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Figure 1 Case 1 with perinatal asphyxia and MRI at day 3 of life. A T2 weighted images with slight T2 hyperintensity of the thalami, no striking signal abnormalities. B T 1 weighted images show abnormal high signal intensities in several cortical areas, sepcifically in the depth of sulci. Thalamic area slightly hypointense. C DWI shows striking lesions (dark) with ADC reduction in bilateral thalami and in some discrete central cortical areas
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Figure 2 Case 1 MRI 10 days after perinatal asphyxia. T2 weighted images show marked hyperintensities in bilateral thalami involving in part the internal capsule and mild ventricular dilatation.
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Figure 3 Case 2 A MR examination obtained at 12 hours after perinatal asphyxia. Axial T2 weighted image shows no signal abnormalities and single voxel 1H MRS performed over the right basalganglia shows markedly inclreased Lactate resonance with preserved NAA, Cr and Cho resonances. B DWI with axial ADC map shows no diffusion abnormalities.  C and D MRI at ten days after perinatal apshyxia C Axial T2 weighted images show areas of high and low signal intensity in the putamen and thalamus representing clear ischemo-hemorrhagique lesions D Axial Proton density images with excellent detection of the lesion extension.
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Figure 4 Case 2 Coronal and axial Inversion Recovery sequences with T1 weighted contrast at 10 days after perinatal asphyxia. T1 hyperintensities appear irregular (A,C) ( compare to regular distribution of beginning myelination in B). D 1H-MRS shows normalization of Lactate and reduction of NAA compared to 1H-MRS at day 1.
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Figure 5 Case 3 MRI on day 1 after perinatal asphyxia. Conventional MR Imaging reveals no signal abnormalities (not shown). DWI shows no overt lesions but ADC values measured in the left basalganglia (ADC 0.8mm2/ms)(circle) and central white matter (ADC 0.8mm2/ms) (square) respectively reveal markedly reduced ADC values compared to normal term neonates. The graph shows boxplots of ADC distribution in normal fullterm newborns in different regions of the brain (reproduced with permission from Rutherford M et al). 
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Figure 6 Case 3 MRI 7 days after perinatal asphyxia. Coronal T2 weighted images showing T2 hypo- and hyperintensities in the central white matter with additional left sided lesions in the internal capsule and lateral thalamus (see arrows).
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Figure 7 Case 4 MRI at day 2 after perinatal asphyxia (A-D). Conventional T2 weighted images on the level of the basalganglia and the high centrum semiovale show no  signal abnormalities (A,B). DWI shows striking hyperintensities in diffusion weighted images in the bilateral putamen and thalamus in (C) and some high signal in the central cortex (D). MR imaging at 10 days after insults confirms distribution of lesions with hyper- and hypointensities on T2 weighted images (E), typicial high signal intensity with good lesion definition in proton density images (F) , the perirolandic cortex shows typicial T2 and PD hyperintensity (G, I)
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Figure 8 Case 4 MR imaging at 2 months of age reveals the same lesions with marked atrophy and delay in myelination.
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Figure 9 Typical parasagittal distribution of T1 hyperintensities in cortical neuronal necrosis of deep sulcal cortex of another patient with acute perinatal asphyxia.
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Figure 10 Case 5 Term newborn with pathological fetal monitoring for several hours, meconium stained fluid and poor APGAR score with neonatal resuscitation. Axial T2-weighted imaging on day 2 shows diffuse T2 hyperintensities with loss of gray-white matter differentiation. DWI with markedly reduced ADC (ADC <1.0µm2/ms) values througout the brain (B) indicating ongoing necrosis. Chronic stage T2 weighted images with multicystic encephalopathy and massive ventricular dilatation.
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Abbreviations: 


MRI Magnetic Resonance Imaging 


DWI Diffusion Weighted Imaging 


DTI Diffusion Tensor Imaging 


ADC Apparent Diffusion Coefficient 


TR Repetition Time 


TE Echo Time 


DTI Diffusion Tensor Imaging 


NAA N-acetyl-aspartate 


Cr Creatine 


Cho Choline 


Lac Lactate 
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Introduction 


Despite marked improvements in antenatal and perinatal care, perinatal brain injury remains 


one of the most important medical complications in the newborn resulting in significant 


handicap later in life. Early identification of brain injury and appropriate prognostication 


though remain a major challenge to neonatal care. New diagnostic tools have emerged to 


detect early brain injury and help predict outcome.  


Magnetic resonance (MR) techniques are one of these new diagnostic tools that allow the 


assessment of the developing brain in detail thanks to their resolving power and their non-


invasiveness. Their capacity to provide detailed structural as well as metabolic and functional 


information without the use of ionizing radiation is unique.  


This syllabus will focus on the role of the different MR techniques in the study of perinatal 


brain injury in the context of hypoxic-ischemic encephalopathy. The specific patterns of brain 


injury identified by different imaging techniques will be illustrated by case presentations, 


followed by the discussion of pathophysiologic and neurodevelopmental outcome associated 


with the described brain lesion. This approach should allow the reader to make the right 


choice of imaging method at the right time to decide on intervention, withdrawal of care and 


accurate prediction of range of neurofunctional outcome. 


 


Neonatal brain injury in the term infant is most frequently related to hypoperfusion and/or 


hypoxemia followed by reperfusion as the infant is resuscitated, typically shortly after 


delivery. This is summarized in the term “asphyxia”, progressive hypoxemia and hypercapnia 


with significant metabolic acidosis occurring both antenatal, intrapartum and neonatal (48). 


Perinatal asphyxia may lead to hypoxic-ischemic encephalopathy (HIE) which is the 


clinically defined condition of disturbed neurologic function in the term newborn, 


characterized by insufficient respiration, depression of tone and reflexes, altered level of 


consciousness and often seizures (31). The subsequent neurological deficits of concern are 


grouped together under the term of cerebral palsy (26, 30) but include different motor deficits, 


such as spasticity, choreoathetosis, dystonia and ataxia. Further cognitive deficits and seizures 


might also be the end-result of neonatal HIE. The major varieties of neonatal HIE are listed in 


Table 1. 
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Table 1. Major varieties of neonatal HIE (Modified from (49)) 


Major neuropathological varieties of 


neonatal HIE in the term infant 


Characteristics of the usual insult according to the 


pattern of injury or pathogenesis of the injury 


Selective neuronal necrosis: 


- diffuse 


- cerebral cortex - deep nuclear 


- deep nuclear –brainstem 


- pontosubicular 


Characteristics of the insult: 


- very severe, very prolonged  


- moderate to severe, prolonged  


- severe, abrupt  


- unknown 


Parasagittal cerebral injury (watershed 


injury) 


Pathogenesis: 


Disturbance in cerebral perfusion due to : 


-parasagittal anatomical factors (arterial border-zones and 


end-zones) 


-impaired cerebrovascular autoregulation (pressure-


passive state due to cerebral ischemia) 


Focal and multifocal ischemic   


necrosis 


Pathogenesis: 


Generalised systemic circulatory insufficiency (pre- or 


post-natal) 


-Intrauterine 


-Neonatal 


 


The occurrence of a neonatal neurological syndrome is one of the important conditions for 


attributing intrapartum insults as a likely cause for the brain injury. The neurological 


symptoms of a severe HIE are described in Table 2. Important systemic abnormalities (renal, 


cardiac, hepatic…) related to ischemia accompany the neurological manifestations in most 


cases but show no relation to outcome (43). 


Table 2. Neurological syndrome of a severe HIE (modified from (49)) 


Birth to 12 hours  12-24 hours  24-72 hours After 72 hours 
Deep stupor or coma 
Periodic breathing or respiratory 
failure 
Intact pupillary and oculomotor 
response 
Hypotonia and minimal 
movements/ 
occasionally hypertonia 
Seizures 
 


Variable change 
in  alertness 
More seizures 
Apneic spells 
Jitteriness 
Weakness (upper 
limbs in terms; 
lower limbs in 
preterms) 


Stupor or coma 
Respiratory 
arrest 
Oculomotor and 
pupillary 
disturbance 
 


Persistent but diminished 
stupor 
Disturbed sucking, 
swallowing, gag and 
tongue movements 
Hypotonia>hypertonia 
Weakness (upper limbs in 
terms; lower limbs in 
prematures) 
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The following four cases of term perinatal asphyxia illustrate the clinical course, the 


neuroimaging characteristics and the subsequent neurodevelopmental outcome and will 


illustrate the role and appropriate timing of MR imaging in the evaluation of the term newborn 


after perinatal asphyxia. 


 


Case 1  


History: Term pregnancy with signs of fetal distress, cesarean section, low Apgar score, 


perinatal acidosis (pH 6.99). On day 1 general hypotonia, tonic deviations of eyes, sucking, 


smacking “subtle seizures”. Normal neurologic exam on day 10. 


 


Neuroimaging studies (see Fig.1): Neonatal head ultrasound performed on day 1 is normal. 


MRI on day 3 reveals no significant signal abnormalities on T2 weighted images and some 


signal hyperintensities on T1 weighted images especially in the central cortex. DWI shows 


abnormal signal intensities with reduced ADC bilaterally in the thalamus and internal 


capsule. Some discrete areas of reduced ADC are seen in the cortex. A repeat Follow-up 


study on day 10 (see Fig. 2) shows thalami appearing hyperintense on T2 weighted images.  


Clinical correlates in the neonatal period: This child developed signs of moderately severe 


impairment of bilateral hemispheres which characteristically results in diffuse hypotonia. He 


also presented with neonatal seizures of the “subtle” type which are thought to result from 


diffuse cortical injury, and could be in relation with the discrete areas or reduced ADC seen 


in the cortex. The normalization of the neurological examination at 10 days of life is a good 


prognostic sign. 


Long term clinical correlates: Ultimately he developed signs of moderate spasticity especially 


in the upper limbs, but was able to walk unaided at the age of 3 years with a certain degree of 


truncal hypotonia. His fine motor skills were delayed due to dystonic movements of the arms. 


The onset of dystonia started around the age of 12 months and became more prominent with 


time. He had no major cognitive deficits. The mild spasticity is explained by the involvement 


of the central white matter (seen best on DWI at day 3) and the dystonia is the result of the 


thalamoputaminal lesions. The relatively good outcome of this patient was in part predictable 


from the normalisation of his neurological exam at 10 days of life. The diagnosis still is 


dystonic CP with a spastic component. 
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Case 2  


History: Term pregnancy with signs of fetal distress, emergency cesarean section for uterine 


rupture, meconial aspiration, low Apgar score (1/3 /5), perinatal acidosis (pH 6.84). Initial 


general hypotonia, then hypertonicity, no seizures 


Neuroimaging studies: Neonatal head ultrasound performed on day 1 is normal. MRI on day 


1 reveals no significant signal abnormalities on T2, T1 weighted images and on DWI  Single 


voxel 1H-MRS performed on basal ganglia reveals elevated lactate resonance at 1.3 ppm with 


no loss of NAA (see Fig. 2). Follow-up MRI at day 10 shows bilateral thalami and putamen 


appearing hyperintense on T2 weighted images with clear distinction on proton density 


images with no cortical signal abnormalities (see Fig. 2). On T1 weighted images 


hyperintensities in this region can be confounded with hyperintensities due to myelination 


(see Fig. 3 and 4). 1H-MRS now shows normalization of lactate and reduction of NAA (Fig. 


4) 


Clinical correlates in the neonatal period: After a brief period of hypotonia, corresponding 


most likely to the  bilateral  involvement of the reticular activating system in the 


diencephalon, this child developed rapidly the characteristic hypertonia associated to basal 


ganglia lesions and due to the involvement of the extrapyramidal system. It is interesting to 


note that no seizure was observed, most likely in relation to the fact that there were no 


cortical lesions. 


Long term clinical correlates: this child developed striking truncal hypotonia and severe 


dystonic posturing of the upper extremities limiting severely her motor development, although 


there was no spasticity. She is unable to walk unaided at age 3 years. Her cognitive functions 


are however preserved. The diagnosis is severe CP of the dystonic type. 


 


 


Case 3  


History: Term pregnancy with intrauterine growth restriction, fetal distress, cesarean section, 


meconial aspiration perinatal acidosis, persistent pulmonary hypertension (pH 7.08) 


Neuroimaging studies: Neonatal head ultrasound performed on day 1 is normal. MRI on day 


1 reveals no significant signal abnormalities on T2 and T1 weighted images and standard 


diffusion weighted images reveal no striking signal abnormality (see Fig. 5). ADC values 


measured in the right basal ganglia (ADC 0.8mm2/ms) and central white matter (ADC 


0.8mm2/ms) respectively reveals markedly reduced ADC values compared to normal term 
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neonates (1.0-1.2/1.4) (38). 1H-MRS performed on basal ganglia reveals elevated lactate 


resonance at 1.3 ppm with no loss of NAA. Follow-up MRI shows marked T2 signal 


abnormalities in the basal ganglia with involvement of the left internal capsule with extension 


into the central white matter in a parasagittal distribution (see Fig. 6). 


Clinical correlates in the neonatal period: This infant did not develop striking neurological 


abnormalities in the neonatal period. The only symptom was a moderate hypotonia, and some 


weakness in the upper extremities. 


Long term clinical correlates: Development of marked right upper extremity palsy at the age 


of 6 months. The child did not reach for objects with the right hand and exhibited a spastic 


position of the right arm during leg movements. In the ventral position, she was unable to 


elevate her right arm. These impairments were in relation with the lesions of the left internal 


capsule. Later, at age 18 months, she showed signs of hyperreflexia in the 4 limbs resulting of 


the bilateral white matter lesions, but spasticity predominated on  the right side, as a sequelae 


of the unilateral left internal capsule lesion. Her cognitive performances were mildly delayed. 


She was able to walk unaided at the age of 2 years. The diagnosis is spastic CP 


predominating on the right side. 


 


Case 4  


History: Term pregnancy with uterine rupture at delivery. Perinatal resuscitation with Apgar 


scores at 0/0/3 and severe perinatal acidosis. On day 1 development of  a moderate hypoxic-


ischemic encephalopathy with lethargy and hypotonia  . Efforts in arousing the infant resulted 


in hypertonia and jitteriness . Spontaneous movements were diminished. Convulsions 


appeared rapidly. 


Neuroimaging studies: Neonatal head ultrasound performed on day 1 is normal. MRI on day 


2 reveals no significant signal abnormalities on T2, T1 weighted images. Diffusion weighted 


images reveal reduced ADC in bilateral putamen and thalami (see Fig. 7). 1H-MRS 


performed on basal ganglia reveals elevated lactate resonance at 1.3 ppm with no loss of 


NAA. Follow-up MRI at 17 days shows marked T2 signal abnormalities in the basal ganglia 


and alteration of the perirolandic cortex bilaterally visible both on proton density images as 


well as on T2-weighted images (see Fig. 7). At 2 months of age additional atrophy and delay 


in myelination is present (see Fig. 8) 


Clinical correlates in the neonatal period: The infant presented with neonatal seizures and a 


disturbed level of consciousness which reflected the bilateral cortical lesions. 
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Long term clinical correlates: The child developed a severe spastic quadriplegia in  relation 


with the bilateral parasagittal lesions. Additionally, dystonia started around the age of 12-18 


months . This extrapyramidal syndrome was the result of the additional basal ganglia lesions. 


The child was thus severely disabled and unable to walk unaided. However the cognitive 


impairment was mild. 


 


Case 5  


History: Term pregnancy with persistent signs of fetal distress, cesarean section, low Apgar 


score with meconial aspiration and cardiorespiratory resuscitation 


On day 1 general hypotonia, tonic deviations of eyes, sucking, smacking “subtle seizures”, 


electroencephalographic status epilepticus. 


Neuroimaging studies: Neonatal head ultrasound performed on day 1 shows small ventricles 


and increased parenchymal echogenicity.  MRI performed on day 5 shows extensive edema 


with the cortex roughly isointense with white matter on T2- and T1 weighted images and 


apparent sparing of the basal ganglia. On DWI markedly decreased ADC in both cortex, 


white matter and basal ganglia (see Fig. 10 A, B). Follow-up MRI shows evolution into 


multicystic encephalopathy with loss of both hemispheric gray and white matter and severe ex 


vacuo hydrocephaly (see Fig. 10 C, D).  


Clinical correlates in the neonatal period: the generalized hypotonia and the seizures reflect 


the bilateral extensive cortical injuries. The status epilepticus which is not uncommon in full 


term asphyxia is the sign of the severity of the insult. 


Long term clinical correlates: the child developed a severe spastic quadriplegia with mental 


retardation and microcephaly. Spasticity was a major issue. The seizure disorder remained 


active during the first months of life. The EEG remained severely depressed indicating diffuse 


cortical necrosis. The diagnosis is severe spastic CP. 


See figures in attached Powerpoint file 


MR techniques in the evaluation of perinatal asphyxia or HIE 


 


MR has become the technique of choice to evaluate the ischemic brain both in adults and in 


the newborn (37). Advanced MR imaging techniques, such as the use of diffusion weighted 


imaging and MR spectroscopy have further improved the MR capability to investigate the 


neonatal brain. Generally to increase the signal-to-noise ratio, a higher field Magnet (1.5-3T) 


 8







  


should be used, allowing for high resolution imaging and increased sensitivity for 


spectroscopy (13, 39).  


Conventional MRI Sequences and features in HIE: 


The basic information in conventional MR imaging is represented by T1 and T2-weighted 


images. Proton density and FLAIR images help illustrate brain lesions with slightly different 


contrast than T1- and T2 weighted images. A neonatal MR imaging protocol should provide 


good quality T1- and T2 weighted images with a maximum field of view of 16-18cm and a 


slice thickness of 3mm or less. Due to increased water content of the neonatal brain with 


longer T1 and T2 relaxation times the repetition time should be increased in both T1-weighted 


and T2-weighted imaging sequence. Typically MR sequence parameters for T1-weighted 


images should include an increased TR to 800 ms and a TR above 5000 ms with a TE of 125-


150 ms for T2-weighted imaging (37, 47). To compensate for a long TR the echo-train-length 


can be increased.  


Selective neuronal necrosis after perinatal asphyxia 


As shown in the three cases above with a history of acute perinatal asphyxia, selective 


involvement of areas with advanced maturation and higher energy demands, i.e. the putamen, 


lateral thalami and perirolandic cortex are particularly vulnerable. Characteristic changes 


representing selective neuronal necrosis in these areas on T1-weighted images are T1 


hyperintensities, which become apparent 3-7days after the insult. These T1-hyperintensities 


might represent cellular reaction of glial cells and macrophages containing lipid droplets 


and/or some mineralisation of necrotic cells. Some difficulties identifying these lesions arise 


from the fact that early myelination shows the same image characteristics (21). T1-


hyperintensities in the internal capsule due to beginning myelination need to be differentiated 


from lateral thalamic lesions and lesions in the putamen. Often the posterior limb appears 


swollen and has lost its normal T1-hyperintensity/T2-hypointensity, which has a bad 


prognostic value with spastic hemiplegia being associated (42).  On T2-weighted images 


thalami might appear slightly hyperintense in the acute phase (see Case 1) but these signal 


changes tend to be very difficult to detect. T2-hyperintensities become more apparent in later 


stage, illustrated also by well-defined lesions on proton-density images (see Case 2). 


Evolution of these lesions is marked by progressive atrophy of the involved area (i.e. 


putamen, thalami, rolandic cortex) with persistent T2-hyperintensity and possible cavitation 


(41).   
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Of note, similar lesions in the bilateral thalami, lenticular nucleus and globus pallidum can be 


detected also in premature infants with documented severe anoxic insults, most frequently 


associated with the typical periventricular white matter injuries (1).  


Parasagittal cerebral injury 


Isolated parasagittal injury refers to a lesion of the cerebral cortex and the subcortical white 


matter with a defined distribution, i.e. parasagittal, superomedial aspects of the cortical 


convexities, usually bilateral but often asymmetric in its extension (27). During the acute 


phase the cortex might show increased T1-weighted signal intensity or little abnormality on 


conventional MR imaging (see Figure 9). Chronic changes involve cortical thinning and 


atrophy. 


Multicystic Encephalomalacia 


Case 5 shows another form of brain injury associated with HIE. Early on (<2days), 


conventional MRI is characterised by a diffuse T1-hypointensity and T2-hyperintensity 


involving both the cortex and the subcortical white matter but sparing the cerebellum and the 


more basal structures of the medulla (see Fig 10). Late intrauterine generalized prolonged 


systemic circulatory insufficiency is probably at the origin of these lesions, which evolve into 


severe cortical atrophy with cavitation and are invariably associated with a severe 


neurological syndrome. 


Diffusion weighted Imaging Sequences and Features in HIE: 


Diffusion weighted MR imaging (DWI) measures the self-diffusion of water. The two 


primary pieces of information available from DWI studies –  water apparent diffusion 


coefficient (ADC) and diffusion anisotropy measures – change dramatically during 


development, reflecting underlying changes in tissue water content and cytoarchitecture (14, 


25). ADC being a quantitative measure (velocity) of overall water diffusion in tissue and 


anisotropy being a measure of directionality of water diffusion in a given tissue. The 


developing human brain presents several challenges for the application of DWI. Values for 


the water diffusion parameters differ markedly between neonatal brain and adult brain and 


vary with age.  As a result, much of the knowledge regarding DWI derived from studies of 


mature, adult human brain is not directly applicable to the developing brain.   


In order to perform DWI, the optimum b value required to make the measurement has to be 


optimized, as it differs between the newborn and adult brain.  In general, a b value 


corresponding to approximately 1.1/ADC provides the greatest contrast-to-noise ratio for such 
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a measurement (4).  In neonatal brain, the high b value is typically on the order of 700-1000 


mm2/s. 


DWI parameters also change in response to brain injury. The decrease in water diffusion 


associated with injury was initially described for animals (24, 36)  and adult human 


stroke(50), and was subsequently confirmed for human infants (38).  Case 1 and Case 4 


clearly show the marked reduction of ADC in the basal ganglia with only slight 


hyperintensities on T2-weighted images which can be easily missed. DWI in this case detects 


the lesion more reliably. 


 


There is still debate on the precise mechanism for the decrease in the apparent diffusion 


coefficient (ADC) associated with injury.  Changes in ADC following injury are dynamic.  


ADC values are initially decreased, but subsequently increase so that they are greater than 


normal and remain so in the chronic phase of injury.  During the transition between decreased 


and increased values there is a brief period during which values are normal, a process referred 


to as «pseudonormalization».  Pseudonormalization takes place roughly two days following 


stroke in a rat model (17) and at approximately nine days following injury in adult human 


stroke (5).  Preliminary data indicate that the timing of pseudonormalization in human 


newborns follows more closely that of adult humans than that of rodents, taking place at 


roughly seven days following the injury (23).  Interpretation of ADC values to detect acute 


brain injury in the developing brain needs to be adjusted for the regional differences in ADC 


values according to age (see Fig.5) (38). Case 3 illustrates that without numerical 


measurement of ADC, acute tissue alteration on diffusion maps can be missed.  


Case 2 illustrates that in the human newborns very early (<24h) DWI might also miss 


detection of ischemic injury, which has been reported in several studies (22, 34, 45). 


From these studies we can summarize the current role of DWI in the evaluation of the term 


newborn with HIE: 


1) DWI obtained less than 24h after injury may demonstrate focal abnormalities when 


measuring ADC values and comparing them to regional age-corresponding values, 


however the full extent of lesions might not be detected. 


2) DWI with ADC measurement obtained between day 2 and 4 may detect lesions not 


detected by conventional MRI 


3) DWI at 7-10 days is less sensitive then conventional MRI due to the 


“pseudonormalization”. 
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Magnetic Resonance Spectroscopy in HIE: 


Proton magnetic resonance spectroscopy (1H-MRS) has also entered the clinical arena of MR 


techniques routinely used for the evaluation of the brain and permits the non-invasive study of 


metabolic alterations in the brain tissue.  


The physiologist is usually interested in the intracellular concentration of a chemical species 


in a particular cell type. It must be noted, though, that the in vivo human MR measurement in 


single voxel MRS is an average (over the sensitive volume) of all tissue types. In the brain, 


therefore, we generally assess a combination of glial and neuronal cells with different 


extracellular space depending upon how much white matter, gray matter, or cerebrospinal 


fluid the volume-of-interest contains. 


When oxidative phosphorylation is impaired, energy metabolism follows the alternative route 


of anaerobic glycolysis and produces lactic acid. Lactate has a chemical shift of 1.3ppm and 


presents as a doublet peak in the in vivo 1H-MRS due to coupling effects. Groenendal et al 


first described markedly elevated lactate levels in 5 infants with severe perinatal asphyxia (9). 


The five patients died within the neonatal period. 1H-MRS data has been generated that 


demonstrates regional differences in lactate elevation after hypoxic-ischemic events in 


newborns. Single volume 1H-MRS in these patients showed greater increase of the Lac/NAA 


ratio in the basal ganglia than in the occipitoparietal cerebrum (29) This corresponds to the 


signal abnormalities observed with early diffusion weighted imaging (DWI) after term 


hypoxia-ischemia. Case 2 illustrates the typical changes in 1H-MRS after term perinatal 


hypoxia-ischemia.  


Early spectroscopy (<18h after event) and measurement of high Lac/Cr ratio in 1H-MRS 


correlated well with neurodevelopmental outcome at 1 year (10). This acute phase lactic 


acidosis is followed by persistently elevated lactate levels not associated with acidosis 1-2 


weeks after the event to several weeks after the hypoxic-ischemic event (11, 32, 33). 


However, 1H-MRS performed in the first 24h after the insult is sensitive to the presence of 


hypoxic-ischemic brain injury, and seems to be suitable for the detection of brain injury on 


the first day when conventional MR imaging and DWI might not yet detect the injury.  Early 


MR spectroscopy has recently been shown to predict outcome more accurately than very early 


DWI alone (52). 


As markers of cell integrity other metabolites visible on 1H-MRS can be used for the 


assessment of hypoxic-ischemic encephalopathy. Ratio’s of NAA/Cho and NAA/Cr have  


been used to assess cellular metabolic integrity in neonatal brain injury (8, 15, 28, 35). Studies 
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using 1H-MRS at a distance (>1-2weeks) to the hypoxic-ischemic event showed good 


correlation between reduced NAA ratios with adverse neurodevelopmental outcome (28, 33, 


35, 44)where as in early (acute stage) 1H-MRS NAA ratio’s are not correlated with outcome.  


 


From these studies we can summarize the current role of 1H-MRS in the evaluation of the 


term newborn with HIE: 


1) 1H-MRS can play an important role in the assessment of encephalopathic term infants. 


Elevated lactate/NAA, lactate/creatine, and lactate/choline ratios or elevated absolute 


concentrations of Lactate at less than 24h reliably indicate cellular injury. 


2) 1H-MRS might therefore be more useful than DWI techniques in identifying infants 


who would benefit from early therapeutic interventions.   


.  


 


 


MRI in the settings of therapeutic neonatal hypothermia 


Mild therapeutic hypothermia is now recognized as the only available treatment after 


hypoxic-ischemic neonatal brain injury (12). In such an acute context, thorough assessment of 


brain integrity is mandatory in order to manage the patient and help the family. Estimating the 


severity of neonatal resuscitation, the neurological status according to Sarnat classification 


and assessing the electroencephalographic trace are so far the only available bedside tools. 


Cerebral ultrasonography, unfortunately, has limited predictive value in the setting of acute 


neonatal brain injury.  MRI in this setting requiring close collaboration between the 


neonatologists, nursing staff and neuroradiologist will give a thorough assessment of brain 


integrity and map out the extent of injury following asphyxia and might guide neuro-


interventions such as hypothermia. 


To date few studies have addressed the question of how MRI can be used, when assessing 


newborns undergoing therapeutic hypothermia or after the completion of therapeutic 


hypothermia. 


 


MRI during hypothermia: 


The rational of performing an MRI during hypothermia is to answer whether there is massive 


brain injury questioning ongoing medical treatment with possible withdrawal of life-


sustaining therapies and eventually whether this is significant well established injury dating 
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the time of insult before birth. It is possible also that it might be used in the future to monitor 


and tailor the length of hypothermia.  


The question becomes: what do we know of the validity of neonatal cerebral MRI under 


hypothermia? What are the effects on proton spectroscopy? What are the effects on diffusion-


weighted imaging? 


The ADC has a biphasic evolution following HI in newborns in conditions of normothermia 


(22) . Animal data has shown that ADC decrease corresponds to cytotoxic edema with 


ongoing cell death and that it’s measure correlates with caspase-3 activation (18) as well as 


with the neurodevelopmental outcome (2).There is no data to date showing the nature of the 


ADC evolution under therapeutic hypothermia in human newborns. Is the biphasic evolution 


identical both in its time course and in its amplitude for a comparable injury? The 


measurement of the ADC is directly influenced by temperature, with a calculated 6 % 


reduction of the ADC at 33.5 degrees Celsius. Referring to normative data established by 


Rutherford et al.(38) in conditions of hypothermia the measurement of ADC in normal un-


injured tissue might give falsely decreased measures, although the hypoxic-ischemic brain 


regions express generally a much higher reduction with 35% or more. Moreover the direct 


effect of localized cortical cooling in rhesus monkey has been shown to induce a measurable 


decrease in ADC only with temperatures as low as 20 degrees Celsius (16). The question 


remains whether the ADC in this setting is a reliable biomarker of injury. In a small 


prospective cohort, qualitative analysis of MRI during hypothermia has been performed on 


day of life 1, 2 and 10 (51) Restricted ADC regions could be identified in case of brain injury. 


Similarly to normothermic condition, significant injury was better defined on ADC map on 


day 2 rather than within the first 24h of life.  


Phosphorus spectroscopy has been studied during hypothermia in an animal model with a 


keystone article showing that therapeutic hypothermia reduced the degree of second energy 


failure after hypoxic-ischemic injury (46) Temperature changes will induce minimal chemical 


shift of the water peak that can be used to quantify temperature when studied in relation to the 


temperature-independent shift of the neighboring metabolites (3, 6, 19)and should not affect 


the magnitude of metabolic peak of lactate or NAA. Clinical experience and data published by 


Wintermark and colleagues (7)show that MRI and MRS remains a reliable tool to assess brain 


integrity during hypothermia. Interestingly, the repeat exam on day 2 showed greater increase 


in lactate than the exam done within a few hours of birth. 


 


MRI performed after hypothermia: 
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The rational of performing a MRI after the completion of therapeutic hypothermia is to 


establish the extent of brain injury. The question in this setting is when is the best time to 


perform the exam?  Is the MRI valid? 


 


Conventional T1-weighted and T2-weighted after completion of hypothermia (8 days of life 


(6-11) has been demonstrated to have the same predictive ability when compared to non-


cooled newborn infants(40){Cheong, 2012 2188 /id}.Unfortunately the TOBY trial didn’t 


include early predetermined timing for MRI with the precise analysis of the ADC. Massaro 


and colleagues found that T2 hyperintensity quantification of the putamen and the thalamus 


when normalizing to the ocular vitreous signal intensity had superior predictive value 


compared to T1 or ADC analysis (20). In this study the MRI was performed during the second 


week of life, explaining why the ADC had limited value, as injury can produce an ADC value 


within to the pseudonormalization timeframe. Further studies are needed to define lesion 


evolution by MRI in neonatal HIE and hypothermia treatment. 


 


 


 
 
 


Reference List 
 


 1.  Barkovich A, Sargent S 1995 Profound asphyxia in the premature infant: Imaging findings. 
AJNR Am J Neuroradiol 16:1837-1846 


 2.  Boichot C, Mejean N, Gouyon JB, Brunotte F, Walker PM 2011 Biphasic time course of brain 
water ADC observed during the first month of life in term neonates with severe perinatal 
asphyxia is indicative of poor outcome at 3 years. Magn Reson Imaging 29:194-201 


 3.  Cady EB, Penrice J, Robertson NJ 2011 Improved reproducibility of MRS regional brain 
thermometry by 'amplitude-weighted combination'. NMR Biomed 24:865-872 


 4.  Conturo TE, McKinstry RC, Aronovitz JA, Neil JJ 1995 Diffusion MRI: precision, accuracy and 
flow effects. NMR Biomed 8:307-332 


 5.  Copen WA, Schwamm LH, Gonzalez RG, Wu O, Harmath CB, Schaefer PW, Koroshetz WJ, 
Sorensen AG 2001 Ischemic stroke: effects of etiology and patient age on the time course of the 
core apparent diffusion coefficient. Radiology 221:27-34 


 6.  Corbett RJ, Purdy PD, Laptook AR, Chaney C, Garcia D 1999 Noninvasive measurement of 
brain temperature after stroke. AJNR Am J Neuroradiol 20:1851-1857 


 7.  Corbo ET, Bartnik-Olson BL, Machado S, Merritt TA, Peverini R, Wycliffe N, Ashwal S 2012 
The effect of whole-body cooling on brain metabolism following perinatal hypoxic-ischemic 
injury. Pediatr Res 71:85-92 


 15







  


 8.  Groenendaal F, Roelants-Van Rijn AM, van Der GJ, Toet MC, de Vries LS 2001 Glutamate in 
cerebral tissue of asphyxiated neonates during the first week of life demonstrated in vivo using 
proton magnetic resonance spectroscopy. Biol Neonate 79:254-257 


 9.  Groenendaal F, Veehoven R, van der Grond J, Jansen G, Witkamp T, de Vries L 1994 Cerebral 
lactate and N-acetylaspartate/choline ratios in asphyxiated full-term neonates demonstrated in 
vivo using proton magnetic resonance spectroscopy. Pediatr Res 35(2):148-151 


 10.  Hanrahan J, Cox I, Azzopardi D, Cowan F, Sargentoni J, Bell J, Bryant D, Edwards A 1999 
Relation between proton magnetic resonance spectroscopy within 18 hours of birth asphyxia and 
neurodevelopment at 1 year of age. Dev Med Child Neurol 41:76-82 


 11.  Hanrahan J, Cox I, Edwards A, Cowan F, Sargentoni J, Bell J, Bryant D, Rutherford M, 
Azzopardi D 1998 Persistent increases in cerebral lactate concentration after birth 
asphyxia. Pediatr Res 44:304-311 


 12.  Higgins RD, Raju TN, Perlman J, Azzopardi DV, Blackmon LR, Clark RH, Edwards AD, 
Ferriero DM, Gluckman PD, Gunn AJ, Jacobs SE, Eicher DJ, Jobe AH, Laptook AR, LeBlanc 
MH, Palmer C, Shankaran S, Soll RF, Stark AR, Thoresen M, Wyatt J 2006 Hypothermia and 
perinatal asphyxia: executive summary of the National Institute of Child Health and Human 
Development workshop. J Pediatr 148:170-175 


 13.  Hüppi PS, Lazeyras F 2005 MR spectroscopy. In: Tortori-Donati P (ed) Pediatric 
Neuroradiology Brain. Springer, Berlin Heidelberg, pp 1049-1072 


 14.  Huppi PS, Dubois J 2006 Diffusion tensor imaging of brain development. Semin Fetal Neonatal 
Med 


 15.  Huppi PS, Lazeyras F 2001 Proton magnetic resonance spectroscopy ((1)H-MRS) in neonatal 
brain injury. Pediatr Res 49:317-320 


 16.  Khachaturian MH, Arsenault J, Ekstrom LB, Tuch DS, Vanduffel W 2008 Focal reversible 
deactivation of cerebral metabolism affects water diffusion. Magn Reson Med 60:1178-1189 


 17.  Li F, Han SS, Tatlisumak T, Liu KF, Garcia JH, Sotak CH, Fisher M 1999 Reversal of acute 
apparent diffusion coefficient abnormalities and delayed neuronal death following transient 
focal cerebral ischemia in rats. Ann Neurol 46:333-342 


 18.  Lodygensky GA, West T, Moravec MD, Back SA, Dikranian K, Holtzman DM, Neil JJ 2011 
Diffusion characteristics associated with neuronal injury and glial activation following hypoxia-
ischemia in the immature brain. Magn Reson Med 66:839-845 


 19.  Lutz NW, Kuesel AC, Hull WE 1993 A 1H-NMR method for determining temperature in cell 
culture perfusion systems. Magn Reson Med 29:113-118 


 20.  Massaro AN, Kadom N, Chang T, Glass P, Nelson K, Baumgart S 2010 Quantitative analysis of 
magnetic resonance images and neurological outcome in encephalopathic neonates treated with 
whole-body hypothermia. J Perinatol 30:596-603 


 21.  Mc Ardle CB, Richardson CJ, Nicholas DA 1987 Developmental Faetures of the Neonatal 
Brain: MR-Imaging Part I. Gray-White Matter Differentiation and Myelination. Radiology 
162:223-229 


 22.  McKinstry RC, Miller JH, Snyder AZ, Mathur A, Schefft GL, Almli CR, Shimony JS, Shiran 
SI, Neil JJ 2002 A prospective, longitudinal diffusion tensor imaging study of brain injury in 
newborns. Neurology 59:824-833 


 16







  


 23.  McKinstry RC, Miller JH, Snyder AZ, Mathur A, Schefft GL, Almli CR, Shimony JS, Shiran 
SI, Neil JJ 2002 A prospective, longitudinal diffusion tensor imaging study of brain injury in 
newborns. Neurology 59:824-833 


 24.  Moseley M, Cohen Y, Kucharczyk J, Mintorovitch J, Asgari H, Wendland M, Tsuruda J, 
Norman D 1990 Diffusion-weighted MR-imaging of anisotropic water diffusion in cat central 
nervous system. Radiology 176:439-445 


 25.  Neil J, Miller J, Mukherjee P, Huppi PS 2002 Diffusion tensor imaging of normal and injured 
developing human brain - a technical review. NMR Biomed 15:543-552 


 26.  Nelson KB, Grether JK 1998 Potentially asphyxiating conditions and spastic cerebral palsy in 
infants of normal birth weight. Am J Obstet Gynecol 179:507-513 


 27.  Pasternak JF 1987 Parasagittal infarction in neonatal asphyxia. Ann Neurol 21:202-4 


 28.  Peden C, Rutherford M, Sargentoni J, Cox I, Bryant D, Dubowitz L 1993 Proton spectroscopy 
of the neonatal brain following hypoxic-ischemic injury. Developmental Medicine and Child 
Neurology 34:285-295 


 29.  Penrice J, Cady E, Lorek A, Wylezinska M, Amess P, Aldridge R, Stewart A, Wyatt J, Reynolds 
E 1996 Proton magnetic resonance spectroscopy of the brain in normal preterm and term infants, 
and early changes after perinatal hypoxia-ischemia. Pediatr Res 40:6-14 


 30.  Perlman JM 2006 Intrapartum asphyxia and cerebral palsy: is there a link? Clin Perinatol 
33:335-353 


 31.  Perlman JM 2006 Summary proceedings from the neurology group on hypoxic-ischemic 
encephalopathy. Pediatrics 117:S28-S33 


 32.  Robertson NJ, Cowan FM, Cox IJ, Edwards AD 2002 Brain alkaline intracellular pH after 
neonatal encephalopathy. Ann Neurol 52:732-742 


 33.  Robertson N, IJ C, Cowan F, Counsell S, Azzopardi D, Edwards A 1999 Cerebral Intracellular 
Lactic Alkalosis persisting months after neonatal encephalopathy measured by magnetic 
resonance spectroscopy. Pediatr Res 46:287-296 


 34.  Robertson R, Ben-Sira L, Barnes P, Mulkern R, Robson C, Maier S, Rivkin M, Du Plessis A 
1999 MR Line-Scan Diffusion-weighted imaging of term neonates with perinatal brain 
ischemia. AJNR Am J Neuroradiol 20:1658-1670 


 35.  Roelants-Van Rijn AM, van Der GJ, de Vries LS, Groenendaal F 2001 Value of (1)H-MRS 
using different echo times in neonates with cerebral hypoxia-ischemia. Pediatr Res 49:356-362 


 36.  Rumpel H, Ferrini B, Martin E 1998 Lasting cytotoxic edema as an indicator of irreversible 
brain damage: A case of neonatal stroke. Neurosci Behav 19:1636-1638 


 37.  Rutherford M 2002 MRI of the Neonatal Brain. WB Saunders, 


 38.  Rutherford M, Counsell S, Allsop J, Boardman J, Kapellou O, Larkman D, Hajnal J, Edwards D, 
Cowan F 2004 Diffusion-weighted magnetic resonance imaging in term perinatal brain injury: a 
comparison with site of lesion and time from birth. Pediatrics 114:1004-1014 


 39.  Rutherford M, Malamateniou C, Zeka J, Counsell S 2004 MR imaging of the neonatal brain at 3 
Tesla. Eur J Paediatr Neurol 8:281-289 


 17







 


 


 


18


 40.  Rutherford M, Ramenghi LA, Edwards AD, Brocklehurst P, Halliday H, Levene M, Strohm B, 
Thoresen M, Whitelaw A, Azzopardi D 2010 Assessment of brain tissue injury after moderate 
hypothermia in neonates with hypoxic-ischaemic encephalopathy: a nested substudy of a 
randomised controlled trial. Lancet Neurol 9:39-45 


 41.  Rutherford M, Ward P, Allsop J, Malamatentiou C, Counsell S 2005 Magnetic resonance 
imaging in neonatal encephalopathy. Early Hum Dev 81:13-25 


 42.  Rutherford MA, Pennock JM, Counsell SJ, Mercuri E, Cowan FM, Dubowitz LMS, Edwards 
AD 1998 Abnormal magnetic resonance signal in the internal capsule predicts poor 
neurodevelopmental outcome in infants with hypoxic-ischemic encephalopathy. Pediatrics 
102:323-8 


 43.  Shah P, Riphagen S, Beyene J, Perlman M 2004 Multiorgan dysfunction in infants with post-
asphyxial hypoxic-ischaemic encephalopathy. Arch Dis Child Fetal Neonatal Ed 89:F152-F155 


 44.  Shu S, Ashwal S, Holshauser B, Nystrom G, Hinshaw DJ 1997 Prognostic value of 1H-MRS in 
perinatal CNS insults. Pediatr Neurol 17:309-318 


 45.  Soul JS, Robertson RL, Tzika AA, du Plessis AJ, Volpe JJ 2001 Time course of changes in 
diffusion-weighted magnetic resonance imaging in a case of neonatal encephalopathy with 
defined onset and duration of hypoxic-ischemic insult. Pediatrics 108:1211-1214 


 46.  Thoresen M, Penrice J, Lorek A, Cady EB, Wylezinska M, Kirkbride V, Cooper CE, Brown GC, 
Edwards AD, Wyatt JS, . 1995 Mild hypothermia after severe transient hypoxia-ischemia 
ameliorates delayed cerebral energy failure in the newborn piglet. Pediatr Res 37:667-670 


 47.  Triulzi F, Baldoli C, Parazzini C 2001 Neonatal MR imaging. Magn Reson Imaging Clin N Am 
9:57-82, viii 


 48.  Volpe JJ 2001 Perinatal brain injury: from pathogenesis to neuroprotection. Ment Retard Dev 
Disabil Res Rev 7:56-64 


 49.  Volpe J 2001 Neurology of the Newborn. WB Saunders, Philadelphia, 


 50.  Warach S, Chien D, Li W 1992 Fast magnetic resonance diffusion-weighted imaging of acute 
human stroke. Neurology 42:1717-1723 


 51.  Wintermark P, Hansen A, Soul J, Labrecque M, Robertson RL, Warfield SK 2011 Early versus 
late MRI in asphyxiated newborns treated with hypothermia. Arch Dis Child Fetal Neonatal Ed 
96:F36-F44 


 52.  Zarifi MK, Astrakas LG, Poussaint TY, Plessis AA, Zurakowski D, Tzika AA 2002 Prediction 
of adverse outcome with cerebral lactate level and apparent diffusion coefficient in infants with 
perinatal asphyxia. Radiology 225:859-870 


 
 





		 In part from “Magnetic Resonance Imaging‘s Role in the Care of the Infant at Risk for Brain Injury”

		Case 1 

		Case 2 

		Case 3 

		Case 4 

		Case 5 



		MR techniques in the evaluation of perinatal asphyxia or HIE

		Conventional MRI Sequences and features in HIE:

		Diffusion weighted Imaging Sequences and Features in HIE:

		Magnetic Resonance Spectroscopy in HIE:





