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Chapter 1 | General introduction
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hypoxic-ischaemic encephalopathy in term newborns
Perinatal asphyxia is an important cause of brain injury. It may
lead to hypoxic-ischaemic encephalopathy (HIE) which occurs in one to
six of every 1000 full term births. The risk of death or severe handicap is
0.5-2.0 out of 1000 (1). Following intrapartum asphyxia cerebral hypoperfusion in combination with hypoxia produces characteristic neuropathological changes and related clinical signs (2, 3). After the primary insult
there is a thirty minutes period of reperfusion characterized by the partial recovery of cell and metabolic processes. This is followed by a latent
phase which may last up to six hours. In this phase oxidative metabolism
(near) normalizes (shown by MRspectroscopy) but EEG activity is depressed and the blood flow is likely to be reduced. Secondary energy failure and secondary hyperperfusion (‘luxury perfusion’) may occur in the
neonatal brain within 6-15 hours after an acute ischaemic insult, marked
by the acute onset of seizures (peaking at about 12 hours post insult).
Excitotoxins accumulate in the cell and cell death may take 72 hours to
completion (4, 5). The infant’s gestational age and thus the maturational
stage of the brain, as well as type, severity and duration of the insult are
determinants of the brain injury. During the insult there is redistribution
of blood flow to the brain, heart and adrenals. Our current understanding
of perinatal asphyxia is based on animal experiments (6). Different and
mixed etiologies lead to a range of post asphyxial patterns, usually subdivided into different patterns; acute, chronic or a combination of these
two. With chronic, possibly repetitive insults, lesions are predominantly
seen in (sub)cortical structures. This has been named watershed injury
for its classical distribution along the borderzones between the major
pial arteries, sparing thalamus and basal ganglia. From the literature it
appears that watershed injury is observed most frequently in context
of term birth asphyxia. In acute and (near) total asphyxia the damage is
mostly to the thalami, basal ganglia, hippocampus, cerebellum, brain
stem and specific areas of the neocortex like the rolandic, calcarine and
insular cortex (1, 5, 7-10).

2

eeg
2.1 eeg and physiology
The electroencephalogram (EEG) is a signal recorded from the
scalp and derived from the activity of cortical neurons and synapses.
Postsynaptic activity is the most significant source of the extra cellular
current flow that produces EEG potentials. The dendrites and soma (cell
body) of a pyramidal neuron form a tree consisting of an electrically
conducting interior surrounded by a relatively insulating membrane
with tens of thousands of synapses on it (Figure 1). The flow of ions is
determined by the excitatory state of the postsynaptic membrane: when
it is depolarized it generates excitatory postsynaptic potentials (EPSPs):
when hyperpolarized it generates inhibitory post synaptic potentials
(IPSPs). Excitatory currents (involving Na+/Ca2+ ions) are associated with
a flow of positive ions into the cell thereby creating an extracellular negative field. At the same time there is a passive flow of positive ions out of
another part of the cell (IPSPs). Pyramidal cells can be seen as vertically
orientated dipoles. The currents pass through the extra cellular and
intracellular spaces and generate a very small potential field around the
cell. Because the pyramidal cells are arranged in parallel, with the apical
dendrites oriented to the surface of the cortex and the axonal poles to
the (sub) cortical white matter, their grouped activity can be recorded at
the scalp. This is known as the dipole hypothesis. A relative large area
of cortex must produce synchronized activity for detection at the scalp
(11). These dipole layers of pyramidal neurons in the cortical grey matter
are the EEG generators. The following factors influence size, shape and
duration of the EEG waves; distance of recording electrode from the current generator, duration of the postsynaptic potentials (PSPs), number
of synchronously activated PSPs and the anatomical orientation of the
layer of pyramidal cells generating the current. PSPs in the thalamus
and brainstem are not large enough to be detected by scalp electrodes
because the cells are not aligned as dipoles (12, 13).

fig 1 | Pyramidal neuron

2.2

eeg activity
EEG maturation during intrauterine and extra uterine life is
thought to proceed almost at the same rate (11). EEG activity in the
premature infant (‹35 weeks gestational age) is a severely discontinuous
pattern, appearing as brief periods of electrical activity (bursts) interrupted by periods of quiescence (interburst intervals; IBIs) called ‘tracé
discontinu’. In order to validly interpret the neonatal EEG one must know
the gestational age because with maturation the duration of the bursts
increases whereas the duration of the IBIs decreases (11). The area of
maximal electrical activity in the normal newborn term infant is the
rolandic or central region (14). In full term neonates EEG activity is continuous during wakefulness, REM sleep and slow wave quiet sleep. REM
sleep is characterized by closed eyes, rapid irregular eye movements and
irregular respiration. It is best identified by doing polygraphic registrations along with EEG. In non-REM sleep, the eyes are closed but there are
no rapid eye movements and the respiration is regular (15). An alternating pattern, observed in quiet sleep/non-REM sleep (a mature variation
of the trace discontinu’) is called ‘trace alternant’. The normal EEG shows
five patterns alternating with each other (Table 1).
The EEG is symmetrical although some interhemispheric asynchrony can be seen mostly in temporal regions and particularly at the
onset of non-REM sleep. All the electrical activity is smooth contoured
or is relatively sinusoidal in form. Sporadic sharp transients are common
in rolandic and temporal areas. During non-REM sleep, reactivity after
auditory and tactile stimuli characterized by transient attenuation of EEG
voltage, lasting for 3 to 7 seconds, is best seen in term neonates. The
closest integration between the cortex and other parts of the brain is
during non-REM sleep (5). Figure 2 shows the EEG pattern in wakefulness
and non-REM sleep in a term infant.
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table 1 | Changes of EEG and behavioural states depending on gestational age (see reference 5)
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Gestational age

Basic EEG pattern

Behavioural states

Specific maturational features and EEG patterns

35-37 weeks

Continuous in AS and
W. Discontinuous
in QS

Well established
QS and AS periods,
definite W

Continuous mixed activity (M): medium high voltage theta-delta
activities with superimposed delta brushes.
Continuous low voltage theta activities with superimposed very
low amplitude 8-22 Hz rhythms (LVI). FST are better defined in
morphology and increase in frequency; they are often associated
with ASD that appears at the beginning of this period.
Increased number of delta brushes during burst periods

38-42 weeks

Mildly discontinuous
during the TA phase
of QS

QS periods increase,
AS periods reduce.
Fully developed sleep
cycles

Five basic patterns are present
1. Activité Moyenne; 0,1-10Hz, 25-50 µV seen during W and AS
following QS
2. Low voltage intermittent (LVI); low voltage irregular in AS
3. Mixed: activity moyenne with superimposed delta-theta
activity in AS
4. High voltage slow wave (HVS); continuous medium voltage
delta waves activity in QS
5. Tracé alternant (TA); discontinuous 1-3 Hz, 50-100 µVolt,
activity mixed with lower amplitude beta and theta activity in
3-5 s burst occurring at 3-10 s intervals in QS. Prominent FST
and ASD.

AS; active sleep (REM sleep), QS; quiet sleep (non-REM sleep), W; wakefulness, FST; frontal sharp transients (or encoche frontale), ASD; anterior slow dysrhytmia

2.3

eeg in practice
The average brain of a full term infant weighs about 335 grams.
All lobes are clearly distinguishable (11). The neonatal head size makes it
difficult to use a full 10/20 EEG electrode placement system. This is why
usually fewer electrodes (8-10) are placed (Fp1, Fp2, C3, C4, O1, O2, T3,
and T4 if possible also Fz and Cz) (5). The range of clinically interesting
neurophysiologic activity in the scalp is between 0 to 50 Hz. Wider frequency bands increase the amount of outside interference and unwanted
noise. Therefore filters are used. Recently unfiltered ‘full band’ EEG
recording in neonates has been introduced (16). The EEG technologist
must be aware of the sleep waking state and reactivity (17). A minimally
60 minutes recording is recommended including a sleep wake cycle (11).
It is important that recording may be disturbed by artifacts (physiological artefacts such as (eye) movement, sucking, respiration, hiccoughs
and electrocardiogram and external/non physiological artifacts such as
ventilator, warm mattress, infusion pumps etcetera) (11, 18).
The EEG has been recognized as an important investigation in the
neurologically sick newborn infant, both in the diagnosis and treatment
of neonatal seizures and for prognostication (19). Because reviewing full
channel EEG is very time consuming, and the expert clinical interpretation is not available around the clock, the use of simple EEG trends like
amplitude integrated EEG (aEEG) has become practice. This monitor was
originally designed by Maynard in the late 1960s to perform continuous
cortical monitoring in adults (20). In the last 20 years, the aEEG has been
applied in newborns with HIE. A single or a two channel EEG is used. The
signal is amplified and compressed, using an asymmetric filter (below 2
and above 15 Hz), to minimize artefacts such as sweating, muscle activity
and electric interference. The scale is semilogarithmic and the time base
is 6 cm/h, displaying about 5 hours of data on a page. Due to this scale
characteristics background activity of 0 to 10 µV is enhanced and activity
above 10 µV is attenuated. However, there are limitations to a single or
a two channel EEG; focal low amplitude and short seizures are not detected and voltage may be influenced by scalp edema and interelectrode

distance (21). Furthermore, electrocardiogram (ECG) or high frequency
ventilator interference can lead to falsely elevated lower margin of the
aEEG band. This is called ‘drift of baseline’ and can result in misinterpretation of the actual background voltage (22, 23). False negatives (missed
seizures) would result in missing the chance to offer a required treatment
while false positive detections would result in administration of unnecessary treatment which could have potential adverse effects. The simultaneous raw EEG channels, that are implemented in the newer monitors
may help to better identify these artefacts (24).

2.4

eeg and neuropathology
Both the duration of the hypoxic insult and the neonate’s gestational age influence the neuropathology. A comparison of EEG and
neuropathological findings in neonates revealed that normal EEGs were
associated with absence of neuropathology (25). Furthermore a correlation between abnormal EEG background activity and the number of
damaged structures seen on neuropathological examination has been
reported. The cerebral cortex, striatum, thalamus, midbrain and pons
were extensively affected in all infants who had an abnormal, isoelectric
EEG. In the burst suppression patterns, a wide variety of lesions were
seen (25, 26). Focal neuropathological abnormalities were associated
with an asymmetrical EEG in 40% of the patients in the study of Aso
and colleagues; others have reported higher percentages. No consistent association was found between abnormal asynchrony on EEG and a
particular type of neuropathology (25).
3

neonatal brain imaging, techniques and timing
Three different imaging techniques are available to investigate
brain injury in newborns with HIE; that is cranial ultrasound (US),
computerized tomography (CT) and magnetic resonance imaging (MRI),
including diffusion weighted imaging (DWI) and magnetic resonance
spectroscopy (MRS).
US is mobile and easy to use on the NICU and allows timing of
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fig 2 | The EEG pattern in wakefulness (left) and non-REM sleep (right) in a term infant
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the hypoxic event, monitoring of the evolution of lesions, detecting of
lesions by chance findings, or monitoring of for instance treatment of
hydrocephalus. However, it is not as accurate as MRI to describe location
and extent of the lesions, mainly when situated in areas distant from
sonographic windows like the hindbrain and the parieto-occipital cortex
(27). The combination of US and MRI is powerful in clinical practice. CT
has lost strength for prognostic evaluation in neonates because it’s low
sensitivity for detecting ischaemic lesions, leukomalacia and disturbance
of myelination; this is due to the high water content in the newborn brain,
resulting in poor contrast. Furthermore, the high radiation dose is a
disadvantage (7, 28).

MRI is the best imaging technique to detect ischaemic brain areas
and to assess the extent of the damage areas. It correlates well with
abnormalities on histopathology. A positive predictive value of 100% has
been attributed to MRI for detecting histological brain injury (29). But
this technique has also its drawbacks. First, to get a proper MR scan the
neonate should be comfortable during scanning. This may reduce scan
time and motion artefacts. Also continuous monitoring of vital parameters is essential, for this one can use a MR compatible incubator. But
dealing with all these practical issues, is not a guarantee for an optimal
MR scan of an asphyxiated neonate. The moment to plan the MR scan is
also essential, because timing of the MR scan is crucial. Conventional

MR sequences depict abnormalities as early as day 3 to 4 following an
insult. In basal ganglia and thalami, T1-shortening (high intensity signal)
becomes evident from day four after birth. T2-shortening (low signal
intensity) develops slightly later. Both normalize in time (months) and atrophy occurs (30). The reason for the shortening in the subacute phase is
not clear (5). The T1-shortening due to ischaemia should not be mistaken
by areas of normal myelination, because during the first month of life
myelination (in deep grey nuclei and in the posterior limb of the internal
capsule (PLIC) is also hyperintense on T1-weighted images (31). Cortical edema causes T1- and T2-prolongation resulting in a discontinuous
cortex or blurring of the cortex/subcortical white matter boundary, best
interpreted on T2-weighted images, whereas thalamus and basal ganglia
damage is better assessed on T1-weighted images (27).
DWI with mapping of the apparent diffusion coefficient (ADC)
are more sensitive than conventional MRI to delineate damaged brain
areas. Abnormalities are visible within hours when the standard T1- and
T2-weighted images are still normal. DWI measures the random motion
of water within a tissue. If performed on the first day after an insult it may
underestimate the extent of the damage because delayed injury with
secondary cell swelling has not taken place yet, which makes DWI most
sensitive during days 2-4 post insult (27, 32). Visual interpretation of the
trace map of DWI is hampered by T2-shinethrough, therefore additional
visual assessment of the ADC map is important because of their objectivity in quantifying water motion. If visual assessment is still difficult, one
can measure the ADC values and compare them with published normal
values. In case of a hypoxic-ischaemic insult ADC values will decrease
immediately due to restriction of water motion as a result of cytotoxic
edema. After the first hours of the insult ADC values transiently normalize (latent phase; pseudonormalization), and decrease again during the
period of secondary energy failure (12-48 hours). Normal ADC values at
24 hours after birth may signify that secondary energy failure has not yet
developed. After a week ADC values pseudonormalize again because of
a combination of cytotoxic edema (ADC low), vasogenic edema and cell

lysis (ADC high). After several days vasogenic edema and tissue dissolution may lead to higher ADC values (4, 32, 33). Therefore, timing of the
primary insult is important for the interpretation of DWIs (34).Visual assessment of the ADC maps should be compared with the trace map of the
DWI and with the conventional T1- and T2-weighted images.
Proton MR spectroscopy (1H-MRS) is also a useful tool for evaluating the severity and prognosis of HIE noninvasively. It measures the
concentrations of intracerebral metabolites in vivo, which can offer
information about cellular energy metabolism, disintegration of cellular membrane, the function of neurons, and the activation of selective
neurotransmitters. Intracerebral metabolites mainly include glutamate
(Glx), N-acetyl-aspertate (NAA), lactate (Lac), choline (Cho), creatine
(Cr), and myo-inositol (MI). Several studies suggests that a higher Glx-α/
Cr in basal ganglia and thalamus may predict poor neurologic outcome
in asphyxiated neonates (35, 36). The increased Glx in the extracellular
spaces of the brain plays an important role in neuronal injury and death,
as well as in the epileptogenesis and seizure expression induced by
ischaemia and hypoxemia. Other studies suggest that increased lactate
may be a good predictor for poor outcome. The lactate level of the injured
brain increases within the first 24 hours and remains elevated after 24
hours, presumably because of energy failure and the necessity to metabolize glucose anaerobically. But Lac/Cr ratio has lesser power than Glx/
Cr ratio to predict poor outcome (35). Also the NAA level may diminish
significantly in neonate with HIE but only after 48 hours post insult. The
precise time at which NAA begins to diminish in asphyxiated neonates is
not precisely known. Therefore, like in all MR technique used for imaging
neonates with HIE timing is essential for adequate interpretation of the
images and ratios of the intracerebral metabolites in HIE.
Phosphorus MR spectroscopy (P-MRS) can also demonstrate the
secondary energy failure. The optimal time to perform is after the end of
the secondary energy failure (48 hours after reperfusion). The severity of
energy failure correlates closely with neurodevelopmental outcome (37,
38). The combination of conventional MRI, DWI and ADC measurements,
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1H MRS and P- MRS can reliable estimate brain injury between 48-72
hours after the event.

4

tools to predict outcome (see table 2)
Reliable prediction of outcome in the first days after birth is of crucial
importance in term asphyxiated infants in whom withdrawal of care is
considered. The predictive values of different parameters for poor outcome,
described in literature, are summarized in this paragraph and listed in Table 2.

4.1

14

neurological examination
Scoring the severity of encephalopathy following asphyxia has
been shown a better predictor for poor outcome than the Apgar scores
(39). Several scores were designed. The most widely used classification systems of HIE are the Sarnat (grades I, II, II) and Thompson scores.
These proved to have high positive predictive values and sensitivity
for poor outcome. Evaluation at the end of the first week is useful in
practice; a normal neurological condition after six days carries a good
prognosis in contrast to those infants who remain abnormal (40, 41).
Finer and colleagues came to the same conclusion. Furthermore, complex
scoring systems are described, requiring a trainings course, which makes
it less suitable for clinical use (11, 42).

4.2

biochemical variables
The relation between established clinical parameters (i.e., Apgar
score and umbilical artery pH) and outcome has been assessed by various authors. Levene and co-workers found that an Apgar score of 5 or
less at 10 minutes is the most sensitive predictor for poor outcome (39).
Finer et colleagues found that Apgar scores of 0 to 3 at 5 min after birth
were significantly related to severe handicap (43). A review described
that the outcome of infants with an Apgar score of zero at 10 minutes is
poor in most cases. This is in contrast to the findings of others. (44-46).
In individual cases Apgar scores do not reflect the duration of intrapartum asphyxia, and therefore correlates poorly with outcome (39).

Most found that an umbilical artery pH ‹ 7.00 is related to neonatal
complications (47). However, many such neonates are normal at discharge (48-50). The metabolic component of fetal acidemia (base deficit)
is the most important variable related to outcome because it reflects the
severity and duration of the insult (51). CO2 is highly diffusible and rapid
changes can occur as a consequence of hypoxia. Base deficits measured
in the umbilical artery below 12 mmol/L rarely result in handicap, in
contrast to deficits of more than 16 mmol/L (52). Again many neonates
beyond this threshold have no complications and survive intact, which
is due to fetal compensation mechanisms. In conclusion there is a poor
relation between umbilical artery pH, base deficit and outcome (5).

4.3

neurophysiological parameters
4.3.1 eeg
Meta analyses have shown that background abnormalities at the
EEG performed in the first week of life (burst suppression (BS), persistent slow activity, low voltage and isoelectric EEGs) were associated with
poor outcome (53, 54). Most studies were based on thirty minutes EEG
registration. The role of EEG in prognostication in neonates with birth
asphyxia has been well studied (53, 55 59). EEGs done during the first
week were found to be more prognostic than those done later, since inactive EEGs, paroxysmal EEGs and low voltage EEGs may disappear during
the second week (57). The mildest disturbance in the EEG activity after
hypoxic injury is characterized by an abnormal sleep wake pattern (even
before discontinuity becomes obvious) (5, 53). The return of sleep wake
cycles detected by EEG or aEEG is a prognostically good sign, especially
if this occurs within 36 hours after birth (53, 60). In discontinuous EEGs,
a relationship has been found between the longest interburst interval,
longest burst duration and amplitude of interburst interval and outcome
(61). A persistent discontinuous pattern after the first week post partum
was strongly related to poor outcome (19, 26, 56). Animal experiments
have shown that when asphyxia was clearly related to the partus, seizures did not start before 6 hours after birth; earlier occurring seizures

table 2 | Predictive values of different parameters for poor outcome (major handicap or death)
Parameter (reference)

Sensitiviteit

Specificiteit

Sarnat score II (5)

PPV (%)

NPV (%)

25

Sarnat score III (5)

100

modified Sarnat score I, II, III (3)

100

50

44

100

modified Sarnat score (II, III)

78

78

58

90

Thompson score (score › 15) (41)

71

96

92

82

Apgar Score ≤ 5 at 10 min (39)

43

95

umbilical artery pH ‹ 7.00 (50)

32

82

70

48

umbilical artery base deficit › 12 mmol/L (52)

9

98

71

68

umbilical artery base deficit › 16 mmol/L (52)

41

96

77

83
91

moderately/severely abnormal EEG (55)

88

94

abnormal aEEG (3)

79

89

73

discontinuous EEG and IBI › 30s (56)

32

100

100

abnormal aEEG with early abnormal neurological examination (3)

78

94

85

92

aEEG 3 hours after birth, FT/BS/CLV together (74)

85

77

78

84

aEEG 6 hours after birth, FT/BS/CLV together (60)

93

85

88

91

abnormal VEP within 6 hours of birth (81)

89

67

77

83

abnormal SEP ‹ 6 hours of birth (81)

95

73

82

92

severely abnormal ultrasound ‹ 24 h after birth (82)

47

100

100

50

abnormal ultrasound within 6 hours of age (81)

42

60

57

45

MRI severely abnormal (82)

74

100

100

67

MRI severely abnormal (86)

92

89

71

97

absence of normal PLIC on MRI (83)

90

100

100

87

EEG and MRI severely abnormal (82)

67

100

100

50

15

16

suggest an antenatal ischemic event (62). Abnormality of the background
activity is a stronger predictor of outcome than the occurrence of seizures (40, 53). However, some authors report that asphyxiated infants
with seizures develop worse than those without seizures (63, 64). There
is evidence that repetitive seizures disturb brain growth and increase the
risk for childhood epilepsy (65, 66). It is known that background abnormalities strongly predicted the occurrence of electrographic seizures.
However, no human studies studying post asphyxial neonatal seizures
have controlled for abnormalities in the EEG background activity, thus
confounding the interpretation of the effect of seizures on development
(63, 67). Despite this the medication policy remains controversial, as
antiepileptic drugs (AED) such as barbiturates and benzodiazepines can
have a deleterious effect on brain development (68).When the initial EEG
was normal or only mildly abnormal it was found that there was 96%
chance that the neonate would not have seizures on continuous EEG
monitoring (67). Therefore, long term monitoring may be indicated to
detect the seizure activity in encephalopatic neonates with an abnormal
background pattern. Electroclinical dissociation of seizures has been
described in neonates with more severe abnormalities of the background
activity and is associated with a poor outcome (69). Treatment with AED
can also lead to electroclinical dissociation in which case EEG is the only
method to detect ongoing seizure activity (70). Poor outcome was seen
when abnormal EEG background occurred in combination with seizures
and also in status epilepticus (64, 70). The evolution of the EEG in the
first few days after birth is important and hence serial EEGs increase the
prognostic predictive value after perinatal encephalopathy (71). Finally,
the significance of paroxysmal abnormalities, such as positive spikes and
sharp waves, in an EEG related to outcome is more controversial (57, 72).

recognition and measuring the absolute values of upper and lower margin of the aEEG band (73). Initially, four patterns were described: continuous normal voltage (CNV), continuous low voltage (CLV), flat trace (FT)
and burst suppression (BS). Later the pattern of discontinuous normal
voltage (DNV) was added (20). Several studies have reported that aEEG
and standard EEG correlate well with each other; the positive predictive
value of CNV and DNV on aEEG with a standard EEG is 90%, while CLV,
FT and BS correlates 100% with the standard EEG. The CNV and DNV
patterns are correlated with good outcome, whereas CLV, FT and BS are
associated with poor outcome. Different predictive values were reported
about the relationship between aEEG and outcome (Table 2). Relationship of aEEG to outcome at 6 hours is slightly better than at 3 hours after
birth (74). The BS and the CLV or FT patterns were less predictive in
the first 6 hours; these patterns normalized within the first 24 hours in
some of the neonates (in 48% of neonates with BS and in 9% with CLV or
FT). However, if these patterns persisted during 24 hours the prognosis
was poor. The predictive values of BS together with FT and CLV for poor
outcome are shown in Table 2. Recovery of an initially poor aEEG pattern
within 24 hours need not always predict a normal outcome and hence,
complementary investigations like MRI and SEPs are needed for accurate
prognostication (60). Furthermore, the return of sleep wake cycles on
aEEG is related to the severity of the ischaemic insult and to outcome
(60). All in all aEEG does not replace the standard EEG but should only be
used as a complementary tool to standard EEG (75). Early aEEG combined
with neurological examination enhances the predictive value for outcome
(76). Antiepileptic drugs and other sedative medications (such as morphine) can lead to a transient decrease in aEEG amplitude but therapeutic
doses generally do not influence the prognostication (21, 77, 78).

4.3.2 aeeg
In term asphyxiated newborns aEEG has been shown to be a
predictor of neurologic outcome 3 to 6 hours after birth (73, 74). Two
approaches to scoring aEEG background have been described: pattern

4.3.3 evoked potentials (somatosensory and visual;
seps and veps)
Somatosensory evoked potentials (SEPs) from the upper limb
tests the functional pathway consisting of peripheral nerve, brachial

plexus, dorsal spinal root, dorsal columns in the spinal cord, cuneate
nucleus and after decussation, medial lemniscus, thalamus and parietal cortex. SEP components are named according to their polarity and
latency, although the nomenclature of the component waves differs
among laboratories. SEPs can be easily performed in term asphyxiated
newborns. Median nerve SEPs are generally well tolerated in neonates,
whereas posterior tibial nerve SEPs are more noxious. SEPs proved particularly helpful in identifying risk of adverse outcome in neonates who
presented clinically with moderate encephalopathy (79). SEPs are not
widely performed in asphyxiated term infants. However, they can distinguish between good and poor outcome. The predictive value of SEPs vary
in the literature (sensitivity (89-95%) and specificity (86-92%) (80, 81).
Visual evoked potentials (VEPs) are less prognostic than SEPs (80).

4.4

imaging
4.4.1 cranial ultrasound
Severely abnormal findings have been shown to have a high positive predictive value of poor outcome but with a low sensitivity. US on
admission and serially after that have a role in timing the insult, because
hyperechoic changes follow an orderly sequence after an acute intrapartum insult. Deviations of this order of events, e.g. the finding of bright
thalami within 24 hours or the absence of slit ventricles on admission,
point to a less recent character of the insult (80, 82).
4.4.2 mri
The relation between MRI and outcome is well documented.
Abnormal signal intensity in the posterior limb of the internal capsule
(PLIC) on T1-MRI is associated with a poor neurodevelopmental outcome.
It is the best predictor of poor outcome in the first 10 days of life (82,
83). Abnormalities within the basal ganglia and thalamus are frequently
seen after asphyxia such as injuries to white matter or cortex, depending
on the type and severity of the insult. Lesions to deep grey matter may
cause cerebral palsy (CP) with even a ‘dosage-dependent’ effect (ex-

tensive injury correlates with more severe motor deficit). Basal ganglia/
thalamus injury is associated in about half of the patients with white
matter abnormalities, and they further add to cognitive problems. However, severe deep grey matter lesions cause cognitive deficit by themselves (27). ADC values of normal appearing basal ganglia, thalamus and
brainstem correlated with outcome at 5 years of age (84). Published MRI
scoring systems group link severity of brain injury to outcome (85, 86).
The Hammersmith group recognized 8 patterns. Of newborns no injury
or with minimal white matter injury, 83% developed normal at school
age. Minor neurological dysfunction and/or perceptual-motor difficulties were seen in 80 % of subjects with mild or moderate basal ganglia
lesions or more marked white matter lesions (50). After sentinel events
(with a recognizable mechanisms like uterine rupture, cord prolapse or
abruptio placentae), mainly deep grey matter lesions were observed.
Acute total asphyxia with bradycardia is associated with lesions in the
PLIC, brainstem, hippocampus, and cortex. Cortical injury is particularly
seen in the central fissure and insula (87). In spite of the reliability of MRI
alone in predicting outcome, it should never be used in isolation of the
other prognostic variables referred to above and below.

4.5

mri patterns in relation to eeg abnormalities
Few studies with small numbers of patients have correlated
multichannel EEG with MRI while one study related MRI to aEEG (21, 59,
61, 82). Different definitions were used in classifying the EEG. Severe
lesions to thalamaus and basal ganglia correlated with an extremely
discontinuous EEG background (interburst interval IBI › 40 s). Abnormal
background EEG, in combination with either diffuse white matter damage
or with deep grey matter injury with or without cortical involvement,
was associated with poor outcome. The combination of EEG and MRI
increased the predictive value (82). Furthermore, severe white matter
injury was associated with severe discontinuous pattern (IBI 20-40 s) and
severe basal ganglia/thalamus injury with extreme discontinuous (IBI ›
40 s) or low voltage pattern (‹ 20µV).
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aims of this thesis and outline of the thesis chapters
Considering the individual neonate we feel the existing MRI scores
fall short of their promise: some brain changes are ignored, equivocal
findings are common, and the paradigms of injury need further description. For example, caudate injury was not part of any score, isolated
leukomalacia is categorized but not detailed with US and isolated cortical
injury is not described as an isolated lesion. This is why we developed a
new empirical scoring system for brain injury, seen on MRI/US, which is
described in chapter 2 of this thesis: “Imaging patterns of brain injury in
term birth-asphyxia”. This scoring system is based on grading of injury
to deep grey matter and to (sub)cortical/white matter. The aims of this
thesis therefore were the following:
·
To compare our newly developed MRI scoring system with the
existing scoring systems in term asphyxiated neonates: “Is there
need for a new MRI scoring system in term birth asphyxia?” (chapter 3).
·
To determine the prognostic value of somatosensory evoked
potentials (SEPs) in addition to 24-hours EEG monitoring and
cerebral imaging in term infants with HIE: “Somatosensory Evoked
Potentials are of additional prognostic value in certain patterns of
brain injury in term birth asphyxia” (chapter 4).
·
To describe the relationship between EEG scores based on
evolution of discontinuity and sleep wake cycling over 24 hours
and cerebral injury patterns seen on MRI: “The evolution of EEG
background abnormalities is related to injury patterns on MRI in
asphyxiated term infants” (chapter 5).
Clinically related findings such as changes in heart rate and ictal
nystagmus (in one patient) related to seizures are described in chapter 6
and 7.
Studies have suggested that early treatment of subclinical seizures lowers the incidence of epilepsy in childhood (65). Visual assessment of a two channel EEG in combination with the raw EEG signal was
reported to detect 78% of the electrographic seizures (88). Because the

presently available automatic seizure detection algorithms have modest
sensitivity and relatively high false positive rates, we have developed
an automated seizure detection algorithm. This is described in chapter
8 “Automated neonatal seizure detection mimicking a human observer
reading EEG”.
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abstract
Aim: To develop an extended asphyxia score based on cerebral
ultrasound and MRI in order to gain further insight into the pathophysiology of asphyxia.
Patients and Methods: First week cerebral US and MRI of 80
asphyxiated term infants were scored according to a new scoring system
based on separate grading of injury to deep grey matter and to (sub)
cortical/white matter. Our findings were compared with published scoring systems.
Results: Six paradigms were derived: deep grey matter injury with
either limited or extensive cortical involvement, damage to deep grey
matter with watershed injury, isolated watershed injury, isolated white
matter injury (leukomalacia) and isolated cortical necrosis. The mortality
rate was considerable in patterns with extensive cortical injury.
Conclusion: Six patterns of brain injury, following term birth
asphyxia were found using a new imaging score.
26

introduction and methodology
Postasphyxial encephalopathy affects 1 to 3 per 1000 term newborns (1,2). Many efforts have been directed on prediction of outcome.
Miller et al. in 2005 found that patterns of brain injury are associated
with different neurodevelopmental outcomes at 30 months, but that
measured perinatal risk factors did not predict the pattern of brain injury
(3). Also biochemical and clinical perinatal variables such as umbilical
artery pH, Apgar score or interval to onset of spontaneous breathing are
typically of limited predictive value (1). Various neonatal encephalopathy scores have been developed, using different parameters to predict
outcome. Kaufman et al. used a 6 item clinical score and found that this
score combined with first day clinical seizures can predict acute imaging
findings and outcome (4). Encephalopathy scores are least powerful for
moderate encephalopathy, which is the category of interest during acute
management (5). Detailed description of neurophysiological findings
is outside the scope of this report. Brain imaging was introduced as an
important tool in the acute stage and different MRI scores for use in the
late first or second week were developed (6,7). These scores, however,
just seem to discriminate between good and poor outcome failing to predict with certainty the degree of dysfunction. For this reason we applied
an empirical scoring system to a cohort of 80 term newborns admitted
from 1999-2007 with perinatal asphyxia and found 26 combinations of
injury in six patterns (Table 1). Inclusion criteria were either an Apgar
score at 5 minutes lower than six or umbilical artery pH less than or equal
to 7.10 (1). Newborns with congenital brain or heart malformation were
excluded. These criteria were this wide so as not to miss injury patterns.
We used a hierarchical (six degrees) evaluation - as detected with MRI
and ultrasound (US) together - of increasing injury to deep grey matter
(thalamus/basal ganglia; TBG) and to (sub)cortical/white matter (CWM).
MRI scans were performed at a mean of 4 days (range 1-22) after birth. A
diffusion-weighted sequence (DWI) was available in 38 % of the infants.
Radiological details will be reported in another article.
Six injury patterns were derived from findings in 62 infants (Table

table 1 | Scoring system
Deep grey matter (thalamus/basal ganglia, TBG) injury
grade description
0
normal
1
perforator stroke
2
isolated bilateral thalamic injury
3
abnormal signal intensity in ventrolateral thalamus and putamen on US or MR without
signal inversion of PLIC
4
abnormal signal intensity in ventrolateral thalamus and putamen on US and MR with
signal inversion of PLIC; caudate not involved
5
= 4 + caudate involvement
6
= 5 + injury to entire thalamus

(Sub)cortical/white matter injury (CWM)*
grade description
0
normal
1
bilateral, non-confluent punctate periventricular white matter haemorrhage (high signal on T1,
low signal on T2)
2
high T2 signal intensity in subcortical white matter in watershed area(s) with intact cortical ribbon;
diffuse hyperechoic change with predominance in the periventricular and parasagittal area
3
2 + focal disappearance of the cortical ribbon in either one rostral or caudal watershed area, or in
one hemisphere in both watershed areas
4
2 + focal disappearance of the cortical ribbon in rostral and caudal watershed areas of both
cerebral hemispheres
5
diffuse periventricular and subcortical hyperechoic change in white matter, together with abnormal
signal intensity on MR (high on T2 and low on T1, indicative of ischaemia and not haemorrhage)
6
extensive cortical injury extending beyond perirolandic and peri-insular cortex; laminar
hyperechoic pattern on US and disappearance of the cortical ribbon on T2
*

Perirolandic, peri-insular and/or hippocampal cortical highlighting (high signal T1 and low signal on
T2, especially in the depths of the sulci) was variably associated with TBG scores 3 to 6 and is not
included separately in the CWM score
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table 2 | Scoring results
CWM TBG

0

1

2

3

4

5

6

total

0

8

4

4

2

3

2

2

25

1

1

1

1

0

0

3

3

9

1.
2.
3.

2

3

1

0

0

2

0

0

6

3

3

0

0

1

0

0

2

6

4

6

0

0

0

0

0

5

11

5

3

0

2

1

0

0

6

12

6

0

0

0

0

1

0

10

11

total

24

6

7

4

6

5
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80

28

4.
5.
6.

Deep grey matter injury with limited cortical involvement (rolandic,
hippocampal, insular) (12/80, 15%)(TBG 3-6, CWM 0-1)(Figure 1)
Deep grey matter injury with extensive cortical involvement (23/80, 29 %)
(TBG 3-6, CWM 6)(Figure 2)
Deep grey matter injury with watershed injury (7/80, 9 %) (TBG 2-6, CWM
2-4)(Figure 3)
Isolated watershed injury (10/80, 13 %) (TBG 0-1, CWM 2-4)(Figure 4)
Isolated white matter injury (5/80, 6 %) (TBG 0-1, CWM 5)(Figure 5)
Isolated extensive cortical injury (5/80, 6 %) (TBG 0-1, CWM 6)(Figure 6)

The remainder had normal imaging results (n=8), isolated punctate
periventricular white matter haemorrhage (n=5, one with perforator stroke),
isolated thalamic injury (n=4, 1 with punctate white matter haemorrhage) or
isolated perforator stroke (n=1).
CWM: (Sub)cortical/white matter injury score on x-axis
TBG: Deep grey matter (thalamus/basal ganglia) injury score on y-axis

2, Figures 1-6). The three deep grey matter patterns were seen most
frequently: a subgroup of the patients involved had clinical brainstem
damage. Although sentinel events very often precede injury to deep
grey matter (8), they may also relate to watershed injury (3). We review
all patterns, focusing on neuropathology and imaging, adding some
obstetric and clinical findings. In Figure 7 the patterns we observed are
linked with the presence or absence of a sentinel event. Figure 8 presents
relations between patterns of injury and outcome.

deep grey matter injury (patterns 1, 2 and 3)
In human autopsies of children with birth asphyxia, marbling
(status marmoratus) is conspicuous in putamen, thalamus (dorsal, ventrolateral as well as dorsomedial nuclei), caudate, claustrum and subthalamic nucleus (9). Pallidum is affected in about 60 % of cases. A complex
mixture is reported of additional lesions in cortex (often in hippocampus,
but also in the central gyri and paracentral lobule, calcarine and insular
cortex), white matter, brainstem and cerebellum (dentate nuclei and
Purkinje cells) (10). Selective vulnerability of the thalamo-cortico-striatal
motor loop is linked to glutamate-induced excitotoxic damage; concurrent
hypoglycaemia or hyperbilirubinemia might enhance the risk of cell death
in pallidum (11). Clinical findings often correlate with regional cell death;
these literature findings are presented in Table 3 (2). Pathologists further
delineated the neonatal cardiac arrest type of diencephalic and brainstem/cerebellum injury, often with prolonged fetal bradycardia as a common antecedent. The hallmark of brainstem injury is symmetrical inferior
collicular necrosis, but other vulnerable nuclei are tegmental reticular
formation, cranial nerve nuclei, superior collicles, red nucleus, substantia
nigra, locus ceruleus, cuneate and gracile nuclei, inferior olive and spinal
cord anterior horn cells (12,13). A protective effect of cooling on deep grey
matter injury is therefore likely and this was found for infants with moderately abnormal early amplitude-integrated EEG findings (14).
On any imaging sequence, the lesions are by definition bilateral
and symmetrical (Figure 1). Thalamus is almost constantly affected

(15,16). Hypersignal in thalamus and putamen can be seen on DWI within
24-48 hours (17). The MR appearance varies with severity and duration of
injury and time between injury and imaging: affected nuclei develop T1hyperintensity and T2-hypointensity mixed with punctiform hypersignal
together with a variable decrease in T1-signal of the posterior limb of the
internal capsule (PLIC) referred to as signal inversion (15,16).
In the present study deep grey matter injury presented on US from
the second day on with a relatively hypoechoic internal capsule, standing out against a hyperechoic thalamus. The echo-bright thalamus was
present for months, due to gliosis and ferrugination. After three days
putamen became hyperechoic: this presented as ‘four columns’ of hyperechoic change in coronal sections (Figure 1). Changes in putamen subsided
after two weeks. Cavitation may occur in putamen, not in thalamus.
Deep grey matter injury was associated with either mild (pattern
1) or extensive (pattern 2) cortical lesion, Sentinel events seemed to predispose to extensive cortical injury (Figure 2). Injury to globus pallidus
correlated with extensive cortical injury. Watershed injury, leukomalacia
and cortical injury occurred in isolation of or in combination with deep
grey matter injury. The association of severe deep grey matter with
watershed injury is unusual but it was seen in seven newborns (pattern
3, Figure 3). Most children with extensive deep grey matter injury died a
few days after birth, others developed spastic quadriplegic or dyskinetic
quadriplegic (athetosis and/or dystonia) cerebral palsy (CP). These conditions likely are related to the extent of cortical injury (18).

isolated watershed injury (pattern 4)
During a brief episode of cerebral hypoperfusion, not severe
enough to cause frank infarction or widespread necrosis, arterial border
zones are especially vulnerable. Watershed injury culminates in the
posterior parietal areas (19). It is one of the acute changes preceding
ulegyria (focal gyral atrophy). Watershed injury was identified in the living newborn using technetium and PET scan (20). The acute MRI finding
is parasagittal hyperintensity on T2-weighted MRI mainly of the centrum
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fig 1 | Pattern (1 a) coronal US; 2 columns of hyperechoic change
in thalamus, (b) proton density MR; hypersignal in lateral thalamus
and putamen, (c) DWI; hypersignal in ventral (corticospinal tracts)
and dorsal (tegmentum and cranial nuclei) pons

30

fig 2 | Pattern (2 a) coronal US; 4 columns of hyperechoic change
in thalamus and striatum, also hyperechoic change in caudate
head, (b) T1-weighted MRI; hypersignal in lateral thalamus and
putamen with signal inversion of PLIC, (c) DWI; hypersignal in
thalamus, putamen, caudate and entire cerebral (sub)cortex
(‘white cerebrum’)

fig 3 | Pattern (3 a) coronal US; mild hyperechoic damage in
thalami on coronal US, (b) DWI; hypersignal in thalamus and PLIC
on both sides (left), hypersignal in right posterior parieto-occipital
watershed area (right)

semiovale but extending into the subcortex in arterial border zones (21).
In the present study MRI is superior to US to describe such - often relatively subtle - subcortical lesions (Figure 4). We did not always observe
clinical neonatal seizures unlike other researchers (22). Ulegyria may be
associated with childhood epilepsy for which drug refractoriness is not
uncommon (23). None of the patients in our study developed epilepsy
within the first year. CP may be a consequence of extensive watershed
injury (3) as in three of our patients. On the other hand, one patient
developed attention deficit disorder without motor dysfunction at 5 years
of age, in line with reports of cognitive/behavioral dysfunction following
isolated perinatal watershed injury (3).

next few days, contrary to what was observed for congestion or punctate
haemorrhage. This suggests an ongoing process, maturing over days, in
all likelihood a primary axonal pattern of damage. Extreme hyperechogenicity may precede cyst formation or early ventriculomegaly without
cavitating intermediary. In three of the five newborns with primary leukomalacia in the present study, caudate nucleus was gradually (probably
secondarily) affected. Outcome varied: one infant died, one developed
spastic quadriplegia, two showed normal development at the age of two
years, and one was lost to follow-up. The EEG’s in the child who developed CP, and in the one who died were severely abnormal, suggesting
EEG predicts outcome in this heterogeneous group.

primary leukomalacia (pattern 5)
White matter injury is often described with the watershed injury
pattern (6,15). A recent report acknowledges the existence of primary
white matter injury due to term perinatal asphyxia (24). The Hammersmith group also recognized mild, moderate and severe white matter
changes (7,14). White matter injury was visualized in the first week of
life by virtue of high signal on proton density images and of decreased
cortex/white matter differentiation on T1- and T2-weighted MRI; in
the second week cortex/white matter differentiation returned or even
increased. At 2 years follow-up, development of these infants was characterized by developmental quotients (DQs) below 85, and by seizures
and microcephaly rather than by CP. On the other hand, some infants
with multicystic leukomalacia developed spastic quadri- or diplegia. US
correlation was absent.
In our experience high resolution US is essential for detecting
postasphyxial leukomalacia. A striking observation in the present study
was gradual increase in echo contrast between relatively dark cortex and
extremely bright subcortical white matter in areas extending beyond the
border zones and perirolandic cortex, for instance in cingulate gyrus (Figure 5). It may be difficult to distinguish extreme watershed injury from
leukomalacia. We saw this pattern on day 2 but it intensified over the

isolated cortical necrosis (pattern 6)
Regional grey matter injury in cerebral cortex, including hippocampus (subiculum and H1), and internal cerebellar granular layer, was
the salient postmortem finding in term newborns with postasphyxial status epilepticus (25). All lobes can be affected, at the convexity of the gyri
and in the depths of the sulci. Total necrosis is seen next to patchy necrosis, inhibitory neurons may survive the insult (26). Neocortical cell death
is often reported in association with the deep grey matter-brainstem
injury. From the present study it appears that it can also be a pattern of
its own. On first week MRI scans a shortening of T1-weighted signal in
pre- and postcentral gyral cortex caused ‘cortical highlighting’ (Figure 6).
Extensive (sub)cortical injury presented as ‘white cerebrum’ in acute DWI
as is reported in the literature (27). Using sonography cortical necrosis
was only recognizable in the latter part of the first week when a variable
border of subcortical white matter tended to merge into one hyperechoic
zone with cortex and sulcus, in a variegate pattern, well seen in sulcus
cinguli and parasagittal and insular sulci. Hyperechoic change may turn
into subcortical cysts at the end of the second week. Ventriculomegaly
is often associated. All five patients with isolated cortical necrosis
developed early clinical seizures. Four died, and the fifth showed delayed
development without CP at 2 years.
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fig 4 | Pattern (4 a) coronal US: hyperechoic change in both
parasagittal watershed areas between anterior and middle cerebral
arteries, (b) T2-weighted MRI: hyperintensity of white matter and
blurring of adjacent cortex in left anterior and posterior and in right
posterior watershed areas, (c) proton density MR; findings as in b
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fig 5 | Pattern (5 a,b) sequential coronal (a,b) and parasagittal
(a,b) US scans: the evolution of white matter hyperechoic change
from day 2 to day 6, with increase of subcortical brightness (contrasting with dark cortex) in the first week; observe hyperechoic
change of caudate in parasagittal section on day 6, (c) DWI: hypersignal in frontal and parietal white matter and in caudate head on
day 5

mild white matter injury
Often punctate echodensities in white matter did not reflect injury
but rather congestion, mild increase in cellularity or punctate bleeding
of limited consequence. They were rated 1 in the (sub)cortical/white
matter injury score. Reversal of these findings within a few days is a good
prognostic sign. Corresponding punctate or conglomerate areas of T1 and
T2 shortening are seen in the periventricular zone (28).

fig 6 | Pattern (6 a) coronal US: blurring of insular and posterior frontal cortex
by hyperechoic change around sulci (day 5), (b) T2-weighted MRI: hypersignal
in parietal and temporo-occipital (sub)cortex with disappearance of the cortical
ribbon (day 5), (c) DWI; as in b plus hypersignal in splenium; normal deep grey
matter (day 5)

transaxonal network changes
Our group found that following the above primary injuries, connected thalamic and brainstem nuclei undergo excitotoxic injury due
to cortical hyperactivity or delayed neurodegeneration due to loss of
trophic support from their cortical targets (29). Others recently reported
an association between thalamic injury and atrophy of cerebellar vermis
in term asphyxia (30). Caudate involvement in our cohort possibly followed extensive (sub)cortical or white matter injury as a secondary pattern. Such associations need to be studied further in the light of existing
network injury.
conclusion
In an empirical scoring system based on two arms of injury (to
deep grey matter and (sub)cortical/white matter) and applied to a cohort
of 80 newborns with perinatal asphyxia we found 26 combinations of
injury in six patterns. We do not claim superiority of the score to predict
outcome, but it is a fine tool to demonstrate the patterns of injury. Sentinel events not always precede deep grey matter damage. Brainstem damage needs further study (e.g. on the correlation between clinical signs
and regional ADC-values). We add isolated cortical necrosis and primary
leukomalacia to the existing injury patterns. US correlation is important
for the latter. Pallidal injury is probably a primary lesion in severe asphyxia only. Caudate cell death may follow extensive (sub)cortical injury.
Prospective use of this score will permit refined prediction of cognitive
and behavioural outcome.
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fig 7 | relation in 80 patients between injury pattern on y-axis and
presence (n=28)/absence (n=49) of a sentinel event on the x-axis;
sentinel event defined as: abruptio, uterine rupture, cord prolapse,
maternal collapse, severe antepartum haemorrhage or terminal
fetal bradycardia; three infants were asphyxiated during vaginal
breech delivery
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fig 8 | relation in 73 patients between injury pattern on y-axis
and crude outcome data on the x-axis; 7 other infants were lost to
follow-up (NN early neonatal)

table 3 | Relation between injury side and clinical findings
Region

Neonatal findings

Outcome

cerebral cortex

lowered level of consciousness,
seizures, pseudobulbar paresis

mental dysfunction, spastic CP, pseudobulbar palsy, cerebral visual
impairment

thalamus

abnormal arousal, abnormal
SSEPs, seizures, tremor

impaired intellect

striatum		

early changes in muscle tone,
tremor

dyskinetic CP (can be of delayed onset; dystonia correlates
with pallidal injury; signs less conspicuous with concomitant
pyramidal tract injury), contribution to visual deficits

hypothalamus

diabetes insipidus,
inappropriate ADH secretion,
hyper- and hypotension

early sexual maturation

dorsal brainstem		

oculomotor disturbances
(including ptosis, ictal
nystagmus), abnormal ABR,
abnormal arousal (reticular
formation)

hearing deficit, oculomotor dyspraxia, bulbar palsy necessitating
tube feeding

spinal cord		

hypotonia, weakness, hypo- or
areflexia, disturbed swallowing
and sucking, facial weakness,
tongue fasciculations

atonic CP
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abstract
Background: Several patterns of brain injury follow perinatal asphyxia at term. Prognostication from published MRI scores and patterns
remains difficult.
Objective: To evaluate existing scoring systems for brain damage
after asphyxia, based on MRI.
Materials and Methods: We developed a new Sophia scoring
system in a cohort of 84 term babies, based on a two-armed grading of
injury i.e. to thalamus and basal ganglia, and to (sub)cortex and white
matter. Retrospectively 84 MRIs were scored and compared with the
existing scoring systems. Follow-up examination was performed at a
minimum age of 2 years.
Results: A significant correlation was found for the Sophia MRI
sum score with the Hammersmith score (r =0.87) as well as the Barkovich
score (BG/W score; r =0.81). Deep grey matter injury was common and
associated with a mortality rate of 89 %. Our Sophia MRI sum score depicts post asphyxial leukomalacia and isolated extensive cortical injury
as new paradigms.
Conclusion: We found that the Hammersmith score is most useful
in clinical practice; the Sophia score is preferred for studying additional
injury patterns.

introduction
Selective neuronal cell death, which follows asphyxia around
term birth, occurs in two regional distributions: (i) one in the brainstem,
striatum and thalamus and (ii) the other in the cerebral cortex with a
rostral to caudal decrease of vulnerability, the brain stem least sensitive
(1). Subsequent studies added parasagittal cerebral injury (“border zone
infarction”) (2) and focal infarction (arterial or venous occlusion). It is
still unclear how selective neuronal cell death is related to hypoperfusion
in each brain area. Patterns may be mixed, however, because asphyxia
during delivery of the human infant may start as prolonged hypoxia,
but is superimposed in the end by cardiovascular collapse of variable
duration. Neonatal MRI scores relating extent of injury to outcome have
previously been developed (3-7). The two most used are revealed by the
Hammersmith and Barkovich group (Appendix). These scores discriminate between good and poor outcome at a minimum age of 12 months.
The one developed by Hammersmith is based on signal intensity change
in and around the posterior limb of the internal capsule (PLIC) and in
the cortical ribbon (3,7). It distinguishes seven subgroups of increasing
degree of injury [6, see Appendix for details]. Cerebral palsy (CP) at 4
years and suboptimal neurological status at 1 year, were seen in various
proportions of all subgroups except in those with moderate white matter

or minimal basal ganglia injury. Barkovich and coworkers assess basal
ganglia injury (BG), watershed lesions (W) and a combination thereof
(BG/W). The BG/W score appeared most useful for predicting short term
outcome and predictive accuracy was stronger for MRI performed in the
late neonatal period [4,8]. These scores are limited, however, in several
aspects: impossibility to score isolated cortical injury; no interpretation
of discrete injury to different deep grey nuclei; lumping of injury to (sub)
cortex and deep grey matter.
In this article we describe a new scoring system (referred to as the
Sophia score) and compare it with the existing ones. We scored 84 instances of term birth asphyxia. The Sophia score assumes the existence
of separate injury paradigms for deep and cortical grey matter as well as
for white matter, and uses hierarchical arms to score thalamus and basal
ganglia (Sophia TBG-score) versus (sub)cortex and white matter (Sophia
CWM-score). The main goal was not to propose the ideal score, which will
need robust long term outcome data in many survivors, but to describe,
as completely as possible, separate imaging paradigms of injury in
term birth asphyxia, as currently depicted with MR in our daily clinical
practice. These findings add to recent efforts to delineate post asphyxial
injury patterns (9-13). The clinical relevance of understanding these patterns was discussed in a related paper (14).
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materials and methods
Patients. We retrospectively analyzed the clinical records and
imaging studies of 84 encephalopathic term newborns (gestational age
› 37 weeks), born January 2001 to May 2006, and admitted to the Sophia
Children’s Hospital. Asphyxia was defined by a combination of fetal distress, depression at birth, and early (within 24 hours) neonatal encephalopathy (15). Depression at birth was defined as either an Apgar score at
5 minutes lower than 6 or umbilical cord pH less than or equal to 7.10, if
available. Newborns with congenital brain anomaly were excluded. Imaging had been part of routine management.
Magnetic Resonance Imaging. Over the study period three different MR imaging systems had been used: a Philips 1.0 Tesla system
(Eindhoven, the Netherlands), a Philips 1.5 Tesla system (Eindhoven,
the Netherlands) and a GE 1.5 Tesla scanner (Milwaukee, WI). All studies adhered to the same protocol, i.e. axial dual T2 spin echo, axial T1
spin echo or axial T13D spoiled gradient echo, sagittal T1 spin echo and
coronal fluid attenuated inversion recovery. On the two Philips systems,
DW images were obtained in 6 gradient directions with sensitivity of b =
1000 s/mm (1.5 Tesla system) or b = 783 s/mm2 (1.0 Tesla system), TR/TE
= 8000/111.8-91.8 ms, one average, field of view of 18-24 cm, slice thickness 4 mm and a spacing of 0.4 mm. On the GE scanner, diffusion tensor
images were acquired using multi repetition, single shot echo-planar
sequence with a slice thickness of 3 mm with no gap. The images were
gathered in 25 gradient directions with sensitivity of b = 1000 s/mm2,
TR/TE = 9150/98-91 ms, field of view 18-24 cm. A standard quadrature
head coil was used on the Philips systems and a dedicated neonatal coil
on the GE system. Scoring was performed building on information of all
of these sequences.
Scoring. MR scoring was independently performed by a paediatric neuroradiologist and two neonatologists; all three were unaware
of the outcome. Final classification was by consensus. A brain part was
considered injured when all three observers agreed on definite signal
intensity alteration in any MR sequence. This visual based scoring

system is described in Table 1 and Figures 1a and 1b, respectively for the
TBG-arm (Sophia TBG-score) and for the CWM-arm (Sophia CWM-score).
Concerning the scoring system we limited to MRI and left out US findings
in order to compare to the existing MRI scoring systems. It comprises a
six-step grading for each of the arms, based on our clinical experience
with severity estimation. Lumping both scores is the Sophia MRI sum
score. The most severe of the clearly abnormal changes in any sequence
decided the score. CWM-score 5 was assigned only when MRI findings
were limited to subcortical white matter and did not involve the cortical
ribbon. After consensus had been reached on Sophia score results, one
observer (PG) scored the images of all patients by the Barkovich and
Hammersmith systems. A pattern was felt to be consistent if at least
three patients presented with similar findings.
Outcome. Crude outcome data (poor: neonatal death or CP, good:
normal or impairment without CP) were collected. Outpatients underwent
a neurological exam and a Denver developmental screening test up to
two years of age.
Statistical analysis. Cross tables with Fisher’s exact Test were
used for the categorical variables. Scores were correlated with outcome
using the Spearman correlation coefficient. A p-value ‹ 0.05 was considered significant. Receiver operator curves were drawn for thresholds in
several scores in relation to outcome.
The Erasmus MC Medical Ethical Review Board granted permission to use patient data for scientific publication.

table 1 | Sophia MRI imaging scoring system
grade

thalamus/basal ganglia (TBG-score)

(sub)cortex/white matter (CWM-score)

0

normal

normal

1

focal infarction or bleeding

bilateral, non-confluent punctate periventricular white matter
haemorrhage (high signal on T1, low signal on T2)

2

isolated bilateral thalamic injury, MRI with normal PLIC

high T2 signal intensity in subcortical white matter in watershed
area(s) with intact cortical ribbon

3

abnormal signal intensity in ventrolateral thalamus and
putamen with normal PLIC signal intensity on T1

2 + focal disappearance of the cortical ribbon in either one rostral or
caudal watershed area, or in one hemisphere in several watershed
areas

4

abnormal signal intensity in ventrolateral thalamus and
putamen with inverted PLIC signal intensity on T1; caudate
not involved

2 + focal disappearance of the cortical ribbon in rostral and caudal
watershed areas of both cerebral hemispheres

5

4 + caudate involved

Abnormal signal intensity in diffuse periventricular and subcortical
white matter(high on T2 and low on T1)

6

4 or 5 + injury to the entire thalamus

extensive cortical injury extending beyond perirolandic and
peri-insular cortex; disappearance of the cortical ribbon on T2 in
affected areas
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Perirolandic, peri-insular and/or hippocampal cortical highlighting (high signal T1 and low signal on T2, especially in the depths of the sulci) was variably associated with
TBG scores 3 to 6 and is not included separately in the CWM score

fig 1 | Sophia score for
TBG in a, for CWM in b.
An image is representative
for each grade. Grading is
detailed in Table 1
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Fig. 1a

45

Fig. 1b
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fig 2 | ROC curves for imaging scores based on MRI

Sensitivity

results
We studied MR sequences of 84 patients, made at a median of 4
days after birth (range 2 to 10 days). In our hospital the extent of brain
injury is customarily studied on day four, when infants often are still on
a ventilator. T1- and T2- sequences were available in all patients, proton
density sequences in 82 (99 %), a coronal FLAIR sequence in 50 (60 %),
and a diffusion sequence (recently DTI) in 59 (70 %). Fifty-four of the 84
infants died in the neonatal period. Of the 31survivors 9 developed CP,
2 impairment without CP, 15 developed within normal limits, and 4 were
lost to follow-up.
Prediction of poor outcome: the Sophia MRI sum score strongly
correlated with both the Hammersmith score (r =0.87) and the Barkovich
score (BG/W; r =0.81). Table 2 compares the Sophia MRI score with outcome; deep grey matter injury (TBG-scores 3-6) was common and associated with a mortality rate of 89%. Using ROC curves for the MRI scores
described above; the Hammersmith score seems to be the best score for
predicting outcome (Figure 2). Table 3 compares different Sophia MRI
scoring thresholds with the Hammersmith score. Sensitivity, specificity,
positive and negative predictive values and confidence intervals for
outcome were counted. Positive predictive values and sensitivity were
highest for [Sophia TBG + CWM: 7-12 versus 0-6], [Sophia TBG 3-6 versus
0-2], [Hammersmith 6-7 versus 0 5].
The score permitted recognition of six injury patterns
(table 4).
Other findings: several abnormalities did not fit into the Sophia
score, some of which - like bilateral extensive multifocal symmetrical
white matter haemorrhage with patent sinus and deep veins - may well
be patterns of injury of their own (Figure 3).

1-Specificity

Source of the Curve
Sophia TBG-score
Hammersmith score
Sophia MRI score

table 2 | Sophia MRI score related to outcome
n

Neonatal death

CP

Impairment

Normal
development

Lost to follow-up

0

18

2

2

1

11

2

1

7

2

3

1

1

0

2

5

2

0

0

3

0

3

9

6

2

0

0

1

4

13

12

1

0

0

0

5

18

16

1

0

0

1

6

14

14

0

0

0

0

Subtotal
TBG

84

54

9

2

15

4

0

22

13

3

0

5

1

1

5

2

0

0

3

0

2

7

1

1

0

3

2

3

5

2

2

0

1

0

4

4

0

1

0

3

0

5

7

2

2

1

2

0

6

34

33

0

1

0

0

Subtotal
CWM

84

53

9

2

17

3

TBG-score

CWM-score

47

48

discussion
In this study a hierarchical brain imaging score of injury to thalamus plus basal ganglia and to (sub)cortex plus white matter was applied
to a cohort of 84 term newborns with perinatal asphyxia. At least six consistent patterns of injury were derived, and some additional lesions may
prove to be patterns of their own. The different patterns are depicted in
Figure 4. The deep grey matter pattern was most common, and was associated with a mortality rate of 64 %. Our findings are consistent with the
existence of a wide spectrum of (sub)cortical injury associated with deep
grey matter damage. Isolated leukomalacia and isolated cortical injury
were for the first time embedded in a classification system. Below we will
describe the patterns of injury observed.
Regional grey matter injury (TBG-scores 3-6, combined with different degrees of (sub)cortical injury into patterns I, II and III, as in Table
4). Deep grey matter injury with watershed injury was defined as TBGscores 3-6/CWM-scores 2-4 in contrary to the reference article (14). We
now think that deep grey matter injury with serious consequences starts
from TBG-score 3 instead of TBG-score 2. The end stage of this pattern,
myelinated scarring (status marmoratus), is seen in dorsal thalamic
nuclei, lateral as well as medial, and also in putamen, caudate, claustrum
and subthalamic nucleus (16-18). Leech and Alvord confirmed at postmortem dorsomedial and ventrolateral thalamic injury in the early (neonatal)
stage (1). They reported additional lesions in cortex (often in hippocampus, but also in the central gyri and paracentral lobule, calcarine cortex,
insular cortex), white matter, brainstem (colliculi and reticular formation)
and cerebellum (dentate nuclei and Purkinje cells). A cycle of injury is
triggered in the thalamo-cortico-striatal loop, often sparing pallidum
due to lower glutamate exposition (19). Within this entity pathologists
delineated the neonatal cardiac arrest type of combined diencephalic
and brainstem/cerebellum injury (20-22), for which prolonged fetal
bradycardia is a common antecedent (23). The hallmark here is symmetrical inferior collicular necrosis, but also vulnerable are thalamus,
hypothalamus and hippocampus; tegmental reticular formation, adjacent

fig 3 | Unclassified injuries: isolated insular cortex injury without
deep grey matter injury and without injury to rolandic cortex; extensive
injury throughout cerebral cortex sparing the rolandic area (cortical
inversion); isolated unilateral non-haemorrhagic injury in primary
sensory cortex; superior sagittal sinus thrombosis; bilateral extensive
multifocal symmetrical white matter haemorrhage with patent sinus
and deep veins; injury to brainstem tegmentum, injury to dentate nuclei
and/or cerebellar cortex

table 3 | Prediction by MRI scores of poor outcome (neonatal death or cerebral palsy)
Sensitivity(%)
CI

Specificity(%)
CI

PPV (%)
CI

NPV (%)
CI

Sophia TBG + CWM: 7-12 versus 0-6

57
0,44-0,70

100
0,80-1,00

100
0,90-1,00

39
0,24-0,55

Sophia TBG + CWM: 6-12 versus 0-5

64
0,50-0,75

77
0,50-0,93

91
0,78-0,97

36
0,21-0,54

Sophia TBG + CWM: 5-12 versus 0-4

81
0,69-0,89

71
0,44-0,90

91
0,80-0,97

50
0,29-0,71

Sophia TBG + CWM: 4-12 versus 0-3

90
0,80-0,96

59
0,33-0,82

89
0,79-0,95

63
0,35-0,84

Sophia TBG + CWM: 3-12 versus 0-2

98
0,91-0,99

53
0,28-0,77

89
0,79-0,95

90
0,55-0,99

Sophia TBG score 6 versus 0-5

22
0,13-0,34

100
0,80-1,00

100
0,77-1,00

26
0,12-0,33

Sophia TBG scores 5-6 versus 0-4

49
0,36-0,62

100
0,80-1,00

100
0,89-1,00

35
0,22-0,50

Sophia TBG scores 4-6 versus 0-3

70
0,56-0,81

100
0,80-1,00

100
0,92-1,00

47
0,30-0,65

Sophia TBG scores 3-6 versus 0-2

83
0,71-0,91

100
0,80-1,00

100
0,93-1,00

61
0,41-0,79

Sophia TBG scores 2-6 versus 0-1

86
0,75-0,93

84
0,57-0,96

95
0,85-0,99

61
0,39-0,80

Hammersmith score 7 versus 0-6

49
0,36-0,62

100
0,80-1,00

100
0,89-1,00

35
0,22-0,50

Hammersmith scores 6-7 versus 0-5

83
0,70-0,91

100
0,80-1,00

100
0,93-1,00

61
0,41-0,78

Hammersmith scores 5-7 versus 0-4

90
0,80-0,96

82
0,56-0,96

95
0,86-0,99

70
0,46-0,88

Score cut-off

PPV positive predictive value, NPV negative predictive value, CI confidence interval

49

50

cranial nerve nuclei, superior collicles, red nucleus and substantia nigra,
locus ceruleus, cuneate and gracile nuclei, inferior olive and spinal cord
anterior horn cells (24). On any brain imaging sequence, deep grey matter and hindbrain lesions are by definition bilateral and symmetrical.
Thalamus is almost constantly affected (› 90% of cases) (25,26). The
MRI appearance varies with severity and duration of injury and time
after the insult. T1-hyperintensity of deep nuclei can be observed on day
2, together with T2-hypointensity, mixed with punctiform T2 prolongation, with or without the presence of a normal or decreased T1-signal
of the PLIC (3-6). Important early findings are cortical highlighting and
inversion of signal in the PLIC (11). Hypersignal in thalamus and putamen
can be seen on DWI within 24-48 hours. Aspects of diffusion-weighted
imaging changes in term birth asphyxia are discussed elsewhere (26-31).
In this study we confirmed the joint occurrence of TBG injury with either
extensive or mild cortical lesions: differences in insult severity leading
to this duality could not be studied because of the retrospective nature
of this work. Pattern III, the combination of deep grey matter and border
zone injury, but has not yet been discussed in previous studies. Athetoid
and/or spastic tetraplegia as well as cognitive dysfunction follow deep
grey matter injury (14).
Border zone injury (TBG-scores 0-1/CWM-scores 2-4, pattern IV).
“Watershed” injury culminates at postmortem exam in the posterior parietal
areas, apparently within a border zone between the three major cerebral
arteries (12,32). It is one of the acute changes preceding ulegyria (focal
gyral atrophy). Border zone injury was identified in the living newborn using
technetium and PET scan (33). First detailed by Kuenzle and Baenziger, the
acute MRI findings are integrated into our CWM-score (7). The differences in
pathogenesis between leukomalacia, watershed injury and isolated cortical
necrosis are not fully understood and deserve future study. In our patients
we did not always observe clinical seizures contrary to what others reported
before (13,34). Ulegyria can be associated with childhood epilepsy for which
drug refractoriness is not uncommon (35). CP may be a consequence of
extensive watershed injury, as may be attention deficit disorders.

Isolated white matter injury (TBG-scores 0-1/CWM-score 5,
pattern V). Specific postmortem descriptions of leukomalacia following
term birth asphyxia, are absent. The Barkovich MRI score does not cover
isolated extensive white matter injury, but recent findings have corrected
this absence (10,36). The Hammersmith score grades mild, moderate and
severe white matter changes (25,27). White matter injury is observed in
the first week of life in the form of high signal on proton density images
and decreased cortex/white matter differentiation on T1- and T2-weighted MRI; in the second week white matter becomes brighter on T2, leading
to a return or even increase of cortex/white matter differentiation. This
pattern is heterogeneous, as it precedes various outcome patterns such
as spastic diplegia, cognitive dysfunction with microcephaly and seizures
or even spastic quadriplegia with profound developmental delay. In our
experience ultrasonography (US) may be helpful; the hallmark is a gradual and characteristic increase in echocontrast between relatively dark
cortex and extremely bright subcortical and periventricular white matter
in areas extending beyond the parasagittal border zones and perirolandic cortex, for instance in cingulate gyrus. This pattern is seen as early as
day 2 and is intensifying over the following days, contrary to the pattern
seen in congestion or haemorrhage. This suggests an ongoing process,
maturing over days, in all likelihood a primary axonal pattern. In three of
the five newborns in the present study who showed pattern V, caudate
head was the only affected deep grey matter nucleus. This would suggest that injury to that nucleus may follow damage to nuclei connected
by the injured axons. All three developed seizures within the first 3 days
of life. The EEGs were strongly abnormal by a very high seizure load in
two of the children who developed CP. It would be worthwhile, therefore,
to study the potential of EEG to discriminate between good or bad outcome in this heterogeneous group. Furthermore, leukomalacia with deep
grey matter injury was depicted in two newborns. These two neonates
died. Mild white matter injury may present with punctate bleeding of limited consequence. Corresponding to areas of T1 and T2 shortening seen in
the periventricular zone (37).

fig 4 | Scheme summarizing the main patterns of injury observed in term birth asphyxia.
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Isolated cortical necrosis (TBG-scores 0-1/CWM-score 6, pattern VI). Cell death in cerebral neocortex, hippocampus (subiculum and
H1) and internal cerebellar granular layer, was the salient postmortem
finding in some term newborns with postasphyxial status epilepticus
(38). All lobes were affected, gyri in their crowns and sulci in their
depths. Total necrosis was seen next to laminar and patchy necrosis.
Such neocortical cell death is often reported in association with the deep
grey matter-brainstem paradigm. Our experience suggests that it can
also be a pattern of its own. On MRI T1-weighted hypersignal in pre- and
postcentral gyral cortex is the cause of cortical highlighting. This is more
prominent in gyral depths. Extensive cortical injury presents as “white
cerebrum” in acute DWI (39). One of our survivors with extensive posterior cerebral cortical injury, showed delayed development and CP at 2
years. Ventriculomegaly is often associated. Cortical injury presents with
early clinical seizures, compatible with this paradigm in experimental
work (40).
In general, network injury starts immediately after birth: connected thalamic and brainstem nuclei undergo excitotoxic injury due
to cortical hyperactivity or delayed neurodegeneration due to loss of
trophic support from their cortical targets [41]. An association between
thalamic injury and atrophy of cerebellar vermis in term asphyxia was
reported recently (42,43).
Which imaging score performs best? The Sophia MRI sum score
correlated well with both the Hammersmith score and Barkovich score
(BG/W). The Hammersmith score and Sophia TBG-score had equally high
correlation with poor outcome; respectively r =0.67 and 0.63. Lumping
of Sophia TBG- and CWM-scores decreased the correlation (r =0.52),
however, because outcomes after (sub)cortical and white matter injury
are heterogeneous. It seems, therefore, that the Hammersmith score is
best used in clinical practice. On the other hand, the two-arm Sophia
score seems more suited for studying injury patterns and further pattern
description. Other researchers, for that matter, have pointed out that in
addition to scores using conventional MRI, objective measurement of re-

gional apparent diffusion coefficient (ADC) and fractional anisotropy (FA)
are useful in the clinical management of term perinatal asphyxia (26-31).
This study is limited in that it is retrospective. Furthermore, the
use of different MRI sequences throughout the study period was a source
of error we could not avoid. But in our experience, the signal intensity
difference visually scored on the T1-weighted and T2-weighted images,
FLAIR and diffusion weighted images did not change too much that we
had interpretation problems or less consensus. Second, we did not use
ADC or FA values for scoring (which is definitely influenced by the field
strength and b-value). But we only did visual scoring assessment on the
T2 map and ADC map. For lack of long term outcome data the predictive
value of our score needs prospective study, mainly in relation to long
term (cognitive and behavioural) outcome.

conclusion
The Hammersmith scoring system can be used in daily practice.
But using a scoring system, based on an arm for deep grey matter and
one for (sub)cortex/white matter injury, will depict additional paradigms
of injury. We propose post asphyxial leukomalacia and isolated cortical
necrosis as new paradigms. Furthermore, this scoring system will need
to be refined by correlation with the timing and mechanism of injury (sentinel event description), by studying the degree of injury (both primary
and secondary) in subnuclei of thalamus and in different striatal nuclei,
by adding unknown patterns, and by correlation with long term outcome
in survivors.

table 4 | Injury patterns
CWM TBG

0

1

2

3

4

5

6

total

0

4

2

4

1

2

3

2

18

1

0

1

1

1

1

2

1

7

I.
II.
III.

2

2

0

0

0

1

0

2

5

3

3

1

0

2

0

1

2

9

4

5

1

0

1

0

1

5

13

5

7

0

2

0

0

0

9

18

6

1

0

0

0

0

0

13

14

total

22

5

7

5

4

7

34

84

IV.
V.
VI.

Deep grey matter injury with limited cortical involvement (rolandic,
hippocampal, insular) (18/84, 21%)(TBG 3-6, CWM 0-1)
Deep grey matter injury with extensive cortical involvement (23/84, 27 %)
(TBG 3-6, CWM 6)
Deep grey matter injury with watershed injury (5/84, 6 %) (TBG 3-6,
CWM 2-4)
Isolated watershed injury (10/84, 12 %) (TBG 0-1, CWM 2-4)
Isolated white matter injury (5/84, 6 %) (TBG 0-1, CWM 5)
Isolated extensive cortical injury (5/84, 6 %) (TBG 0-1, CWM 6)

The remainder had normal imaging results (n=4), isolated punctate
periventricular white matter haemorrhage (n=3, one with perforator stroke),
isolated thalamic injury (n=2), thalamic plus extensive cortical injury (n=2) or
white matter injury combined with deep grey matter injury (n=2)
CWM: (Sub)cortical/white matter injury score on x-axis
TBG: Deep grey matter (thalamus/basal ganglia) injury score on y-axis

53

appendix
scoring system barkovich group

0.
1.
2.
3.
4.

54

0.
1.
2.
3.
4.
5.

0.
1.
2.
3.
4.

scoring system hammersmith group

Basal ganglia (BG)
Normal or isolated focal cortical infarct
Abnormal signal in thalamus
Abnormal signal in thalamus and lentiform nucleus
Abnormal signal in thalamus, lentiform nucleus, and perirolandic
cortex
More extensive involvement

1.

Watershed (W)
Normal
Single focal infarction
Abnormal signal in anterior or posterior watershed white matter
Abnormal signal in anterior or posterior watershed cortex and
white matter
Abnormal signal in both anterior and posterior watershed zones
More extensive cortical involvement

4.

Basal ganglia/watershed (BG/W)
Normal
Abnormal signal in basal ganglia or thalamus
Abnormal signal in cortex
Abnormal signal in cortex and basal nuclei (basal ganglia or
thalami)
Abnormal signal in entire cortex and basal nuclei
Summation (S)
Arithmetic sum of BG and W

2.

3.

5.

6.

7.

8.

Normal: normal basal ganglia and thalami, white matter, and
cortex.
Mild basal ganglia and thalami: focal abnormalities in the basal
ganglia and thalami, normal PLIC, and normal white matter with or
without mild highlighting of rolandic cortex
Moderate white matter: focal abnormalities in the white matter
with or without cortical involvement but with normal basal ganglia
and thalami and PLIC.
Moderate basal ganglia and thalami: focal abnormalities in the
basal ganglia and thalami and equivocal or abnormal PLIC with or
without cortical involvement.
Moderate white matter and basal ganglia and thalami: focal
abnormalities in the white matter and mild or moderate
abnormalities in the basal ganglia and thalami with or without
cortical involvement.
Severe white matter: multifocal abnormalities with or without
white matter haemorrhage with cortical involvement but with
normal basal ganglia and thalami and PLIC.
Severe basal ganglia and thalami with subcortical white matter:
widespread abnormalities in the basal ganglia and thalami
always, with abnormal PLIC with focal abnormalities in the
subcortical white matter and in the cortex.
Severe basal ganglia and thalami with diffuse white matter:
widespread abnormalities in the basal ganglia and thalami, with
abnormal PLIC with widespread abnormalities in the white matter
and cortex.
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abstract
Aim: a: to determine the prognostic value of somatosensory
evoked potentials (SEPs) in addition to 24-hours EEG monitoring and
cerebral imaging in term infants with birth asphyxia, and b: to relate MRI
patterns of brain injury to SEPs.
Methods: Between 2003 and 2006, 51 consecutive neonates were
studied. Survivors were followed for at least two years. Poor outcome
was defined as neonatal death or moderate/severe cerebral palsy or
mental retardation. Polygraphic full EEG monitoring was performed for at
least 24 hours and scored according to an eight grade system. SEPs and
MRIs were performed in the first week. Brain injury patterns were classified according to a scoring system.
Results: Binary logistic regression analysis revealed a significant
relation to outcome separately for 24-hours EEG, deep grey matter injury
and SEPs. SEPs provided additional value when added to EEG and MRI in
the model (p=0.03). Normal/unilaterally abnormal SEPs result showed
a sensitivity of 85% (17/20) and specificity of 90% (27/30) in predicting
good outcome. SEPs were of particular value in isolated watershed, white
matter and extensive cortical injury.
Conclusion: SEPs are of additional prognostic value after term
birth asphyxia, especially in some of the defined patterns of brain injury.

introduction
Post asphyxial hypoxic-ischaemic encephalopathy (HIE) affects
1 to 3 per 1000 live term births. Many survivors sustain motor and cognitive deficits (1). The outcome is often difficult to ascertain early in life.
A variety of neuroradiological (MRI), neurophysiological [a-EEG, multichannel EEG and evoked potentials (EPs )] and neurobehavioural tests
have been assessed for their prognostic value in the first few days after
birth (2-12). Although SEPs may increase important prognostic value they
are not routinely done in asphyxiated term infants (9,13). SEPs could be
particularly helpful in identifying adverse outcome in neonates with moderate encephalopathy (7). Sensitivity (89-95%) and specificity (86-92%)
of SEPs reported in the literature vary, likely due to differences in patient
populations and day of recording (8,14). SEPs evaluate the integrity of
the ascending sensory pathways. The first cortical negative response is
referred to as N1 (in adults and older children, it is termed N20 as it occurs after 20 msec). The mean (SD) latency of N1 in newborns varies (15,
16). In this study we evaluated the prognostic value of SEPs in addition
to MRI and multichannel 24-hours EEG in asphyxiated term infants. To
our knowledge, a detailed correlation between MRI and SEPs in perinatal
asphyxia in term neonates has not been reported in the literature.

methods
Between January 2003 and May 2006, all term neonates admitted to the neonatal intensive care unit (NICU) for asphyxia were studied
with MRI (except for three studied with ultrasound (US) only), 24-hours
EEG monitoring and SEPs. Inclusion criteria for asphyxia were either an
Apgar score at 5 minutes of less than 6 or an umbilical artery pH ≤ 7.10.
Newborns with congenital brain or heart malformation were excluded. All
test data were available digitally for review.
SEP studies. SEPs were recorded using a Nicolet Viking TM IV
EMG system (Nicolet Biomedical, Madison, WI). We used filter settings
of 5-1500 Hz and a stimulus rate of 0.6 to 1 Hz. If no consistent cortical
response was obtained at 1Hz, a second series with stimulation at a rate
of 0.6 Hz was recorded after at least 5 minutes. The median nerve was
stimulated at the wrist through two strips of self-adhesive 3MTM Red
Dot TM ECG surface electrodes (3M Health Care, St. Paul, MN), placed
one centimeter apart, and connected to the stimulator, with the cathode
proximally. A stimulus intensity of 14-20 mA with duration of 0.2 ms was
used to produce a minimal twitch of the thumb. Recording electrodes
were silver-silver chloride cups of 1cm diameter, fixed with conductive
paste and further secured with tape. They were placed at Erb’s point,
spinous process of seventh cervical vertebra and over the left and right
parietal regions. The scalp recording locations were 2 cm behind the C3
and C4 positions of the 10-20 International System of electrode placement. The reference electrode was placed at Fz and the ground electrode
on the forearm. Impedance values were kept ‹5 kΩ. Responses to 100-250
stimuli were averaged. A sweep of 200 milliseconds was used. Two runs
on each median nerve were recorded and these were superimposed to
verify reproducibility. Latency to N1 was measured. Cortical SEPs were
scored as absent only when the peripheral response over Erb’s point and
the cervical response were normally present. Published normative data
were used (17). SEPs were reviewed by a clinical neurophysiologist and a
neonatologist, unaware of the other results, together and were classified
into two groups:

1

Normal/unilaterally abnormal: the N 1 peaks of cortical SEPs were
bilaterally normal, or unilaterally abnormal;
2
Bilaterally abnormal: increased latency bilaterally (› 36 msec),
bilaterally absent or unilaterally absent with increased latency
contralaterally.
Neuroimaging methodology. MRIs were scored by a paediatric
neuroradiologist who was unaware of the results of the SEPs, EEG and
clinical outcome of survivors. Scoring was according to brain injury
patterns (18); deep grey matter injury with limited cortical involvement
(pattern 1), deep grey matter injury with extensive cortical involvement
(pattern 2), deep grey matter injury with watershed injury (pattern
3), isolated watershed injury (pattern 4), isolated white matter injury
(leukomalacia, pattern 5) and isolated extensive cortical injury (pattern
6). These were further grouped into two grades depending on whether
there was deep grey matter injury (patterns 1, 2 and 3) or not (patterns 4,
5 and 6). Pattern 7 consists lesions not fitting in the six patterns. In these
subgroups we also assessed whether the lesions were symmetrical or
not.
EEG monitoring. Continuous amplitude integrated (aEEG) plus
full EEG monitoring with polygraphy was done from admission, starting
usually on the first post partum day, for at least 24 hours. The electrodes
were applied according to the 10-20 international system of electrode
placement and a NervusTM monitor was used (Taugagreining hf, Reykjavik, Iceland). EEGs were blindly scored by a clinical neurophysiologist
and reviewed again by the clinical neurophysiologist together with a
neonatologist. Consensus was reached in all cases.
An eight grade scoring system was used:
0=normal EEG: normal voltage, adequate for conceptional age
with clear differentiation of sleep wake cycling (SWC); 1= mild discontinuity (mean interval amplitude10-25 µV), and mildly abnormal
sleep-wake cycling (SWC) along with increased-, abnormal-, paroxysmal
activity like sharp waves, short (‹6 sec) runs of theta and delta activ-
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ity; 2= more severe discontinuity (‹10 µV) lasting ‹10 sec, and absent
SWC but preserved reactivity to external stimuli with variability in the
length of interburst intervals; 3= severe discontinuity (‹10 µV) of 10-20
sec at the start of the monitoring, with very little variability and reactivity, but improving to grade 2 within 24 h; 4=longer periods of severe
discontinuity (‹10 µV, ›20 sec), but improving to grade 2 within 24 h;
5= severe discontinuity (‹10 µV) of 10-20 sec at the start of monitoring,
remaining unchanged over 24 h; 6=severe discontinuity (‹10 µV) of ›20
sec at start of monitoring improving to grade 5 (10-20 s) within 24 h; 7=
severe discontinuity (‹10 µV) of 10-20 sec, worsening further within 24
h, with discontinuous periods of ›20 sec; 8= very long periods of severe
discontinuity (‹10 µV, ›20 sec), or persistent low voltage (‹10 µV) remaining unchanged over 24 hours.
Severity of discontinuity is fairly easy to assess and has been
shown to predict outcome (19,20). This scoring system was derived from
published literature and modified based on our clinical experience. Classification was based predominantly on discontinuity and evolution over
24 hours as well as presence of SWC. For scoring the discontinuity, the
most frequently occurring values for the amplitude and duration of the
discontinuous periods were used. Discontinuity was defined if voltage
attenuation ‹ 25µV for mild discontinuity and ‹10 µV for severe discontinuity was seen in at least 50% of the EEG channels, lasting for a period of
6 seconds or more.
We omitted parameters such as frequency content and duration of the
EEG bursts, occurrence of sporadic or rhythmic sharp waves within and
outside the bursts, because we wanted the classification to be readily
applicable at the bedside.
Outcome. A paediatrician unaware of the results of the SEPs, EEGs
and MRI scans performed follow-up examinations until at least two years
of age. Bayley Scales of Infant Development (BSID) were used. Those in
whom cerebral palsy (CP) was detected were referred to the paediatric
neurologist. The patients with a normal development at one year who
were not further followed at our clinic were assessed with a telephonic

questionnaire administered to the parents and based on the Pediatric
Stroke Outcome Measure (PSOM) (21). The Gross Motor Functional Classification System (GMFCS) was used to classify the severity of CP. Outcome was classified into good: normal/mild disability [normal, minimal
abnormalities at neurological examination or mild CP (GMFCS 1-2)] and
poor: moderate/severe disability [Mental Developmental Index (BSID;
MDI) ‹ 70 or severe CP (GMFCS 3-5) or death].
Statistical analysis. As there were not enough patients for a
three way grouping (normal/ mild scores 0-1, moderate scores 2-4, and
severe scores 5-8), statistical analysis was performed with a dichotomous grouping of patients into normal/moderate (scores 0-4) and severe
(scores 5-8) EEG abnormalities. Mean, median and range were used
to describe dispersion. Sensitivity, specificity and predictive values of
the SEPs were calculated by constructing 2x2 tables. Binary logistic
regression analysis served to ascertain separate relationships of the MRI
results, EEG monitoring data and SEP results with outcome. All tests were
performed using the statistical software package SPSSTM version 16.0. A
p value of ‹0.05 was considered significant.
The Erasmus MC Medical Ethical Review Board granted
permission to use patient data for scientific publication.

results
The study population consisted of 57 neonates (Table 1). Six
neonates, in whom SEPs were technically unsatisfactory over both hemispheres were excluded from further analysis. Three of these developed
normally and three died. The remaining 51 were included in this study
and had a mean gestational age of 39 4/7 (range 36 1/7 - 42) weeks. EEG
monitoring was started within the first 24 h after birth in 45 neonates;
on day 2 in five and on day 3 in one. The MRI scans were performed on a
median of day 4 (range 1-14) and SEPs studies were recorded on a median
of day 4 post partum (range 1-7). In four neonates, the SEPs on one side

table 1 | MRI patterns, SEPs and outcome
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were difficult to interpret; three of them, in whom the SEPs on one side
were normal, were included in the group normal/unilaterally abnormal,
while the fourth with prolonged SEP latency was included in the group
bilaterally abnormal.
All except one in the group bilaterally abnormal SEPs, had bilaterally absent SEPs. Twenty-eight of the 31 had a poor outcome including
the child with bilaterally increased latency. Serial cerebral US were used
for scoring in three neonates in whom MRI had not been performed; two
of these had no abnormalities and one showed hyperechoic thalami.
Twenty-six of the 51 died in the neonatal period. The BSID II (MDI, PDI)
were administered to 19 of the 25 survivors at the age of two years; they
underwent neurological examination as well. The other six survivors
were evaluated with the telephonic questionnaire; neurological outcome
was normal for five of them. One had neurological symptoms and subsequently underwent a Bayley test (BSID II) and a neurological examination
at the age of three years, both revealing normal findings.
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Predictive value of SEPs. The binary logistic regression model
showed a significant relationship between outcome and each of SEPs,
EEG and MRI subgroup. Given the MRI results, the SEPs were still found
to influence outcome (p=0.001) when EEG was excluded from the model.
Also, given a MRI and EEG result, the SEPs offered additional predictive
value (p=0.03).
Five patients with normal MRI scans had a good outcome. Six MRI
patterns of post asphyxial brain injury were seen in the others (18, Table
1). Normal or unilaterally abnormal SEPs were associated with a good
outcome. Conversely, bilaterally abnormal SEPs were strongly associated
with a poor outcome.
The predictive values for the combinations of MRI pattern and
SEPs are shown in Table 2. For neonates with MRI patterns 1, 2 or 3 the
SEPs had no additional value in predicting outcome. For the remaining
patterns (4, 5, or 6) outcome prediction was improved by SEPs findings.
Hence these patterns were examined in more detail.

In patterns 4 and 5, (isolated watershed injury and isolated white
matter injury) both asymmetrical and symmetrical lesions were seen.
Asymmetrical MRI injury of the posterior frontal and parietal cortex
correlated with hemiparesis and unilaterally abnormal SEP (Table 3).
When the posterior frontal and parietal cortex were normal, SEPs and
subsequently the motor outcomes were normal. Symmetrical injury patterns correlated with symmetrical SEPs (bilaterally normal or abnormal).
In pattern 4 (symmetrical watershed injury) one neonate had striking
bilateral insular lesions and bilaterally absent SEPs and subsequently a
poor outcome. In three patients with pattern 5 (symmetrical leukomalacia) SEPs predicted motor outcome. In pattern 6 (isolated extensive
cortical injury, 4 patients), only symmetrical lesions were seen and they
correlated with symmetrical SEPs. One of these patients with isolated
parieto-occipital cortical injury (starting from the central sulcus and
leaving primary motor cortex intact) had subsequently bilaterally absent
SEPs and a normal development (Table 3, Figure 1). We did not repeat the
SEPs studies in this patient. The other three patients with this pattern
of brain injury died in the neonatal period. Two of them had bilaterally
absent SEPs. However, one of them with injury to mainly bilateral insular
and frontal cortex with intact parietal cortex had bilaterally normal
SEPs. The EEG findings associated with these three patterns in these 15
patients varied (Table 3).

discussion
SEPs showed a reasonably high sensitivity and specificity to
predict outcome in this cohort, similar to those reported in the literature
(8,9,13,22,23).
The mortality rate of 50% is higher than that reported in previous
studies of perinatal HIE wich may be due to our selection criteria for long
term EEG monitoring, favouring the inclusion of neonates with moderate
to severe encephalopathy (10,13). The contribution of subcortical structures is important in SEPs. This may to some extent explain the discrepancy between SEPs and EEG in some of our patients. Comparison of EEG

table 2 | Predictive values for MRI in the 38 neonates with patterns 1 to 6 and SEPs
Sensitivity(%)

Specificity(%)

PPV (%)

NPV (%)

MRI patterns 1,2 or 3

21/28 (75)

8/10 (80)

21/23 (91)

8/15 (53)

MRI patterns 1,2,3 and SEPs bilaterally abnormal

21/21 (100)

0/2 (0)

21/23 (91)

0

MRI patterns 4, 5 or 6

7/28 (25)

2/10 (20)

7/15 (47)

2/23 (9)

MRI patterns 4, 5 or 6 and SEPs bilaterally abnormal

4/7 (57)

7/8 (88)

4/5 (80)

7/10 (70)

EEG scores 5-8

23/30 (77)

19/20 (95)

23/24 (96)

19/26 (73)

SEPs bilaterally abnormal

28/31 (90)

17/20 (85)

28/31 (90)

17/20 (85)

Sensitivity(%)

Specificity(%)

PPV (%)

NPV (%)

17/20 (85)

27/30 (90)

17/20 (85)

27/30 (90)

Ability to predict poor outcome

Ability to predict good outcome

SEPs normal/unilaterally abnormal

MRI pattern 1: Deep grey matter injury with limited cortical involvement
MRI pattern 2: Deep grey matter injury with extensive cortical involvement
MRI pattern 3: Deep grey matter injury with watershed lesions
MRI pattern 4: Isolated watershed lesions

MRI pattern 5: Isolated white matter lesions (leukomalacia)
MRI pattern 6: Isolated extensive cortical injury
PPV: positive predictive value, NPV: negative predictive value
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abnormalities to imaging findings is the subject of another study and will
be discussed in a subsequent paper.
Our cohort reflects the NICU population in a tertiary hospital where
multimodal evaluation (neurological, MRI, EEG and evoked potentials) is
best suited to ascertain the nature and severity of brain injury and to help
make tailored outcome predictions. In such a population, SEPs are of additional prognostic value even when EEG and MRI results are known. Still, this
finding is probably of modest clinical relevance as EEG monitoring findings
alone already show a high positive predictive value in our cohort (Table
2). The value of SEPs in this context depends on the associated pattern of
injury on imaging. Neonates with injury to basal ganglia and thalamus have
a poor prognosis24. When severe deep grey matter injury is combined with
extensive cortical or watershed injury (patterns 2 and 3) there is no additional value of SEPs. In case of injury to thalamus and basal ganglia with
limited cortical involvement (pattern 1), SEPs were bilaterally absent. However, 2 out of the 10 neonates in whom this was observed survived, showing
only mild motor abnormalities on follow-up. It is plausible that these had
only partial injury to the ascending sensory system, with some function in
either thalamus or cortex preserved, albeit not enough to keep SEPs normal. In case of isolated watershed injury or leukomalacia (patterns 4 and
5), SEPs agreed with the MRI findings when the lesions were asymmetrical;
parietal cortex affected on one side correlated with unilaterally abnormal
SEPs over the same hemisphere. These observations suggest that frontal
injury rostral to the primary motor cortex, with intact SEPs, does not lead
to severe CP. In symmetrical generalized leukomalacia (pattern 5) the only
infant with bilaterally absent SEPs developed severe CP, whereas the other
two with normal SEPs had a normal motor outcome, suggesting that also
in this group the SEPs accurately predict motor outcome. Remarkably, two
patients (one with asymmetrical isolated frontal watershed injury and the
other with symmetrical leukomalacia) with normal or mildly abnormal EEG
(scores 0-2) and bilaterally normal SEPs, still developed mental retardation.
This suggests that in these brain injury paradigms, SEPs are more accurate
in predicting motor than cognitive outcome.

Overall it seems reasonable to suggest that in patients with (sub)
cortical injury an accurate prediction of motor outcome is possible on the
basis of combined MRI and SEPs results, barring few exceptions.
There are several limitations to this study. First, there is a lack of
serial SEPs studies. Both improvement (associated with a good outcome)
and deterioration of the SEPs (related to poor outcome) by the end of the
first week of life and at two months have been reported before (13,22).
Second, the sample sizes were small, which makes our study suitable
to generate hypotheses but genuine proof will need further prospective work. Third, the use of anticonvulsants and sedative drugs may
have confounded the interpretation of the SEPs (25). Many patients had
seizures detected by EEG monitoring and based on our policy of treating
all subclinical seizures, phenobarbitone, midazolam and lidocaine were
administered depending on the response to treatment. Fourth, the normative SEPs data were those from a study that applied similar technical
parameters (17). Filter settings, stimulation rate and the number of stimuli
used are also known to influence the results of SEPs studies in neonates
(13,17,26). We only studied the N1 component, but later components might
have yielded additional information (27). However, these responses are
even more sensitive to changes in state and the use of medication.
We conclude that in predicting outcome following post asphyxial
HIE, first week SEPs add valuable information to that obtained by
multichannel 24-hours EEG monitoring and MRI. Particularly in certain
MRI patterns (patterns 4, 5 and 6), it is best to use both MRI and SEPs.
Bilaterally abnormal SEPs in the first week of life are highly predictive of
poor outcome.
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table 3 | Selection of MRI patterns, EEG results, SEPs and outcome
SEPs: Somatosensory Evoked Potentials, GMFCS: Gross Motor Functional Classification System, MDI: Mental Developmental Index,
PDI: Psychomotor Developmental Index
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fig 1 | Selected patients with
their MRI patterns (see also
Table 3 for patient details)
Top: (left) Proton density image
shows bilateral watershed injury
involving frontal regions asymmetrically (L›R) and occipital
regions symmetrically, (middle)
Diffusion weighted image (DWI)
shows leukomalacia (R›L), (right)
DWI shows bilateral watershed
injury in anterior frontal areas
(R›L). Bottom: (left) DWI shows
bilateral watershed injury in
posterior frontal and parietal
areas (R›L), (middle) DWI shows
bilateral watershed injury involving posterior frontal and parietal
areas(R›L), (right) DWI shows
isolated extensive cortical injury
involving bilateral parietal and
occipital areas (inset: T2-weighted image from the same patient
shows that the central gyrus (cg)
is not affected)
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abstract
Introduction: Both EEG background activity and extensive injury
on MRI are related to outcome in term infants with hypoxic-ischaemic
encephalopathy (HIE). Conclusions about the relationship between MRI
and EEG are based on small cohorts.
Aim: a) To relate EEG background with brain injury visible on MRI.
b) To assess outcome in relation to both 24-hours EEG collected in the
acute phase and MRI.
Methods: In 72 consecutive term neonates with HIE, 24-hours EEG
was recorded after admission. MRI was scored for severity of (sub)cortical and deep grey matter injury. EEG was scored based on evolution of
discontinuity over 24 hours. Outcome was evaluated at two years of age.
Poor outcome equaled death or CP with impairment.
Results: A high correlation was found between EEG and MRI
(r =0.82). Severely abnormal EEGs were always associated with severe
brain damage on MRI: either deep grey matter injury or isolated extensive cortical injury. Normal/moderate EEG abnormalities predicted good
outcome (PPV 79%), which could be improved to 88% when MRI findings
were added.
Conclusion: MRI offers additional prognostic value only if the EEG
is moderately abnormal. 24h-EEG scores were highly predictive of both
cerebral lesion pattern on MRI and of outcome.

introduction
Background electroencephalography (EEG) is related to outcome
in term infants with hypoxic-ischaemic encephalopathy (HIE) when it is
recorded sufficiently long and at an appropriate moment after the insult.
The prognostic role of EEG in term neonates with asphyxia has been well
studied (1-3). The existing EEG classification systems are not based on
acute 24-hours monitoring and rely to some extent on late neonatal EEG
findings. Studies of background patterns and their evolution even on a
single channel compressed EEG trend recording, like amplitude integrated EEG (aEEG), have confirmed its prognostic value (3-8). Normal and
maturationally delayed EEGs performed within the first two weeks after
birth are associated with normal outcome whereas low voltage, inactive
and burst suppression EEGs are highly correlated with poor outcome (1).
EEGs recorded during the first week are of higher prognostic value because inactive, paroxysmal and low voltage EEGs tend to improve during
the second week (9, 10). Particular value has been attributed to discontinuity of the background activity (11-14). Epileptiform activity on the EEG
is not as predictive of outcome as background activity (2, 10).
Brain injury documented on MRI in term infants with HIE is also related to outcome (15-19). Just a few studies, based on small cohorts with
varying lesion definition and diverse EEG classification, have described
the relationship between MRI and EEG. Normal MRI scans or minimal
lesions to the basal ganglia are associated with a normal EEG background (14). Both extreme discontinuity on EEG (interburst interval IBI ›
40 seconds) and constantly low voltage background (‹ 20 µV) are found
in severe deep grey matter injury associated with either focal or diffuse
damage to cortex and white matter (14). Varying degrees of discontinuity
were found in association with moderate damage to basal ganglia and/or
white matter (20, 21). In only one MRI-EEG study was the full EEGs were
recorded for a longer period (about 24 hours) (14). We studied a cohort
of 72 infants with full EEG monitoring over 24 hours from admission and
observed the evolution of discontinuity. We related the EEGs to MRI
documented injury patterns and related both to outcome.

methods
Between 2004 and 2007, 72 consecutive term asphyxiated infants
were included. MRI, serial ultrasound (US) and 24-hours EEG were
performed in all. Inclusion criteria for asphyxia were either a five minute
Apgar score below six or an umbilical artery pH ≤ 7.10. Newborns with
brain or heart malformation were excluded. When the initial 30 minutes
EEG was normal, monitoring was stopped (except for 2 patients). None of
the patients had therapeutic hypothermia. When seizures were detected
(either electro-clinical or electrographic) treatment was initiated by
protocol: starting with two doses of phenobarbital (20 mg/kg) and when
seizures persisted followed by midazolam infusion (loading dose of
0.1mg/kg followed by a maintenance dose of 0.1 to 0.5 mg/kg/hour) and
lidocaine (loading dose 2 mg/kg followed by a maintenance dose of 6
mg/kg/hour). Lidocaine was weaned over 30 hours (22).

and modified based on our clinical experience (1, 2, 12, 23). Severity of
discontinuity is easy to assess and has been shown to predict outcome.
To score discontinuity, the most frequently occurring measure
of the amplitude and of the duration of the discontinuous periods was
used. Discontinuity was defined as voltage attenuation (‹ 25µV for mild
discontinuity and ‹10 µV for severe discontinuity) seen in at least 50 % of
the EEG channels, lasting at least 6 seconds. In order to provide a readily
applicable classification at the bedside we omitted parameters such as
frequency content and duration of the EEG bursts, frequency of sporadic
or rhythmic sharp waves within and outside the bursts. For statistical
analysis, 24-hours EEGs were further grouped into normal/moderately
abnormal (scores 0-4) and severely abnormal (scores 5-8). We further
subdivided the normal/moderately group into normal/mildly abnormal
EEG (scores 0-1) and moderately abnormal EEG (scores 2-4).

EEG. aEEG plus full EEG monitoring with polygraphy and video was
done from admission, starting usually on the first postnatal day, for at
least 24 hours. The scalp electrodes were applied according to the 10-20
international system of electrode placement and a NervusTM monitor was
used (Taugagreining hf, Reykjavik, Iceland). Electrodes were attached
using conductive paste and fixed using collodion. Fifty of the 72 infants
had a full 10-20 system using17 electrodes while 12 had a restricted 1020 placement with 13 electrodes (FP 1-2, F 7-8, T 3-4, T 5-6, O 1-2, C 3-4
and Cz electrodes). Polygraphic channels consisted of ECG, electro-oculogram, chin EMG, respiration, limb movements and peripheral oxygen
saturation. EEGs were reported by a clinical neurophysiologist at the
time of recording. All the data were digitally available for review. For the
purpose of this study the EEGs were reviewed again by the clinical neurophysiologist together with a neonatologist and scored blindly to outcome
and MRI pattern. Consensus was reached in all cases. The scoring system
used emphasizes discontinuity (voltage and duration of the discontinuous periods) and its evolution over 24 hours as well as presence of sleep
wake cycling (SWC) (Table 1). It was derived from published literature

Imaging. Ultrasound scans and MR images were scored by a paediatric neurologist unaware of the 24-hours EEG results and clinical outcome. All MR scan sessions adhered to an “asphyxia” protocol including
conventional T1-weighted, T2-weighted images, proton density images,
and diffusion weighted images (DWI) with apparent diffusion coefficient
(ADC) mapping. A 1,5 Tesla MRI was used. Scoring was performed using
information from all sequences. From a published scoring system six
injury patterns were extracted (19) (Table 2). Additionally a pattern 7 has
been introduced, not fitting one of these six patterns consisting in this
cohort focal haemorrhagic lesion at the thalami or at the periventricular
white matter. For statistical purposes MRI patterns were classified as
normal/moderately abnormal [MRI group I: patterns 0, 4, 5 and 7] and
severely abnormal [MRI group II: patterns 1, 2, 3 and 6].
Neurodevelopmental Outcome. All survivors were evaluated at 2
years of age by a developmental paediatrician unaware of the 24-hours
EEG and MRI results. The evaluation included administration of the Bayley scales BSDI II (MDI and PDI) and a clinical neurological examination.
Children in whom cerebral palsy (CP) was suspected were also evaluated
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table 1 | 24-hours EEG score
type

grade/
score

continuity

sleep wake
cycling

other

normal

0

continuous

clearly
differentiated

normal voltage

mildly abnormal

1

mild discontinuity: mean interval
amplitude 10-25 µV

mildly
abnormal

increased, abnormal, paroxysmal activity like sharp
waves, short (‹6 sec) runs of theta and delta activity

moderately abnormal

2

severe discontinuity: mean interval
amplitude ‹ 10 µV lasting ‹ 10 sec

absent

preserved reactivity to external stimuli with variability
in the length of interburst intervals

3

severe discontinuity (‹ 10 µV) of 10-20
sec at the start of the monitoring, but
improving to grade 2 within 24 h

absent

with very little variability and reactivity

4

longer periods of severe discontinuity
(‹10 µV, ›20 sec), but improving to
grade 2 within 24 h

absent

with very little variability and reactivity

5

severe discontinuity (‹10 µV) of
10-20 sec at the start of monitoring,
remaining unchanged over 24 h

absent

with very little variability and reactivity

6

severe discontinuity (‹10 µV) of ›20 sec
at start of monitoring, but improving
to grade 5 within 24 h

absent

no variability and reactivity

7

severe discontinuity (‹10 µV) of 10-20
sec, worsening further within 24 h,
with discontinuous periods of ›20 sec

absent

no variability and reactivity

8

very long periods of severe
discontinuity (‹10 µV, ›20 sec), or
persistent low voltage (‹10 µV)
remaining unchanged over 24h

absent

no variability and reactivity
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severely abnormal

table 2 | Scoring system and the patterns of brain injury
grade

thalamus/basal ganglia
(TBG-score)

(sub)cortex/white matter
(CWM-score)

0

normal

normal

1

focal infarction or bleeding

bilateral, non-confluent punctate periventricular white matter
haemorrhage (high signal on T1, low signal on T2)

2

isolated bilateral thalamic injury, MRI with normal PLIC

high T2 signal intensity in subcortical white matter in watershed area(s)
with intact cortical ribbon; diffuse hyperechoic change with predominance
in the periventricular and parasagittal area

3

abnormal signal intensity in ventrolateral thalamus and putamen
on US and MR, with normal PLIC signal intensity on T1

2 + focal disappearance of the cortical ribbon in either one rostral or caudal
watershed area, or in one hemisphere in several watershed areas

4

abnormal signal intensity in ventrolateral thalamus and putamen
on US and MR with inverted PLIC signal intensity on T1; caudate
not involved in both US and MRI

2 + focal disappearance of the cortical ribbon in rostral and caudal
watershed areas of both cerebral hemispheres

5

4 + caudate involved

diffuse periventricular and especially subcortical hyperechoic change in
white matter, together with heterogeneous abnormal signal intensity on MR
(high on T2 and low on T1, indicative of ischaemia and not haemorrhage)

6

4 or 5 + injury to the entire thalamus

extensive cortical injury extending beyond perirolandic and peri-insular
cortex; laminar hyperechoic pattern on US and disappearance of the
cortical ribbon on T2 in affected areas

Perirolandic, calcarine and peri-insular cortical highlighting (high signal on T1
and low signal on T2, especially in the depths of the sulci) was variably associated with TBG-scores 3 to 6 and is not included separately in the CWM-score
Pattern 0: Normal (MRI group II)
Pattern 1: Deep grey matter injury with limited cortical involvement (TBG 3-6,
CWM 0-1) (MRI group I)
Pattern 2: Deep grey matter injury with extensive cortical involvement (TBG 3-6,
CWM 6) (MRI group I)

77

Pattern 3: Deep grey matter injury with watershed injury (TBG 3-6, CWM 2-4)
(MRI group I)
Pattern 4: Isolated watershed injury (TBG 0-1, CWM 2-4) (MRI group II)
Pattern 5: Isolated white matter injury (TBG 0-1, CWM 5) (MRI group II)
Pattern 6: Isolated extensive cortical injury (TBG 0-1, CWM 6) (MRI group I)
Pattern 7: Collected patterns not fitting one of the six other patterns
(in this cohort focal thalamic lesions or punctate white matter haemorrhage)
(MRI group II)

by a child neurologist. Children with normal short term development
were not further followed as outpatients; they were assessed with a telephone questionnaire based on the Paediatric Stroke Outcome Measure
(PSOM) (23). The Gross Motor Functional Classification System (GMFCS)
was used to classify the severity of CP: mild CP corresponded with
GMFCS 1 or 2. Outcome was classified into good [normal or mild disability
(minimal abnormalities at neurological examination or mild CP)] and poor
[death or Mental Developmental Index (MDI) ‹ 70 or severe CP (GMFCS
3-5)].
Statistics. Data were analysed using SPSSTM version 15.0 statistics software package. The Spearman correlation coefficient, sensitivity and specificity were used to relate 24-hours EEG classification with
brain injury on MRI and to relate both to outcome. A p value of ‹0.05 was
considered significant.
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The Erasmus MC Medical Ethical Review Board granted permission to use patient data for scientific publication.

results
The median gestational age estimated 39 3/7 (range 36 3/7-42)
weeks. EEG recording was started at a median time of 12 hours (range
2-84) after birth. MRI was performed at a median of 4 (range 1-14) days
after birth. For six infants ADC maps were not available. In 12 patients in
whom 24-hours EEG monitoring was started beyond 24 hours after birth.
Four of those had an EEG score of 1 (all developed normally), three had
a score of 3 (one died and two developed normally) and five had score
of 8 (all died). Seizures were recorded in 42 patients and these were all
treated according to protocol. Fourteen of them received Lidocaine for
the treatment of persistent seizures in all brain injury patterns except
for deep grey matter with watershed injury (pattern 3) and for isolated
watershed injury (pattern 4).

Relationship between EEG score and MRI patterns
(Tables 3 and 4)
The 24-hours EEG score and MRI pattern of each patient are shown
in Table 3. The sensitivity, specificity and predictive values of EEG to
predict MRI patterns are listed in Table 4. Normal/moderately abnormal
EEGs (scores 0-4) were associated with MRI group I in 79 %, the remaining 21% had lesions in basal ganglia/thalami combined with limited/
extensive cortical injury/watershed injury or isolated cortical damage. All
patients with severely abnormal EEGs (scores 5-8) fell into MRI group II. A
highly significant correlation (r =0.82, p ‹ 0.001) was found between the
two EEG subgroups (normal/mild/moderate versus severe) and the two
MRI subgroups (I versus II).
Normal MRI scans (pattern 0) were associated with EEG scores 1
or 2. Isolated focal thalamic lesions (n=2; score 3) were related to more
severe EEG abnormalities than punctate white matter haemorrhage (n=5;
score 1 or 2).
EEG score related to outcome (Tables 3, 4 and 5)
A high correlation was found between EEG score (scores 0-4
versus 5-8) and (good versus poor) outcome (r =0.79). Severely abnormal
24-hours EEGS (scores 5-8) had a positive predictive value (PPV) of 100%
for poor outcome. In contrast, normal/moderately abnormal EEGS (scores
0-4) predicted good outcome in 79%, but the accuracy increased to 88%
when MRI results were added, within MRI group I (pattern 0, 4, 5 and 7).
All but one of the 14 patients with normal/mildly abnormal EEGs (scores
0-1) had a normal outcome. This one patient had minimal white matter lesions and died of acute renal failure. Patients with moderately abnormal
EEGs (scores 2-4) had mixed outcomes. Combination of EEG scores with
MRI patterns improved their PPV from 67 to 82%. Table 5 shows the relation between 24-hours EEG score, poor outcome and MRI pattern.

table 3 | MRI pattern and 24-hours EEG score
MRI pattern
24-hours EEG score
8

0

1

2

3

•••••••

•••••••••••
•••••••••••

•

4

5

7

••••
•

7
6

6

•

•
•

5
4

••

3

•

2

•
•

••
79

1
0
24-hours EEG score: see Table 1
MRI pattern: see Table 2
/ normal to moderately abnormal outcome without/with lidocaine treatment
• / • severely abnormal outcome without/with lidocaine treatment

•

table 4 | Relation between 24-hours EEG score, MRI pattern and outcome
Sensitivity (%)

Specificity (%)

PPV (%)

NPV (%)

EEG to MRI
24-hours EEG scores 5-8 to MRI group II (patterns 1,2,3,6)

39/46 (85)

26/26 (100)

39/39 (100)

26/33 (79)

24-hours EEG scores 0-4 to MRI group I (patterns 0,4,5,7)

26/26 (100)

39/46 (85)

26/33 (79)

39/39 (100)

EEG to outcome
24-hours EEG scores 5-8 to poor outcome

39/46 (85)

26/26 (100)

39/39 (100)

26/33 (79)

24-hours EEG scores 0-4 to good outcome

26/26 (100)

39/46 (85)

26/33 (79)

39/39 (100)

24-hours EEG scores 0-1 to good outcome

14/26 (54)

6/7 (86)

14/15 (93)

6/18 (33)

24-hours EEG scores 2-4 to good outcome

12/26 (46)

1/7 (14)

12/18 (67)

1/15 (7)

MRI to outcome
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MRI group II (patterns 1,2,3,6) to poor outcome

43/46 (93)

23/26 (88)

43/46 (93)

23/26 (88)

MRI group I (patterns 0,4,5,7) to good outcome

23/26 (88)

43/46 (93)

23/26 (88)

43/46 (93)

EEG + MRI to outcome
24-hours EEG scores 5-8 and MRI group II (patterns 1,2,3,6)
to poor outcome

39/43 (91)

23/23 (100)

39/39 (100)

23/26 (88)

24-hours EEG scores 0-4 and MRI group I (patterns 0,4,5,7)
to good outcome

23/23 (100)

39/42 (93)

23/26 (88)

39/39 (100)

24-hours EEG scores 0-1 and MRI group I (patterns 0,4,5,7)
to good outcome

14/25 (56)

2/3 (67)

14/15 (93)

2/11 (18)

24-hours EEG scores 2-4 and MRI group I (patterns 0,4,5,7)
to good outcome

9/14 (64)

1/3 (33)

9/11 (82)

1/15 (7)

In bold: improvement of prediction of EEG by MRI results

MRI patterns related to outcome (Tables 3, 4 and 5)
A high correlation was found between MRI group (I versus II) and
outcome (r =0.76).
In MRI group I (patterns 0, 4, 5 and 7) there was no additional
value of the EEG score to predict good outcome. In MRI group II (patterns
1, 2, 3 and 6) the combined use of EEG and MRI improved the PPV from
93 to 100%. A normal MRI predicted a normal outcome in all. Signal inversion in the PLIC on T1 was present in 38/72 neonates. All except 1 (EEG
score 4) had a poor outcome.
All patients with leukomalacia (pattern 5) had normal to mild EEG
abnormalities (scores 0 to 2) but showed a variable outcome. In the watershed patterns, i.e., either isolated (pattern 4) or with deep grey matter
injury (pattern 3), all patients but one [with a normal to moderately abnormal EEG (scores 0-4)] had a normal outcome. All patients except one
with isolated extensive cortical injury (pattern 6) had severely abnormal
EEGs (scores 5-8) and died. The one newborn with a moderately abnormal EEG (score 4) in this group (injury to parietal and occipital regions
only) developed within normal range at 2 years of age but became
microcephalic.

discussion
A 24-hours EEG score (with eight grades), mainly based on the
evolution of background discontinuity, was compared with injury patterns on MRI and with short term outcome data. High correlations were
found between these variables. Following early EEG monitoring, MRI
mainly refines outcome prediction in infants with a moderately disturbed
EEG background (scores 2-4). Within the subgroup with severe and or
persistent discontinuity (scores 5-8), the prognosis is uniformly poor,
although injury patterns vary widely between them.
EEG score in relation to MRI patterns (Tables 3 and 4)
Interestingly, the 39 patients with the most severe abnormalities
on EEG (scores 5-8), with a uniformly poor prognosis, showed either of

two major injury patterns. Thirty-three had injury to basal ganglia-thalamus (24 had extensive and 8 had limited associated cortical injury, 1 had
associated watershed injury), 6 had isolated extensive cortical injury.
MRI studies have shown that persistent severe EEG discontinuity is associated with severe basal ganglia/thalamus injury combined with (sub)
cortical injury (14). We may add isolated extensive cortical injury (pattern
6) to this group with severe background discontinuity. A previous study
correlating EEG with neuropathology has also linked severe encephalomalacia to iso-electric EEGs (24). The 8 patients with normal MRI scan in
the present study had mild to moderate EEG abnormalities (scores 1-2).
This finding contrasts to that of previous studies in which a normal MRI
was associated with normal EEGs only (14, 21). It is safe to assume that
the encephalopathy in these patients was almost completely reversible
albeit after a period of 24 hours. As the timing of MRI scanning in the
present study was almost uniform and several sequences including DWI
were evaluated, we believe it is unlikely we have missed brain lesions in
these patients.
Within the pattern of isolated white matter injury (leukomalacia pattern 5, n= 5) EEGs ranged from normal to moderately abnormal
(scores 0-2). This is a unique pattern of injury. A recent report acknowledges the existence of primary white matter injury due to term perinatal
asphyxia that has not been described before (25). In previous studies
describing white matter injury, more severe EEG abnormalities were
seen, presumably because the cohorts included patients with severe
white matter injury combined with diffuse cortical lesions (14, 17, 26). In
the group of other brain injuries, not fitting into the well defined six patterns (pattern 7, n=7), infants with mild white matter lesions (punctate
periventricular haemorrhages) had mild to moderately abnormal EEGs
(EEG scores 1 to 2, n=4) while those with mild focal thalamic lesions had
more discontinuous EEGs (score 3, n=3). This group is too small, however, to draw conclusions about the correlation between structure and
function.
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EEG scores related to outcome separately and in combination with
MRI patterns (Tables 3, 4 and 5)
We found that in patients with normal to moderately abnormal
EEGs (scores 0-4) the combination with MRI pattern increased the prognostic value. Those with moderately abnormal EEGs (scores 2-4) showed a
variety of brain injury patterns and it was difficult to predict the outcome
with confidence by using EEG only. MRI improved the prognostication in
these patients. However, even when both tools were combined, in some
patients the outcome was not accurately predicted. We hypothesize that
prolongation of EEG monitoring for another 24 hours to evaluate recovery
of background activity and return of SWC may improve prognostication. A
normal/mildly abnormal EEG (scores 0-1) as well as a severely abnormal
EEG (scores 5-8) were highly predictive for respectively normal and poor
outcomes, and this finding is similar to previous studies (8, 14, 21, 27).

82

MRI patterns related to outcome separately and in combination
with EEG scores (Tables 3, 4 and 5)
Almost all our patients without deep grey matter injury on MRI
(patterns 0, 4, 5 and 7) had a good outcome. The 24-hours EEG score
had no additional value for prognostication in this group. Also, in these
patients, MRI predicted outcome better than did EEG alone, in contrast
to other studies (20, 21). Severe abnormalities on MRI (MRI patterns 1, 2,
3 and 6) predicted poor outcome. The accuracy was slightly improved by
24-hours EEG score in contrast to a previous study in 23 neonates in which
EEG had additional value only in the normal to mildly abnormal MRIs (20).
Signal inversion in the PLIC on T1 was present in 38 of all patients
and all of these except one had a severely abnormal outcome. This is
similar to what is described in literature (17).

strengths and weaknesses of our study
We used an adapted EEG scoring system, that better than existing
classifications reflects the dynamics of the acute EEG changes in the first
24 to 48 hours after birth (1, 2). Discontinuity of EEG can easily be as-

sessed at the bedside and is a robust parameter for predicting outcome
(2, 11, 12). We purposefully avoided using the term burst suppression
because there is no uniform definition of this entity (12). Burst suppression implies absent variability with fairly constant interburst intervals
and absent reactivity to external stimuli. Probably our EEG grades of 5 to
7 would qualify for this definition.
Scoring was done blinded to the MRI results and clinical outcome.
However, after analysing the MRI and outcome data and seeing the uniformly poor outcome in all patients with grade 5 to 8, we feel that further
prognostication tests are not needed for those. In other words, the 8
grade system might be simplified to a 5 grade one, with current grades 5
to 8 lumped into one.
In patients with normal/moderately abnormal EEG (scores 0-4)
prediction of outcome purely based on EEG is difficult. Further subdivision of this group into normal/mild (scores 0-1) and moderate (scores
2-4) might be a meaningful option. Scores 0-1 predicted good outcome
except for one neonate who died because of acute renal failure and not
due to the neurological injury. In patients with EEG scores 2-4, SWC had
not returned in the first 24 hours, and this is known to be a predictor of
poor outcome; adding MRI results improved prognostic accuracy (2).
Another limitation of this scoring system is that it does not account for
the onset of monitoring. This is particularly relevant when scores are
similar. For example, it is difficult to compare two patients in whom a
moderately abnormal EEG with short periods of discontinuity and absent
SWC was seen, if the onset of monitoring differed by more than 12 hours.
This is important because in the first 24 to 48 hours following asphyxia,
the EEG background is dynamic. Hence, for more accurate predictions,
the precise time after birth needs to be factored into the score. In addition to the background activity, electrographic seizure burden may be an
independent factor of prognostic importance (28, 29). This is the subject
of another study.
Antiepileptic drugs (AED) are known to suppress EEG background
activity and may have influenced our 24-hours EEG scores. We did not

table 5 | 24-hours EEG score related to poor outcome and MRI pattern

<
<

moderately abnormal EEG
(scores 2-4): n=18

<

normal/mildly abnormal EEG
(scores 0-1): n=15

<

severely abnormal EEG (scores 5-8): n=39

<

normal/moderately abnormal EEG (scores 0-4): n=33

<

<

24-hours EEG score: n=72

poor outcome: n=1
died of acute renal failure

poor outcome: n=6

poor outcome: n=39

deep grey matter injury
(patterns 1, 3): n=4
leukomalacia (pattern 5): n=2

deep grey matter injury
(patterns 1, 2, 3): n=33
isolated extensive cortical injury
(pattern 6): n=6
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measure the serum levels of these drugs. Nevertheless, we reviewed
the entire monitoring period and it was generally possible to recognize
transient suppressions caused by infusion of midazolam or lidocaine.
The majority of our patients (46/72) had a poor outcome, because
we are a tertiary referral center for severely asphyxiated neonates.
Our criteria for selection for EEG monitoring were also biased for the
inclusion of more encephalopathic babies. This limits our ability to
draw conclusions about the utility of EEG monitoring and MRI in mildly
asphyxiated neonates.
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In conclusion a high correlation between the 24-hours EEG scores
and brain injury patterns was found. Severely abnormal 24-hours EEGs
(scores 5-8) always predicted poor outcome. Normal/mildly abnormal
EEGs (scores 0-1) highly predicted good outcome, while in patients with
moderately abnormal EEGs (scores 2-4) the MRI results refined outcome
prediction. In medical ethical decisions MRI must always be considered.
Recently, cooling of asphyxiated term infants has been introduced. Therapeutic hypothermia has to be started before 6 hours after
birth. This will shorten the delay to onset of monitoring. However, both
EEG and MRI may be influenced by the cooling. Consequently, the prognostic predictive values of EEG and MRI in neonates undergoing therapeutic hypothermia have to be reassessed.
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Chapter 6 | Heart rate changes are insensitive
for detecting postasphyxial seizures
in neonates
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abstract
Heart rate (HR) changes during 169 seizures (mean 12 per patient,
range 8-18) were studied in 14 neonates with severe birth asphyxia. HR
changes were found in 21 seizures (12.4%) of 8 patients (HR increases
in 4, decreases in 1 and both patterns in 3 patients), suggesting the
existence of neonatal cerebral hemispheric connections with brainstem
autonomic regulatory centers. HR monitoring appears to be insensitive
for detecting post asphyxial neonatal seizures.
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introduction
Seizures are a common manifestation of central nervous system
dysfunction in newborn babies. They are associated with poor outcome
(1). Often, seizures are subclinical, being detectable only by electroencephalography (EEG). Depending on their location, seizures may affect
heart function. Heart rate (HR) monitoring has therefore been suggested
as method for seizure detection (2). Relative immaturity of the newborn
brain may result in cardiac responses to seizures that differ from those
seen in older patients, but no study has systematically addressed this
issue. We studied HR during seizures in newborn babies that underwent
EEG monitoring after birth asphyxia to a) determine whether ictal HR
changes occur in these babies, and b) assess the potential of HR monitoring as a tool to support seizure detection.

patients and methods
We reviewed EEG and ECG data from 40 full-term newborn babies
with severe birth asphyxia. Babies with congenital cardiac abnormalities
and multiple congenital anomalies were excluded from the study. The
15 babies that showed electrographic seizures had received parenteral
loading doses of phenobarbitone (20mg/kg) and subsequently midazolam (0.1mg/kg), followed by maintenance doses of midazolam,
varying from 0.1 to 0.5 mg/kg/hour (3). MRI scans of the brain were done
between the 3rd to 4th postpartum day in all patients. The study had the
approval of the institutional medical ethics committee.
Digital video-EEG with polygraphy was registered continuously for
1-2 days using a NervusTM monitor (Taugagreining hf, Reykjavik, Iceland ).
EEG electrodes were placed according to the 10-20 international system.
Single channel ECG was recorded from two electrodes placed over the
left and right side of the chest. Sample frequency was 256 Hz for both
EEG (band-pass filter 0.5-35 Hz) and ECG channels (band-pass filter
1-70Hz).
All EEGs were reviewed in their entirety, and scored for seizure
onset and offset, lateralization, localization, spread, and frequency. For
ictal HR analysis, we selected only those ictal discharges that lasted at
least 20 seconds and showed clear evolution in frequency and amplitude
over time. Seizures with clinical manifestations (three in one patient)
were excluded to avoid secondary influence of motor activity on HR.
The R tops of the QRS complexes in the ECG were automatically
detected and R-R interval plots were generated using MatLabTM software
(The MathWorks, Natick, MA). In these plots, each R-R interval was
converted to an instantaneous heart rate (beats per minute) and plotted
versus time, from 30 seconds before ictal onset to 60 seconds thereafter. R-peak detection by the computer was visually checked to ascertain
that artefacts were excluded and that no R peaks were missed. Ictal HR
results for each seizure were compared with those obtained from an
interictal “baseline” period. These periods were chosen as 60-seconds
epochs, not showing any epileptiform abnormalities, ending at least one

minute before ictal onset, and within 5 minutes preceding each seizure.
This procedure controlled to some extent for other variables that might
influence HR like sleep, medications, and metabolic parameters.
We determined the standard deviation (SD) of the HR variability
during the baseline epoch and used it to set an upper and lower limit
to the “allowed” variability of the ictal HR. For this purpose, we also
determined the mean HR from the first 100 instantaneous HR values in
the last minute before ictal onset. Next, upper and lower limits were set
at this mean HR ± 4 x SD. Any HR change that crossed these limits for at
least 10 successive heart beats and occurred between 30 seconds before
and 60 seconds after the ictal onset was classified as significant ictal HR
increase or decrease. All plots were reviewed by three investigators (PJC,
JHB and GHV), and the classification was verified and agreed upon by
consensus.
For assessing differences between groups, chi-squared tests were
used unless otherwise indicated. All tests were performed using the
statistical software package SPSSTM version 10.1. A p value of ≤ 0.05 was
considered significant.

results
Ictal HR analysis could not be performed in one patient due to too
many artefacts in the recording. A total of 169 seizures were studied in
the remaining 14/40 patients with seizures (mean, 12 per patient; range,
8-18). Clinical data are shown in Table 1. Ictal HR changes were found
in 21/169 seizures (12.4%) in 8/14 patients (Tables 1 and 2). Ictal HR increases were seen in four patients, decreases in one and both patterns in
three. These changes sometimes preceded ictal onset by 10-30 seconds.
Seizures with temporal and extratemporal involvement equally showed
HR changes (15/97 vs 6/72, p = 0.17), as did right- and left-sided seizures
(6/66 right vs 15/103 left, p = 0.29). The numbers of right- and left-sided
seizures showing an ictal HR increase (5/66 vs 10/103, p = 0.63) or
decrease (1/66 vs 5/103, p = 0.25) were not significantly different, either.
In one exceptional patient (no.5, Table 1), ictal HR consistently increased
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table 1 | Clinical data and ictal heart rate (HR) variability
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Patient
no./sex

Location
of sz

Abnormalities
on MRI brain

Baseline
HR variability

Ictal HR variability/
no. of sz

Outcome/duration
follow-up (months)

1/F

C, T

Cort, subcort

No

0/11

Died

2/F

C, TO

Subcort

Yes

0/9

Died

3/F

C, O, FT

Cort, subcort

No

↑ 4, ↓1/15

Died

4/F

P, FT, C

Cort, subcort

No

0/18

Died

5/M

T, C, F

Cort, subcort

No

↑ 5/18

Died

6/F

C, T

None

Yes

↑ 1, ↓1/10

Good/7

7/F

C, T

Cort, subcort

Yes

↑ 1/10

Died

8/F

C, T

Cort, subcort

No

↓ 3/11

Severe sequelae/4

9/F

TPO

Subcort

No

↑1, ↓1/10

Died

10/M

C, T

Subcort

Yes

↑ 2/13

Motor delay/12

11/M

T, O

Subcort

No

0/10

Died

12/F

C, T

Cort, subcort

Yes

0/10

Severe sequelae/24

13/M

C, T

Cort, subcort

No

0/13

Died

14/M

FCT, TO

None

No

↑ 1/11

Good/6

Sz: seizure, F: frontal, T: temporal, C: central, P: parietal, O: occipital, ↑: ictal HR increase and ↓: decrease.
MRI abnormalities: Cort: hyperintense signal involving most commonly the rolandic and insular cortex.
Subcort: signal changes involving thalami, basal ganglia or subcortical white matter

when the seizures involved temporal regions and had a discharge
frequency of 5 to 7 Hz, while no HR changes were seen with slower ictal
activity (Figure A and B) .
The baseline HR showed two types of patterns: a) preserved beatto-beat variability, and b) markedly diminished or absent HR variability
(stable baseline HR). For this purpose, we defined “stable HR” as a
coefficient of variation (standard deviation divided by mean times 100%)
of less than 2% in all or all but one of the baseline epochs. There was no
significant difference between the number of patients with a stable or
varying baseline HR that showed ictal HR changes (5/9 vs 3/5, p = 0.66,
Fisher’s exact test). Regarding outcome, there was no significant difference in mortality between patients with preserved and absent baseline
HR variability (2/5 vs 7/9, p = 0.2, Fisher’s exact test), nor between
patients that did and did not show ictal HR changes (4/8 vs 5/6, p = 0.2,
Fisher’s exact test).

discussion
Our study clearly shows that ictal HR changes can occur in
neonates, providing evidence for the existence of neonatal cerebral
hemispheric connections with brainstem autonomic regulatory centers at
birth. However, HR monitoring appears to be a very insensitive method
for detecting seizures after birth asphyxia. Ictal HR changes were seen
in only 12.4% of the seizures, which is much less frequent than reported
(73-98%) in older children and adults (2,4,5). This low occurrence may be
due to immaturity of the neonatal brain. Alternatively, it may be secondary to hypoxic brain damage, hypoxia-induced abnormal autonomic
cardiovascular control, or the use of sedative medications. Antiepileptic
drugs and sedative medications are known to suppress autonomic cardiac responses, and they have probably influenced our results significantly. These medications differed between patients and could not be
controlled for, other than by our use of a baseline epoch (6).
In our patients as a group, there was no significant effect of
seizure lateralization or localization on the occurrence and nature of ictal

HR changes. However, one patient who had temporal region seizures
consistently showed ictal tachycardia when the ictal discharges had a
frequency of 5-7 Hz. This combination of findings might be explained by
spread of the temporal seizure discharges to mesio-limbic structures or
insula, resulting in a higher frequency of ictal discharges and tachycardia
(7,8).
Diminished HR variability is considered a poor prognostic sign
in encephalopathic neonates (9,10). However, we found no significant
increase in mortality in the stable baseline HR group, probably due to the
small numbers of patients in our study. Our finding of ictal HR changes
occurring in similar number of patients with preserved and absent baseline HR variability suggests that the central nervous substrates responsible for ictal HR changes are relatively insensitive to hypoxia induced
damage.
Part of this work was presented as a poster at the 33rd annual
meeting of the Child Neurology Society held at Ottawa, Canada in October 2004.
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table 2 | Correlation of ictal heart rate (HR) changes with seizure location and laterality

Temporal
a) Stable			
region		
baseline			
involvement		
		
HR change			
			
		
↑
↓
No

b) Variable			
baseline			

Total
a)+b)

HR change			

HR change

↑

↓

No

↑

↓

No

Right

2

0

15

2

0

15

4

0

30

Left

7

1

31

2

1

21

9

2

52

Right

1

0

28

0

1

2

1

1

30

Left

1

1

28

0

2

8

1

3

36

Yes

94

No

↑: Ictal HR increase and ↓: decrease, No: No HR changes

fig a

fig b
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Electrographic seizure of 1 Hz frequency, involving the right central
region in patient no.5, not associated with ictal HR changes

Electrographic seizure starting at a frequency of 1 Hz and evolving to
reach 6-7 Hz, involving the left temporal region in the same patient
This type of seizure was consistently associated with HR increase
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abstract
Ictal nystagmus (IN) is an uncommon phenomenon characterized
by rhythmic saccadic eye movements occurring during epileptic seizures.
We report a newborn baby with severe birth asphyxia, undergoing longterm video EEG monitoring with electro-oculogram (EOG), who showed
irregular IN that crossed the midline from left to right and vice versa, resulting in large amplitude of the nystagmoid movements. The nystagmus
was followed 15 to 29 seconds later by ictal discharges in the occipital
regions. MRI of the brain showed features suggestive of periventricular
leukomalacia. This interesting combination of findings suggests a complex mechanism for IN of cortical or subcortical ictal rhythms, which results in (a) the generation of subcortical electrical discharges in the pons
and midbrain, causing nystagmoid eye movements, and (b) subsequent
occipital spiking. We conclude that this clinical manifestation supports
the existence of functioning cortical-subcortical connections between
the brainstem ocular motor centres and the occipital cortex at birth.
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introduction
Epileptic or ictal nystagmus (IN) consists of rapid, repetitive saccadic eye movements caused by epileptic discharges (1). In the majority
of patients with IN described in the literature, there is a preponderance
of seizure foci in the parieto-temporo-occipital (PTO) cortex (2-5). The
youngest patient in whom IN has been reported is a 10 day-old infant
described by Harris et al, who had a focal cortical dysplasia involving the
PTO region (4). Long-term EEG registrations in newborn babies with a
history of birth asphyxia provide information about the severity of brain
injury, help in the management and also aid prognostication. Over the
last one year, 39 newborn babies have thus been monitored at our centre. Fifteen of these babies had subclinical /electrographic seizures on
their EEGs. We observed ictal nystagmus in one of them. Since IN is rare
and clinical correlates of seizures in newborn babies are often absent or
subtle, we find this combination in our patient worth reporting (6).

case report
A baby girl, born at 39 weeks of gestation by caesarean section,
weighing 2600 grams, had Apgar scores of 0, 0, and 1 at birth, 5 and 10
minutes respectively, suggesting severe birth asphyxia. She was resuscitated, and regular cardiac rhythm was established after 10 minutes.
Arterial blood gases performed 30 minutes post partum showed a pH
of 6.7 and a base excess of -16. Infusions of dopamine and dobutamine
were required to maintain the blood pressure. Examination showed a
head circumference of 33 cm, normal anterior fontanelle and a cephalhematoma (subperiosteal hematoma) over the left parieto-occipital region.
The pupils were equal and normally reacting to light and neurological examination revealed no abnormalities. Five hours after birth, generalized
convulsions were seen and a loading dose of phenobarbitone (20mg/kg)
was given intravenously. No further convulsions were noted.
Long term video EEG monitoring was started 7 hours after birth,
using a NervusTM monitor (Taugagreining hf, Reykjavik, Iceland ) and was
continued for 40 hours. Scalp EEG electrodes were placed according to
the 10-20 international system of electrode placement and 16-channel
EEG was monitored. For recording the EOG, 2 electrodes were placed
obliquely above each other, one above the eyebrow and the other below
the lower eyelid. Two channels were constructed for recording bipolar
EOG from the right and the left sides. Four additional channels were used
for respiratory movements, the chin EMG, ECG, and pulse oxymetry.
The interictal EEG showed a background activity of normal voltage, with diffuse delta activity of about 50 μV amplitude, intermixed with
intermittent theta activity of about 20 μV, over the central and temporal
regions, lasting for 1-3 seconds. Various sleep stages were well differentiated. Sporadic sharp waves of 50-100 μV were seen multifocally, with
maximum frequency of occurrence in the central midline region. Ictal
discharges, defined as paroxysmal abnormal electrographic discharges,
consisting of clearly evolving rhythms of sinusoidal slow waves or
rhythmic sharp waves, or mixed patterns, coming at a frequency of 0.5-1
Hz, and lasting for 20 - 203 seconds, were seen in the central, temporo-

occipital and occipital regions. These discharges met the criteria of
neonatal electrographic seizures. In total, they occurred 20 times during
the monitoring. Some of the discharges were arrhythmic and were best
appreciated with a time base (paper speed) of 15 mm/s. Three of these
ictal discharges, occurring in the occipital regions, approximately at 15,
19 and 21 hours after the start of the recording, showed a stereotyped
sequence of horizontal nystagmoid eye movements that crossed the midline from left to right and vice versa, lasting for 21-52 seconds, followed
by runs of rhythmic sharp waves with a relatively low amplitude of 30–40
μV over one or both occipital regions, lasting for 29-203 seconds (Figures
1a,b and 2). 			
The nystagmus beat frequency was variable, ranging from 1 to 4
Hz. The temporal relationship of the nystagmus to each of the ictal discharges is shown in Table 1. There was no sustained tonic eye deviation
or vertical eye movement associated with the discharges.
The other 17 electrographic seizure discharges had no clinical correlates. They were seen 10 times over the central regions. These central
discharges consisted of sinusoidal waves of 150 - 250μV amplitude. The
remaining 7 temporo-occipital electrographic seizure discharges had a
mixed morphology of sinusoidal patterns with superimposed rhythmic
sharp waves of 90-100 μV. These two types of ictal discharges were never
associated with nystagmus. There were also two occasions in which the
nystagmoid eye movements occurred for shorter periods of time (5 to 8
seconds) without accompanying EEG changes. We carefully reviewed the
EOG during the entire EEG registration to look for similar eye movements.
An MRI scan of the brain, performed 12 days after birth, showed
bilateral multiple punctate hyperintensities in the periventricular white
matter, predominantly in the parieto-occipital region on T1 and T2-weighted as well as fluid attenuated inversion recovery (FLAIR) and 3D spoiled
gradient echo (SPGR) images, consistent with small haemorrhages. These
findings were suggestive of hypoxic ischaemic brain injury. The cerebral
cortex, thalami, basal ganglia and brain stem were normal in appearance.
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fig 1a | EEG showing evolution of a seizure with ictal nystagmus seen best in the electro-oculogram channels (EOG left and right), starting at
a frequency of 1 Hz and increasing to 3 Hz. The beginning of ictal rhythmic sharp wave discharges (arrows) are seen over the occipital regions
(right › left), starting about 21 seconds after the onset of the nystagmus
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fig 1b | Continuation of the seizure in 1a, 74 seconds later. The nystagmus has stopped but the occipital ictal discharges (arrows) continue.
Sensitivity 100 μV/cm, DHF 30 Hz, LFF 0.5 Hz, Paper speed 15mm/s
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fig 2 | Another seizure showing irregular nystagmus recorded by the EOG and anterior temporal channels, followed 11 seconds later by
the ictal discharges (arrows) over the right occipital region consisting of rhythmic blunt sharp waves. Sensitivity 100 μV/cm, DHF 30 Hz,
LFF 0.5 Hz, Paper speed 15mm/s
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table 1 | Temporal characteristics of the occipital seizures showing ictal nystagmus
Seizure

Duration of

Delay in onset of

Duration of

Discharges outlast

No.

nystagmus

ictal rhythms

ictal rhythms

nystagmus by

1

28

29

73

74

2

52

21

203

172

3

21

15

29

23

(Time in seconds)

The baby developed necrotising enterocolitis at the end of the first
week, requiring resection of a part of small intestine, and subsequently
developed renal failure. Despite haemodialysis and other supportive
measures, she died on the 17th day.

discussion
The occurrence of nystagmus and occipital discharges together
in our patient raises two possibilities. One is that these two events are
unrelated and occurred together purely by chance. The occurrence of nystagmus on 2 occasions without accompanying electrographic discharges
might suggest this. The other is that the nystagmus and the simultaneously occurring occipital electrographic discharges are related, and part
of a sequence of events. We feel that the latter is the case in this patient
because of the consistent, one on one association of the longer trains of
nystagmus with the longer runs of occipital discharges. The 2 episodes
of nystagmus that occurred without EEG correlate were short, lasting 5-8
rather than 21-52 seconds. Also, the occipital epileptiform abnormalities

that occurred at other times during the monitoring without clinical correlate were short, lasting for 1-3 instead of 29-203 seconds. Furthermore,
this occasional dissociation of nystagmus and epileptiform discharges
would not necessarily undermine our view, since it is known that electrical-clinical dissociation occurs frequently in neonatal seizures, especially
after treatment with antiepileptic drugs (7).
One of the two mechanisms commonly believed to be causing IN is
epileptic activation of the cortical centre for saccadic movements, with a
rapid phase of nystagmus contralateral to the focus, and a slow ipsilateral phase in association with a defect in the gaze-fixing system (so-called
‘leaky neural integrator’) (2,8). The decelerating ipsiversive slow phases
do not cross the midline. The second mechanism of IN is believed to be
excitation of cortical smooth pursuit or optokinetic centres, resulting in a
large amplitude of the eye movements, with the slow phases crossing the
midline (1,9). In our opinion, neither of these mechanisms can adequately
explain the unusual combination of characteristics we observed in our
patient: irregular saccades which crossed the midline, a morphology and
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amplitude of the occipital discharges that were strikingly different from
the more common ictal discharge patterns that we recorded in the central
and temporo-occipital regions, onset of ictal discharges 15-29 seconds
after the onset of nystagmus, and the discharges outlasting the nystagmus by 23-172 seconds.
In adults, a delay between IN and the onset of ictal discharges has
sometimes been ascribed to a delayed expression of the ictal EEG over
the scalp (10). However, the thinner skull and scalp of a newborn baby
may be expected to result in less low pass filtering, leading to a higher
amplitude and better expression of EEG patterns on scalp recordings.
The presence of open and prominent anterior and posterior fontanelles in our patient would be expected to have a further enhancing effect on the scalp expression of the EEG. For these reasons, the relatively
long delay between the IN and occipital spiking suggests that these ictal
discharges probably arise from deeper located brain substrates.
A sequence of events similar to that seen in our patient has been
reported by Hughes and Fino in a 6 year-old child (11). They postulated
that the ictal discharges that arose from the medial temporal region
in their patient spread subcortically to the brainstem, resulting in the
generation of waves similar to the ponto-geniculo-occipital (PGO) spikes
described in animals during rapid eye movement (REM) sleep (11).
Although human REM sleep recordings do not readily show PGO-like
spikes, a recent study using positron emission tomography has shown
supportive evidence for the existence of processes similar to PGO waves
in humans (12).
Horizontal nystagmus has also been registered along with typical
absence seizures (13). Subcortical-cortical interactions are prominent in
this epileptic syndrome and some published data even suggest involvement of the brainstem in the triggering of absence seizures (14,15).
For our patient, this raises the possibility of a mechanism of ictal
nystagmus that is consistent with our observations. The initial cortical or
subcortical ictal discharges, which could not be detected in the scalp recording, may have travelled down to the ocular motor nuclei in the brain-

stem (possibly via the paramedian pontine reticular formation), causing
the irregular nystagmoid eye movements that crossed the midline. From
the brainstem, the discharges subsequently could have spread to the
lateral dorsal tegmental nucleus, the lateral geniculate bodies and,
finally, the occipital regions bilaterally. Although the latter pathway remains speculative, the occurrence of ictal nystagmus demonstrates that
functioning pathways exist at birth between the occipital cortex and the
brainstem gaze centres.
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abstract
Objective: The description and evaluation of novel patient independent seizure detection for the EEG of the newborn term infant.
Methods: We identified the characteristics of the neonatal seizure
by which a human observer is able to detect them. Neonatal seizures
were divided into 2 types. For each type, a fully automated detection
algorithm was developed based on the identified human observer
characteristics. The first algorithm analyzes the correlation between
high-energetic segments of the EEG. The second detects increases in low
frequency activity (‹ 8Hz) with high autocorrelation.
Results: The complete algorithm was tested on multi-channel
EEG recordings of 21 patients with and 5 patients without electrographic
seizures, totaling 217h of EEG. Sensitivity of the combined algorithms
was found to be 88%, Positive Predictive Value (PPV) 75% and the false
positive rate 0.66 per hour.
Conclusions: Our approach to separate neonatal seizures into two
types yields a high sensitivity combined with a good PPV and much lower
false positive rate than previously published algorithms.
Significance: The proposed algorithm significantly improves neonatal seizure detection and monitoring.

introduction
Seizures occur in 1 to 3.5/1000 births and are a common sign of
neurological disorder in neonates (1). The causes of seizures are various,
with 90% of all cases being attributed to biochemical imbalances within
the CNS, hypoxic ischemic encephalopathy, intracranial hemorrhages
and infarcts, intracranial infection, and developmental (structural)
anomalies. The newborn brain is very susceptible to seizures as term
infants have well-developed excitatory mechanisms and poorly developed inhibitory mechanisms (2). This explains the greater incidence of
seizures in the neonatal period than at any other time in life (3). There
is controversy about whether or not seizures cause brain damage.
However, an increasing number of studies have shown that neonatal
seizures cause lasting changes in the CNS, is related to poor outcome
and late behavioral effects (2,4-7). In a strategy of neuroprotection of
the newborn, effective detection of these seizures is needed in order to
assess their potential additional damage and establish timely treatment.
The detection of seizures is usually based on clinical signs in conjunction with visual assessment of the EEG. In neonates, the clinical seizures
are often subtle and may be missed without constant supervision (8).
Furthermore, many seizures tend to be subclinical, implying that they
can be detected only by EEG monitoring. Combined with the fact that EEG
analysis requires particular skills which are not always present around
the clock in the Neonatal Intensive Care Unit (NICU) this means that many
seizures are missed (2). Therefore, an automated system that reliably
detects neonatal seizures would be of significant value in the NICU.

In the literature, many seizure detection algorithms have been
described. The best known methods are based on computing a running
autocorrelation function rhythmic discharges detection, modeling and
complexity analysis, and wave-sequence analysis (9-12). Others are
based on the extraction of features using entropy, wavelets, frequency
content, etc., and then training a classifier on these features to correctly
categorize the EEG (13-15). We believe that the classifier approach is not
suitable for patient-independent seizure detection. Neonatal seizures
have an extremely variable morphology, frequency, and topography,
even within the same patient (16,17). Due to this large variability, training a classifier with fixed properties on a set of features is a too rigid
strategy.
Our approach to the detection of neonatal seizures is to develop
an algorithm which mimics a human observer reading EEG, as it is essentially the human observer we are trying to replace. We identified two
major characteristics of neonatal seizures which lead to their detection
by a human observer. The first characteristic is that all seizures represent
a clear change relative to the background EEG. The second and most important characteristic is the repetitiveness of the signal, because nearly
all seizures display some kind of recurrent pattern. We aimed to develop
an algorithm based on these two characteristics using time domain signal processing, as this is the most straightforward way to mimic the human observer. The implementation is based on several concepts already
introduced in the literature, but we combined and improved these and
added some of our own concepts.
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methods
eeg dataset
All data were recorded at the Sophia Children's Hospital (part of
the University Medical Center Rotterdam, the Netherlands). The dataset
consisted of long-term video-EEG recordings of 26 full-term neonates
with perinatal asphyxia of which 21 contained electrographic seizures
and 5 were seizure-free. Fourteen had the full 10-20 set of electrodes
(17 electrodes: Fp1,2, F3,4, C3,4, Cz, P3,4, F7,8, T3,4, T5,6, O1,2), while
12 had a restricted 10-20 set of electrodes (13 electrodes: the above set
without F3,4 and P3,4). Each measurement started within 24 hours of
birth. Monitoring was done for 24 to 48 hours. Segments of EEG containing seizures and at least eight hours long were selected for each
patient. Sampling frequency was 256 Hz. Inter-rater agreement between
two experienced clinical neurophysiologists in scoring the number of
seizures in one-hour segments of EEGs from 10 patients was 73%. Subsequently, the data was reviewed jointly by both and the scored seizures
were agreed upon by consensus. The 8-hours segments of EEGs were
then scored for seizure activity by one of the raters. Seizures were scored
when they showed clear variation from the background EEG activity lasting for at least 10 s and showed evolution in time and or change in amplitude and frequency. The dataset consisted of EEGs with a wide variety of
background activity, ranging from low voltage, to burst suppression and
normal background activity. No selection has been made regarding artefacts present in the EEG. Before analysis, the data was filtered between
0.3 and 30Hz.
detection method
When analyzing the neonatal seizures, we identified two major seizure types. The first type is what we call the spike train seizure
type (Figure 1A); the second is what we call the oscillatory seizure type
(Figure 1B). Nearly all neonatal seizures can be classified uniquely into
one of these types or as a combination of the two types (Figure 1C). In
our dataset, roughly 50% of all seizures consisted of a combination of the

two types, 35% were purely consisting of spikes and the remaining 15%
were pure oscillatory seizures.
The major difference between the two types is that the oscillatory
type is a fluent, continuous seizure, whereas the spike train type consists
of isolated spikes appearing on a background of lower voltage EEG. This
means that the oscillatory type has a continuous kind of repetitiveness
while the spike train type has a discontinuous kind. Another difference is
that the oscillatory activity generally has lower frequency content than
the high frequency spikes.
We need to stress that this categorization into two seizure types
is not based on any physiological interpretation, but was adopted purely
from a signal processing point of view. A detection algorithm was developed for each seizure type separately. During analysis, both algorithms
run in parallel and detection occurs if one or both of the algorithms detects a seizure. The two algorithms are calculated on each EEG-channel
separately. When detection occurs in one channel, the complete EEG at
that time instance is regarded as seizure activity, independent of the
detection result on the other channels. Although the two algorithms
differ completely in their implementation, they are closely related and
matched to each other. Figure 2 gives an overview of the complete detection strategy and implementation. The scheme serves as a guide through
the paper and each block will be explained in the following sections. We
will first explain the spike train type detection and then the oscillatory
type detection.

detection algorithm for the spike train type
Our human observer approach indicated that the spike train
algorithm must detect a repetitive train of isolated spike like segments
of EEG. Accordingly, the algorithm consists of two steps. The first step
isolates the spike-like segments and the second will analyze the similarity between these isolated segments.

fig 1a | (A) Example of a spike train
type seizure

fig 1b | Example of an oscillatory
type seizure

fig 1c | Example of a seizure consisting of both morphologies. The seizure
starts with oscillatory activity and
ends with a spike train
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fig 2 | Schematic overview of the complete seizure detection algorithm. The upper track shows all steps of
the spike train type detection, the lower track these of the oscillatory type detection. The complete seizure
detection algorithm then consists of the sum of the two detection algorithms
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Isolation of the spike like segments.
To detect the local presence of high frequency activity, we use
a non-linear energy operator (NLEO) as proposed by Kaiser (1990). The
NLEO represents the energy of a discrete time signal, based on the physical energy of the signal producing system. In its discrete form, it is given
by:

This formula indicates that the output of the NLEO is proportional
to the square of both the amplitude and the frequency (sin(ω0) ≈ ω0 for
small ω0). In this regard, the NLEO may be considered superior to other
energy estimators that simply average the square of the signal and
are independent of frequency. Because of these properties, the NLEO
amplifies the high-frequency spikes of the spike train relative to the
background EEG. A generalized version, which is more robust to noise, is
given by Plotkin et al. (1992):

(1)

With x(n) denoting the current sample of signal x, x(n-1) the first sample before sample n, etc. The key property of this operator can be derived
by taking the following signals (Li et al, 2007):
(2)
With A the amplitude, ω0 the angular frequency and θ the phase,

(3)

(6)

As parameter settings, we used l=1, p=2, q=0, and s=3 (Agarwal
et al, 1998) to calculate the energy as locally as possible. Subsequently,
on the output of the NLEO a moving average with a window size of 120 ms
and shift of 1 sample was calculated. This value was chosen as a compromise for sensitivity between short spikes (‹120 ms) and long spikes (›120
ms). The resulting signal was the smoothed, frequency-weighted energy
of the EEG.
Next, this signal was divided into overlapping epochs of 5 s (overlap of 4 s). To each epoch, an adaptive threshold was applied that was
defined as:

Using the following trigonometric identities:
(7)

(4)

We become:
(5)

with ‘std(…)’ and ‘q3(…)’ the standard deviation and 75th percentile of the epoch, respectively. The 75th percentile guarantees that only
the highest energy parts of the signal are selected. The standard deviation adapts the threshold to the variability of the signal.
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The human observer approach requires the spikes to be ‘isolated’
from the background activity. We implemented this requirement by calculating the spikiness of each high-energetic segment using:

(8)

The background is defined as the EEG with the length of the considered segment just before and after the spike. Only segments with a
minimum length of 60ms and a spikiness higher than 7 were kept.
To summarize the segmentation, first those segments which are
high-energetic with respect to the complete epoch are detected and next,
the spikiness further reduces the number of segments to those which
are high-energetic on a very local scale (isolated by comparatively lowenergetic EEG).
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analysis of the correlation.
Following our human observer’s approach, we now have to deal
with the repetitive character of the seizures. In time domain processing, repetitiveness (or in this case: similarity between segments) can be
estimated using correlation analysis (18). To detect the occurrence of a
repetitive pattern of segments, we developed a correlation scheme that
will grow a set of highly correlated segments (Figure 3). Such a set starts
with just one segment and every detected segment of the segmentation
step will be used as a starting point for the correlation scheme. In the
first step, the cross-correlation of the first segment with the previous
segment is calculated. If the maximum value of that cross-correlation is
>0.8, that previous segment is added to the set. Next, the preceding
segment is selected and the cross-correlation with the two segments of
the set is calculated (step 2). If the mean of those two maximum crosscorrelations is >0.8, that new segment is also added to set. In case of
a repetitive signal, repetition of this process (step 3 etc.) leads to a set

of segments which are highly correlated with each other. A detection of
a seizure occurs when the number of correlated segments in the set is
higher than 6.
An important parameter is when to stop the process as it is not efficient to search back for correlated segments indefinitely. This maximum
time lag is dependent on the length of the first segment the process
started with. Only segments which occur with a time lag less than 40
times the length of the first segment are checked.
By restricting the time lag based on the length of the first segment, the search is adapted to the length of the correlated segments the
algorithm is searching for and thus adapted to the patient’s EEG. In case
the first segment is longer than 0.5 s, the maximum search back length is
limited to 20 s. Due to this flexibility, the sensitivity of finding correlated
spikes is the same for short as for longer segments (up to 0.5 s).
As this search for correlated segments is calculated for every
segment detected in the segmentation step, several (possibly overlapping) sets of correlated spikes will be found in case of a spike-train type
seizure. When the spikes of these sets are less than 20 s apart, they are
grouped into a single detection. The above process allows for some variation in the morphology of the spikes. The initial correlation must exceed
0.8, which implies a strong similarity. However, when a set starts growing, the similarity may occasionally become less, as only the mean of the
correlation with all segments of the set is used.
Figure 4 shows the results of this algorithm. The grey shaded
spikes are those that are detected as being part of a spike train type
seizure. The segments with a rectangle around them are also detected
by the segmentation step, but removed by the spikiness and correlation
analysis and thus are not detected as being part of a spike train type
seizure.

detection algorithm for the oscillatory type
A human observer seems to detect oscillatory type seizures
as continuous repetitive activity that represents an increase of low

fig 3 | Analysis of the correlation between
the segments. In case of a repetitive pattern,
a set of highly correlated segments is grown.
A spike train seizure is detected when at least
6 correlated segments are found

fig 4 | Example of spike train detection. All marked segments (grey shaded + marked by rectangle) are those detected by the segmentation step. After the spikiness operator and correlation
analysis only the shaded segments remain. As a result, only those segments with a high correlation with previous segments (shaded) are kept and are detected as being part of a spike train
type seizure
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fig 5 | Difference between the autocorrelation functions (A’ and B’) of a non-repetitive (A) and repetitive signal (B). The intervals between the zero
crossings of the autocorrelation of a repetitive signal (B’) are regular. The arrows indicate which intervals are compared (each interval is used twice)
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frequency activity relative to the background. In time domain processing, the autocorrelation function is useful for finding a repeating pattern
in a signal and, thus, for handling the repetitiveness of oscillator-type
seizures. The autocorrelation is the cross-correlation of a signal with a
delayed version of itself. Liu et al. suggested a method based on the autocorrelation function to detect rhythmic discharges in the neonatal EEG
(9). Navakatikyan et al. have shown that Liu’s method displays a high
sensitivity but also a high number of false positives (12). We therefore
aimed to develop an autocorrelation-based analysis with a very low false
positive rate. This algorithm consists of 2 steps. The first step detects an
increase of low-frequency activity and the second analyzes the autocorrelation function of these increases.

detection of an increase in low frequency content.
Every EEG channel is decomposed using the discrete wavelet
transform (DWT). The signal is passed through two complementary
filters and emerges as two signals. One is the low-frequency component,
which is called the approximation, and the other is the high-frequency
component or the detail. This process is repeated several times by
successive filtering of the approximation. As a result, at each iteration
(also called scale), a lower frequency component is extracted. As mother
wavelet, we used a biorthogonal wavelet with decomposition order 3, as
this wavelet matches the shape of the oscillatory activity we are looking
for (19). The oscillatory activity is most prominent in the δ (0.5-4 Hz) and θ
(4-8 Hz) range of frequencies. Therefore, only those wavelet coefficients
which correspond to scales of 1-2 Hz, 2-4 Hz and 4-8 Hz are used for
further analysis.
Next, the derivative of each selected scale is calculated, and, the
result is squared to make it positive and to enlarge differences. To detect
significant changes in the resulting signal, a window with a length of 3
s is moved along the signal. Detection occurs if the third quartile of the
signal in the window is higher than 2.5 times the third quartile of the
previous 30 s of EEG. If a window is detected for a particular scale, the

signal in that window represents a significant increase of activity in that
specific wavelet sub-band, compared to the background. This activity is
considered potential oscillatory seizure activity.

autocorrelation analysis.
At this point, we have detected significant changes of activity in
specific wavelet sub-bands of 1-8 Hz. What remains is the analysis of the
repetitive aspect of the signal. As described above, our goal is to detect
repetitive signals by means of the autocorrelation function. The detected
windows in step 1 are divided into 5 s epochs (4 s overlap between epochs) and the autocorrelation function of the epochs is calculated. Figure
5 shows two examples of epochs with their autocorrelation functions.
For our purpose, two features of the autocorrelation function
are particularly useful. First, the autocorrelation of an oscillating signal
is very symmetric around zero, whereas that of a random signal is not
(Figure 5). To exploit this difference, we calculate the skewness of the
autocorrelation. Because of the symmetry, the skewness of the autocorrelation of an oscillating signal will be lower than that of a random signal.
The second discriminatory feature compares the percentage difference of
intervals between the zero-crossings of the autocorrelation (Figure 5B’).
For the high-activity, low-frequency windows detected in step 1 to
be classified as oscillatory seizure, their skewness must be lower than
0.4, and the mean of the interval differences between the zero crossings
must be less than 6%.
combination of the two detection algorithms
Roughly 50% of the seizures consist of a combination of spike
train activity and oscillatory activity. In these cases, both detection
algorithms are needed for a complete detection of the seizure. Figure 6
shows a seizure that starts with oscillatory activity and ends with spike
train activity. The oscillation-detection algorithm detects the beginning
of the seizure but not the end (grey shaded areas). Conversely, the spike
train detection algorithm detects the spike train at the end of the seizure,
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but not the beginning (areas with rectangle). There is a certain overlap
between what is detected by both algorithms (channel Fp1-F3). When the
seizure changes from oscillatory to spike train activity, the oscillation
becomes spikier but the seizure is still continuous, resulting in detection
by both algorithms. When the results of both algorithms are combined,
almost the entire seizure is detected.
A neurologist reading the EEG usually classifies rhythmic EEG activity as a seizure if it is present for at least 10 s (20). To mimic the human
observer and to be able to detect these short seizures, we have set the
minimum duration in our algorithm to 8 s.
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evaluation of the algorithm
Presenting the performance of a seizure detection algorithm is
not straightforward. Different ways to measure the performance of an
algorithm have been reported in the literature, leading to varying results,
which cannot easily be compared. In addition, all these algorithms were
tested on different datasets, which makes a comparison even more difficult.
We defined the sensitivity per patient (SensPP) as the percentage
of the number of seizures marked by the neurologist that are detected.

tient with only a few seizures is considered to be equally important as a
patient with many seizures. SensT, on the other hand, regards all seizures
as equally important regardless of the patient they occurred in.
The Positive Predictive Value ( PPV ) is defined as the percentage
of detected events that match seizures.
(10)

with EVtot the total number of detected events and EVsz the total
number of detected seizures. Occasionally, a single seizure was detected
several times by the algorithm. All such events were combined into a
single EVsz detection. The PPV is dependent of the a priori likelihood of
seizures in the dataset, which makes it difficult to compare the PPV of
different datasets. But nevertheless it is an interesting measure for the
performance of the detector.
Another useful measure of performance is the number of false
positive detections per hour (fp/h). This measure represents an important indicator of the practical usability of the algorithm, because each FP
implies that somebody in the NICU will have to check the patient and the
raw EEG recording unnecessarily.

(9)
with SZtotPP the number of seizures marked by the neurologist
for a patient, and SZdetPP the number detected by the algorithm for that
patient. A seizure was considered as detected when there was a temporal
overlap between the marked seizure and the detection.
The total sensitivity for all patients is calculated using 2 methods.
The first method simply averages all sensitivities per patient (SensT_PP).
The second method (SensT ) measures the percentage of seizures
detected of all seizures present in the complete dataset. So, SensT_PP
measures the expected sensitivity at the patient level and SensT at the
seizure level. The importance of the difference is that in SensT_PP, a pa-

results
The results are given in Table 1.
The SensT_PP was 85%, SensT was 88%, as the algorithms detected 482 out of 550 seizures present in the dataset. The mean PPV was
75%. There were 143 false positive detections, or 0.66 fp/h. Of all false
positives, 45% occurred in 2 of the 26 patients (patient 7 and 23). Closer
analysis of these 2 patients revealed that both had low voltage EEG background activity (‹15uV) and thus were very susceptible to artifacts. When
these 2 patients were excluded from the analysis, the false positive rate
dropped to 0.39 fp/h.

discussion
In this paper, we introduce a new approach to detecting neonatal
seizures. Our approach is based on two major characteristics of seizures
(repetitiveness and a change relative to the background) that a human
observer seems to employ. Although all seizures share these properties,
their appearance can be very different (continuous versus discontinuous, low versus high frequency). Close observation, however, led to the
identification of two types and, consequently, the development of two
detection algorithms.
For this purpose, we use several concepts that were previously
introduced in the literature (autocorrelation, NLEO, and wavelets), but we
improve and combine them, while adding some of our own concepts. For
example, just like Liu et al., we make use of the autocorrelation – but we
only use it to detect seizures with a continuous type of repetitiveness (9).
Furthermore, instead of analyzing the autocorrelation of the complete
EEG, we limit the analysis to those parts of the signal that represent an
important increase of low-frequency activity relative to the background.
The combination of these improvements results in a lower false positive
rate compared to previously published algorithms without altering the
sensitivity.
A novel property of the spike train detection algorithm is its ability
to detect repetitive segments of EEG even when two neighboring seizure
segments are interrupted by other EEG activity (Figure 4). This adaptive,
segmentation-based detection is much more flexible than analyzing a
fixed epoch of EEG (like classifier-based approaches do). It is known that
neonatal seizures are extremely variable in morphology and frequency,
which makes it very difficult to develop a patient-independent algorithm
(16,17). To deal with this variability, it is important to develop a datadriven algorithm that either derives its thresholds from the data or uses
parameters that are independent of the variability. For instance, in our
approach, the thresholds for the segmentation of the EEG in the spike
train detection are derived from the data (‘q3’ and ‘std’ of the amplitude).
Similarly, in the oscillation detection, the algorithm references to the

background EEG. The remaining fixed thresholds are the correlation
between the segments and the features derived from the autocorrelation. However, these parameters are independent of the variability of the
seizures, because they only exploit the repetitiveness of the seizures and
are independent of the actual seizure shape.
The sensitivity of the combined algorithms was good (SensT_PP
85%, SensT 88%) at a practically acceptable false positive rate of 0.66
fp/h and mean PPV of 75%. For comparison, the algorithm by Navakatikyan et al. reported sensitivities of 83-95%. PPV of 48-77% and 2 fp/h
(12). The algorithms of Gotman and Liu were also evaluated by Navakatikyan et al. (10). In their evaluation, the sensitivity of the Gotman
algorithm ranged between 39.3 and 87.9%, and for the Liu algorithm
between 97.9 and 99.2%. However, the false positive rate for the Gotman
algorithm ranged from 7.4 to 10.4 fp/h, and an even higher 15.7 fp/h for
the Liu algorithm. Faul et al. have also evaluated the performance of the
Liu and Gotman algorithms (21). They reported a sensitivity of 62.5% for
the Gotman algorithm and 42.9% for the Liu algorithm. Unfortunately, no
fp/h measure was given.
In general, for both algorithms, long, high-amplitude seizures
are rarely missed. The algorithms’ sensitivity is lowest for subtle, short
seizures which lack repetitiveness (arrhythmic) (Figure 7). Finally, Figure
8 provides a few examples of false positive detections of extra-cerebral
activity of biological origin; Figure 9 shows some false positives caused
by non-biological external sources. The ECG artefact was very dominant
and present throughout the recording in a few patients. To deal with this
artefact we developed an ECG reduction algorithm based on Independent
Component Analysis (ICA) and applied it to the EEG before the seizure
detection algorithm was run (a detailed description of this algorithm is
beyond the scope of this paper). This greatly improved the false positive
rate, but in spite of this step, the ECG artefact remained responsible for
some false positives.
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fig 6 | Result of the combination of both detection algorithms. The oscillation detection detects the beginning of the seizure (shaded areas) but not
the last part (on channels Fp1-F3, F3-C3 and C3-P3). The spike train detection algorithm detects the last part of the seizure (marked by rectangle),
which was not detected by the oscillation detection algorithm. The combination of both algorithms yields a complete detection. There is an overlap
between the detection of both algorithms on channel Fp1-F3
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table 1 | Results of the
combined algorithms. Patient
22 to 26 were seizure-free and
thus no SensPP and PPV is given.
(rec. len. is the recording length)

SensT_PP:
SensT:
PPV:
fp/h:

85%
88%
75%
0,66

id number

SensPP (%)

PPV (%)

fp/h

rec. len. (h)

1

92

94

0,51

7,9

2

100

32

1,65

7,9

3

92

65

1,52

7,9

4

90

72

1,27

7,9

5

100

80

0,13

7,9

6

90

100

0,00

7,9

7

89

60

4,05

7,9

8

82

64

0,63

7,9

9

100

100

0,00

7,9

10

100

90

0,13

7,9

11

100

33

0,51

7,9

12

100

90

0,25

7,9

13

96

85

0,51

7,9

14

96

83

0,63

7,9

15

45

71

0,25

7,9

16

50

50

0,13

7,9

17

38

89

0,13

7,9

18

86

86

0,13

7,9

19

60

75

0,13

7,9

20

100

61

1,39

7,9

21

82

100

0,00

7,9

22

x

x

0,00

20

23

x

x

4,05

7,9

24

x

x

0,13

7,9

25

x

x

0,00

7,9

26

x

x

0,00

7,9
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During validation of our methodology, we regularly encountered
rhythmic activity in the EEG, detected by the algorithm. The origin of that
EEG activity was not always clear, even for the neurologist, by only using
the information from the scalp electrodes. In those cases, additional
information from the simultaneously recorded polygraphic channels of
ECG, respiration, movement sensor or even video were needed to establish that the activity present in the EEG was cerebral in nature or caused
by an extra-cerebral source. To decrease the false positive rate of our algorithm further, these signals will have to be included in the analysis, as
it is impossible to correctly classify them based on EEG analysis alone. At
this point, we have only included the simultaneously recorded ECG in our
analysis, by performing an ECG reduction on the data before the seizure
detection algorithm was run.
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The present parameter settings are for offline analysis and to
obtain maximum sensitivity at an acceptable false positive rate. These
values are based on expert estimation and trial and error. It is nearly impossible to estimate the parameters in a more systematic approach (e.g.
using ROC-curves). Because there are many parameters, which are dependent of each other, we would need an almost infinite amount of ROCcurves to define the optimum parameter values. This optimum would
also only be optimal for this particular dataset. We think our approach
proves the robustness of the algorithm as it is able to perform without
extreme optimization of the parameters. In a monitoring environment it
might be desirable to obtain a lower false positive rate at the cost of a
lower sensitivity. For the spike train type detection algorithm this can
be achieved by increasing the threshold on the correlation between the
detected segments. For the oscillatory type detection, the threshold on
the skewness and the allowed percentage difference between the zero
crossings may be decreased. By tuning these parameters we believe the
algorithm to be suitable for online monitoring with sufficient sensitivity
and practical false positive rate. The dataset on which the algorithm was
tested consisted only of full-term neonates with perinatal asphyxia. In

the future we would like to test it on preterm neonates. Nevertheless, the
fact that our algorithm demonstrates a high sensitivity in the presence
of all possible types of background activity suggests that it may also
perform well on other kinds of EEG, including preterm EEG. The dataset
used in this study comes from one center only. To further corroborate
these results we need to test it on multi-center datasets. This is what we
are planning to do in the near future.

fig 7 | Examples of missed seizures; (A) high-amplitude, arrhythmic
oscillatory seizure, (B) short, low-amplitude spike train (complete
seizure is shown), (C)short, focal, high-amplitude seizure (complete
seizure is shown)

fig 8 | Examples of false detections of biological origin; (A) ECG
artefact, (B) tremor artefact, (C) pathological fast eye movements
(nystagmus)
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fig 9 | Examples of false positive detections of non-biological origin;
(A) high-frequency artifact, due to the heating of the bed,
(B) ventilation artifact, as shown by the high correlation with a sensor
on the abdomen
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summary and general discussion
Hypoxic-ischaemic encephalopathy still affects many term
newborns. Some die and many of the survivors may develop cognitive and motor dysfunction. The neurodevelopmental outcome is often
difficult to ascertain early in life. Yet, prognostication is very important
particularly in medical ethical discussions. A variety of techniques such
as neuroradiological (cerebral ultrasound (US)/MRI), neurophysiological
[(amplitude integrated EEG (a-EEG), full-channel electroencephalogram
(EEG) and Evoked Potentials (EPs)] and neurobehavioural tests have
been used for assessment and prognostication in the first few days after
birth. Although each of these techniques in itself has a reasonably good
prognostic value, they are often combined for prognostication. However,
it still remains difficult to fortell outcome in certain cases. The aEEG
and full EEG (done for a short duration) have been widely studied in this
respect. Fewer reports are published about 24-hours full EEG monitoring
and the relation between EEG and MRI.
The main purpose of this thesis was to describe EEG background
abnormalities in relation to MRI patterns in term asphyxiated newborns,
aimed at gaining further insight into the pathophysiological mechanisms
involved in perinatal asphyxia. With this in mind, new scoring systems
for cerebral ultrasound (US)/MRI and 24-hours EEG monitoring were
introduced (chapter 2 and 5). The results in this thesis are restricted to
term asphyxiated newborns.
In chapter 2, a new imaging scoring system was introduced based
on separate grading of injury to deep grey matter (TBG-score) and to
(sub)cortical white matter (CWM-score) using US and MRI. Six patterns
of brain injury were found in our cohort. Deep grey matter injury with
either limited (pattern 1) or extensive cortical involvement (pattern 2),
damage to deep grey matter with watershed injury (pattern 3), isolated
watershed injury (pattern 4), isolated white matter injury (leukomalacia;
pattern 5) and islolated extensive cortical injury (isolated cortical necrosis; pattern 6). Leukomalacia, and isolated cortical necrosis (patterns 5
and 6) were added to the brain injury patterns described in literature. In

leukomalacia, we found that US plays an important role in the confirmation of this pattern, that is, in addition to MRI. A few combinations of
lesions were not seen: deep grey matter lesions (TBG-scores 3 to 6) with
periventricular white matter haemorrhage (CWM-score 1) and leukomalacia (CWM-score 5) with deep grey matter injury (TBG-scores 3 to 6). Still,
there are lesions outside this score.
Chapter 3 compared our scoring system (referred to as the Sophia
score), described in chapter 2, to the existing MRI scoring systems. To
this aim, we limited scoring to MRI and left out US findings. The Sophia
MRI sum score (lumping TBG- and CWM-scores) correlated with both
the Hammersmith and the Barkovich scores. Judging from ROC curves,
the Hammersmith score seems to be the best score to predict outcome.
The Hammersmith score and Sophia TBG-score had equally high correlation with poor outcome. However, lumping of the Sophia TBG- and
CWM-scores lowered the correlation coefficients, because outcomes
after (sub)cortical and white matter injury are heterogeneous. It seems,
therefore, that the Hammersmith score is quite useful in clinical practice.
On the other hand, the two armed Sophia score reveals additional brain
injury patterns like leukomalacia and isolated extensive cortical injury.
In chapter 4, we investigated the additional value of somatosensory evoked potentials (SEPs) in brain injury patterns in term asphyxiated infants. We found a significant relation between 24-hours EEG, deep
grey matter injury and SEPs separately to outcome. Furthermore, SEPs
provided additional value when added to EEG and MRI results. Normal/
unilaterally abnormal SEPs showed high predictive values for good outcome, while bilaterally abnormal SEPs in the first week of life were highly
predictive of poor outcome. For neonates with deep grey matter injury
(MRI patterns 1, 2 and 3) the SEPs had no additional value in predicting
outcome. However, in isolated watershed injury (pattern 4), leukomalacia
(pattern 5) and isolated extensive cortical injury (pattern 6) outcome
prediction was improved by using SEP results. In these patterns, symmetrical and asymmetrical brain lesions were seen. In asymmetrical
isolated watershed injury, SEPs agreed with the MRI findings; posterior

frontal and parietal cortex affected on one side correlated with unilaterally abnormal SEP and with subsequent development of hemiparesis. In
symmetrical isolated watershed injury and leukomalacia, the SEPs were
symmetrical (bilaterally normal or abnormal) and predictive of the motor
outcome, whereas such predictions were sometimes difficult based on
MRI alone. In general, SEPs seemed to be more prognostic of motor than
cognitive outcome.
Chapter 5 introduced an eight grade EEG scoring system, based
on evolution of discontinuity over 24 hours as well as presence of sleep
wake cycling, and correlated with brain injury patterns seen on MRI. A
high correlation between 24-hours EEG scores and brain injury patterns was found. Interestingly the EEG subgroup with the most severe
abnormalities (scores 5-8) showed two major injury patterns: deep grey
matter injury (patterns 1, 2 and 3) and isolated extensive cortical injury
(pattern 6). It is well known from MRI studies that persistence of severe
EEG discontinuity is associated with severe basal ganglia/thalamus
injury combined with cortical injury. We added isolated extensive cortical
injury (pattern 6) to this group. With the pattern of primary white matter
injury (leukomalacia, pattern 5) EEGs ranged from normal to moderately
abnormal (scores 0-2). This is a unique pattern of injury, rarely described
in the literature in term neonates. Previous studies describing white matter injury reported more severe EEG abnormalities presumably because
they included patients with white matter injury combined with cortical
lesions.
Normal to moderately abnormal EEGs (scores 0-4) predicted good
outcome, which could be improved when MRI findings were added, in
contrast to severely abnormal EEGs (scores 5-8) where MRI had no added
value. Further subdividing the first group into normal/mildly abnormal
(scores 0-2) and moderately abnormal EEGs (scores 2-4) the MRI results
were found to improve outcome predictions only in the latter subgroup.
However, even then, outcome cannot be accurately predicted in a small
number of patients. We suggest that a 24-hours EEG scoring system comprizing 5 instead of 8 grades is sufficient enough for grading evolution of

discontinuity (combining grades 5 to 8 into a single grade). Furthermore,
we feel that prolongation of the EEG monitoring in moderately abnormal
EEGs (scores 2-4) for another 24 hours for recovery of background activity and return of SWC may improve prognostication.
Clinical observations such as increase in heart rate in relation
to seizure occurrence and ictal nystagmus are described in chapters
6 and 7. No fewer than 169 seizures in 14 neonates with severe birth
asphyxia were studied and described in chapter 6. Heart range changes
were found in 12.4% of the seizures in 8 patients. Both an increase and
a decrease of heart frequency or a combination of these two were seen,
which makes heart rate monitoring insensitive for detecting seizures in
this group of patients. Chapter 7 described a neonate with ictal nystagmus followed by occipital ictal discharges. This sequence suggests the
existence of connections between the ocular motor centers in the brainstem and the occipital cortex.
Seizures occurring in the context of perinatal asphyxia in term
infants usually reflect serious underlying brain injury. The occurrence of
seizures and their relation to EEG background and outcome is the subject
of another thesis. It is well known that after initial treatment of clinical seizures, subclinical seizures may continue (called electro-clinical
dissociation). One study in the literature mentions that treatment of subclinical neonatal seizures detected by aEEG results in a reduction of the
incidence of epilepsy in later childhood. Detection of seizures in the sick
neonate has thus important therapeutic and prognostic consequences.
The detection rate of seizures on aEEG and full EEG varies in literature.
To address this problem, we developed an automatic seizure detection
algorithm for the neonatal EEG, which is described in chapter 8. Because
neonatal seizures are extremely variable in morphology and frequency,
it was difficult for previous researchers to develop a patient independent
algorithm. Hence we chose to develop a system that closely mimics the
human interpreter. Neonatal seizures were divided into two morphological types: spike train seizure and oscillatory seizure. Nearly all neonatal
seizures could be classified into these two patterns or a combination of
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these two. For each type an automated detection algorithm was developed which both run in parallel. High predictive values, sensitivity and
a low false positive rate of 0.66 per hour compared to other algorithms
were found. Presently the algorithm works off line. Online analysis is being tested at the bed side.
From the findings of this thesis we designed a flow chart of parameters important for prognostication in term asphyxiated neonates (Figure
1). Even then, it remains difficult to reach an accurate prognosis in a small
number of patients.
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future perspectives
Cerebral monitoring is very important in the asphyxiated neonate.
Both aEEG and full EEG are well suited for estimating abnormalities of
background activity whereas aEEG performs suboptimally in detecting
seizures. Expertise is needed for interpretation of both. Also, artefacts
(physiological as well as non-physiological) can influence both EEG and
aEEG and are a challenge for both visual and automatic interpretation
of EEG. We are improving artefact reduction in our seizure detection
algorithm. We are also working on automatic quantification of the EEG
background with the future of goal of developing a user friendly and accurate bedside brain monitor.
In the group of patients with moderately abnormal EEGs (scores
2-4) prolonged monitoring (for 36-48 hours) may improve the prognostication. Further studies have to be done to correlate the time of improvement of EEG background activity with outcome.
Furthermore, we are setting up a database to relate particular
EEG abnormalities and brain lesions in each patient. We hope to find a
relation between these two that would improve our understanding of the
pathophysiological mechanisms involved in post asphyxial brain injury.
Finally, therapeutic hypothermia as an early treatment for term
asphyxiated babies with encephalopathy has recently been introduced
in our center. Future studies are needed to assess the value of investigations like EEG, MRI and SEPs in the context of this treatment.

fig 1 | Algorithm to predict poor
outcome in term asphyxiated
newborns
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nederlandse samenvatting
het voorspellen van de ontwikkeling van een kind met asfyxie
Zuurstofgebrek bij de geboorte, ofwel asfyxie, komt nog steeds veelvuldig voor. De structuren in de hersenen die bij asfyxie beschadigd kunnen
worden liggen in de witte stof, hersenschors, diepe grijze stof of een combinatie hiervan. Een deel van de kinderen met asfyxie overlijdt en veel van
de overlevenden ontwikkelen een geestelijke en/of motorische handicap.
Het is belangrijk de verdere ontwikkeling van een kind met asfyxie in de
eerste week te voorspellen, met name voor medisch-ethische beslissingen
zoals bijvoorbeeld het beperken of stoppen van de behandeling. Dit promotieonderzoek beperkt zich tot kinderen die op tijd zijn geboren. Te vroeg
geboren kinderen moeten apart worden onderzocht omdat zij mogelijk
minder schade en een ander patroon oplopen dan op tijd geborenen.
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Er zijn veel klinische onderzoeken mogelijk om een beeld te krijgen van de latere ontwikkeling van een kind met asfyxie. Dit zijn onder
andere een twee- of meer-kanaals EEG (hersenfilmpje), echo of MRI van
de hersenen en het meten van de tijd (in seconden) die een prikkel, gegeven aan de zenuw in de pols, erover doet om de hersenschors te bereiken
(SEP). Al deze klinische onderzoeken zijn op zichzelf prognostisch voor
de latere ontwikkeling van het kind. In de praktijk wordt die voorspelling
gebaseerd op een combinatie van deze onderzoeken.
doel van het onderzoek
Het EEG wordt meestal direct na de geboorte aangesloten. MRI en
SEP worden vaak 72 uur na de geboorte verricht. De echo kan dagelijks
gedaan worden. Het doel waarmee ik aan dit proefschrift ben begonnen was om een verband te vinden tussen afwijkingen op het EEG en
afwijkingen op de MRI. Omdat we bij de al bestaande classificaties voor
de afwijkingen op MRI en EEG de resultaten van de kinderen in dit onderzoek niet altijd konden classificeren, hebben we een andere manier van
classificeren voor beide gemaakt.

mri
Wat betreft classificatie van MRI gebruiken we zowel de echo als
MRI-beelden. We passen een aparte gradering toe voor de diepe grijze
stof afwijkingen en één voor de witte stof/hersenschors afwijkingen. De
afwijkingen in deze twee categorieën kunnen op zichzelf voorkomen of
in combinatie met elkaar. Dit in tegenstelling tot de oude classificaties
waarbij enkele vormen van schade niet zijn in te delen. Wij vonden twee
op zichzelf staande schadepatronen die nog niet eerder in detail zijn
beschreven; geïsoleerde witte stof schade (patroon 5) en geïsoleerde
hersenschorsschade (patroon 6). De vier overige patronen van schade
die we hebben gevonden zijn: diepe grijze stof schade geïsoleerd
(patroon 1) of met hersenschorsschade (patroon 2) of met schade in
de waterscheidingsgebieden van de grote hersenvaten (patroon 3) of
schade in waterscheidingsgebieden geïsoleerd (patroon 4). Het blijkt
dat de echo een belangrijke rol speelt in het bevestigen van geïsoleerde
witte stof schade (patroon 4).
De bovenstaande gradering (uitgesplitst voor alleen MRI, de echo
weglatend) hebben we vergeleken met de bestaande scoresystemen
voor afwijkingen op MRI. Er is een sterk verband tussen de twee beschreven scoresystemen en ons systeem; hoe ernstiger de score, hoe ernstiger
de afwijkingen op MRI. Eveneens hebben ze allemaal een goede voorspellende waarde naar de ontwikkeling van een kind.
eeg
Ook de classificatie van het EEG hebben we aangepast. In ons onderzoek hebben we gebruik gemaakt van een meer-kanaals EEG. Daarbij
hebben we het EEG gedurende langere tijd (24 uur) geregistreerd. Beide
in afwijking van vele eerdere onderzoeken die gedaan zijn.
In onze patiëntengroep konden we een indeling maken in acht graden van ernst. Dit hebben we teruggebracht naar twee groepen; normaal
tot matig ernstig (graad 1-4) en zeer ernstig afwijkend EEG (graad 5-8).
Het blijkt dat deze classificatie in twee groepen goed voorspellend is
voor de te verwachten ontwikkeling van het kind.

Verdeel je de normaal tot ernstig afwijkende EEG nog verder op in
normaal tot mild afwijkend (graad 0-1) en matig ernstig afwijkend EEG
(graad 2-4), dan blijkt in de laatste groep de voorspelling ten aanzien van
de ontwikkeling van het kind op basis van alleen het EEG moeilijk. Hier
heeft de uitslag van de MRI een belangrijke aanvullende waarde.
Wanneer op de MRI de witte stof/hersenschors beschadigd is dat wil zeggen in geïsoleerde witte stof schade (patroon 5), geïsoleerde
hersenschorsschade (patroon 6) en geïsoleerde schade in de water
scheidingsgebieden (patroon 4) - kan de SEP nog van toevoegende
waarde zijn. In de andere patronen (1, 2 en 3) van schade op de MRI heeft
de SEP geen meerwaarde.
Mogelijk dat nog langere monitoring, dus meer dan 24 uur, zinvol
is in de groep kinderen met een matig ernstig afwijkend EEG (graad 2-4)
om tot een beter prognose alleen met EEG te komen.
algoritme
Het onderzoek heeft geleid tot een algoritme dat gebruikt kan
worden bij kinderen met asfyxie en dat aangeeft wanneer behalve een
24-uurs EEG, een MRI dan wel SEP meerwaarde geeft bij de voorspelling
van de ontwikkeling. Als er echter alleen op basis van het 24-uurs EEG al
een zeer slechte prognose is ten aanzien van de ontwikkeling, zodanig
dat er overwogen wordt om de behandeling te beperken of te stoppen,
zullen altijd meerdere klinische onderzoeken worden verricht. Echter,
in een kleine groep patiënten blijft het moeilijk om een goede prognose
naar ontwikkeling te doen.
bevindingen
Dit proefschrift toont aan dat er inderdaad een sterke correlatie is
tussen afwijkingen op het EEG en afwijkingen op de MRI. Een zeer ernstig
afwijkend EEG (graad 5-8) gaat in alle gevallen samen met geïsoleerde
hersenschorsschade (patroon 6) of diepe grijze stof schade (wel patroon
2) of niet (patroon 1) gecombineerd met hersenschorsschade dan wel
schade in de waterscheidingsgebieden (patroon 3). Dus niet als de witte

stof alleen is aangedaan (patroon 5) of als alleen de waterscheidings
gebieden zijn aangedaan (patroon 4). Alle kinderen in het onderzoek met
een zeer ernstig afwijkend EEG zijn overleden. Geïsoleerde witte stof
schade (patroon 5) laat geen zeer ernstige afwijkingen zien op het EEG
(gaat samen met graad 0-2).
Bij kinderen met asfyxie kunnen trekkingen optreden, ook wel
convulsies genoemd. Het is belangrijk om deze convulsies te behandelen, omdat mogelijk een verhoogde kans op epilepsie bestaat op latere
leeftijd. Afhankelijk van de locatie van de convulsies kunnen ze een
effect hebben op de hartfunctie. De monitoring van hartfrequentie is mogelijk een methode om deze convulsies te detecteren. We vonden echter
dat de verandering, zowel het omhoog als omlaag gaan, van hartfrequentie bij een kind niet gerelateerd is aan het optreden van convulsies. De
veranderingen in hartfrequentie kunnen dus niet als klinische parameter
gebruikt worden voor het detecteren van convulsies.
We hebben wel een algoritme ontwikkeld dat convulsies automatisch detecteert op het EEG. Het is betrouwbaarder dan de bestaande
algoritmen. Echter het werkt nu alleen nog maar offline. In de toekomst
moet dit online gaan werken als het EEG wordt geregistreerd bij een
patiënt. Men kan dan direct tot behandeling overgaan.
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Ruim 10 jaar geleden vertrok ik uit Amsterdam om in Rotterdam als
fellow op de afdeling neonatologie te beginnen. Samen met Monique
Williams en Daan Roofthooft deed ik veel patiëntenzorg. Ik heb veel
geleerd, maar er was weinig tijd voor onderzoek. Aan het eind van mijn
fellowship, mede door de komst van Paul Govaert waardoor de neuro
logie binnen de neonatologie meer aandacht kreeg, was het duidelijk dat
het onderwerp van mijn thesis de neuroneonatologie zou zijn.
Gezien de ziektebeelden die we bij de patiënten op de afdeling
tegenkwamen vonden we het wenselijk om de à terme kinderen met asfyxie beter in kaart te brengen. Samen met de afdeling kinderradiologie
en de kinderneurofysiologie hebben we een onderzoeksplan gemaakt
dat uiteindelijk tot de huidige thesis heeft geleid.
John van den Anker en Luc Zimmerman, ik wil jullie bedanken voor de
mogelijkheid die jullie me hebben geboden om aan dit onderzoek te beginnen. Jullie hebben me in Rotterdam enthousiast ontvangen. Luc, jij hebt
veel tijd moeten steken in de afspraken die moesten worden gemaakt met
verschillende afdelingen wat heeft geresulteerd in de goede samenwerking.

Hans van Goudoever, mijn promotor, je doorzettingsvermogen en
optimisme zijn aanstekelijk. De laatste twee jaren heb jij een belangrijke
rol gespeeld in de sturing en timing van het afronden van het proefschrift. Als we ergens tegenaan liepen wist jij altijd wel een oplossing te
bedenken en ook jouw logisch redeneren was voor mij zeer verhelderend.
Jammer dat je ons als hoofd van de neonatologie gaat verlaten, maar je
gaat een mooie nieuwe uitdaging aan.
Paul Govaert, mijn co-promotor, door deze thesis zijn we samen op
een trein gestapt. In het begin wisten we nog niet waar we precies zouden
uitkomen. Jij hebt mij het belang laten zien van het doen van klinisch
onderzoek direct gerelateerd aan de dagelijkse patiëntenzorg. Door goed
naar een specifieke patiëntengroep te kijken zijn er nog veel dingen te
ontdekken die de klinische zorg en behandeling ten goede komen. Jouw
enorme kennis van de neuroneonatologie is inspirerend en je hebt mij
veel geleerd. Jouw deur staat altijd open en ik kan altijd bij je terecht om
even te brainstormen. Ik hoop dat we na het maken van deze thesis weer
samen op een trein zullen stappen die nu zijn eindpunt nog niet kent.
Gerhard Visser, mijn co-promotor, de neurofysiologie en de neonatologie zijn door dit onderzoek dichter naar elkaar toegegroeid. Het
maken van deze thesis heeft de samenwerking en de patiëntenzorg goed
gedaan. Er zijn weinig tot geen ziekenhuizen waar zo vaak een meerkanaals EEG wordt aangelegd als op onze afdeling. Jouw inbreng bij de
artikelen kwam de structuur en helderheid van het manuscript ten goede.
Maarten Lequin, mijn co-promotor, nog voordat het onderzoek
begonnen was, was je al betrokken bij deze groep patiënten. Als er bij
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en denk je graag over alles mee.
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Joseph Perumpillichira, met jouw verhalen over de patiëntenzorg
in India benadruk je de grote verschillen in de wereld. Samen promoveren
we op het monitoren van à terme pasgeborenen met asfyxie. Jij met de
focus op de neurofysiologie en ik op de klinische kant. Met jou heb ik
uren alle EEG’s zitten scoren. Als ik een vraag heb is er altijd een antwoord en hoe druk je het ook hebt, je vindt altijd tijd voor iedereen. We
hebben dan wel geen dubbelpromotie, maar ik zal je graag als paranimf
terzijde staan op je promotie in september.
Collega’s, op de afdeling neonatologie delen we veel met elkaar.
Het vakgebied maakt dat het zeer intens is om hier te werken. Zeker in
de afgelopen periode een zware taak. Ondanks dit hebben jullie altijd
interesse getoond in het verloop van mijn thesis. Door jullie medewerking kon ik enkele maanden achter elkaar schrijven waardoor het nu is
afgerond. Ik hoop dat jullie in de gelegenheid zijn om mijn verdediging bij
te wonen en daarna het glas te heffen.
Verpleging van de afdeling neonatologie en laboranten van de
afdeling neurofysiologie, zonder jullie had ik dit onderzoek niet kunnen verrichten. Laboranten, jullie hebben alle EEG’s aangelegd. Els en
Jolande hebben hierbij een belangrijke rol gespeeld. Verpleegkundigen,
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weer konden gebruiken bij mijn analyse.
Daan van de Laar en Arianne Jacobs, tijdens de administratieve
fase hebben jullie me erg geholpen met alles, dank!
Karin, bijna vanaf het begin dat ik in Rotterdam woon, kennen we
elkaar. We woonden allebei op de Kop van Zuid. Een periode waarin we
elkaar regelmatig zagen en een tennisclub hebben opgezet die helaas

maar kort heeft bestaan. Door mijn verhuizing naar Kralingen en met het
vorderen van mijn proefschrift zien we elkaar minder. Het feit dat jij mijn
paranimf bent maakt het enigszins goed, maar als we nu samen afspreken moeten er ook vaak dingen geregeld worden. Na mijn promotie hoop
ik dat we de oude draad weer kunnen oppakken. PR en communicatie is
jouw vakgebied. Ik vind het erg fijn dat je mijn paranimf wilt zijn en dat je
ondanks je volle agenda altijd nog tijd vindt mij met raad en daad bij te
staan bij het afronden van mijn proefschrift.
Yvonne en Marcel, ook behorend bij de ‘Club op Zuid’. Yvonne, jij
staat altijd klaar voor iedereen. Dank zij jouw flexibele agenda vinden we
nog af en toe tijd voor elkaar. Echter, ik mis wel onze gezellige stamppotavondjes en fietstochtjes. Marcel, als er bijzondere gelegenheden zijn
ben jij meestal degene met een fotocamera om alles vast te leggen. Ik
waardeer het dan ook zeer dat jij rond mijn promotie één van de foto
grafen wilt zijn, zodat we later alles nog eens rustig kunnen bekijken.
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Eveline, onze wegen kruisten elkaar in Nijmegen. Sindsdien hebben we als goede vriendinnen nog steeds regelmatig contact. Ondanks
het feit dat we ieder een andere weg zijn gegaan blijf jij altijd belangstelling tonen voor mijn leven en het vorderen van mijn proefschrift, wat ik
zeer waardeer.
Frea, zoals het goede vriendinnen betaamt, zijn er niet veel woorden nodig om elkaar te begrijpen. Met jouw enthousiasme voor werk en
leven ben je altijd een inspiratiebron voor me geweest.
Vic, als zussen zijn we samen opgegroeid. Ik herinner me nog het
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bracht jouw baan je naar de omgeving van Apeldoorn. Na mijn promotie

heb ik weer wat meer tijd; voor een partijtje golf misschien?
“Als je op een zonnige dag over de fairway slentert loop je eigenlijk door
een stukje hemel op aarde” (Frank Coffey)
Maar eerst staan we op 22 april samen. Ik vind het fijn dat je mijn
paranimf bent op deze belangrijke dag.
Tom, ik waardeer het zeer dat jij samen met Marcel een belangrijke taak op je wilt nemen: het maken van de foto’s.
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Pap en mam, voor een deel van wat ik heb bereikt zijn jullie de
grondleggers geweest. We hebben door de jaren heen samen veel leuke
dingen gedaan en jullie hebben mij een aantal wijze levenslessen meegegeven. Twee daarvan wil ik nu even aanstippen. Een leuke zelfstandige
baan is een belangrijk onderdeel van je levensgeluk. Ik ben dan ook blij
dat ik de verdediging van mijn thesis met jullie kan delen. Ook leerden
jullie me doorzetten, en dat is iets wat je bij promoveren zeker nodig
hebt.
Emile, we leerden elkaar kennen terwijl we ‘chaka’ de berg af
skieden. Afgelopen periode hebben we allebei keihard gewerkt, jij in je
nieuwe functie als kwartiermaker en ik bij het afronden van mijn promotie. Gelukkig is het ‘chaka’ gevoel gebleven. Ondanks je drukke baan
blijf je jouw humor behouden, heb je altijd een luisterend oor en ben je
er voor mij. Daarnaast ben ik erg blij dat jij sommige dingen wat meer als
een uitdaging ziet dan ik, zodat ik in een kritieke fase van mijn proefschrift een beroep op jou kon doen. Dit jaar gaan we niet ‘chaka’ de berg
af. Wat het ons wel zal brengen is nog een verrassing, maar het zal zeker
de moeite waard zijn.
Allen die ik niet genoemd heb, maar die mij op een of andere manier tot steun of voorbeeld zijn geweest, die me hebben geholpen, soms
alleen al door er te zijn, aan jullie alsnog mijn dank!
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