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Abstract

Aim

We hypothesized that compromised cardiac output in asphyxiated infants may influence on

the rate of disappearance of lactate due to insufficient perfusion.

Methods

The study was a prospective, observational study, where infants with perinatal asphyxia

who met the criteria for therapeutic hypothermia were included. Cardiac output, stroke

volume and heart rate were measured by electrical velocimetry in 15 newborn infants with

perinatal asphyxia during the first six hours of active therapeutic hypothermia. Results

from routine blood samples were collected retrospectively. Cardiac parameters were also

measured in 10 healthy, term infants after caesarian section. Cardiac parameters were

compared between the asphyxiated group and the control group prior to and during hypo-

thermia. Rate of disappearance of lactate was correlated to cardiac output in the asphyxi-

ated infants.

Results

Cardiac output was stable in the healthy infants from 0.5 to 6 hours postnatally. The infants

with perinatal asphyxia had lower cardiac output prior to and during therapeutic hypothermia

compared to the control group. Rate of disappearance of lactate was not related to cardiac

output.

Conclusion

An association between disappearance of lactate acidosis and low cardiac output was not

confirmed. A low rate of disappearance of lactate may rather be an indicator of organ injury

due to asphyxia.
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Introduction

Perinatal asphyxia may lead to multi-organ dysfunction [1–4], and a compromised cardiac

output has been demonstrated in asphyxiated newborns [5,6]. As a neuroprotective therapy,

therapeutic hypothermia has been implemented as standard practice. Cardiac output may be

further compromised by therapeutic hypothermia [7–10].

Lactate acidosis is commonly observed after perinatal asphyxia. In critically ill newborn

infants, prolonged lactate acidosis is associated with higher mortality [11,12], and in infants

with hypoxic-ischemic encephalopathy the time for lactate to normalize has been shown to

correlate with EEG grade and seizure burden [13]. Also, it has been suggested that lactate level

may serve as a surrogate marker for suboptimal hemodynamic status of asphyxiated newborns

treated with hypothermia [14].

In this observational study, we aimed to (i) describe asphyxia-induced compromised car-

diac output and the effect of initiation of therapeutic hypothermia in asphyxiated newborns;

and (ii) correlate the rate of disappearance of lactate with cardiac output in the early phase of

therapeutic hypothermia. We hypothesized that compromised cardiac output in asphyxiated

newborns may influence on the rate of disappearance of lactate due to insufficient perfusion.

Patients and methods

Patients

All fifteen infants, who were treated with therapeutic hypothermia after perinatal asphyxia

between January and July 2016, were included, since patients were enrolled with deferred con-

sent and all parents agreed to the study and use of data when asked at a late time. According to

the local clinical guideline, the criteria for offering therapeutic hypothermia were ‘term’ birth

(gestational age>36 weeks), acidosis in the first hour of life (pH<7.0 or base excess<-16 in

arterial blood) and/or low 5 minute Apgar score (<6) and/or needed mechanical ventilation for

more than 10 minutes after birth, and moderate or severe hypoxic-ischemic encephalopathy.

Treatment followed local clinal guidelines. In case of hypotension and signs of circulatory

insufficiency (e.g. long capillary refill time, oliguria or persistent lactate acidosis) that could

not be explained by hypovolemia the infants were treated with dopamine (2-15microg/kg/

min) as first line therapy. Second line therapy included increased dopamine infusion rate or

addition of norepinephrine.

A control group, consisting of ten term infants delivered by elective caesarian section (for

convenience), was included. Indications for caesarian section were breech position or maternal

request to ensure that the child was expected to be normal at birth. Postnatal exclusion criteria

were congenital malformations, signs of asphyxia or need for ventilation.

Informed consent was obtained from all parents. In the control group 33 couples were

informed about the study the day before the caesarian section, 15 declined to participate, and

eight infants were excluded due to the fact, that we could only monitor one infant at a time. In

this way 10 infants were included in the control group. The consent was obtained the day

before the caesarian section and confirmed on the operative day. In the case group, the use of

deferred consent was accepted by the research ethics committee, but data was used only if con-

sent was obtained at a later time.

The study was approved by the Regional Ethical Committee (H-15010965).

Ethical considerations

The study was approved by the Regional Ethical Committee, Region Hovedstaden, Denmark

(H-15010965). In the control group the written consent was obtained the day before the
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caesarian section and confirmed on the operative day. In the case group the use of deferred

consent was accepted by the research ethics committee, but data was used only if written con-

sent was obtained at a later time

Methods

We used electrical velocimetry to estimate cardiac output, stroke volume and heart rate contin-

uously in a noninvasive manner. Electrical velocimetry by ICON1 (Osypka Medical, Berlin,

Germany and San Diego, CA, USA) uses bioimpedance cardiography technology to detect

small changes in electrical current by four electrodes placed on the forehead and on the left

side of the neck, thorax and leg [15]. The major contributor to the pulsating alterations in elec-

trical impedance is changes in the flow of the ascending aorta. The rate of change in imped-

ance between systole and diastole is used to calculate an estimate of left ventricular output.

Previously, electrical velocimetry has been shown to have similar precision as echocardiogra-

phy in term and preterm newborn infants, and little bias when compared to echocardiography

given that signal quality index� 80% [16,17] and in infants undergoing therapeutic hypother-

mia [18].

Study design

We measured cardiac output, stroke volume and heart rate every minute for six hours. Only

measurements with signal quality index� 80% were included. For the group of asphyxiated

infants, measurements were initiated when it was decided that the infant met the clinical

guideline for therapeutic hypothermia or when our neonatal transport team showed up at the

local hospital for transfer to the NICU at Rigshospitalet. Data were transferred from the electri-

cal velocimetry device and clinical data as well as data from routine blood samples were col-

lected from patient records after parental consent.

For the control group, monitoring began when the infant was approximately 30 minutes

old and continued for six hours. The infant stayed with the parents during the monitoring

period and there were no restrictions on how to handle the infant.

Cardiac output in healthy newborns

In the healthy newborn infants, cardiac output measurements from each infant were collected

in 30-minute bins. A mean for each 30-minute bin was calculated and plotted against postnatal

age.

Comparison between asphyxiated and healthy newborns

When the asphyxiated infants reached the targeted temperature (33.5 degrees Celsius), heart

rate, stroke volume and cardiac output were fairly stable. Therefore, a mean value for each

parameter was calculated for the whole observation period. In five asphyxiated infants, mea-

surements began while the infants were normothermic. Therefore, the measurements from

these five infants were divided in a ‘normothermic period’, prior to the active cooling phase,

and a ‘hypothermic period’ from 30 minutes after the target temperature was reached. Results

from the normothermic period (available in five infants) as well as the hypothermic period

(available in all 15 infants) were compared to the control group (10 infants).

Relation between lactate level and cardiac output

To describe the rate of disappearance of lactate, lactate level was plotted against postnatal age.

The relation was best described by a linear relationship with a constant slope till lactate reached
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a level of 2 mmol/l, where the curve flattened. We excluded all values below 2 mmol/l and per-

formed a linear regression. Rate of disappearance of lactate was estimated as the slope of the

regression line and plotted against cardiac output in the first 6 hours of life to determine if the

two parameters were related.

Statistics

The differences between asphyxiated and healthy infants were tested by t-tests. A paired t-test

was used to compare the parameters prior to and during hypothermia in the five infants where

this was possible. For non-parametric data, the Mann-Whitney U test was used, and Fisher’s

exact test was used to compare between dichotomous outcomes. For comparison between rate

of disappearance of lactate and cardiac output, Pearson’s correlation was performed. SPSS 22.0

was used for statistical calculations. A p-value below 0.05 was considered significant. No cor-

rection for multiple comparisons were used, since conclusions were only drawn as regard one

hypothesis.

Results

Patients

In the asphyxiated group, four infants were born at Rigshospitalet and 11 infants were born at

other hospitals and transported by our team. The antecedents of perinatal asphyxia were

cephalo-pelvic disproportion (9), uterine rupture (2), fetal bradycardia of unknown reason (3)

and meconium aspiration (1). Five of the infants were delivered by acute caesarian section.

During resuscitation 12 infants received fluid boluses, two infants received adrenaline and 11

were intubated (Table 1). Mean postnatal age at initiation of monitoring was 4 hours [1–6,8

hours]. During the monitoring period, six infants had signs of circulatory insufficiency and

were treated with dopamine [2–20 microg/kg/min] and one infant received norepinephrine

on top of dopamine. We did not observe any difference in cardiac output between infants

receiving inotropy and those who were not (128±19 vs. 143±29ml/kg/min, p = 0.281). The

lowest mean arterial blood pressure was 44 mmHg [34–60 mmHg], mean hemoglobin was 9.6

mmol/L [5.9–12.4 mmol/L] and three infants received blood. Eight infants had urine output

during the monitoring period, however, we would not expect diuresis this shortly after

birth. Seven infants were treated with mechanical ventilation during electrical velocimetry

Table 1. Clinical characteristics.

Control (n = 10) Asphyxia (n = 15) p-value

Gestational age (weeks) 38.8±0.8 40.1±1.6 0.031

Birth weight (g) 3383±199 3738±588 0.044

Boys / girls (boys %) 6/4 (60) 5/10 (33) 0.241a

Apgar 1min (median) 10 [7–10] (n = 10) 1 [0–4] (n = 14) <0.001b

Apgar 5 min 10 [7–10] (n = 10) 3 [0–5] (n = 13) <0.001b

Apgar 10 min - 4 [0–7] (n = 11)

Cord-pH 7.33±0.05 (n = 9) 7.02±0.16 (n = 14) <0.001

Cord-BE -1.0 ± 2.1 (n = 9) -11.8±5.8 (n = 12) <0.001

Cord-Lactate 2.1±0.69 (n = 7) 11.4±3.1 (n = 5) 0.002

T-test. Otherwise
aFisher’s exact test and
bMann-Whitney U test.

https://doi.org/10.1371/journal.pone.0213537.t001
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monitoring, and five infants were treated with continuous positive airway pressure. The high-

est Thompson score [19] ranged between 3 and 17, median 8.

Cardiac output in healthy newborns

In the control group cardiac output was stable in the first 0.5 to 6.5 postnatal hours (Fig 1).

Comparisons between asphyxiated and healthy infants

In the five asphyxiated infants, where monitoring was initiated during normothermia, both

cardiac output and stroke volume were impaired prior to hypothermia, when compared to the

control group (cardiac output: 139±21 ml/kg/min vs. 210±54 ml/kg/min, p = 0.015. Stroke vol-

ume: 1.07±0.20 ml/kg vs. 1.62±0.40 ml/kg, p = 0.014). Heart rate was comparable in the two

groups (132±18 min-1 vs. 131±11 min-1, p = 0.903) (Fig 2A–2C).

During hypothermic therapy, cardiac output decreased (from 139±21 ml/kg/min to 124±28

ml/kg/min, p = 0.002). This decrease in cardiac output was associated with a trend towards a

fall in heart rate (132±18 min-1 to 98±11 min-1, p = 0.097) whereas stroke volume tended to

increase (1.07±0.20 ml/kg to 1.28±0.30 ml/kg, p = 0.140).

Compared to the control group, the hypothermic asphyxiated infants had significantly

lower cardiac output (137±26 ml/kg/min vs. 210±54 ml/kg/min, p<0.001) and heart rate 103

±13 min-1 vs. 131±11 min-1, p<0.001) and a tendency to lower stroke volume (1.35±0.30 ml/

kg vs. 1.62±0.40 ml/kg, p = 0.075) (Fig 2A–2C).

Fig 1. Cardiac output in healthy control infants 0.5 to 6.5-hour postnatal age. Cardiac output was stable in the first 6.5

hours postnatally in 10 healthy control infants delivered by elective caesarian section. Results are given as mean with 95%

confidence interval.

https://doi.org/10.1371/journal.pone.0213537.g001
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Fig 2. Comparison of (A) cardiac output, (B) heart rate, and (C) stroke volume between healthy control infants

(n = 10) and normothermic asphyxiated infants (n = 5) and hypothermic asphyxiated infants (n = 15). The lines

represent mean values.

https://doi.org/10.1371/journal.pone.0213537.g002
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Relation between lactate level and cardiac output

In the hypothermic asphyxiated infants, the relationship between rate of disappearance of lac-

tate and cardiac output was positive as hypothesized but far from statistically significant (Fig

3) (regression coefficient -0.259, p = 0.350). Time to reach a lactate level below 2 mmol/l was

below 12 hours in six cases, and between 24 to 72 hours in the rest. Rate of disappearance of

lactate correlated well with highest Thompson score (r = 0.601, p = 0.018), but not with

the highest value of alanine aminotransferase as a parameter of liver affection (r = 0.309,

p = 0.329).

Discussion

The results of this study support that infants with perinatal asphyxia do have lower cardiac out-

put than healthy newborn infants, but the rate of disappearance of lactate was not statistically

significantly related to this.

To our knowledge this is the first study that monitored cardiac output continuously prior

to and during the first hours of therapeutic hypothermia in asphyxiated newborns. Echocardi-

ography has previously been used to evaluate cardiac function non-invasively in newborns

Fig 3. Relation between rate of disappearance of lactate and cardiac output in hypothermic asphyxiated infants. Regression line and 95%

confidence limits, R2 = 0.067.

https://doi.org/10.1371/journal.pone.0213537.g003
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after asphyxia [5–7,9,20]. Compared to echocardiography, electrical velocimetry has the ability

to measure changes in cardiac output continuously and the method has recently been used to

determine normative data of cardiac output and stroke volume in the first 15 minutes of life in

healthy newborns [21].

Cardiac output in healthy newborns

We demonstrated a cardiac output of approximately 210 ml/kg/min in our control group. This

is in line with other studies using both electrical velocimetry [21] and echocardiography

[5,20,22,23]. Therefore, we do not think that the fact, that the children in our control group

had lower gestational age and birth weight than children in the asphyxiated group, weaken the

support for the idea, that asphyxia tend to compromize cardiac output in the hours and per-

haps days after birth. The difference in gestational age and birth weight was caused by the fact

that we chose a control group of infants delivered by elective caesarean section.

Cardiac output in asphyxiated infants

Cardiac monitoring was initiated prior to therapeutic hypothermia in five infants, and as

expected, we observed a tendency to a decrease in heart rate during initiation of active hypo-

thermia [24].

Prior to active hypothermia, cardiac output was lower in the asphyxiated infants than in the

control group. Reduced cardiac output has previously been described in normothermic

asphyxiated infants by echocardiography within the first days of life [6,9,10]. Therapeutic

hypothermia was not clinical routine while these studies were done and the first measurements

were performed at a later time than in our study, however the estimate of cardiac output in

our population prior to hypothermia was comparable with the first measurement at 6–12

hours of age in the study by Van Bel et al [6].

When the temperature was lowered, cardiac output decreased due to a fall in heart rate; at

the same time stroke volume tended to increase, indicating sufficient diastolic and systolic

function. Based on these observations, the lower cardiac output, described in this and in previ-

ous studies [6,9,10] may rather reflect a reduced metabolic rate after the hypoxic insult rather

than a compromised cardiac function.

Besides the documentation of a fall in heart rate caused by hypothermia [24], neither stroke

volume nor cardiac output have been measured continuously during the active cooling phase

in infants; but our results match an experiment performed in newborn piglets [25].

Most of the effect of hypothermia on cardiac output is based on observations during the

rewarming phase, where it has been shown that heart rate, stroke volume and cardiac output

increases [7,18,22,23]. But would we expect to observe the same, but opposite, effect on cardiac

output during the active cooling phase? In studies of normothermic asphyxiated infants, car-

diac output and stroke volume were most affected in the first days of life and then tended to

‘normalize’ [6,10]. We observed that cardiac output was reduced by 10% during cooling,

whereas a study based on the rewarming phase found an increase in cardiac output by 50%

[7]. It has been shown that central venous saturation increases while the temperature is low-

ered in pigs as an indicator of reduced metabolic rate during hypothermia [26]. Therefore, we

cannot simply translate the effect of the rewarming phase to that of the active cooling phase,

where metabolic rate may be reduced due to the hypoxic insult.

In line with previous studies [5,9,20,22,23], the asphyxiated infants had lower cardiac out-

put and heart rate during hypothermia compared to the healthy newborn infants in our con-

trol group.

Lactate acidosis and cardiac output in asphyxiated newborn infants
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Relation between lactate level and cardiac output

A low rate of disappearance of lactate acidosis is associated with higher mortality [11,12] and it

has been suggested that raised lactate level may serve as a surrogate marker for suboptimal

hemodynamic status of term asphyxiated newborns treated with hypothermia [14]. Lactate lev-

els may reflect reduced perfusion of the organs and we therefore hypothesized that compro-

mised cardiac output in asphyxiated infants would be related to the rate of disappearance of

lactate. The support for this hypothesis, however, was very weak. Although the relation was in

the expected direction, with a low cardiac output being associated with a low (numeric) rate of

disappearance, the relation was weak and in some infants the rate of disappearance was very

high in spite of a low cardiac output indicating that this was sufficient to meet the metabolic

needs. This is in line with the reasoning above that reduced cardiac output may reflect a

reduced metabolic rate rather than a compromised cardiac function.

In fairness, prolonged lactate acidosis may also be explained by microcirculatory dysfunc-

tion with regional tissue hypoxia, anaerobic glycolysis seen in response to stress or delayed lac-

tate clearance from the liver [27].

Based on our observations, rate of disappearance of lactate may rather indicate the degree

of asphyxia and in support of this, rate of disappearance of lactate correlated well with highest

Thompson score.

Limitations

The study was a single center, observational study with a limited number of infants included.

Perinatal asphyxia is always an acute, unprepared and critical situation and it is well described

that seeking consent for entry into a trial may aggravate the parents’ distress [28] and the qual-

ity of consent in this situation is also low [29]. Therefore, we considered a minimal risk, non-

interventional study with deferred consent the best compromise, and decided not to include

other measurements in the protocol. This leaves us with limited data that cannot be extrapo-

lated to a general description of the whole group of asphyxiated infants. The study may gener-

ate questions regarding the cardiac function in this group of critically ill infants in this field

with limited data available.

Our intention was to measure cardiac parameters prior to the active cooling phase. This

was, however, only obtained in five out of 15 cases. In most of the cases the temperature was

already near the target of 33.5 degree Celsius solely by passive cooling during initial transport,

and therefore our results concerning the pre-cooling phase and the effects of cooling should be

valued carefully.

The measurements were not blinded to the physicians, this could possible introduce a bias

if e.g. use of inotropy was based on the measurements. However, our study was not planned to

describe interventions based on the cardiac output measurements and our experience was that

the physicians did not include the values in their evaluation of the infants. This is most likely

because electrical velocimetry was not implemented as a routine monitoring tool. However,

the method is technically simple and circulatory insufficiency is common in asphyxiated new-

borns, and therefore a future study with focus on the clinical interventions based on cardiac

output measurements would be interesting.

Also, grade of hypoxic-ischemic encephalopathy was not blinded to the persons performing

data analysis which potentially could introduce bias. However, as prespecified in the protocol,

we excluded only electrical velocimetry measurements with signal quality index < 80%.

One question that may be raised is whether the infants had a persistent ductus arteriosus–

or maybe even a closure of ductus arteriosus in the measurement period–and whether this

might affect our measurement of cardiac output and stroke volume. Since perinatal asphyxia

Lactate acidosis and cardiac output in asphyxiated newborn infants

PLOS ONE | https://doi.org/10.1371/journal.pone.0213537 March 14, 2019 9 / 12

https://doi.org/10.1371/journal.pone.0213537


and hypothermia do not seem to affect closure of ductus arteriosus in newborns [7] and piglets

[25], we would not expect the occurrence of an open ductus arteriosus to differ among the two

groups. Theoretically, electrical velocimetry may be influenced by a hemodynamically signifi-

cant persistent ductus arteriosus; and some find that a significant patent ductus arteriosus

introduces a bias of the measurements [17] whereas others do not [16].

Finally, it would have been interesting to have a measure of the cardiac output throughout

the whole cooling period and the rewarming phase as well.

Conclusion

Our results support the idea that asphyxiated newborn infants have lower cardiac output prior

to and during therapeutic hypothermia. An association between disappearance of lactate aci-

dosis and low cardiac output, however, was not confirmed and a low rate of disappearance of

lactate may rather be an indicator of organ injury due to asphyxia. The observed lower cardiac

output may reflect a reduced metabolic rate in the asphyxiated newborn infants.
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3. Martı́n-Ancel A, Garcı́a-Alix A, Gayá F, Cabañas F, Burgueros M, Quero J. Multiple organ involvement

in perinatal asphyxia. J Pediatr. 1995; 127(5):786–93. PMID: 7472837

4. Shah P, Riphagen S, Beyene J, Perlman M. Multiorgan dysfunction in infants with post-asphyxial hyp-

oxic-ischaemic encephalopathy. Arch Dis Child Fetal Neonatal Ed. 2004; 89(2):F152–5. https://doi.org/

10.1136/adc.2002.023093 PMID: 14977901

5. Sehgal A, Wong F, Mehta S. Reduced cardiac output and its correlation with coronary blood flow and

troponin in asphyxiated infants treated with therapeutic hypothermia. Eur J Pediatr. 2012; 171

(10):1511–7. https://doi.org/10.1007/s00431-012-1764-y PMID: 22669637

Lactate acidosis and cardiac output in asphyxiated newborn infants

PLOS ONE | https://doi.org/10.1371/journal.pone.0213537 March 14, 2019 10 / 12

https://doi.org/10.1542/peds.2008-0456
https://doi.org/10.1542/peds.2008-0456
http://www.ncbi.nlm.nih.gov/pubmed/18829776
https://doi.org/10.1186/1471-2431-8-17
https://doi.org/10.1186/1471-2431-8-17
http://www.ncbi.nlm.nih.gov/pubmed/18447921
http://www.ncbi.nlm.nih.gov/pubmed/7472837
https://doi.org/10.1136/adc.2002.023093
https://doi.org/10.1136/adc.2002.023093
http://www.ncbi.nlm.nih.gov/pubmed/14977901
https://doi.org/10.1007/s00431-012-1764-y
http://www.ncbi.nlm.nih.gov/pubmed/22669637
https://doi.org/10.1371/journal.pone.0213537


6. van Bel F, Walther F. Myocardial dysfuntion and cerebral blood flow velocity following birth asphyxia.

Acta Paediatr. 1990; 79:756–62.

7. Gebauer CM, Knuepfer M, Robel-Tillig E, Pulzer F, Vogtmann C. Hemodynamics among neonates with

hypoxic-ischemic encephalopathy during whole-body hypothermia and passive rewarming. Pediatrics.

2006; 117(3):843–50. https://doi.org/10.1542/peds.2004-1587 PMID: 16510666

8. Thoresen M, Whitelaw A. Cardiovascular changes during mild therapeutic hypothermia and rewarming

in infants with hypoxic-ischemic encephalopathy. Pediatrics. 2000; 106:92–9. PMID: 10878155

9. Wei Y, Xu J, Xu T, Fan J, Tao S. Left ventricular systolic function of newborns with asphyxia evaluated

by tissue doppler imaging. Pediatr Cardiol. 2009; 30(6):741–6. https://doi.org/10.1007/s00246-009-

9421-6 PMID: 19340476

10. Liu J, Li J, Gu M. The correlation between myocardial function and cerebral hemodynamics in term

infants with hypoxic-ischemic encephalopathy. J Trop Pediatr. 2007; 53(1):44–8. https://doi.org/10.

1093/tropej/fml053 PMID: 17046962

11. Beca JP, Scopes JW. Serial Determinations of Blood Lactate in Respiratory Distress Syndrome. Arch

Dis Child. 1972; 47(254):550–7. PMID: 5046772

12. Deshpande SA, Platt MP. Association between blood lactate and acid-base status and mortality in ven-

tilated babies. Arch Dis Child Fetal Neonatal Ed. 1997; 76(1):F15–20. PMID: 9059180

13. Murray DM, Boylan GB, Fitzgerald AP, Ryan CA, Murphy BP, Connolly S. Persistent lactic acidosis in

neonatal hypoxic-ischaemic encephalopathy correlates with EEG grade and electrographic seizure bur-

den. Arch Dis Child Fetal Neonatal Ed. 2008; 93(3):F183–6. https://doi.org/10.1136/adc.2006.100800

PMID: 17132680

14. Balushi A Al, Guilbault M, Wintermark P. Secondary Increase of Lactate Levels in Asphyxiated New-

borns during Hypothermia Treatment: Reflect of Suboptimal Hemodynamics (A Case Series and

Review of the Literature). Am J Perinatol Rep. 2016; 6:e48–58.

15. Vrancken SL, van Heijst AF, de Boode WP. Neonatal Hemodynamics: From Developmental Physiology

to Comprehensive Monitoring. Front Pediatr. 2018; 6(April):1–15. https://doi.org/10.3389/fped.2018.

00001

16. Noori S, Drabu B, Soleymani S, Seri I. Continuous non-invasive cardiac output measurements in the

neonate by electrical velocimetry: a comparison with echocardiography. Arch Dis Child Fetal Neonatal

Ed. 2012 Sep; 97(5):F340–3. https://doi.org/10.1136/fetalneonatal-2011-301090 PMID: 22933092

17. Torigoe T, Sato S, Nagayama Y, Sato T, Yamazaki H. Influence of patent ductus arteriosus and ventila-

tors on electrical velocimetry for measuring cardiac output in very-low/low birth weight infants. J Perina-

tol. Nature Publishing Group; 2015; 35(7):485–9. https://doi.org/10.1038/jp.2014.245 PMID: 25634518

18. Wu T-W, Tamrazi B, Soleymani S, Seri I, Noori S. Hemodynamic Changes During Rewarming Phase of

Whole-Body Hypothermia Therapy in Neonates with Hypoxic-Ischemic Encephalopathy. J Pediatr.

Elsevier Inc.; 2018; 197:68–74. https://doi.org/10.1016/j.jpeds.2018.01.067 PMID: 29571928

19. Thompson CM, Puterman AS, Linley LL, Hann FM, van der Elst CW, Molteno CD, et al. The value of a

scoring system for hypoxic ischaemic encephalopathy in predicting neurodevelopmental outcome. Acta

Paediatr. 1997; 86:757–61. PMID: 9240886

20. Sehgal A, Wong F, Menahem S. Speckle tracking derived strain in infants with severe perinatal

asphyxia: a comparative case control study. Cardiovasc Ultrasound. Cardiovascular Ultrasound; 2013;

11(1):34.

21. Freidl T, Baik N, Pichler G, Schwaberger B, Zingerle B, Avian A, et al. Haemodynamic Transition after

Birth: A New Tool for Non-Invasive Cardiac. Neonatology. 2017; 111:55–60. https://doi.org/10.1159/

000446468 PMID: 27529179

22. Yoon JH, Lee E, Yum SK, Moon C, Kwun YJ, Lee JY, et al. Impacts of therapeutic hypothermia on car-

diovascular hemodynamics in newborns with hypoxic-ischemic encephalopathy: a case control study

using echocardiography. J Matern Neonatal Med. Informa UK Ltd.; 2018; 31(16):2175–82.

23. Hochwald O, Jabr M, Osiovich H, Steven P, Mcnamara PJ, Lavoie PM. Preferential cephalic redistribu-

tion of left ventricular cardiac output during therapeutic hypothermia for perinatal hypoxic- ischemic

encephalopathy. J Pediatr. 2014; 164(5):999–1004. https://doi.org/10.1016/j.jpeds.2014.01.028 PMID:

24582011

24. Battin MR, Thoresen M, Robinson E, Polin RA, Edwards AD, Gunn AJ. Does Head Cooling With Mild

Systemic Hypothermia Affect Requirement for Blood Pressure Support? Pediatrics. 2009; 123

(3):1031–6. https://doi.org/10.1542/peds.2008-1610 PMID: 19255036

25. Fugelseth D, Satas S, Steen P a, Thoresen M. Cardiac output, pulmonary artery pressure, and patent

ductus arteriosus during therapeutic cooling after global hypoxia-ischaemia. Arch Dis Child Fetal Neo-

natal Ed. 2003; 88(3):F223–8. https://doi.org/10.1136/fn.88.3.F223 PMID: 12719397

Lactate acidosis and cardiac output in asphyxiated newborn infants

PLOS ONE | https://doi.org/10.1371/journal.pone.0213537 March 14, 2019 11 / 12

https://doi.org/10.1542/peds.2004-1587
http://www.ncbi.nlm.nih.gov/pubmed/16510666
http://www.ncbi.nlm.nih.gov/pubmed/10878155
https://doi.org/10.1007/s00246-009-9421-6
https://doi.org/10.1007/s00246-009-9421-6
http://www.ncbi.nlm.nih.gov/pubmed/19340476
https://doi.org/10.1093/tropej/fml053
https://doi.org/10.1093/tropej/fml053
http://www.ncbi.nlm.nih.gov/pubmed/17046962
http://www.ncbi.nlm.nih.gov/pubmed/5046772
http://www.ncbi.nlm.nih.gov/pubmed/9059180
https://doi.org/10.1136/adc.2006.100800
http://www.ncbi.nlm.nih.gov/pubmed/17132680
https://doi.org/10.3389/fped.2018.00001
https://doi.org/10.3389/fped.2018.00001
https://doi.org/10.1136/fetalneonatal-2011-301090
http://www.ncbi.nlm.nih.gov/pubmed/22933092
https://doi.org/10.1038/jp.2014.245
http://www.ncbi.nlm.nih.gov/pubmed/25634518
https://doi.org/10.1016/j.jpeds.2018.01.067
http://www.ncbi.nlm.nih.gov/pubmed/29571928
http://www.ncbi.nlm.nih.gov/pubmed/9240886
https://doi.org/10.1159/000446468
https://doi.org/10.1159/000446468
http://www.ncbi.nlm.nih.gov/pubmed/27529179
https://doi.org/10.1016/j.jpeds.2014.01.028
http://www.ncbi.nlm.nih.gov/pubmed/24582011
https://doi.org/10.1542/peds.2008-1610
http://www.ncbi.nlm.nih.gov/pubmed/19255036
https://doi.org/10.1136/fn.88.3.F223
http://www.ncbi.nlm.nih.gov/pubmed/12719397
https://doi.org/10.1371/journal.pone.0213537


26. Post H, Schmitto JD, Steendijk P, Christoph J, Holland R, Wachter R, et al. Cardiac function during mild

hypothermia in pigs: Increased inotropy at the expense of diastolic dysfunction. Acta Physiol. 2010; 199

(1):43–52.

27. Kraut J, Madias N. Lactic acidosis. N Engl J Med. 2014; 371:2309–19. https://doi.org/10.1056/

NEJMra1309483 PMID: 25494270

28. Manning DJ. Presumed consent in emergency neonatal research. J Med Ethics. 2000; 26(4):249–53.

https://doi.org/10.1136/jme.26.4.249 PMID: 10951919

29. Mason S, Allmark P. Obtaining informed consent to neonatal randomised controlled trials: interviews

with parents and clinicians in the Euricon study. Lancet. 2000; 356(9247):2045–51. PMID: 11145490

Lactate acidosis and cardiac output in asphyxiated newborn infants

PLOS ONE | https://doi.org/10.1371/journal.pone.0213537 March 14, 2019 12 / 12

https://doi.org/10.1056/NEJMra1309483
https://doi.org/10.1056/NEJMra1309483
http://www.ncbi.nlm.nih.gov/pubmed/25494270
https://doi.org/10.1136/jme.26.4.249
http://www.ncbi.nlm.nih.gov/pubmed/10951919
http://www.ncbi.nlm.nih.gov/pubmed/11145490
https://doi.org/10.1371/journal.pone.0213537

