1997) 9(6):835–47. doi:10.1162/jocn.1997.9.6.835

2. Thomas KM, Drevets WC, Whalen PJ, Eccard CH, Dahl RE, Ryan ND, et al. Amygdala response to facial expressions in children and adults. Biol Psychiatry (2001) 49(4):309–16. doi:10.1016/S0006-3223(00)01066-0

3. Bunge SA, Dudukovic NM, Thomason ME, Vaidya CJ, Gabrieli JD. Immature frontal lobe contributions to cognitive control in children: evidence from fMRI. Neuron (2002) 33(2):301–11. doi:10.1016/S0896-6273(01)00583-9

4. Reiss AL, Abrams MT, Singer HS, Ross JL, Denckla MB. Brain development, gender and IQ in children. A volumetric imaging study. Brain (1996) 119(Pt 5):1763–74. doi:10.1093/brain/119.5.1763

5. Gogtay N, Giedd JN, Lusk L, Hayashi KM, Greenstein D, Vaituzis AC, et al. Dynamic mapping of human cortical development during childhood through early adulthood. Proc Natl Acad Sci U S A (2004) 101(21):8174–9. doi:10.1073/pnas.0402680101

6. Fair DA, Cohen AL, Power JD, Dosenbach NU, Church JA, Miezin FM, et al. Functional brain networks develop from a “local to distributed” organization. PLoS Comput Biol (2009) 5(5):e1000381. doi:10.1371/journal.pcbi.1000381

7. Supekar K, Musen M, Menon V. Development of large-scale functional brain networks in children. PLoS Biol (2009) 7(7):e1000157. doi:10.1371/journal.pbio.1000157

8. Mesulam MM. A cortical network for directed attention and unilateral neglect. Ann Neurol (1981) 10:309–25. doi:10.1002/ana.410100402

9. McIntosh AR, Bookstein FL, Haxby JV, Grady CL. Spatial pattern analysis of functional brain images using partial least squares. Neuroimage (1996) 3:143–57. doi:10.1006/nimg.1996.0016

10. Fox MD, Snyder AZ, Vincent JL, Corbetta M, Van Essen DC, Raichle ME. The human brain is intrinsically organized into dynamic, anticorrelated functional networks. Proc Natl Acad Sci U S A (2005) 102:9673–8. doi:10.1073/pnas.0504136102

11. Vaadia E, Haalman I, Abeles M, Bergman H, Prut Y, Slovin H, et al. Dynamics of neuronal interactions in monkey cortex in relation to behavioural events. Nature (1995) 373:515–8. doi:10.1038/373515a0

12. Bray S, Chang C, Hoeft F. Applications of multivariate pattern classification analyses in developmental neuroimaging of healthy and clinical populations. Front Hum Neurosci (2009) 3:32. doi:10.3389/neuro.09.032.2009

13. Rencher AC, Christensen WF. Methods of Multivariate Analysis. Hoboken, NJ: John Wiley & Sons, Inc (2012).

14. Warne RT. A primer on multivariate analysis of variance (MANOVA) for behavioral scientists. Pract Assess Res Eval (2014) 19(17):1–10.

15. Harman HH. Modern Factor Analysis. Chicago: University of Chicago Press (1960).

16. Dunteman GH. Principal Components Analysis. Newbury Park, CA: SAGE Publications Inc (1989).

17. Hyvarinen A, Karhunen J, Oja E. Independent Component Analysis. New York: John Wiley & Sons, Inc (2004).

18. Carbonell JG, Michalski RS, Mitchell TM, editors. An Overview of Machine Learning. Machine Learning, An Artificial Intelligence Approach. Palo Alto, CA: Tioga Press (1983).

19. Vapnik VN. The Nature of Statistical Learning Theory. New York: Springer (1995).

20. Yegnanarayana B. Artificial Neural Networks. New Delhi: PHI Learning Pvt. Ltd (2009).

21. McLachlan GJ. Discriminant Analysis and Statistical Pattern Recognition. Hoboken, NJ: Wiley Interscience (2004).

22. Breiman L. Random forests. Mach Learn (2001) 45:5–32. doi:10.1023/A:1017934522171

23. Nelder J, Wedderburn R. Generalized linear models. J R Stat Soc Ser A (1972) 135(3):370–84. doi:10.2307/2344614

24. Ball GH, Hall DJ. Isodata, A Novel Method of Data Analysis and Classification. Menlo Park, CA: Stanford Research Inst (1965).

25. Manton KG, Lowrimore G, Yashin A, Kovtun M. Cluster Analysis: Overview. Hoboken, NJ: Wiley StatsRef: Statistics Reference Online (2014).

26. Bauer S, Wiest R, Nolte LP, Reyes M. A survey of MRI-based medical image analysis for brain tumor studies. Phys Med Biol (2013) 58(13):R97–129. doi:10.1088/0031-9155/58/13/R97

27. Garg G, Juneja S. Extract area of tumor through MRI using optimization technique with fuzzy C means. Int J Comput Appl (2012) 49(2):24–7. doi:10.5120/7601-0331

28. Rodriguez Gutierrez D, Awwad A, Meijer L, Manita M, Jaspan T, Dineen RA, et al. Metrics and textural features of MRI diffusion to improve classification of pediatric posterior fossa tumors. AJNR Am J Neuroradiol (2014) 35:1009–15. doi:10.3174/ajnr.A3784

29. Ahmed S, Iftekharuddin KM, Vossough A. Efficacy of texture, shape, and intensity feature fusion for posterior-fossa tumor segmentation in MRI. IEEE Trans Inf Technol Biomed (2011) 15(2):206–13. doi:10.1109/TITB.2011.2104376

30. Ahmed S, Iftekharuddin KM. Multiclass feature selection for improved pediatric brain tumor segmentation. Proceedings SPIE Medical Imaging 2012: Computer-Aided Diagnosis 8315. San Diego, CA (2012).

31. Ahmed S, Iftekharuddin KM, Vossough A. Efficacy of texture, shape, and intensity features for robust posterior-fossa tumor segmentation in MRI. Proceedings SPIE Medical Imaging 2009: Computer-Aided Diagnosis 7260. San Diego, CA (2009).

32. Weizman L, Ben Sira L, Joskowicz L, Constantini S, Precel R, Shofty B, et al. Automatic segmentation, internal classification, and follow-up of optic pathway gliomas in MRI. Med Image Anal (2012) 16(1):177–88. doi:10.1016/j.media.2011.07.001

33. Reynolds GM, Peet AC, Arvanitis TN. Generating prior probabilities for classifiers of brain tumours using belief networks. BMC Med Inform Decis Mak (2007) 7:27. doi:10.1186/1472-6947-7-27

34. Iftekharuddin KM, Ahmed S, Hossen J. Multiresolution texture models for brain tumor segmentation in MRI. Annual International Conference of the IEEE Engineering in Medicine and Biology Society 6985–6988. Boston, MA (2011).

35. Iftekharuddin KM, Islam MA, Shaik J, Parra C, Ogg R. Automatic brain tumour detection in MRI: methodology and statistical validation. Proceedings SPIE Medical Imaging 2005: Image Processing 5747. San Diego, CA (2005).

36. Tantisatirapong S, Davies NP, Rodriguez D, Abernethy L, Auer DP, Clark CA, et al. Magnetic resonance texture analysis: optimal feature selection in classifying brain tumors. XIII Mediterranean Conference on Medical and Biological Engineering and Computation. Vol. 41. Seville: Springer (2014). p. 309–12.

37. Wels M, Carneiro G, Aplas A, Huber M, Hornegger J, Comaniciu D. A discriminative model-constrained graph cuts approach to fully automated pediatric brain tumor segmentation in 3-D MRI. Med Image Comput Comput Assist Interv (2008) 5241:67–75.

38. Jansen MH, Veldhuijzen van Zanten SE, Sanchez Aliaga E, Heymans MW, Warmuth-Metz M, Hargrave D, et al. Survival prediction model of children with diffuse intrinsic pontine glioma based on clinical and radiological criteria. Neuro Oncol (2015) 17(1):160–6. doi:10.1093/neuonc/nou104

39. Grech-Sollars M, Saunders DE, Phipps KP, Clayden JD, Clark CA. Survival analysis for apparent diffusion coefficient measures in children with embryonal brain tumours. Neuro Oncol (2012) 14(10):1285–93. doi:10.1093/neuonc/nos156

40. Felicetti F, Fortunati N, Garbossa D, Biasin E, Rudà R, Daniele D, et al. Meningiomas after cranial radiotherapy for childhood cancer: a single institution experience. J Cancer Res Clin Oncol (2015) 141(7):1277–82. doi:10.1007/s00432-015-1920-7

41. Sun T, Wan W, Wu Z, Zhang J, Zhang L. Clinical outcomes and natural history of pediatric brainstem tumors: with 33 cases follow-ups. Neurosurg Rev (2013) 36(2):311–9. doi:10.1007/s10143-012-0428-8

42. Youland RS, Khwaja SS, Schomas DA, Keating GF, Wetjen NM, Laack NN. Prognostic factors and survival patterns in pediatric low-grade gliomas over 4 decades. J Pediatr Hematol Oncol (2013) 35(3):197–205. doi:10.1097/MPH.0b013e3182678bf8

43. Dorward IG, Luo J, Perry A, Gutmann DH, Mansur DB, Rubin JB, et al. Postoperative imaging surveillance in pediatric pilocytic astrocytomas. J Neurosurg Pediatr (2010) 6(4):346–52. doi:10.3171/2010.7.PEDS10129

44. Bucci MK, Maity A, Janss AJ, Belasco JB, Fisher MJ, Tochner ZA, et al. Near complete surgical resection predicts a favorable outcome in pediatric patients with nonbrainstem, malignant gliomas: results from a single center in the magnetic resonance imaging era. Cancer (2004) 101(4):817–24. doi:10.1002/cncr.20422

45. Fernandez C, Figarella-Branger D, Girard N, Bouvier-Labit C, Gouvernet J, Paz Paredes A, et al. Pilocytic astrocytomas in children: prognostic factors – a retrospective study of 80 cases. Neurosurgery (2003) 53(3):544–53. doi:10.1227/01.NEU.0000079330.01541.6E

46. Mulhern RK, Reddick WE, Palmer SL, Glass JO, Elkin TD, Kun LE, et al. Neurocognitive deficits in medulloblastoma survivors and white matter loss. Ann Neurol (1999) 46(6):834–41. doi:10.1002/1531-8249(199912)46:6<834::AID-ANA5>3.0.CO;2-M

47. Liu YM, Shiau CY, Wong TT, Wang LW, Wu LJ, Chi KH, et al. Prognostic factors and therapeutic options of radiotherapy in pediatric brain stem gliomas. Jpn J Clin Oncol (1998) 28(8):474–9. doi:10.1093/jjco/28.8.474

48. Arle JE, Morriss C, Wang ZJ, Zimmerman RA, Phillips PG, Sutton LN. Prediction of posterior fossa tumor type in children by means of magnetic resonance image properties, spectroscopy, and neural networks. J Neurosurg (1997) 86(5):755–61. doi:10.3171/jns.1997.86.5.0755

49. Shrieve DC, Wara WM, Edwards MS, Sneed PK, Prados MD, Cogen PH, et al. Hyperfractionated radiation therapy for gliomas of the brainstem in children and in adults. Int J Radiat Oncol Biol Phys (1992) 24(4):599–610. doi:10.1016/0360-3016(92)90704-L

50. Spiteri M, Lewis E, Windridge D, Avula S. Longitudinal MRI assessment: the identification of relevant features in the development of posterior fossa syndrome in children. Proceedings SPIE Medical Imaging: Computer-Aided Diagnosis. San Diego, CA (2015).

51. Lee J, Croen LA, Backstrand KH, Yoshida CK, Henning LH, Lindan C, et al. Maternal and infant characteristics associated with perinatal arterial stroke in the infant. J Am Med Assoc (2005) 293(6):723–9. doi:10.1001/jama.293.6.723

52. Benders MJ, Groenendaal F, Uiterwaal CS, Nikkels PG, Bruinse HW, Nievelstein RA, et al. Maternal and infant characteristics associated with perinatal arterial stroke in the preterm infant. Stroke (2007) 38:1759–65. doi:10.1161/STROKEAHA.106.479311

53. Darmency-Stamboul V, Chantegret C, Ferdynus C, Mejean N, Durand C, Sagot P, et al. Antenatal factors associated with perinatal arterial ischemic stroke. Stroke (2012) 43(9):2307–12. doi:10.1161/STROKEAHA.111.642181

54. Westmacott R, Askalan R, MacGregor D, Anderson P, Deveber G. Cognitive outcome following unilateral arterial ischaemic stroke in childhood: effects of age at stroke and lesion location. Dev Med Child Neurol (2010) 52(4):386–93. doi:10.1111/j.1469-8749.2009.03403.x

55. Dowling MM, Noetzel MJ, Rodeghier MJ, Quinn CT, Hirtz DG, Ichord RN, et al. Headache and migraine in children with sickle cell anemia are associated with lower hemoglobin and higher pain event rates but not silent cerebral infarction. J Pediatr (2014) 164(5):1175–80. doi:10.1016/j.jpeds.2014.01.001

56. DeBaun MR, Sarnaik SA, Rodeghier MJ, Minniti CP, Howard TH, Iyer RV, et al. Associated risk factors for silent cerebral infarcts in sickle cell anemia: low baseline hemoglobin, sex, and relative high systolic blood pressure. Blood (2012) 119(16):3684–90. doi:10.1182/blood-2011-05-349621

57. Kinney TR, Sleeper LA, Wang WC, Zimmerman RA, Pegelow CH, Ohene-Frempong K, et al. Silent cerebral infarcts in sickle cell anemia: a risk factor analysis. The cooperative study of sickle cell disease. Pediatrics (1999) 103(3):640–5. doi:10.1542/peds.103.3.640

58. Kirton A, Armstrong-Wells J, Chang T, Deveber G, Rivkin MJ, Hernandez M, et al. Symptomatic neonatal arterial ischemic stroke: the international pediatric stroke study. Pediatrics (2011) 128(6):e1402–10. doi:10.1542/peds.2011-1148

59. Jordan LC, Rafay MF, Smith SE, Askalan R, Zamel KM, deVeber G, et al. Antithrombotic treatment in neonatal cerebral sinovenous thrombosis: results of the international pediatric stroke study. J Pediatr (2010) 156(5):704–10. doi:10.1016/j.jpeds.2009.11.061

60. Vasileiadis GT, Gelman N, Han VK, Williams LA, Mann R, Bureau Y, et al. Uncomplicated intraventricular hemorrhage is followed by reduced cortical volume at near-term age. Pediatrics (2004) 114(3):e367–72. doi:10.1542/peds.2004-0500

61. Steggerda SJ, De Bruïne FT, van den Berg-Huysmans AA, Rijken M, Leijser LM, Walther FJ, et al. Small cerebellar hemorrhage in preterm infants: perinatal and postnatal factors and outcome. Cerebellum (2013) 12(6):794–801. doi:10.1007/s12311-013-0487-6

62. Wong S-T, Fong D. Ruptured brain arteriovenous malformations in children: correlation of clinical outcome with admission parameters. Pediatr Neurosurg (2010) 46:417–26. doi:10.1159/000324910

63. Miller SP, Ferriero DM, Leonard C, Piecuch R, Glidden DV, Partridge JC, et al. Early brain injury in preterm newborns detected with magnetic resonance imaging is associated with adverse early neurodevelopmental outcome. J Pediatr (2005) 147(5):609–16. doi:10.1016/j.jpeds.2005.06.033

64. Max JE, Wilde EA, Bigler ED, Thompson WK, MacLeod M, Vasquez AC, et al. Neuroimaging correlates of novel psychiatric disorders after pediatric traumatic brain injury. J Am Acad Child Adolesc Psychiatry (2012) 51(11):1208–17. doi:10.1016/j.jaac.2012.08.026

65. Gerlach R, Dittrich S, Schneider W, Ackermann H, Seifert V, Kieslich M. Traumatic epidural hematomas in children and adolescents: outcome analysis in 39 consecutive unselected cases. Pediatr Emerg Care (2009) 25(3):164–9. doi:10.1097/PEC.0b013e31819a8966

66. Keenan HT, Runyan DK, Marshall SW, Nocera MA, Merten DF. A population-based comparison of clinical and outcome characteristics of young children with serious inflicted and noninflicted traumatic brain injury. Pediatrics (2004) 114(3):633–9. doi:10.1542/peds.2003-1020-L

67. Gano D, Andersen SK, Partridge JC, Bonifacio SL, Xu D, Glidden DV, et al. Diminished white matter injury over time in a cohort of premature newborns. J Pediatr (2015) 166(1):39–43. doi:10.1016/j.jpeds.2014.09.009

68. Limperopoulos C, Chilingaryan G, Sullivan N, Guizard N, Robertson RL, du Plessis AJ. Injury to the premature cerebellum: outcome is related to remote cortical development. Cereb Cortex (2014) 24(3):728–36. doi:10.1093/cercor/bhs354

69. Cioni G, Bertuccelli B, Boldrini A, Canapicchi R, Fazzi B, Guzzetta A, et al. Correlation between visual function, neurodevelopmental outcome, and magnetic resonance imaging findings in infants with periventricular leucomalacia. Arch Dis Child Fetal Neonatal Ed (2000) 82(2):F134–40. doi:10.1136/fn.82.2.F134

70. Rocca MA, Turconi AC, Strazzer S, Absinta M, Valsasina P, Beretta E, et al. MRI predicts efficacy of constraint-induced movement therapy in children with brain injury. Neurotherapeutics (2013) 10(3):511–9. doi:10.1007/s13311-013-0189-2

71. Ziv E, Tymofiyeva O, Ferriero DM, Barkovich AJ, Hess CP, Xu D. A machine learning approach to automated structural network analysis: application to neonatal encephalopathy. PLoS One (2013) 8(11):e78824. doi:10.1371/journal.pone.0078824

72. Jenster M, Bonifacio SL, Ruel T, Rogers EE, Tam EW, Partridge JC, et al. Maternal or neonatal infection: association with neonatal encephalopathy outcomes. Pediatr Res (2014) 76(1):93–9. doi:10.1038/pr.2014.47

73. Hayashi N, Okumura A, Kubota T, Tsuji T, Kidokoro H, Fukasawa T, et al. Prognostic factors in acute encephalopathy with reduced subcortical diffusion. Brain Dev (2012) 34(8):632–9. doi:10.1016/j.braindev.2011.11.007

74. Steinman KJ, Gorno-Tempini ML, Glidden DV, Kramer JH, Miller SP, Barkovich AJ, et al. Neonatal watershed brain injury on magnetic resonance imaging correlates with verbal IQ at 4 years. Pediatrics (2009) 123(3):1025–30. doi:10.1542/peds.2008-1203

75. Wayock CP, Meserole RL, Saria S, Jennings JM, Huisman TA, Northington FJ, et al. Perinatal risk factors for severe injury in neonates treated with whole-body hypothermia for encephalopathy. Am J Obstet Gynecol (2014) 211(1):e1–8. doi:10.1016/j.ajog.2014.03.033

76. Shah DK, Wusthoff CJ, Clarke P, Wyatt JS, Ramaiah SM, Dias RJ, et al. Electrographic seizures are associated with brain injury in newborns undergoing therapeutic hypothermia. Arch Dis Child Fetal Neonatal Ed (2014) 99(3):F219–24. doi:10.1136/archdischild-2013-305206

77. Sarkar S, Bhagat I, Bapuraj JR, Dechert RE, Donn SM. Does clinical status 1 week after therapeutic hypothermia predict brain MRI abnormalities? J Perinatol (2013) 33(7):538–42. doi:10.1038/jp.2013.1

78. Sarkar S, Donn SM, Bapuraj JR, Bhagat I, Dechert RE, Barks JD. The relationship between clinically identifiable intrapartum sentinel events and short-term outcome after therapeutic hypothermia. J Pediatr (2011) 159(5):726–30. doi:10.1016/j.jpeds.2011.04.014

79. Sarkar S, Barks JD, Bapuraj JR, Bhagat I, Dechert RE, Schumacher RE, et al. Does phenobarbital improve the effectiveness of therapeutic hypothermia in infants with hypoxic-ischemic encephalopathy? J Perinatol (2012) 32(1):15–20. doi:10.1038/jp.2011.41

80. Neubauer V, Junker D, Griesmaier E, Schocke M, Kiechl-Kohlendorfer U. Bronchopulmonary dysplasia is associated with delayed structural brain maturation in preterm infants. Neonatology (2015) 107(3):179–84. doi:10.1159/000369199

81. Anjari M, Counsell SJ, Srinivasan L, Allsop JM, Hajnal JV, Rutherford MA, et al. The association of lung disease with cerebral white matter abnormalities in preterm infants. Pediatrics (2009) 124(1):268–76. doi:10.1542/peds.2008-1294

82. Ibuki K, Watanabe K, Yoshimura N, Kakimoto T, Matsui M, Yoshida T, et al. The improvement of hypoxia correlates with neuroanatomic and developmental outcomes: comparison of midterm outcomes in infants with transposition of the great arteries or single-ventricle physiology. J Thorac Cardiovasc Surg (2012) 143(5):1077–85. doi:10.1016/j.jtcvs.2011.08.042

83. Reiman M, Kujari H, Maunu J, Parkkola R, Rikalainen H, Lapinleimu H, et al. Does placental inflammation relate to brain lesions and volume in preterm infants? J Pediatr (2008) 152(5):642–7. doi:10.1016/j.jpeds.2007.09.051

84. Glaser NS, Marcin JP, Wootton-Gorges SL, Buonocore MH, Rewers A, Strain J, et al. Correlation of clinical and biochemical findings with diabetic ketoacidosis-related cerebral edema in children using magnetic resonance diffusion-weighted imaging. J Pediatr (2008) 153(4):541–6. doi:10.1016/j.jpeds.2008.04.048

85. Glaser NS, Wootton-Gorges SL, Buonocore MH, Marcin JP, Rewers A, Strain J, et al. Frequency of sub-clinical cerebral edema in children with diabetic ketoacidosis. Pediatr Diabetes (2006) 7(2):75–80. doi:10.1111/j.1399-543X.2006.00156.x

86. Sarkar S, Askenazi DJ, Jordan BK, Bhagat I, Bapuraj JR, Dechert RE, et al. Relationship between acute kidney injury and brain MRI findings in asphyxiated newborns after therapeutic hypothermia. Pediatr Res (2014) 75(3):431–5. doi:10.1038/pr.2013.230

87. Montassir H, Maegaki Y, Ogura K, Kurozawa Y, Nagata I, Kanzaki S, et al. Associated factors in neonatal hypoglycemic brain injury. Brain Dev (2009) 31(9):649–56. doi:10.1016/j.braindev.2008.10.012

88. Noetzli LJ, Panigrahy A, Mittelman SD, Hyderi A, Dongelyan A, Coates TD, et al. Pituitary iron and volume predict hypogonadism in transfusional iron overload. Am J Hematol (2012) 87(2):167–71. doi:10.1002/ajh.22247

89. Lynch JM, Buckley EM, Schwab PJ, McCarthy AL, Winters ME, Busch DR, et al. Time to surgery and preoperative cerebral hemodynamics predict postoperative white matter injury in neonates with hypoplastic left heart syndrome. J Thorac Cardiovasc Surg (2014) 148(5):2181–8. doi:10.1016/j.jtcvs.2014.05.081

90. Vinall J, Miller SP, Bjornson BH, Fitzpatrick KP, Poskitt KJ, Brant R, et al. Invasive procedures in preterm children: brain and cognitive development at school age. Pediatrics (2014) 133(3):412–21. doi:10.1542/peds.2013-1863

91. Chen J, Zimmerman RA, Jarvik GP, Nord AS, Clancy RR, Wernovsky G, et al. Perioperative stroke in infants undergoing open heart operations for congenital heart disease. Ann Thorac Surg (2009) 88(3):823–9. doi:10.1016/j.athoracsur.2009.03.030

92. Watanabe K, Matsui M, Matsuzawa J, Tanaka C, Noguchi K, Yoshimura N, et al. Impaired neuroanatomical development in infants with congenital heart disease. J Thorac Cardiovasc Surg (2009) 137(1):146–53. doi:10.1016/j.jtcvs.2008.06.036

93. Moosa AN, Jehi L, Marashly A, Cosmo G, Lachhwani D, Wyllie E, et al. Long-term functional outcomes and their predictors after hemispherectomy in 115 children. Epilepsia (2013) 54(10):1771–9. doi:10.1111/epi.12342

94. Heinrichs AK, Holschen A, Krings T, Messmer BJ, Schnitker R, Minkenberg R, et al. Neurologic and psycho-intellectual outcome related to structural brain imaging in adolescents and young adults after neonatal arterial switch operation for transposition of the great arteries. J Thorac Cardiovasc Surg (2014) 148(5):2190–9. doi:10.1016/j.jtcvs.2013.10.087

95. Griffiths PD, Radon MR, Crossman AR, Zurakowski D, Connolly DJ. Anatomic localization of dyskinesia in children with “profound” perinatal hypoxic ischemic injury. AJNR Am J Neuroradiol (2010) 31:436–41. doi:10.3174/ajnr.A1854

96. Duarte JV, Ribeiro MJ, Violante IR, Cunha G, Silva E, Castelo-Branco M, et al. Multivariate pattern analysis reveals subtle brain abnormalities relevant to the cognitive phenotype in neurofibromatosis type 1. Hum Brain Mapp (2014) 35(1):89–106. doi:10.1002/hbm.22161

97. Huang HK, Nielsen JF, Nelson MD, Liu L. Image-matching as a medical diagnostic support tool (DST) for brain diseases in children. Comput Med Imaging Graph (2005) 29(2–3):195–202. doi:10.1016/j.compmedimag.2004.09.008

98. Baffero GM, Crovetto F, Fabietti I, Boito S, Fogliani R, Fumagalli M, et al. Prenatal ultrasound predictors of postnatal major cerebral abnormalities in fetuses with apparently isolated mild ventriculomegaly. Prenat Diagn (2015) 35(8):783–8. doi:10.1002/pd.4607

99. Reiman M, Parkkola R, Lapinleimu H, Lehtonen L, Haataja L, Pipari Study Group. Interleukin-6 -174 and -572 genotypes and the volume of deep gray matter in preterm infants. Pediatr Res (2009) 65(1):90–6. doi:10.1203/PDR.0b013e31818bbfac

100. Fukuhara T, Luciano MG. Clinical features of late-onset idiopathic aqueductal stenosis. Surg Neurol (2001) 55(3):132–6. doi:10.1016/S0090-3019(01)00359-7

101. Mandell JG, Kulkarni AV, Warf BC, Schiff SJ. Volumetric brain analysis in neurosurgery: part 2. Brain and CSF volumes discriminate neurocognitive outcomes in hydrocephalus. J Neurosurg Pediatr (2015) 15(2):125–32. doi:10.3171/2014.9.PEDS12427

102. Batchelor PG, Castellano Smith AD, Hill DL, Hawkes DJ, Cox TC, Dean AF. Measures of folding applied to the development of the human fetal brain. IEEE Trans Med Imaging (2002) 21(8):953–65. doi:10.1109/TMI.2002.803108

103. Chau V, Brant R, Poskitt KJ, Tam EW, Synnes A, Miller SP. Postnatal infection is associated with widespread abnormalities of brain development in premature newborns. Pediatr Res (2012) 71(3):274–9. doi:10.1038/pr.2011.40

104. Hansen-Pupp I, Hövel H, Löfqvist C, Hellström-Westas L, Fellman V, Hüppi PS, et al. Circulatory insulin-like growth factor-I and brain volumes in relation to neurodevelopmental outcome in very preterm infants. Pediatr Res (2013) 74(5):564–9. doi:10.1038/pr.2013.135

105. Bookstein FL, Sampson PD, Connor PD, Streissguth AP. Midline corpus callosum is a neuroanatomical focus of fetal alcohol damage. Anat Rec (2002) 269(3):162–74. doi:10.1002/ar.10110

106. Swayze VW II, Johnson VP, Hanson JW, Piven J, Sato Y, Giedd JN, et al. Magnetic resonance imaging of brain anomalies in fetal alcohol syndrome. Pediatrics (1997) 99(2):232–40. doi:10.1542/peds.99.2.232

107. Talairach J, Tournoux P. Co-planar Stereotaxic Atlas of the Human Brain: 3-Dimensional Proportional System – An Approach to Cerebral Imaging. New York: Thieme Medical Publishers (1988).

108. Muzik O, Chugani DC, Juhász C, Shen C, Chugani HT. Statistical parametric mapping: assessment of application in children. Neuroimage (2000) 12(5):538–49. doi:10.1006/nimg.2000.0651

109. Raudys SJ, Jain AK. Small sample size effects in statistical pattern recognition: recommendations for practitioners. IEEE Trans Pattern Anal Mach Intell (1991) 13(3):252–64. doi:10.1109/34.75512

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

The reviewers and handling Editor declared their shared affiliation, and the handling Editor states that the process nevertheless met the standards of a fair and objective review.

Copyright © 2016 Levman and Takahashi. This is an open-access article distributed under the terms of the Creative Commons Attribution License (CC BY). The use, distribution or reproduction in other forums is permitted, provided the original author(s) or licensor are credited and that the original publication in this journal is cited, in accordance with accepted academic practice. No use, distribution or reproduction is permitted which does not comply with these terms.

OPS/images/fped-04-00065-t001.jpg
Author Year n  Results Noteworthy comments
Rodriguez Gutierrez 2013 40 Accuracy = 91-97% Medulloblastoma, pilocytic astrocytoma,
etal. (26) ependymorna, and posterior fossa tumor classification
Ahmed et al. (29) also 2011 10 Jaccard Index: 0.60 Posterior fossa tumor segmentation
Ret. (30, 31)
Weizman et al. (32) 2012 28 Mean surtace distance error: 0.73 mm Optic pathway giiomas: segmentation, classification,
and follow-up.
Reynolds et al. (33) 2007 46 Error rate = 33% MR spectroscopy
Iiteknaruddin et al. (34) 2011 10 True postive = 100% Gombines T1, T2, and fluid-attenuated inversion
also Ref. (35) False positive = 25% recovery (FLAIR)
Tantisatirapong et al. (35) 2014 74 Acouracy = 69% Texture analysis and feature selection
Wels et al. (37) 2008 6 Jaccard index: 0.78 Fully automatic tumor ROls
Jansen et al. (38) 2015 816 AUC=068 Survival prediction
Grech-Sollars etal. (39) 2012 61 Apparent transient coefficient in tumor (ATCT) is Apparent transient coefiicient in tumor (ATCT: change
significantly associated with poor prognosis in ADC from edema to tumor core) investigated
Felicetti et al. (40) 2015 15 Meningioma is associated with development of asecond  Childhood cancer survivors treated with cranal
neoplasm radiation therapy were assessed with MRl and
computed tomography (CT)
Sunetal. (41) 2013 33 Focal growth pattern is associated with better survival Study focused on cinical outcomes in subjects with
pediatric brainstem tumors
Youland et al. (42) 2013 351 Improved progression-free survival and overal survival Study looking at prognostic factors and sunvival
associated with gross total resection informed by MRI patters in pedatric low-grade giomas
Dorward et al. (43) 2010 40 Nodular enhancement on MRI associated with recurrence  Pilocytic astrocytomas (siow growing tumors)
Bucci et al. (44) 2004 39 Multivariate analysis: extent of resection and histologic Investigating outcomes in pediatric gliomas
grade were significant predictors of outcome
Fernandez et al. (45) 2003 80 Partial resection: worse prognosis. Optochiasmatic Investigating ciinicopathological factors underlying
localization and pilomyxoid variant: worse prognosis prognosis in pediatric piocytic astrocytomas
but not independent of extent of resection
Mulhern et al. (46) 1999 18/18 Patients treated for medulloblastoma had significantly Two groups: medulloblastoma survivors and posterior
less normal white matter and lower IQ fossa tumors
Liu et al. (47) 1998 22 Radition dose strategy (hyperfractionation) associated  Prognostic factors and therapetic options in pediatric
with better outcomes brain stem gliomas
Arle et al. (48) 1997 33 Accuracy = 58-95% MR spectroscopy, artificial neural networks for
identifying posterior fossa tumors
Shrieve et al. (49) 1992 41 Duration of symptoms >2 months prior to treatment was  Radiation therapy for gliomas of the brainstem

asignificant prognostic indicator of favorable outcome






OPS/images/fped-04-00065-g003.jpg





OPS/images/fped-04-00065-g004.jpg





OPS/images/cover.jpg
, frontiers
in Pediatrics

Pre-Adult MRI of Brain Cancer
and Neurological Injury:
Multivariate Analyses





OPS/images/fped-04-00065-g001.jpg





OPS/images/fped-04-00065-g002.jpg





OPS/images/logo.jpg
e S S0





