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Early cerebral oxygen saturation and 
electrocortical activity for exploring 
outcomes in infants with anemic and  
non-anemic neonatal encephalopathy



Abstract

Objective: To disentangle the pathophysiology regarding differences in mortality and 

encephalopathy.
Study Design: 
hemoglobin <
saturation (rc 2), and amplitude-integrated electroencephalography background patterns 
(aEEG BPs) during 96-hours after birth. 
Results: Anemic infants had lower rc 2 for 48-hours (66-80% versus 73-86%). Early high 
rc 2

infants (88% versus 65%), and were strongly related to mortality. Seizures were less common 
(33% versus 55%). 
Conclusions: Perinatal anemia co-occurring with neonatal encephalopathy is associated with 
lower rc 2 and more suppressed aEEG BPs, but fewer seizures. Anemia, suppressed aEEG 
BPs, and high rc 2 were associated with mortality. Seizures and high rc 2, seen less often in 
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Introduction

To date neonatal encephalopathy (NE) is the predominant cause of brain injury in term 
neonates.1-3 Therapeutic hypothermia (TH) has reduced the risk of death and resulted in 

4 Perinatal asphyxia results in brain 
ischemia and hypoxia, due to inadequate perfusion and impaired oxygen exchange caused by 
either fetal factors, maternal factors or neonatal cardiorespiratory failure.5

severe fetal blood loss. 

amount of hemoglobin (Hb) in anemic infants may induce cerebral hypoxia via various pathways, 
i.e. anemic hypoxemia, or ischemia due to acute blood loss with hypovolemia, or a combination 
of both. Low Hb levels, however, may also result in lower blood viscosity and increased cardiac 

a result of anemic hypoxemia co-occuring with hypovolemia, showing that hypotension induced 
by withdrawal of blood, had more profound effects on electrocortical activity than hypoxemia 
without hypovolemia.6 Data are scarce in humans. We previously found a higher risk for 

all survivors of anemic NE.7 Therefore, the question arose whether NE due to perinatal anemia 
is pathophysiologically different from NE due to other causes, and whether cerebral monitoring 

Amplitude-integrated electroencephalography (aEEG) has demonstrated to be a valid and 
accurate bed-side tool for assessing brain function and seizure activity after perinatal asphyxia.8-10 
Cerebral oxygenation can be measured non-invasively using near-infrared spectroscopy 

11-13

with NE.8,10,12,13 
With longitudinal recordings of cerebral oxygenation and electrocortical activity, we aimed 

to disentangle the underlying pathophysiological mechanism for the differences in mortality and 

Study design and population

provided informed consent for using the clinical data. All in- and outborn infants treated with TH 

gestational age and infants with major congenital or chromosomal abnormalities.

score 10-minutes, umbilical cord pH 
< > >

The attending neonatologist scored the degree of NE based on the Thompson score.14,15 TH was 
commenced in case of a Thompson score above seven, or abnormal aEEG background patterns 



for 72-hours. 

<

local transfusion protocol and national guideline.16

level <

Cerebral monitoring and clinical variables

During TH, cerebral tissue oxygen saturation (rc 2) was continuously measured as part of 

c 2 was calculated during six periods at 0-6, 6-12, 12-24, 
24-48, 48-72, and 72-96 hours after birth. 

senior neonatologist (HJtH) was consulted and consensus was reached in all cases. The aEEG 
recordings were assessed by pattern recognition during the previously mentioned six time periods. 
Furthermore, time to normalization of BP, presence of sleep-wake cycling (SWC), and epileptic 

17: 
continuous normal voltage (CNV), discontinuous normal voltage (DNV), burst suppression (BS), 

and BS, CLV, or FT as abnormal BPs. SWC was recognized as cyclical variations in the bandwidth 

cortical activity and concomitant repetitive waves in the raw EEG. 

categorized as normal (CNV), mildly abnormal (DNV, mildly epileptiform), or severely abnormal 
(BS, CLV, FT, severely epileptiform).17,18 19 Higher 
scores (range 0-11) indicating more severe brain injury. 

Neurodevelopmental outcome 

Follow-up at the age of 24-30 months consisted of a neurological examination according to 
Touwen20, on which we determined the presence of cerebral palsy (CP). We further categorized 

21 Additionally, 

Toddler Development, 3rd 22

score <
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Statistical analyses

n, percentage. Depending 
on data distribution, parametric or non-parametric tests were used to analyze differences 
between groups. We categorized mean rc 2 into quartiles to perform regression analyses on 
outcome measures, entering each quartile in a single model. Because in preterm infants both 
high and low rc 2

23, we used the second quartile as reference. 

whether perinatal anemia, cerebral oxygenation, and electrocortical activity were associated 
with outcome. To adjust for potential confounders, we included factors that were univariately 
associated with p<0.15 in the multiple regression models. P<0.05 was considered statistically 

c 2 and aEEG BPs in both anemic and non-

could identify patterns that may suggest any association or interaction between rc 2 levels and 
BP patterns over time in either group.24

Results

Participants 

excluded because of preterm birth and six were excluded because of major chromosomal 
or congenital abnormalities. Seventy-eight percent of the infants were also enrolled in our 
previous study.7

The most frequent causes for perinatal asphyxia were prolonged labor (30%) and sentinel 

anemia, following placental abruption (46%), fetal-maternal transfusion (29%), or umbilical cord 
rupture (17%). All anemic infants received an RBC transfusion within 24-hours after birth. 

in Table 1.



Table 1. Patient characteristics 
Perinatal anemia

n = 24
Non-anemic

n = 94
p 

Gestational age, weeks 38.86 (37.57-40.29) 40.14 (38.57-41.00) 0.05

Birth weight, grams
SGA
LGA

3410 (2946-3788)
1 (4) 
2 (8)

3378 (2974-3813)
14 (15)
15 (16)

0.95
0.30
0.52

Sex, male 12 (50) 49 (52) 1.00

Delivery mode, vaginal 7 (29) 49 (52) 0.04

Apgar score 5th min 2 (0-5) 3 (2-5) 0.07

pH
Umbilical artery
1h after birth

6.9 (6.8-7.0)
6.9 (6.8-7.0)

6.9 (6.8-7.1)
7.1 (6.9-7.3)

0.69
<0.01

14.7 (10.0-20.8) 13.7 (8.0-18.0) 0.31

Thompson score 12 (9-14) 9 (8-14) 0.16

5.8 (3.9-6.4) 10.5 (9.7-11.7) <0.01

7.7 (6.5-8.9) 10.3 (8.9-11.3) <0.01

Reticulocyte, ‰ 27 (24-38)

RBC transfusion < 24h
RBC volume, ml/kg

24 (100)
25 (17-30)

10 (11)
16 (11-17)

<0.01
<0.01

Treatment with sedatives a 24 (100) 94 (100)

Treatment with anticonvulsants b 15 (63) 71 (76) 0.20

Treatment with inotropes c 16 (67) 60 (64) 0.80
d

Max FiO2 (%)
NO treatment 

21 (88)
30 (21-100)

4 (19)

86 (91)
44 (21-80)

13 (15)

0.69
0.73
0.75

EEG performed
Mildly abnormal
Severely abnormal

20 (83)
8 (33)
12 (50)

83 (88)
26 (28)
53 (56)

0.59

MRI score e
19 (79)
3 (1-6)

85 (90)
2 (1-3) 0.08

Survival 15 (63) 78 (83) 0.03
f

Normal
BSID-III < 85
GMFCS  II
BSID-III < 85 and GMFCS  II 

14 (93)
14 (100)

0 (0)
0 (0)
0 (0)

70 (90)
39 (56) g 
25 (36)

13 (19) h

7 (10)

<0.01

Data are presented as median (interquartile range) or as n (%)
rd

2, fraction of 

LGA, large-for-gestational age (>90th

RBC, red blood cell; SGA, small-for-gestational age (<10th percentile).
a Treatment with morphine, midazolam, lorazepam or a combination of these;
b Treatment with phenobarbital, midazolam, lidocaine, clonazepam or a combination of these;
c
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d

intermittent mechanical ventilation, or high frequency oscillation;
e 19; 
f Follow-up consisted of neurological examination according to Touwen20

and Toddler Development, 3rd edition22. 
g

whom two had perinatal anemia, and three were non-anemic). 
h

Near-infrared spectroscopy

Figure 1 presents the course of rc 2 c 2 was consistently lower in anemic infants 

66% versus 73%, p< c 2 increased with postnatal age and after RBC 

c 2

and 24-hours after birth (46% vs. 17%, 42% vs. 19%, and 52% vs. 20% respectively, p<0.01). 
Fewer anemic infants had rc 2 categorized in the highest quartile 12-hours after birth (17% vs. 
46%, p=0.05).

Amplitude-integrated electroencephalography

The distribution of aEEG BPs is presented in Figure 1. Abnormal BP was present in 21 anemic 
infants (88%) versus 61 non-anemic infants (65%), p=0.03. The aEEG recovered to CNV 

p<0.01. 
Duration until recovery was comparable between groups. SWC emerged in six anemic infants 
(25%) and in 49 non-anemic infants (52%), p=0.03. Time of onset of SWC was not different 
between groups. Electrographical EA, including both clinical and subclinical seizures, was less 
common in anemic infants (33% versus 55%, p=0.045). Clinical seizures were only recognized 
in 50% of EA. 



Figure 1. Course of mean cerebral tissue oxygen saturation, and amplitude-integrated EEG background 

Abbreviations: BS, burst supression; CLV, continuous low voltage; CNV, continuous normal voltage; 

subsequent red blood cell transfusions in infants with perinatal anemia (median, interquartile range); rc 2, 
cerebral tissue oxygen saturation. 
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Complementary monitoring of cerebral oxygenation and electrocortical 
activity 

We present the course of rc 2 and percentage of infants showing normal aEEG BPs during 
TH in Figure 2A, and for deceased and surviving infants separately in Figure 2B-C. Visual 
inspection of the graphs did not reveal any obvious patterns relating rc 2 levels to distribution 
of aEEG BPs in anemic infants, nor in non-anemic infants (Figure 2A-C).

c 2 and percentage of infants showing electrographical 
EA, for the entire group and for deceased and surviving infants separately. Seizure activity 
appeared not associated with the course of rc 2 (Figure 3A-C).

Mortality 

p=0.03). Five of the ten infants with severe perinatal anemia died. Twenty-two infants died 
following a decision to redirect care due to the expected very poor prognosis based on clinical 

with highest quartile rc 2 values 12-hours after birth had a 4-times higher risk for mortality. 

Neurodevelopmental outcome

p<0.01). 

c 2 values 12-hours after 



Figure 2. Course of mean cerebral tissue oxygen saturation and percentage of infants with normal 

2A. The entire group of anemic and non-anemic infants
2B. Deceased anemic and non-anemic infants
2C. Surviving anemic and non-anemic infants 
Abbreviations: aEEG, amplitude-integrated electroencephalography; rc 2, cerebral tissue oxygen 
saturation; Normal aEEG background pattern indicates continuous normal voltage or discontinuous normal 
voltage.
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Figure 3. Course of mean cerebral tissue oxygen saturation and percentage of infants with electrographical 

3A. The entire group of anemic and non-anemic infants 
3B. Deceased anemic and non-anemic infants 
3C. Surviving anemic and non-anemic infants 
Abbreviations: EA, epileptic activity; rc 2, cerebral tissue oxygen saturation. 



Table 2.
during therapeutic hypothermia in relation to mortality and neurodevelopmental outcome 

6h after birth 12h after birth 24h after birth
n = 118

Perinatal anemia 2.93 (1.09-7.84) *

Abnormal aEEG a 26.3 (3.37-205) * 38.0 (4.92-293) * 29.1 (3.75-225) *

Seizures 6.47 (2.47-16.9) * 4.31 (1.71-10.9) * 6.49 (2.66-15.9) *

RcSO2, Q1 b 0.54 (0.12-2.41) 7.91 (0.89-70.6) # 2.16 (0.49-9.57)

RcSO2, Q3 0.69 (0.18-2.75) 6.21 (0.70-55.0) # 2.63 (0.61-11.3)

RcSO2, Q4 2.71 (0.83-8.89) 24.9 (2.93-211) * 4.24 (1.00-18.2) *

Perinatal anemia 3.98 (1.09-14.5) * 15.5 (2.85-83.7) * 3.96 (1.04-15.1) *

aEEG a 14.8 (1.79-122) * 37.0 (3.78-363) * 20.6 (2.53-168) *

Seizures 4.19 (1.28-13.7) * 5.07 (1.20-21.4) * 3.76 (1.15-12.4) *

RcSO2, Q4 4.00 (1.07-15.0) *

Abnormal neurodevelopmental outcome, n = 84

Perinatal anemia c NA

Abnormal aEEG a 4.25 (1.45-12.4) * 5.07 (1.95-13.2) * 4.45 (1.72-11.5) *

Seizures 3.09 (1.12-8.55) * 4.06 (1.44-11.5) * 7.94 (1.98-31.8) *

RcSO2, Q1 b 0.38 (0.09-1.72) 0.53 (0.13-2.09) 0.75 (0.22-2.60)

RcSO2, Q3 2.43 (0.72-8.18) 1.50 (0.47-4.76) 1.64 (0.48-5.62)

RcSO2, Q4 3.24 (0.82-12.8) # 6.75 (1.43-31.8) * 3.38 (0.90-12.7) #

aEEG a 4.46 (1.41-14.1) * 4.39 (1.63-11.9) * 3.01 (1.08-8.37) *

Seizures 4.63 (1.06-20.2) *

RcSO2, Q1 0.23 (0.05-1.20) #

RcSO2, Q4 5.33 (1.22-23.3) * 2.43 (0.98-8.58) #

p < 0.05; # indicates p < 0.15;

c 2, cerebral tissue oxygen saturation. 
a Normal aEEG indicates continuous normal voltage or discontinuous normal voltage; abnormal aEEG 

b Rc 2 (%) during 0-6h categorized in quartiles (min-max): 46-62; 63-72; 73-80; 81-93 
Rc 2 (%) during 6-12h categorized in quartiles (min-max): 45-66; 67-73; 74-81; 82-94 
Rc 2 (%) during 12-24h categorized in quartiles (min-max): 60-73; 74-79; 80-84; 85-94
c
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Discussion

abnormal aEEG BPs and absent SWC, but less seizures. Perinatal anemia, abnormal aEEG BPs, 
seizures and early high rc 2 were independently related to higher mortality risks. All anemic 

early high rc 2
7

aimed to elucidate the underlying pathophysiological mechanism for the increased risk for 

a continuous FT on aEEG is an important and predominant factor in redirection of care of NE 
infants.8,9 The fact that we found more abnormal aEEG BPs in anemic infants possibly indicates 

lower cerebral oxygenation that we found in anemic infants appeared also not associated with 
suppressed aEEG BPs, as indicated by the graphs displaying their postnatal course. All anemic 
infants received at least one RBC transfusion, containing adult Hb, which might play a role in the 

higher than that of adult Hb.25 Whether the given RBC transfusions could have contributed to 
brain injury is unknown in infants with NE. A study in adults with traumatic brain injury has 
shown an association between RBC transfusions and worsened cerebral autoregulation, possibly 
resulting from increased blood viscosity associated with reduced CBF.26 

perinatal anemia may be neuroprotective in survivors in comparison to other causes of NE, 

oxygenation which may reduce cerebral hyperoxia, known to be associated with adverse 
outcomes.10,12 Fewer anemic infants had high rc 2

increased in infants with early high cerebral oxygenation. Second, anemia is accompanied 
by a lower blood viscosity and therefore enhanced CBF. This potentially increased CBF may 
compensate, at least partly, for the diminished oxygen-carrying capacity. Despite the lower 
amount of Hb, the lower rc 2 in anemic infants also indicates ongoing oxygen consumption 
by active neurons. Third, the reduced seizure activity in anemic infants may also explain the 
more favorable outcome in survivors, because both oxidative stress and seizure burden may cause 
additional brain injury.27 

BPs8,9 and by onset of SWC only after 36-hours.28 Seizure activity, however, may even be a better 
29,30 Fourth, NE co-occurring 

with perinatal anemia appears to present with a more obvious pattern of injury, potentially helping 
physicians in decision-making regarding withdrawal of care. This might, at least partly, explain 
the higher mortality in anemic infants with more favorable outcomes in survivors. 



encephalopathy than other causes for perinatal asphyxia. Perinatal asphyxia related to perinatal 
anemia can cause a rather acute hypoxia and especially ischemia (i.e. placental abruption), whereas 
placental dysfunction or (repeatedly) umbilical cord suppression may often result in a more sub-
acute to chronic fetal hypoxia and subsequent ischemia, linked to a different pathological substrate. 

cytokines in different regions of the brain, combined with a more pronounced renal and cardiac 
failure, and may explain the higher mortality. A less pronounced reoxygenation phase during 
anemia directly after birth, as opposed to other causes for asphyxia, with potentially less oxidative 
stress, might result in a distinct brain damage pattern for those infants with perinatal anemia who 

We recognize several limitations of our study. First, the retrospective study design implied 

complete aEEG and rc 2 data, enabling us to perform detailed analyses. We also evaluated these 
over a considerably long period. Second, the relatively small sample size and heterogeneity of the 
anemic group precluded us to distinguish acute from chronic perinatal anemia. The heterogeneity, 
however, also enabled us to show the whole spectrum of anemic asphyxiated infants who were 
treated with TH. Third, compared with other studies, we observed a higher frequency of abnormal 
BPs31 and fewer seizure activity31,32 in anemic infants. This might be explained by differences 
in methods and population selection criteria. Finally, we did not correct for confounders such 
as medication, ventilatory support, and treatment for low blood pressure, which may also have 

oxygenation and more suppressed aEEG background patterns and absence of SWC, a higher 

suppressed aEEG background patterns, seizures, and early high cerebral oxygenation were 
associated with increased mortality. The less frequently occuring high cerebral oxygenation 
and seizure activity, together with a possible clearer early picture of the prognosis may, at least 

further explore our results and to identify possible interventions to improve neonatal care for these 
high-risk infants. These interventions could, for example, be targeted at avoiding high cerebral 
oxygenation in cooled asphyxiated infants.
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