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Abstract

Background and aims Fetal surveillance during labour is used to detect fetuses at risk of compromise, achieve
timely and appropriate interventions, and favourable perinatal outcomes. The drawback with cardiotocography
(CTQ) is the rate of false positives for fetal comprise and adjunctive tests are therefore often needed. Fetal scalp
blood sampling (FBS) with lactate measurement and Fetal scalp stimulation test (FSS) are used such. Since the
production of the device LactatePro™ (LP) had discontinued, resulted in an urgent need for a new device. FSS
test has been suggested to be an equivalent alternative to FBS.The aims of the present thesis was to search for a
new reliable POC to replace LP, to present cut-offs for intervention, based on neonatal outcome variables, and to
study the predictive value for FSS test for elevated FBS lactate values.

Methods Paper 1 and 4, prospective observational studies on women with non-reassuring CTG during labour
aimed to derive new cut-offs for two specific devices. Paper 2, a retrospective study aimed to evaluate whether the
FSS test could be used as a good predictor of fetal well-being. In paper 3, a prospective quality study, the lactate
meter StatStripXpress® (SSX) (Nova Biomedical, Waltham, US) was validated in fetal blood. From the ROC
analysis based on neonatal outcomes, the cut-off for intervention was suggested.

Results Paper 1: From 701 fetal scalp blood samples the conversion algorithms proposed reference values for
LP2 were: scalp lactate 6.3—7.1mmol/L=preacidemia, >7.1mmol/L=acidaemia. The coefficient of variation (CV) for
LP2 varied between 4.2-23.4% for different lactate levels in cord blood. Paper 2: For FSS test for scalp lactate
(LP) 24.2 mmol/L were: sensitivity 79% (95% C1:69.4—-86.6%) specificity 42.7% (95%Cl:36.9-48.7%), LR + 1.38
(95% CI:1.19-1.59) and LR- 0.49 (95% CI:0.33-0.74). Paper 3: SSX lactate values showed a close association to
lactate measurement with ABL 800, R = 0.95 in cord blood. For lactate values >3 mmol/L the mean CV was 3.8%
in cord blood and 6.8% in scalp blood. Paper 4: 3334 women were enrolled of which 799 were delivered within 25
minutes after FBS. The areas under the ROC curves (AUC) and corresponding optimal cut-off values for scalp
blood lactate among those 799 women; metabolic acidosis defined as pH <7.05 plus BDecf >10mmol/L
and/lactate >10 mmol/L, AUC 0.87(95% CI:0.77-0.97), cut-off 5.7mmol/L; pH <7.0 AUC 0.83(95% CI:0.68-0.97),
cut-off 4.6 mmol/L and pH <7.05 plus BDect 212mmol/L AUC 0.97(95% CI:0.92-1), cut-off 5.8mmol/L. Apgar score
<7 at 5 minutes AUC 0.74(95% CI:0.63-0.86), cut-off 5.2mmol/L; and pH <7.10 plus composite neonatal outcome
AUC 0.76(95% CI:0.67-0.85), cut-off 4.8mmol/L.

Conclusions We proposed new cut-offs for LP2, but the CV was unacceptably high. There is an association
between the fetal ability to react to a scalp stimulus and the fetal metabolism. However, the efficiency of FSS test
was too poor to rule in or rule out an elevated fetal scalp blood lactate level. In the second stage, absence of
accelerations after provocation seemed to be a normal phenomenon. Scalp blood lactate measured by SSLX 25
minutes before delivery had an excellent ability to predict metabolic acidosis. To safely rule out the risk for fetal
metabolic acidosis we suggest the scalp blood lactate cut-off for intervention to be = 5.2mmol/L for
StatstripLactate®/StatstripXpress® Lactate system.
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Summary in Swedish

Popularvetenskaplig sammanfattning

Den laktatmitare (mjolkssyramétare) som anvindes som komplement till att
overvaka fostrets syreséttning under forlossningen hade slutat att produceras. Det
var darfor brattom att ta fram ett alternativ for att gora det mdjligt att fortsitta
anvinda metoden. Det gav upphov till den hir avhandlingen, dir vi ville utvérdera
en ny sdker laktatméitare under forlossning samt dven undersoka en annan
kompletterande metod for fosterdvervakning.

Att foda barn pé sjukhus i Sverige idag dr mycket sdkert. Det &dr véldigt sillsynt att
ett barn drabbas av syrebristskador till foljd av forlossningen eftersom man noggrant
overvakar hur barnet mar i livmodern. Aven om det ir ovanligt med syrebristskador
under forlossningen ér det oerhort viktigt att forhindra att de sker, dé barnet kan fa
mycket svara medicinska skador sasom cerebral pares (CP), mental
funktionsnedsattning, syn- och hdrselskador.

Fostrets vilmaende under forlossningen beror huvudsakligen pa tillgdngen till syre.
For att 6vervaka att fostret far tillrackligt med syre under forlossningen anvénds i
hog och medelinkomst ldnder en metod som kallas kardiotokografi, CTG. Genom
tvdA dosor pA mammans mage kan barnets hjirtfrekvens och livmoderns
sammandragningar registreras. CTG infordes pa 70-talet och ar vilstuderad.

Nackdelen med CTG ér att metoden &r véldigt kinslig och kan larma for misstankt
syrebrist d&ven om fostret i sjdlva verket mar helt vil. Det leder ibland till ingrepp
dér man paskyndar forlossningen med akut kejsarsnitt eller sugklocka fast barnet
sen vid fodseln inte uppvisar nagra tecken pa syrebrist. Ingreppen som innebéar
okade risker for mor och barn skulle potentiellt ha kunnat undvikits utan att utsitta
barnen for 6kad risk for syrebrist genom att anvénda sig av kompletterande metoder
sasom till exempel skalpblodprovtagning. Sedan CTG infordes i forlossningsvarden
har ingreppen 0kat och fortsitter att 6ka 1 vérlden.

Under sjélva forlossningen, under virkarna, utsitts fostret for syrebrist som gér
over. Det sker i samband med att blodflddet fran moderkakan via navelstrangen till
fostret nastintill upphdr under livmoderns kontraktioner. Mellan vidrkarna nér
livmodern slappnar av atergar blodflddet till det normala igen. Om vérkarna &r for
frekventa eller fostrets reserver begriansade kan fostrets amnesomséttning paverkas
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negativt, och da dkar koncentrationen av vétejoner och mjdlksyra i fostrets blod. Sa
nir CTG larmar om misstinkt syrebrist hos fostret, kompletterar
forlossningsldkaren med skalpblodprovtagning for att f& mer information om
fostrets syreséttning under forlossningen och kan ingripa dar det behdvs. Vid
skalpblodprovtagning, tar man ett litet blodprov fran fostrets huvud och analyserar
det med hjélp av en laktatmaétare alternativt analyserar vétejon koncentrationen, pH
(negativa logaritmen av vétejoner) i en stationdr blodgasmaskin. Sénkta pH eller
forhoja laktat viarden &r ett tecken pa syrebrist och forlossningen paskyndas. Dock
ar majoriteten av varden normala och forlossningen kan 1 stillet fortsétta, trots att
CTG har larmat. Om man inte hade tillgang till metoden skulle troligtvis ingreppen
oka.

Laktatmitaren man anvénder dr en liten handhallen dosa sa kallad patient nira
analys (PNA) och man far resultatet inom en minut inne pa forlossningsrummet.
Det vill sdga man behdver inte skicka blodprovet till laboratoriet for att analyseras
vilket annars &r vanligt forekommande i sjukvérden. Den stora férdelen med PNA
ar att den bidrar till snabbare kliniska beslut i handlaggningen. Metoden har anvénts
sedan 90-talet och idag anvénds den i Sverige i ungefér var attonde férlossning och
i varierande utstrackning i Europa och Australien.

Det har kommit nya apparater pA marknaden men inga som har utvérderats
tillrackligt for att man ska kunna anvidnda dem sékert i forlossningsvarden. De olika
laktatmétarna har ocksé olika métvirden, s innan man borjar anvdnda en ny apparat
maste den studeras grundligt i prestanda, sdkerhet och vilket gransvarde man ska
anvénda.

Genom en marknadsanalys fann vi en ny laktatmétare StatStrip Lactate® som var
designad for sjukhusvard. Manga av de tidigare laktatmétarna har varit skapade for
att utvirdera fysiska prestationer i idrottsmedicin. Den krédvde ocksa mindre blod
for analys och analyserade blodprovet snabbare. Vidare hade den ocksé inbyggda
formler for att justera for olika &mnen och koncentrationen pa blodet som annars
kan ge felvarden pa laktatmétningen. Eftersom fostrets blod dr mer koncentrerat &n
vuxnas blod tror vi att den korrigeringen ar viktig, da det annars skulle felaktigt
kunna ge ett alldeles for lagt laktat virde och darmed risk att uppseglande syrebrist
missas.

Den andra sekundér diagnostiska metoden vi undersokte heter Skalpstimulerings
test och dr en vilkdnd metod. Om CTG larmar for syrebrist gér man da
Skalpstimuleringstest som gér ut pa, att man genom att peta pa barnets huvud under
forlossningen féar en reaktion pd CTG. Om man da far en uppgang i hjartfrekvens
(acceleration) tolkas det som att fostret dr vil syresatt och man kan avvakta med
interventioner. Tidigare har det gjorts ett fatal och fram for allt smé studier av
metoden. Trots det anvénds den frekvent runt om i varlden fram for allt i USA men
dven 1 Sverige.
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Delarbete 1: Lactate Pro™2 for measurement of fetal scalp blood
lactate during labour — proposing new cut-offs for normality,
preacidemia and acidaemia: a cross-sectional study

I det forsta delarbetet undersoktes en uppfoljare till LactatePro®(LP) som heter
LactatePro2®(LP2). Men det visade sig att den hade helt andra métvarden én LP.
Grénsvirdet for att ingripa i forlossningen ldg mycket hogre &n den tidigare
apparaten. For LP2 rekommenderar vi gransvérde for normalt laktat <6,3 mmol/L
och forhojt laktat >7,1mmol/L. Det &r ldgre gransvarden &n vad Svensk Forening
for Obstetrik och Gynekologi (SFOG) rekommenderar. Vi fann ocksé att LP2 vid
upprepade métningar av samma bloddroppe uppgav for stor spridning i resultaten.
Vi bedomde darfor att den inte var tillricklig sdker for att anvdndas i
forlossningsvard och borjade sdka efter en ny apparat.

Delarbete 2: Effectiveness of fetal scalp stimulation test in assessing
fetal wellbeing during labour, a retrospective cohort study

I det andra delarbetet undersokte vi en annan kompletterande metod till CTG som
kallas foster stimulerings test. I ett stort material fann vi att metoden inte &r
tillforlitlig 1 utdrivningsskedet av forlossningen. Det verkar som att det inte finns
négon koppling till om man far en acceleration eller ¢j till hur barnet ar syresatt i
den fasen. Dock behdvs fler studier kring denna metod for att utrona om den &r
tillforlitlig eller ej. Men vi rekommenderar att den anvdnds med forsiktighet i
utdrivningsskedet eller inte alls.

Delarbete 3: Reliability of the point-of care analyser “StatStrip®
Xpress™” for measurement of fetal blood lactate

I det tredje delarbetet genomgick StatStrip Lactate® apparaten utforliga
prestandatest i samarbete med Laboratoriemedicin vid Skénes Universitets sjukhus
och dr den fOrsta laktatmitaren som blivit godkdnd dvs ackrediterad av
laboratoriemedicin. Den tidigare laktatmitaren har inte legat under
laboratoriemedicins ansvar och ddrmed inte blivit lika strikt kontrollerad. Apparaten
jamfordes mot en stationér blod-gas maskin och visade generellt lite 14gre vérden
men med tillforlitliga métningar. Vi kunde dérmed studera den vidare i
forlossningsvarden.
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Delabete 4: Proposed cut-off for fetal scalp blood lactate in
intrapartum fetal surveillance based on neonatal outcomes: A
large international prospective observational study

I det fjarde delarbetet studerade vi vilken nivé av laktat som vid méitningar med
StatStrip® Lactate mitare var ett lampligt gransvirde for ingripande i forlossning.
Eftersom syrebrist under forlossningen ér ovanligt krdvdes ett stort antal prover for
att kunna rikna ut ett sdkert gransvérde. Fran 3334 fodande kvinnor déir ett onormalt
CTG monster hade gett anledning att ta ett skalpblodprov kunde vi baserat pa hur
barnen méadde vid forlossningen och om de uppvisade nagra tecken pa syrebrist i
navelstringsblodet vid fodseln ta fram ett griansvérde for ingripande for Statstrip
Laktat® maétare. Tidigare studier har baserats pa jamforelser av griansvirden for
behov av paskyndande av forlossningen med skalpblodprovtagning med métning av
pH. Vad vi kénner till &r denna studie den storsta som gjorts for att identifiera
gransvirden for intervention pa skalpblodprov och med s manga prover tagna néra
inpa forlossningen. Laktatmétaren kunde med stor sékerhet forutse i skalpblod om
barnet hade tecken pa syrebrist vid fodelsen. Ett grinsviarde pd >5.2 mmol/L
foreslogs for anvindande av StatStrip® Lactate under férlossningen.

Avhandlingen nyhetsvarde
Studierna i denna avhandling belyser f6ljande:

e Gransvérdet for forhojt laktat métt med LactatePro2® >7,1 mmol/ L och det ar
ett lagre gransvirde 4n vad som rekommenderas av SFOG. Déremot beddmdes
LP2 inte vara tillrickligt tillforlitlig att anvéndas i forlossningsvard da
upprepade métningar av samma bloddroppe gav for spridda resultat.

e Sambandet mellan laktat mitt i skalpblod och laktat métt i navelstrangsblod
blev starkare ju ndrmre forlossningen skalpblodprovet togs.

e Skalpstimuleringstest ar enligt vér studie inte tillforlitligt i utdrivningsskedet
av forlossningen och fler studier behdvs for att avgéra om metoden kan
anvindas 1 6ppningsskedet.

e StatstripLactate® maitare Overensstimde vdl med storre robustare
maétinstrument och hade tillf6rlitliga métningar i fosterblod.

e For forsta gdngen har vi tagit fram ett grinsviarde for ingripande under
forlossning for skalpblodprov med laktat, baserad pa tecken pa syrebrist i
navelstrdngsblod och pa det nyfodda barnets méende vid fodseln.

e Det dr ocksa den storsta studien som gjorts pa skalpblodprovtagning samt pa
prover tagna i néra anslutning till fodelsen. StatstripLactate® kunde med stor
sikerhet i skalpblod forutse om barnet hade tecken pé syrebrist vid fodelsen

e For mitning av laktat med StatstripLactate i fosterskalpblod rekommenderar vi
griansvirde >5,2 mmol/L.
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Introduction

The goal with intrapartum fetal monitoring is to discover signs of hypoxia at an
early stage to allow for timely and appropriate intervention to avoid adverse
neonatal outcomes. At the same time, the methods should also safely rule out
hypoxia to allow labour to continue without unnecessary obstetrical interventions.
The obstetrical dilemma is that we have two patients in one, where there is a fine
balance on the scale between the best for the mother and what is best for the baby.
To save the fetus from critical labours, we sometimes put the mother at increased
risk of complications due to the clinical interventions. More research in the field is
requested to keep interventions during labour at optimal levels especially since
interventions also are associated with risks for the mother and the fetus (1-3).

Intrapartum fetal hypoxia accounts for a high percentage of the perinatal deaths and
long-term neurological sequelae, both of which have a significant negative impact
on the families and on health-care professionals (4).

The most commonly used method, for fetal monitoring during labour,
cardiotocography (CTG) has been criticized for leading to unnecessary
interventions, where the fetus at birth is vigorous, despite an alarming CTG pattern.
To improve the diagnostic precision of CTG and reduce the false positives,
secondary complimentary tests are used, although to a different extent around the
world (1). Fetal scalp blood sampling is frequently used in Europe and Australia,
whereas fetal scalp stimulation test is primarily recommended and used in the
United States. Both tests are mentioned in national and international guidelines
despite that the level of evidence is questionable, especially for the fetal scalp
stimulation test (1,5-7). Scalp blood sampling is performed for analysis of pH or
lactate. Fetal stimulation test is based on the assumption, that the healthy fetus will
react with an increase in heartrate when the scalp is stimulated.

The internationally recognised point of care lactate meter for fetal scalp blood
lactate measurement, Lactate Pro is no longer in production and therefore there is
an urgent need to find a new safe device to allow for the method to continue (8).
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Fetal acid-base balance and metabolism in
pregnancy and labour

In the uterus, the fetus is totally dependent on the maternal respiration and
circulation for the perfusion and gas exchange across the placenta as well as the
umbilical and fetal circulation for the supply of oxygen and nutrients and the
elimination of carbon dioxide and waste products(9).

The fetus features unique adaptations to ensure that the supply of oxygen exceeds
its metabolic demands in the uterus. This in turn prepares the fetus with a
considerable margin for adequate oxygenation for the strainful labour. At the onset
of labour, the fetal-maternal gas exchange is affected, even in normal labour due to
the uterine contractions and compression of the umbilical cord. The uterus
contractions decrease the maternal uterine blood flow leading to reduced placental
perfusion, which in turn affects the gas exchange (10,11). The healthy fetus can cope
with this intermittently reduced gas exchange, as long as it is not too severe or
persistent (12). The placental perfusion is normally restored between contractions
and the fetus gets a chance to restore the oxygenation and eliminate the carbon
dioxide. Acute hypoxia in short episodes is physiological for labour as a result of
the uterus’s contractions and compression of the umbilical cord. In fact, a certain
level of acidosis is considered normal and stimulates the baby to take its first breath
at birth (13).

The umbilical cord and the gas exchange across placenta

From the maternal circulation across the placenta, oxygenated blood is pumped
through the single umbilical vein into the fetal circulation. Simultaneously
deoxygenated blood with a higher carbon dioxide concentration is pumped back by
the fetal heart through the umbilical arteries to the placenta and the maternal
circulation, where excess CO; is eliminated by the mothers breathing (14).
Therefore, blood gas values measured in the umbilical arteries provide the most
accurate information of fetal acid base status at birth (15). Near term, the maternal
blood flow to the uterus is 500 mL/minute.

The pH is defined as the negative logarithm of the hydrogen ion (H+) concentration.
Therefore, the relationship between pH and H" concentration is logarithmic and not
linear. As the concentration of H' increases pH decreases. The pH is a measure of
the degree to which a solution is acidic or alkaline.

To aid the fetal-maternal gas exchange several mechanisms increase the fetal
oxygenation and elimination of carbon dioxide (CO,). H" and CO easily cross the
placenta. For instance, the fetal haemoglobin has a higher affinity for O, than the
maternal haemoglobin, which facilitates the fetal uptake of oxygen across the
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placenta. Likewise, the carbon dioxide easily diffuses across the placenta to the
maternal side since the maternal haemoglobin has a higher affinity for carbon
dioxide than fetal haemoglobin. In addition, the fetus has a higher haemoglobin
concentration than the mother.

For the importance of cellular functions, the pH level is tightly regulated in the
extracellular fluid. Acids are buffered to neutralize the pH mainly by plasma
bicarbonate (HCOs") and hemoglobin in the erythrocytes. Bicarbonate binds to
hydrogen ion and the result is water and carbon dioxide, which easily diffuses across
the placenta to the maternal circulation and lungs. (Figure 1) CO; has a greater
permeability across the placenta than O, (16). If the buffering capacities are
exhausted the pH decreases as well as bicarbonate.

Base excess/deficit is defined as the amount of acid or base required to restore pH
to 7.40 at pCO;, 5.3kPA at 37°C at the actual saturation of blood expressed in
mmol/L (17). It is a calculated measurement of the buffering capacity expressed in
mmol/L. An elevated base deficit measured in the blood is a sign of the buffering
mechanisms.

Fetal metabolism

The fetus is dependent on the maternal supply of energy. The major energy substrate
is glucose accounting for 70-80% of the fetal energy requirements but alternative
substrates such as lactate, ketoacids, amino acids and fatty acids are also sources of
energy (18). Glucose diffuses easily across the placenta to the fetus by facilitated
diffusion. The fetus has a lower glucose concentration than the mother which aids
this process. Energy is produced intracellularly by the metabolism of glucose and
glycogen through the glycolytic pathway forming pyruvate. When sufficient oxygen
supply, pyruvate, enters the mitochondria and is further metabolised by the Citric
Acid Cycle generating maximal energy with 36 Adenosine triphosphate (ATP),
water and 6 CO,. The produced carbon dioxide (CO,) affects the hydrogen ion
concentration (H+) by the following equation, where the equilibrium is shifted to
the right.

Figure 1. CO,+H,0O H>,CO; H + HCO5

In the undisturbed fetus this reaction goes back and forth intra and extracellular
several times until CO» is eliminated across the placenta to the maternal circulation
and does not affect the pH (17). H+ can also be cleared across the placenta.
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When disturbed gas-exchange across the placenta the carbon dioxide is accumulated
leading to increased concentration of H+. Furthermore, the insufficient oxygen
supply result in that pyruvate, is instead metabolised anaerobically by lactate
dehydrogenase, generating lactate and less energy due to the formation of only 2
ATP. Therefore, the hypoxic fetus generates much less energy through anaerobic
metabolism of glucose compared to normal aerobic metabolism.

Pyruvate + NADH + H" € - Lactate + NAD"

Lactate is the major end product of anaerobic metabolism. The lactate production
does not cause metabolic acidosis, since the production of lactate consumes two
protons, in fact therefore, it retards acidosis (19,20). With lactate production,
nicotinamide adenine dinucleotide (NAD+) is produced which supports continued
ATP generation from glycolysis. A high concentration of lactate intracellularly does
not lower the pH in the cell. However, as the concentration of lactate increase
intracellularly, the lactate is transported across the cell membrane from the cell to
the extra cellular fluid (21). This occurs together with a hydrogen ion to maintain
the ion charge equilibrium across the cell membrane (21). Therefore, the
concentration of hydrogen increases and thus leads to further lowering the pH
extracellularly in the blood.

The emerging accumulation of hydrogen ions and the depletion of buffering
mechanisms eventually result in metabolic acidosis. If severe lack of oxygen or
prolonged exposure, this will eventually lead to cell death (22,23).

If oxygen supply is restored lactate can be reconverted into pyruvate by lactate
dehydrogenase and pyruvate can enter the Citric Acid Cycle for optimized
metabolism. To an extent lactate can cross the placenta to the maternal circulation
but the major elimination of lactate is through this reconversion. Some of the lactate
is also thought to be metabolised in the placenta (24,25).
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Figure 2. Schematic illustration of aerobic and anaerobic metabolism, blue arrow represent anerobic metabolism and
red arrow aerobic metabolism

During the third trimester the healthy fetus prepares for the strenuous labour by
converting excess energy substrate into glycogen which is stored in the fetal liver,
heart, and skeletal muscles. In the event of fetal hypoglycaemia, glycogen
phosphorylase is activated, and glycogen is metabolised into glucose. In contrast,
the premature, the growth restricted fetuses or fetuses with prelabour dysfunction of
the placental have not been able to build up the glycogen storage. A lower glycogen
store limits their ability to produce energy by anaerobic metabolism. The placental
dysfunction also leads to inadequate ability to restore the impaired gas exchange
between the contractions and therefore the growth restricted fetus has a higher risk
of intrapartum acidosis as well as and can more rapidly progress to metabolic
acidosis (26-28).
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Development of fetal acidosis

Impairment of the fetal-maternal gas exchange will result in the development of
acidosis due to carbon dioxide retention and tissue hypoxia with the production of
lactate (with concomitant hydrogen ion production) and carbonic acids. These two
mechanisms occur in parallel and result in increasing H+ concentration and thus pH
is lowered. Cord compression and reduced blood flow in the myometrium and
placenta due to increasing contractions in labour are common reason for reduced
CO; elimination and thus lowered pH (17).

Acidaemia is defined as an increased hydrogen ion concentration in the blood,
whereas acidosis is increased hydrogen ion concentration in the tissue. Respiratory
acidosis, is lowered pH, due to carbon dioxide accumulation and is harmless if short
duration (12,29). In contrast, long lasting or severe hypoxia leads to a further
decrease in pH and an increase in base deficit (when the buffering mechanisms are
depleted) and increased lactate which results in metabolic acidosis, with risk of
impaired cellular function causing damage to vital organs (23). The low pH
deranges the proteins regulating the cell membrane transport mechanisms and thus
the cell function (21).

Severe hypoxia can be caused by unpredictable acute catastrophic obstetrical events
such as cord prolapse, placental abruption or uterine rupture(12). These are rare, the
vast majority (75%) instead, occur gradually in labour as a result of the uterine
contractions (30).

The fetuses compensatory defence mechanisms
with sustained hypoxia

If oxygen supply falls the healthy unborn child can withstand the hypoxia by
excellent and fascinating defence mechanisms. The labour induces a surge of stress
hormones mediated by sympathicus whereby adrenalin and noradrenalin are
released. They induce glycolysis of stored glycogen and an increase in the heart rate
whereby the fetal-placental perfusion increases and aid the O, delivery and CO,
elimination (17). The next protective mechanism is the activation of peripheral
chemoreflexes (31,32). As hypoxic blood enters the fetal circulation the
chemoreceptors increase blood pressure by peripheral vasoconstriction, which leads
to the redistribution of blood flow to critical organs such as the brain, heart and
adrenal glands, called Brain sparing (27,31,32). Further the parasympathicus is
triggered by a carotid chemoreflex, which causes a rapid fetal heart rate deceleration
presumed to reduce myocardial oxygen consumption and allows increased transit
time of erythrocytes through tissue beds, including the placenta for improved gas
exchange (33). The shift to anaerobic metabolism depletes the energy stores much
faster since much less ATP is produced and an energy-saving mechanism by the

22



fetus, is to reduce movements. When anaerobic reserves are exhausted and cardiac
glycogen is depleted, this causes impaired myocardial contractility. If hypoxia is
further sustained eventually a progressive systematic hypotension gradually occur
causing cerebral ischaemia and neural cell injury (31). Also, other organs are also
affected such as the heart, liver, kidneys and the new-born will show multiorgan
failure (34). In the worst case, although rare, the injuries lead to death.

Lactate from discovery to use in obstetrics

Lactic acid and Lactate

Lactic acid was discovered in 1780 by a Swedish chemist named Carl Wilhelm
Sheele, from sour milk. Lactic acid is carboxyl acid and dissociates to form lactate
and a hydrogen proton (H+).

Lactic acid Lactate + H*

The lactate concentration varies in different blood compartments with the highest
concentration in plasma. Plasma lactate concentration, is 50% higher than in the
erythrocytes and 30% higher than in capillary whole blood (35). A high correlation
(r=0.99) between capillary blood lactate and plasma lactate has been shown(35).

Glycolysis and glycogenolysis in the fetal liver induced by fetal catecholamines,
result in the production of pyruvate. Increased pyruvate concentrations led to lactate
production. Under normal conditions there is a steady state between lactate and
pyruvate 10-15:1 (17). Therefore, during labour even under aerobic conditions, a
certain amount of lactate is produced in the fetus (36,37). The ratio of
lactate/pyruvate is increased with hypoxia (17). Thus, lactate in fetal blood could
theoretically increase with high doses of maternal glucose infusion but for this to
occur the glucose concentration must exceed 8.3 mmol/L (37). Continuous maternal
intravenous glucose infusion during labour was shown not to affect the lactate levels
in fetal scalp blood or cord acid-base balance (38,39).The majority of lactate is
eliminated through reconversion of lactate to pyruvate by lactate dehydrogenase.
Pyruvate can then enter the Citric cycle intracellularly in the mitochondria for
optimal energy production. For that process to occur, oxygenation must be restored.
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Lactate dehydrogenase

Figure 3. Lactate + NAD" Pyruvate + NADH + H"

Lactate can be transported across the placenta together with a hydrogen ion and this
occurs in the direction with the lowest hydrogen concentration, which is to the
maternal side (24). Although this process is slower than carbon dioxide elimination
across the placenta (17) The maternal lactate level is 20-30% lower, which
facilitates the lactate diffusion across the placenta (25). The accumulation of lactate
in the fetal blood, however, occurs when the production of lactate exceeds its
clearing mechanisms.

When fetal distress, lactate measured in fetal blood is considered mainly to originate
from the fetus (25,36,40,41). Furthermore, fetal anaerobic metabolism is likely to
be the main source for the fetal lactate increase and not from the mother, since the
fetal maternal lactate gradient is positive in cases with fetal distress as opposed to
normal labour this gradient is negative and FBS lactate correlate significantly to
umbilical cord artery lactate (25,36,40,42).

In the first stage the lactate production is constant and there is no correlation to the
cervical dilation (42,43). However, in the active part of second stage lactate increase
in fetal and maternal blood, and more rapidly in the mother. The fetal lactate
increased in scalp blood was 0.032 mmol/L per minute pushing in the second stage
(which equals 2 mmol/L per hour) in a study (40). Another recent study reported a
smaller increase of only 0.025 mmol/L per minute pushing and that the correlation
between the lactate value in FBS and number of minutes pushing had a poor
corelation of (R=0.1) (44).

Lactate through oxidative metabolism is also an important energy substrate for the
fetus. It has been suggested that lactate produced by the astrocytes support oxidative
metabolism in cortical neurons (45). Since lactate does not cross the blood-brain
barrier easily, blood-borne lactate is not considered a significant source (45).
However, lactate levels in magnetic resonance imaging correlate strongly to lactate
in arterial cord blood at birth and is a useful predictive marker (46,47). A review
concluded that deep grey matter Lactate/NAA is the most accurate quantitative MR
biomarker within the neonatal period for prediction of neurodevelopmental outcome
after neonatal encephalopathy. This may be a useful parameter in early clinical
management decisions and as a surrogate end point in clinical trials that evaluate
novel neuroprotective therapies (47).

Even the uterus produces lactate as a result of the intensive contractions (48,49).
With the increasing activity in the uterus and decreased blood flow in the
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myometrium the acid load in the myometrium will increase and if there is
insufficient oxygen lactate is produced. Intermittent acidification in the
myometrium is thought to be a normal phenomenon in labour (48). Interestingly,
for women suffering dysfunctional labour, it has been suggested that increasing
acidification in the myometrium underlies dysfunctional labour (50). The measuring
of lactate in amniotic fluid could be an interesting predictor of the course of labour
in primiparous for improved diagnostics of dystocic labours (51,52).

Measurement of lactate is also a well-established, marker within prehospital,
intensive and sepsis care for hypoxia caused by impairment of circulation and tissue
perfusion (53,54). The use of Point of care lactate measurements is growing.

Experimental animal studies showed that when induced hypoxia in fetuses there was
a strong association between subcutaneous measured lactate to lactate measured in
the brain, central circulation and cord blood (55-58). Lactate measured in central
fetal arterial blood correlated strongly to BD (R=0.95) and pH (R=0.86) (59).
Furthermore, it has been demonstrated that increases in subcutaneous lactate levels
preceded the increase in lactate level and pH decrease in brain tissue. Thus, it has
been suggested that lactate is an earlier marker of hypoxia than pH. Subcutaneous
lactate levels significantly increased 2-3 minutes after the asphyxic period (56).
When exposed to intermittent total umbilical cord occlusion (duration one minute)
lactate increased at a rate of 0.35 mmol/L per minute of occlusion (59)(60). At
recovery lactate normalized at a rate of 0.04 mmol/L per minute (59). Corresponding
to a recovery rate of 2.4 mmol/L per hour. Recently it was shown in a rat model that
lactate levels measured in subcutaneous fluid collected by a continuous micro-
dialysis probe closely reflected central plasma lactate levels upon transient de-
oxygenation (R=0.89). The microdialysis probe they used for the lactate
measurement was integrated into a fetal scalp electrode, which enabled continuous
measurement of lactate subcutaneously (58).

The possibility to analyse lactate in fetal scalp blood during labour has been reported
since the 1970’s but the method required large amounts of blood 150-200 uL. and
sampling was difficult to succeed (61,62). It was therefore deemed too impractical to
be used in clinical practice despite promising results. It was not until the 1990°s the
method gained a new landmark in clinical practice, due to the new test strip method
for lactate measurement, requiring very small amounts of blood for analysis (42,63).
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Asphyxia

Asphyxia comes from Greek and means pulselessness and birth asphyxia refers to
a condition where the newborn is severely affected by hypoxia. It can occur before,
during and after labour. The main goal of intrapartum surveillance is to prevent birth
asphyxia i.e., asphyxia evolving during labour. Although it is rare, when it occurs,
it can lead to serious neurological disability or death and evidently has tremendous
impact on the individual, the family and, labour staff.

In the literature various definitions of asphyxia are used as outcome measures,
which complicates the comparisons of results. Since there is no international
consensus on the optimal outcome value to assess intrauterine asphyxia in the
newborn it remains debatable. Fetal asphyxia can be described as a condition of
impaired blood gas exchange leading to progressive hypoxemia and hypercapnia
with a significant metabolic acidosis (64). According to US Task Force and
ACOG's updated edition from 2019, “Neonatal Encephalopathy and Neurological
Outcome” to determine, that an acute hypoxic-ischemia event occurred within close
temporal proximity to labour and delivery, contributed to neonatal encephalopathy
a multidimensional assess is performed and include:

1.) Apgar Scores less than 5, at 5 and 10 minutes.
2.) Fetal umbilical artery acidemia of pH <7.0 or BE >12 mmol/L

3.) Neuroimaging evidence of acute brain injury seen on Magnetic Resonance
Imaging.

4.) Presence of multisystem organic failure: can include renal injury, hepatic
injury, hematological abnormalities, cardiac dysfunction, metabolic
derangements and gastrointestinal injury or a combination of these.

5.) No evidence of other proximal or distal factors that could be contributing factors.

Therefore, the incidence of birth asphyxia varies upon the definition employed. An
extensive Danish study recently reported an incidence of birth asphyxia (defined as
pH<7.0 or Apgar scores at five minutes <7) of 0.6%. The Swedish pregnancy quality
register reported in 2019 that the proportion of newborns with Apgar <7 at 5 min in
term (>37+0 gestational weeks) infants was 1.2% in 2019 (65).

Use of Apgar Score in the assessment of the new-born

Apgar Score was invented and first published by Virginia Apgar in 1953(66). Apgar
scores provide valuable information about the clinical status of the newborn judged
at one, five and ten minutes after birth. The Apgar Score consists of five parameters,
which happens to be acronym of the founder: activity (A), pulse (P), Grimace, reflex
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irritability (G), appearance/skin color (A) and respiration (R). The Apgar Score
quantitates clinical signs of neonatal depression where each parameter is evaluated
and given points 0-2, which sum up to 0-10 at the given point of time. The Apgar
Score evaluation is a cheap test of the clinical status of the newborn and is used
globally. The major advantage with the Apgar Score is that almost every newborn
is evaluated, and it has been said that more or less every newborn has been looked
at through the eyes of Virginia Apgar (67).

Table 1. Apgar Score System.

Parameter Score 2 Score 1 Score 0

Pulse/Heart rate >100 beats per minute <100 beats per minute Absent

Respiration Vigorous cry Slow, irregular. Weak cry Absent

Muscle tone Active Flexed limbs Absent

Reflex irritability Prompt response to Minimal response to stimuli Floppy, no response
stimuli

Colour Completely pink Body pink, blue extremities Blue, pale

Normal: 7-10, Moderately depressed: 4-6, Needs immediate resuscitating: 0-3
Assessment at one, five and ten minutes after birth

First minute Apgar Score parameter is particularly valuable to decide the need for
new-born resuscitation at birth, whereas the five- and ten-minutes Apgar Scores
evaluate the neonate’s response to resuscitation. The five minutes Apgar Scores
are associated with short and long term neurological outcomes are often used as a
proxy for asphyxia and as a research outcome parameter of poor neonatal outcome
(68—73). Strong association to negative long term cognitive effects as evaluated in
school results have been found in large epidemiological studies (69,72).

Even though, low Apgar Score in most neonates are likely to be due to hypoxia
and acidaemia, depressed vital signs may also be due to other reasons, including
medications given to the mother, respiratory distress, malformations and therefore
the scoring system should not be used as a proxy for asphyxia (70,74). If the new-
born has a low first minute Apgar Score and has received neonatal interventions
this will also affect the five and ten minute Apgar Score and therefore not only
represent intrauterine acidaemia (75). A high degree of interobserver disagreement
also exists and due to the above, the value of low Apgar Scores as a research
endpoint has been questioned (76-78).

Apgar scores and the association to umbilical cord blood acid base values are
modest and vary in different studies, not all new-borns with low Apgar Scores
have acidosis and vice versa (68,79,80). Likewise, there is a modest correlation
between Apgar Scores and fetal scalp blood lactate (81-83).
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Umbilical cord blood gas analysis in
the assessment of the new-born

James et al. 1958 first recognized that umbilical cord blood gas analysis could give
an indication of asphyxia at birth. Interestingly, Virginia Apgar was also the last
author of this article.

Skane university hospital, was the first clinic in Sweden to introduce routine
sampling in all new-borns at birth in 1981 (84). In most labour wards in Sweden, it
is routine to analyse cord blood gases in every new-born despite the clinical
condition at birth. However, in other clinics an indication is required such as
pathological CTG, meconium-stained water, the use of FBS during labour etc or the
baby is born in a poor condition (85). According to the Swedish pregnancy register
2019, 82.3% of all babies had umbilical cord blood analysis (65). For babies with a
low (<4) five minutes Apgar Score this number was less than 74%.

Cord blood provides useful information about the intrauterine oxygenation prior to
birth. The results give important feedback to staff about the interpretation of fetal
monitoring in labour. In addition, they serve as quality assurance of the labour clinic
and are an important objective outcome measure in research and cases of litigation
(84). A normal blood-gas strongly indicates against that the adverse outcome was
caused by intrapartum asphyxia(84,86). However, the results lack the information
of occurrence of acidosis during pregnancy.

However, analysing and interpreting cord blood gases requires good technique and
knowledge of pitfalls (1,87,88). It is therefore important to be aware of the many
physiological and methodological factors that can influence the readings. Blood
sampling from both the cord artery and vein in the umbilical card is carried out
immediately after delivery and before the baby’s first cry (1). Sampling from both
vessels is recommended in order to validate the sample and identify the arterial and
venous sample correctly, so as to avoid sample mix-up (12). The arterial sample
reflects the fetus acid-base status and the venous is the blood from the placenta.

Since 2008 it is routine in Sweden to sample from the unclamped cord. Before that,
the cord was double clamped directly after birth so that the acid base status would
not be altered by ongoing placenta metabolism and gas exchange (89). Cord blood
samples are affected by sampling in unclamped cord with a significant decrease in
pH and increase in pCO, and lactate. This is probably caused by a phenomenon
called hidden acidosis where metabolites in the peripheral veins are flushed out in
the central circulation when the neonate’s circulation is restored (89—91) Therefore,
to ensure the measurement of the correct acid-base status of the new-born it is
important to sample the cord blood as soon as possible after birth. The results are
also affected by time from sampling to analysis and this is why a time limit of 15
minutes is recommended (87).
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Fetal acidosis in cord blood

There is no international consensus upon the definition of acidosis with suggestions
varying from pH <7.00 to <7.20 in arterial umbilical cord blood (80,92,93). At the
university hospital in Skane, the definition for acidosis used is pH <7.10 which, is
based on below the mean value -2SD of pH in the population (94). More severe
acidosis is considered when pH reach <7.05 (12). However, in the range 7.0-7.05
most neonates The acid base values and lactate in cord blood are also affected by
gestational age, which is thought to be due to increasing fetal metabolism and aging
of the placenta by progressing gestation and gestational age adjusted reference
values have shown to have a better predictive value of neonatal outcome (95-98). It
is important to note that pH is on a logarithmic scale and not linear, which is why a
fall in pH with 0.1 units gives a rise of H™ of different magnitude at different pH
levels. For instance, from a pH 7.30 to a pH 7.20, H" concentration rise with
13mmol/L as compared to from a pH 7.0 to a pH 6.90, the increase of H' is the
double (5,12). This is, why the evaluation of the degree of acidosis with pH is more
difficult than with a linear measurement such as BD or lactate.

Fetal metabolic acidosis in cord blood

Furthermore there is no consensus on the definition of metabolic acidosis at birth,
level of pH, or if BD.s should be used or pH alone (12,80,99-101). BD is added to
pH to distinguish between respiratory and metabolic acidosis. Of note, BD is not an
analyte but a calculated value expressed in mmol/L from equations using pH, pCO2
and hemoglobin (fixed value or measured)(102). Different equations exist in
different blood gas machines, which will provide diverging results(96,103).
Different compartments of fluids used such as base deficit in extracellular fluid
BDvct, or base deficit in blood Bdyiood, also provides different results, the latter
resulting in higher values (96).

It is generally agreed that with metabolic acidosis there is a risk of adverse neonatal
outcome (64). ACOG define MA by pH <7.0 and BD >12 mmol/L (93). The
definition of MA as pH <7.05 and BDcr >12mmol/L has been widely used in large
studies such as the Swedish STAN study and the RCT comparing FBS with lactate
or pH (although they did not specify compartment measured) (104,105). 40% of
those with pH<7.05 had BDc above >10 mmol/L (12). Furthermore, according to
Low et al. only BDcr >12 mmol/L was required for the diagnosis of MA with an
incidence of 2% in their population (64). FIGO on the other hand, recommends the
use of pH <7.0 and BD.cs >12mmol/L but recently however, suggested lowering the
limit to pH<7.05+BDes >10 mmol/L and to include lactate >10 mmol/L as an
alternative to BD (9).

The use of lactate in umbilical cord and new-born blood as a predictor of neonatal
outcome is supported by several other studies (98,106—108). Lactate >10 mmol/L

29



in arterial cord blood has proven to be more closely associated with neonatal
outcome and the need for Neonatal intensive care (NICU) than BD especially when
gestational age adjusted reference values were employed (97,98). Among acid base
parameters, gestational age adjusted arterial cord lactate showed the highest
predictive ability to identify 5-minute Apgar score <7 with AUC 0.79(98). Lactate
measured in arterial blood at 30 minutes of life showed a strong predictive ability
for moderate and severe neonatal encephalopathy(109). Lactate is a linear
measurement of the degree of metabolic acidosis, which in turn correlate to an
adverse neonatal outcome (101,110) By using lactate instead of BD some of the
methodological confounding could possibly be reduced(98).

In a large Swedish case control study the prevalence of MA defined as 7.05+BD
>12mmol/L was 0.68% and 0.38% for pH <7.0 (111). MA occurred more frequently
in nulliparous than parous women (111). In a selected cohort with indication for
fetal scalp blood sampling the prevalence of MA (7.05+BD >12 mmol/L) was
reported to 3.6% (105). Not all newborns with MA have a clinical impaired
condition at birth or at later follow-up(112). Fetal death and neurological sequelae
increase after severe cord artery acidosis at birth pH <7.0 (80,92,113) In a large
Swedish study no cases with HIE occurred with umbilical arterial pH >7.0(111).

It has been reported that 40-50% of metabolic acidaemia is due to suboptimal care,
thus preventable (114,115). The main reasons for suboptimal care leading to
metabolic acidosis have been identified as a failure of appropriate action upon signs
of fetal distress and injudicious use of oxytocin (114). The use of oxytocin is
commonly associated with preventable adverse events during labour (114).

Hypoxic Ischemic Encephalopathy

Severe intrapartum asphyxia can lead to short and long-term neurological damage.
Short term neurological injury occurring within 48 hours from birth is referred to as
Hypoxic Ischemic Encephalopathy (HIE) (116,117). The diagnosis requires
confirmation of metabolic acidosis in the umbilical cord blood or in the new-born
blood, together with low Apgar scores at 5 and 10 minutes, and early Magnetic
resonance Imaging with signs of cerebral oedema (118). HIE has an estimated
incidence of 1.5 per 1000 live births (119).

HIE is classified into three stages, mild, moderate or severe, according to the clinical
signs and symptoms by the grading system by Sarnat and Sarnat (117). Mild (grade
1) is characterised by hyper alertness, irritability, jitteriness and a normal
electroencephalogram (EEG). Moderate (grade 2) is characterised by obtundation,
hypotonia, strong distal flexion and occasional multifocal seizures. Severe (grade 3)
is associated with coma. Permanent neurological damage is rare in cases with mild
HIE and most infants recover without any sequels, whilst moderate and severe are
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strongly associated with long term neurological morbidity and mortality (118,120).
The incidence of Hypoxic ischemic encephalopathy (HIE) grade 2 and 3 was
reported 0.7 per 1000 term newborns in Sweden(65).

The neuronal injury caused by severe acidosis develops in two phases, whereby the
initial ischemic phase is characterized by hypoperfusion and ischemia in areas of
the brain leading to cell death. The second phase, the reperfusion phase occurs after
2-6 hours and leads to further cell death in the affected areas of the brain. Treatment
with therapeutic hypothermia has been shown to mitigate the second phase and limit
the neuronal damage but requires early diagnosis to initiate treatment in a referral
center and with a narrow therapeutic window <6 hours from birth (121).

Long term neuronal damage could lead to the development of cerebral paresis or
cognitive and neuromotor deficits (118,120). However, intrapartum asphyxia
accounts for only 10-20% of cerebral paresis cases (118,122—-124).

Fetal monitoring during labour

Cardiotocography

Fetal Cardiotocography (CTG) is the main method for fetal surveillance in high and
middle-income countries and became available for clinical use in 1968 (125). The
CTG interpretation model was derived from empirical observations of CTG
recordings during human labour by Hon and Hess in the 1950s (126,127) The CTG
enabled continuous electronic recording of the fetal heart rate with simultaneous
recording of the uterine contractions. CTG is commonly used and has provided
important knowledge of the fetal condition during labour. The main goal of
introducing CTG was to prevent intrapartum fetal death, which initially was shown
by the method (128,129). Before the introduction of CTG in Sweden in the 1970s
the perinatal mortality was 15 per 1000 new-born (130). The perinatal mortality at
term as of today is 1.5 per 1000 new-born, although it is uncertain to what extent
CTG has contributed to this reduction (65).

However, since the introduction of CTG into labour care, the interventions have
increased and the benefits from fetal surveillance have been questioned(131,132).
In the last Cochrane review 2017, it was concluded that continuous CTG during
labour is associated with a reduction of the incidence of neonatal seizures, but has
no impact on Apgar scores, cerebral palsy, or perinatal mortality despite an increase
in operative births. The majority of the trials included, compared continuous CTG
to intermittent auscultation by Pinards stethoscope or ultrasound Doppler
velocimetry. There are no RCTs comparing CTG to no surveillance at all. The true
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prevalence of acidosis is unknown and would also be unethical to study in human
fetuses. It is also difficult to compare the use of CTG with different obstetrical
guidelines and interpretation models used in various trials (133). Furthermore these
studies were carried out in the 1970s to early 1990s where equipment, clinical
experience, and interpretation criteria were very different from current practice, and
they were underpowered to evaluate differences in major outcomes (9,134).
Nonetheless, a large American observational study from 2011 showed that the use
of CTG during labour was associated with significantly lower early neonatal and
infant mortality as well as reduced number of infants with five minutes Apgar scores
less than 4 and neonatal seizures (135). A fall in perinatal mortality by the use of
CTG has also been reported by other studies (136-138). Still, CTG is associated
with a high intra and interobserver variability and the second most common
indication for caesarean section is due to non-reassuring or indeterminate CTG
tracing (139-141).

The CTG has a high negative predictive value for fetal distress and it is generally
agreed that a normal tracing is a reassuring sign of fetal wellbeing and oxygenation
(5,9,75,85). It was reported that 94% of those new-borns with a normal CTG had
umbilical arterial blood pH >7.20 (75). In another study, for the outcome pH <7.15
a sensitivity of 97%, specificity 84%, positive predictive value 37% and negative
predictive value of 99.5% was reported (142).

In the first stage of labour 50% of CTG may be classified as abnormal depending
on classification system used (143). Pathological patterns are less common. In a
previous study we found that among neonates with Sminutes Apgar score >9, 18%
had a pathological CTG pattern during labour (70). Due to the intensified uterus
contractions in the second stage, the fetus is at increased risk of hypoxia (9,144).
Despite this, the scientific literature about second stage CTG patterns, is poor
(145,146). During this phase, the interpretation of the CTG recording is further
complicated by maternal moves and pushing leading to incomplete recordings or
lack of recordings (145). In addition, it was shown in a study that the occurrence of
unclassifiable CTG traces were significantly more common among the fetuses with
metabolic acidosis (cord artery pH 7.0+ BD >12) (144).

According to Swedish guidelines, intermittent CTG monitoring every second hour
is recommended in low risk labours in first stage (5,147). If non reassuring CTG
then continuous registration is adopted. In second stage and in high risk labours
continuous CTG monitoring is recommended (5).

The FIGO guideline for CTG interpretation, by an international consensus panel in
2015, aimed to reduce the interobserver disagreement (148). The interpretation
model was modified to the Swedish system and has been in use since 2017 (5).
Despite that none of these models had previously been validated they were
introduced into clinical practice directly (149,150). Compared to the previous model
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used in Sweden (which was a modification of the Figo guideline 1987) and the new
modified FIGO, a validation study showed significantly less sensitivity for cord
artery pH <7.10 , a fall from 94.5% to 76.7% in first stage and for second stage the
sensitivity decreased from 87% to 50% (149,150).

Secondary tools to assure fetal wellbeing

Since the drawbacks with cardiotocography it has therefore been suggested that
CTG should, only be used as a screening method for hypoxia and the diagnosis of
acidaemia should in most cases, be confirmed by fetal scalp blood sampling before
intervention (151). There is a growing body of evidence and awareness by delivery
staff of the increased risks with interventions that could lead to both physical and
psychological harm (65,152-154) Delivery by caesarean section (CS) is an
increased risk of bleeding, infections, surgical complications and thrombosis for the
mother. There is also a higher risk for adverse outcomes in subsequent pregnancy
compared with vaginal birth. A primiparous delivering by caesarean also have an
increased risk of operative delivery in subsequent pregnancies (155). Multiple CSs
are associated with a higher risk of maternal morbidity and mortality (156).
Additionally, infants born by CS have different hormonal, physical, bacterial, and
medical exposures (such as intrapartum antibiotics and uterotonics) and are exposed
to more short-term risks, which range from altered immune development, allergy,
atopy, asthma, and reduced diversity of the intestinal gut microbiome, compared
with those born vaginally (156). Furthermore, vacuum extraction has a more than
fourfold risk of complicated perineal tears (65,154). Obstetrical interventions due to
suspect fetal distress can also be a negative experience leading to secondary fear of
birth in proceeding pregnancy (152,153).

Since the introduction of CTG, the intervention rates have increased. Based on data
from 121 countries, a trend analysis showed that between 1990 and 2014, the global
average CS rate increased from 6.7% to 19.1% (157)(158). The reason for this is
multifactorial and complex but could partly be due to unnecessary interventions as
a result of the low positive predictive value of CTG.

The two most commonly used secondary tools attempted to reduce the false positive
rate of cardiotocography are fetal stimulation test and fetal scalp blood sampling
with either pH analysis or lactate analysis(1). Fetal scalp sampling is mostly used in
Europe and Australia whereas the fetal stimulation test is primarily recommended
in American guidelines (5-7,159).

In Sweden, FBS with lactate is used in most obstetric units, but FSS is also
recommended in clinical guidelines (5,160). FBS with pH has been routinely used
in Swedish clinics since the beginning of the 80’s and may have contributed to
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significantly reducing caesarean sections in the 80’s (42). The caesarean section rate
has since then increased, but the Northern countries remain among those countries
with lowest section rates compared to other high income countries (155,157).

Despite the fact that there is a lack of randomized controlled studies comparing CTG
in conjunction with FBS to CTG alone, emerging evidence from observational
studies has shown that FBS decreases operative deliveries and caesarean sections
(161-164). This is supported by the Cochrane review on fetal scalp blood sampling,
NICE guidelines and FIGO guideline on adjunctive technologies although they call
for further studies on the subject (1,2,6). Others have shown in a subgroup analysis
between trial, the use of CTG in conjunction with FBS with pH compared to studies
with only CTG, that the use of FBS significantly reduces neonatal acidosis but
instead instrumental deliveries are increased (165).

Early studies on FBS used as a secondary tool to CTG suggest improved neonatal
outcomes (62,166). Still, there is only one RCT from 1979 that compared the use of
continuous CTG monitoring with or without fetal scalp blood sampling and its effect
on the rate of caesarean section (167). Unfortunately, the study was unpowered with
only 230 in each arm, to show any significant differences. Several retrospective
observational studies have thereafter shown a decrease in caesarean section with the
use of FBS with pH in conjunction to CTG (166,168—170). Others have shown a
reduction in acidosis (umbilical artery pH<7.0) OR 0.55 and low 5-minute Apgar
Scores <7 OR 0.71 in combination with an increase in spontaneous births(162). A
Danish review showed a decrease in emergency caesarean section and vacuum
extraction rates from 8.2% and 8.5% to 7.9% for both, when FBS increased from
3.8 to 6% in a six year period (163). The authors concluded from the literature
review that it seems that the use of FBS in conjunction with CTG reduces operative
delivery and possibly even neonatal asphyxia.

Among other secondary tests to CTG such as near-infrared spectroscopy and
continuous pulse oximetry have not shown to significantly reduce interventions nor
improve neonatal outcomes (171,172). Analysis of fetal ECG together with CTG
has been evaluated in randomised trials and a meta-analysis by the Cochrane
institute concluded that with the use of STAN, the rates of instrumental vaginal
deliveries and FBS were lower than with CTG only, whereas the rates of severe
metabolic acidosis, neonatal encephalopathy or caesarean section did not differ
significantly (173).

Invention of fetal blood sampling

The method of fetal scalp blood sampling was invented by Saling, in 1962, in Berlin,
which was actually before CTG was established (174). When CTG was introduced
into clinical practice, Saling et al. advocated for the combined routine fetal
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monitoring with CTG in combination with FBS if CTG was abnormal and later FBS
was adopted as a secondary tool to CTG.

The Saling Technique is still used in the same way today (174). Initially pH was
used and the limits for normal ranges were based on the evaluation of 77 cases with
undisturbed parturients. These results were confirmed by others (175,176). In 1967
normal values were established in a larger cohort with particular attention to the
range compatible with the clinically unimpaired condition of the new-born. From
1500 fetuses selected by indication for FBS (which in this study was meconium-
stained water, found by amnionscopy or ruptured membranes or alteration or fall in
fetal heartbeat registered by Piquard’s stethoscope), 306 vigorous new-borns (by
means of vigorous clinical state by Salings scoring system) were selected. From this
the mean +/-2 SD was used to set the reference value and the lower limit of 7.24
was considered prepathological and below 7.20 as pathological (177). These
reference values are in use for FBS-pH to date. Interestingly, Saling et al found that
the mean value before the onset of labour was 7.305 and during labour pH increased
until cervix dilation of 5-8 cm 7.348 and thereafter decreased in the second stage.

Ingemarsson and Arulkumaran later found similar normal pH ranges but concluded
that a critical evaluation of the acid-base balance is necessary, since in most cases,
the abnormal acid-base balance is transient and of a respiratory, harmless type
without concomitant fetal distress (176).

Fetal Scalp Stimulation Test

Fetal scalp stimulation test (FSS) is based on the assumption that the healthy fetus
will react with an increase in heartrate when the scalp is stimulated and is therefore,
recommended to be used when non-reassuring CTG by several guidelines and
obstetrical societies (1,5,7,85). Fetal stimulation test was first described by Sontag
in 1936 (178). There are four methods for fetal stimulation tests described in the
literature: vibroacoustic stimulation, Allis clamp pinching, digital stimulation or
puncture of the scalp for fetal scalp blood sampling (FBS) (179). Most frequently
the digital stimulation is used. In the late 80s the test became more widely used
after American obstetricians recommended fetal blood sampling to be abandoned
since they claimed that FBS did not lower the frequency of instrumental deliveries
(180-182). However, FBS was already at the time used infrequently, in
approximately 2 % of all labours.

There is one metanalysis on FSS-test from 2002 based on 11 articles on the different
stimulation test (six studies on scalp punction and two on digital stimulation).
Despite few and small studies presenting likelihood ratios with wide confidence
intervals the method was recommended (179). The metanalysis concluded that
Intrapartum stimulation tests appeared to be useful to rule out fetal acidaemia in the
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setting of a non-reassuring FHR pattern. However, because these tests were less than
perfect, caution was advised and fetal scalp pH should be determined whenever
possible after a positive stimulation test (lack of acceleration) (179).

Lately the FSS test has been questioned since the evidence for the method is low
with a few and small observational studies and there are no randomized trials
(51,60). However, others argue that the FSS-test is safe and there is a randomized
controlled trial ongoing in Ireland comparing CTG in conjunction with FSS-test
compared to CTG in conjunction with FBS-pH (183).

The pioneers of point of care measurement of lactate

In the early nineties a Swedish research group introduced a new test strip method
for lactate measurement Lactatecard, a prototype for LactatePro™(LP). The new
method required only 20uL and the result was presented within 60 seconds (63).
Previous methods for lactate measurement had required at least 150ul and
consequently had only been used for research purposes and not in clinical practice
(184). This test strip method had been developed to evaluate athletes performance
in sports medicine (185). The method showed good correlation to the reference
method measured in plasma (Monotest: Boeringer Mannheim, Germany) R=0.94 in
24 fetal scalp blood samples. Also correlation between the two methods in arterial
cord blood was good R=0.95 (63). In normal labours at term with normal CTG
recordings and vigorous new-borns, fetal scalp blood lactate was measured with the
test strip method and the mean lactate was 1.7-1.84 (SD 0.5-0.8mmol/L) (43,184).

Thereafter, a later version of the lactate prototype that required only 5 pL blood and
showed a significant difference p<0.001 in median FBS lactate between normal
labours and labours with fetal distress (according to CTG), median value and 5™ and
95" percentiles 1.24 (0.36/2.9) respectively 1.82 (0.4/4.02)(42). FBS scalp blood
lactate correlated to simultaneously analysed scalp blood pH R=-0.43. From the
same cohort the correlation between FBS lactate sampled within 60 minutes from
birth (N=103) and cord artery lactate was R=0.65 (41).

In a retrospective study on all patients with indication for FBS due to ominous CTG
pattern 1993-1998 the reference value for intervention and the predictive value of
FBS with LP was established. Kruger’'s study was a well conducted and large
retrospective study where, for the first time, the predictive ability of FBS lactate was
showed for adverse neonatal outcomes. The predictive ability for lactate for adverse
neonatal outcomes was generally better with higher sensitivity than FBS-pH but not
significant. However, the study raises some concerns since the reference values
were chosen by applying the already accepted reference values based on percentiles
for pH and the cohorts were not comparable (166). The 25" percentile for pH was
found to be 7.21 (which was close to the recommended reference value of 7.20) and
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corresponded to the 75" percentile for lactate of 4.8 mmol/L. The cohort from Saling
et al. contained vigorous new-borns, whereas in the Kruger study the cohort was
selected by including only women with a non-reassuring CTG. Further, they did not
report the time from FBS to delivery, which means that cases with hours between
FBS and delivery might have been included in the analysis. The outcome measures
used in the study (HIE, pH<7.0 and BD>16) may also have been too severe. There
were also two different lactate meters used, LP and a protype that was calibrated
differently, which may also have biased the results. LP is the most studied POC
lactate meter and the cut-off >4.8 mmol/L is internationally recognized (2).

FBS pH or lactate?

To measure pH or lactate in FBS is open to debate. Two RCT’s have compared FBS
pH with FBS lactate. The first RCT concluded that lactate measurement in fetal
scalp blood to be a method that required significantly less time, fewer incisions, and
lower failure rates than sampling for pH. Furthermore, there was no significant
difference between the lactate and pH subgroups in mode of delivery or neonatal
outcome (186). A cut-off of 3.08 mmol/L measured with lactate card (a prototype
to LP) was used for intervention, compared to the intervention cut-off for pH <7.20.
The above cut-off corresponded to the 99" percentile in the population and
corresponded the LP value of 4.2 mmol/L (63,187).

In 2008, these results were confirmed in a larger Swedish multicentre RCT with LP
and the cut-off 4.8 mmol/L compared to pH with the cut-off <7.21 with 1496
patients in each arm (105) The only significant difference was a higher sampling
failure rate in the pH group compared to lactate. Among those with FBS samples
below/above the cut-off for intervention (lactate <4.8; pH >7.20) within one hour of
birth, there were no new-borns with pH<7.0 in the lactate arm, whereas in the pH
group there were six cases, suggesting that lactate can safely rule out severe
acidaemia.These results were confirmed in a secondary analysis to be equal in the
second stage of labour (188).

Several studies report a higher predictive ability with FBS lactate than pH, in
addition that lactate seems to be an earlier marker of hypoxia (8,56,105,189).

A prospective Danish study found in contrast that FBS with Lactate Scout™ would
lead to more instrumental deliveries, without a decrease in severe metabolic
acidosis. However, they did not use a cut-off, specific for that device, which may
have affected the results (190).

Lactate and pH are not totally comparable since they measure different things. PH
is also more fluctuant since hydrogen ions are more easily transported across the
placenta than lactate. PH alone, cannot discriminate between type of acidaemia;
respiratory or metabolic (176). Furthermore, cord compression and intermittent
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impaired gas-exchange over the placenta caused by uterine contraction in normal
labour can lead to transient impairment of carbon dioxide exchange resulting in
increased hydrogen ions and thus a decrease in pH that is also physiological (176).
These conditions are harmless if they do not persist too long and are quickly
resolved after birth, as the baby breathes, and the accumulated carbon dioxide is
eliminated(64).

In an observational study it was shown that 43% of FBS pH samples were
inconsistent with a greater variation than 0.038 (the acceptable maximum analytical
difference by the laboratory in the study) when double analysed, and the reliability
of the test was therefore questioned. In 16% the difference crossed the decision
making threshold (191).

The cord pH as well as FBS pH correlation to cord lactate is also moderate (81,192)
and in a study the agreement for lactate and pH values for R* were between 0.3 and
0.45, suggesting that only 30—45% of the variance in lactate values can be attributed
to changes in pH why that they are not comparable and probably measure different
things (193). Others report the false reassurance of hypoxia with FBS pH(194).
Recently, the predictive ability of FBS-pH to predict cord artery pH<7.05 and five
minute Apgar Sore <7 was shown to equal 0.59 and 0.55 respectively (195).

FBS lactate is superior to pH in sampling failure, with more than tenfold more
sampling failures with pH(81,105,186). This is due to the larger amount of blood
required for analysis. In addition, pH cannot be analysed bedside, which is why
analysing problems, such as having a long distance to the analysing instrument or
blood clotting in the tube, is also a contributing factor. A FBS pH sample also takes
longer time and more repetitions of incisions to obtain a sample leading to long time
intervals from sampling to result and making a decision to intervene (186,191,196).

FBS lactate as a secondary tool to CTG

The method gained increasing popularity in the 90's when the new test strip method
was introduced and required only 5 pL of blood (63). Since then, there are several
POC lactate meters on the market, all differently calibrated and hence have different
cut-offs for intervention. LP is the most studied device for use in fetal scalp blood
sampling and the internationally accepted cut-off for intervention is 4.8 mmol/L (8).
Fetal scalp blood with measure of lactate is recommended and supported by several
societies (1,2,5,6).

Scalp blood lactate sampled within 60 minutes to birth is associated to arterial
umbilical cord blood acid-base values with the best correlation to lactate (R= 0.48-
0.65) and BD ( 0.258-0.51) and moderate inverse corelation to pH (-0.21- - 0.38)
(41,81,82,197). Although the time limit of 60 minutes from FBS to birth may be
considered too long to expect higher associations. Also, different brands of point of
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care devices and blood gas machined measure lactate differently since no gold
standard exist. In addition, lactate concentrations differ in various compartments
and are therefore not entirely comparable (35). The moderate corelation of FBS
lactate to cord pH could be explained by the fact that they measure different thing,
Although, FBS pH showed a correlation to cord pH of 0.40-0.42 and there was a
significant relationship between scalp pH and scalp lactate (r = —0.56, p
=0.001)(81,197).

There is an association between FBS lactate and CTG patterns, where late or severe
variable decelerations combined with tachycardia were the most frequent pattern
with elevated lactate levels(198). The opposite was found for isolated reduced
variability and the absence of accelerations during labour that had no increased
prevalence of acidaemia (198,199).

Since growth restricted fetuses lack sufficient glycogen reserves it was hypothesized
that they would not have the ability to produce lactate in response to hypoxia during
labour. However, it has been shown that the growth restricted fetuses had higher
levels of lactate in fetal scalp blood and umbilical cord blood and that the ability to
produce lactate as a response to hypoxia was intact (200,201). Also, fetuses with
accelerated growth/in large for gestational age have shown to have an intact ability
to produce lactate in fetal scalp blood and umbilical cord blood as a response to
sustained intrapartum hypoxia (200,202).

FBS lactate and the association to low five minute Apgar Scores is poor (1=0.18)
(81,82). On the other hand, as mentioned earlier, Apgar scores do not only represent
acidosis but a generally depressed condition at birth that could be due to other causes
as well.

The method of fetal scalp blood sampling has been criticised for being invasive but
the puncture to obtain a small drop of blood for lactate measurement is comparable
to the application of a scalp electrode for continuous CTG and the method is also
well tolerated by the women (203-205). Fetal complications from FBS with LP are
rare, even in the event of succeeding vacuum extraction (81,198).

The normal reference values for vigorous new-borns with normal CTG in the second
stage was reported to 1.1-5.2 mmol/L (the mean +/- 2 SD) measured with LP. This
raised the question whether different cut-offs should be used in the first and second
stages?

With the use of oxytocin or epidural, the mean lactate values have been found to be
significantly higher (44). A theory presented by the authors was the hypothesis of a
negative effect of exogenous oxytocin on the fetal circulation, which theoretically,
could lead to disturbed and decreased cerebral circulation and the development of
acidosis, Primiparas also have significantly higher FBS lactate values than
multiparous but this could not be explained by a longer pushing time. (44).
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Risk factors for a lactate value measured by LP >4.8mmol/L at FBS were reported
to be the result of minor language barriers, active bearing down, and maternal hight
<155 c¢m(206). Interestingly, the study could not show an increased risk with
induction of labour, the use of oxytocin, fetal gender or night-time fetal blood
sampling.

FBS with lactate is frequently used in Sweden and has been reported to be performed
in 10.5% of all deliveries (206). Of women undergoing FBS 8.8% had lactate levels
above the recommended cut-off for intervention and hence only 1% of all labouring
women were delivered due to elevated FBS lactate levels (198). Other studies report
9.5-12% elevated values depending on device, and which cut-off was employed
(82,207). The various frequencies are probably explained by, that local traditions
and level of experience, which affect the frequency of FBS (208). Different CTG
interpretations models may also influence the number of tracings classified as non-
reassuring and hence the frequency of FBS(149,150).

A normal FBS lactate has been reported to have no false negatives for acidosis
(pH<7.0)(105,189,209). In addition high negative predictive values of 98-100%
have been shown to predict outcomes such as umbilical cord artery pH <7,10, pH
<7.10+BD>12mmol/L and pH<7.00+BD>12mmol/L (189,209). This implies that
the method can safely rule out sustained hypoxia during labour.

Although, it is important to be aware that the opposite, false positives, can occur if
contamination of the sample with amniotic fluid occurs since it contains high levels
of lactate (37,210). Further a high haematocrit can give false low readings of lactate
in whole blood (211,212). Scalp oedema have been found to result in lower lactate
values (Unpublished data Wiberg) whereas others have found no difference (also
unpublished data(37)).

Despite the evidence from observational studies for FBS lactate, there is still no
randomized study comparing the use of only CTG to the use of CTG in adjunction
with FBS lactate, that has shown any reduction in intervention rates. The Flamingo
trial was recently published but was clearly underpowered to be able to show any
differences in caesarean section rates (213).

Long-term follow up studies on use of fetal scalp blood lactate measurement during
labour and the outcome of the children are still scarce even though the method has
been frequently used since the 1990°s. Until now there is only one 4 year follow up
from the cohort from the Swedish RCT in 2008. For the children who had higher
levels scalp lactate were shown to have an increased probability of fine motoric and
cognitive dysfunction at four years of age. Importantly, this was not true for the
children with low levels of lactate at fetal blood sampling (214).

Even, if FBS with lactate in conjunction with CTG can identify emerging
intrapartum acidosis to allow timely intervention, this is not the case in obstetrical
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catastrophes such as placental abruption, cord prolapse, uterine rupture or severe
chorion amnionitis. Such events require immediate interventions and should not be
delayed by fetal blood sampling (8,105,214).

Since LP has ceased in production new devices have been suggested and with new
cut-offs for intervention (207). So far only one study derived device specific cut-
offs for neonatal outcomes but it only included 140 patients and therefore did not
have the power to show the predictive ability for more severe adverse neonatal
outcomes (215). Instead, new cut-offs have been suggested by converting the
internationally accepted cut-off for FBS pH or LP (159,207,216-219). Frequently
the time intervals from FBS to birth have been too long or not specified. Others
report logistical analysing problems such as samples had to be sent to a central
laboratory for analysing (8,81,218-220).

The new lactate meter SSLX showed a strong association to lactate values measured
in fetal blood simultaneously analysed by stationary blood gas machines (R=0.81-
0.97) (216,221), Unlike the previous POC lactate devices it adjusted for haematocrit
interference, which showed a closer agreement to stationary blood gas lactate values
as compared to LP (212).Previously suggested cut-toffs were found in the range 5.0-
7.0 (159,193,216-218).

The rationale for this thesis was that the most studied lactate meter for use in fetal
scalp sampling LactatePro™ had ceased production and there was an urgent need
to find an alternative. Since CTG has a low positive predictive value for fetal
hypoxia, secondary tools to cardiotocography are essential, to identify at an early
stage, fetuses with hypoxia that would benefit from timely intervention to avoid
injury — and with a more precise identification of fetuses at risk for hypoxia
interventions can hopefully be reduced. Two different lactate meters were
evaluated. We also studied fetal scalp stimulation test since this test is recommended
in the U.S, as an adjunctive tool to CTG instead of fetal scalp blood sampling.
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A1ims

The primary aim of this thesis was to search for a new reliable POC to replace
LactatePro™ after the production was discontinued and to publish cut-offs for that
specific device. Secondary, to study the predictive values for Fetal Scalp
Stimulation Test.

I:

1I:

III:

1V:

Propose cut-offs in fetal scalp blood for LactatePro2™ based on the
comparison of lactate values measured with LactatePro™ and
LactatePro2™.

To investigate whether accelerations of the fetal heart in response to fetal
scalp stimulation (FSS) while performing fetal blood sampling (FBS) could
be used as a good predictor of fetal well-being and fetal scalp lactate <
4.2mmol/l. For women with 20 min from FBS to delivery we also wanted
to study if the FSS test could rule out a pathological low pH in umbilical
cord blood.

To evaluate the reliability of a new POC lactate meter. A prospective quality
study where StatstripXpress® lactate meter was compared to lactate
measurements with ABL 800.

In a large multicentre study with >3500 labouring women find the cut-off

for StatStripXpress® and StatStrip lactate® meter to rule out fetal hypoxia
based on neonatal outcomes.
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Materials and Methods

Measurements of lactate

There is no gold standard for lactate measurement and hence various stationary
blood gas machines measure lactate differently (222). The concentration of lactate
also varies depending on which compartment of fluid is measured why direct
comparisons between lactate measured in different blood compartment is not
directly comparable (35).

Fetal scalp blood (FBS) lactate can be measured by point of care devices, which has
the major advantage of only requiring small blood volumes and rapidly delivering
the result. FBS lactate can also be measured in stationary blood gas machines with
the disadvantage of requiring large blood volumes, which is difficult to obtain
sufficiently from the fetal scalp and hence the sampling failure is too high to be
clinically useful. In the stationary blood gas machine ABL 800 (Radiometer,
Copenhagen), lactate is measured in plasma. In point of care devices, lactate is
measured in whole blood. Lactate is measured by amperometry in ABL 800, Stat
Profile® PRIME™ CCS Analyzer (Nova Biomedical, Waltham, US) LactatePro™,
LactatePro2™ and StatstripXpress®/Statstrip® Lactate meter (SSLX) (Nova
Biomedical, Waltham, US) whereby lactate is converted into pyruvate and hydrogen
peroxide, which is then oxidized (223,224). The resulting electric current measured
is then proportional to the lactate level in mmol/L.

The measurement of lactate is affected by interferences of haematocrit, paracetamol,
bilirubin, acetaminophen, ascorbic and uric acid(54). In addition, cord blood and
new-borns have higher haematocrit values, which is why this interference could be
substantial in fetal scalp blood (225). Theoretically, a high haematocrit in fetal blood
could mask an increasing lactate concentration when lactate is measured in whole
blood by POC devices. ABL 800 instead measures lactate in plasma and therefore
it is not affected by haematocrit interference (223).

Before introducing a new device into clinical practice, the analytical performance
of the device must be evaluated. The bias is the percentage of deviation from the
reference method. In our study ABL 800 was set as the reference method. The
correlation to the reference method is generally studied as well as the agreement.
The analytical precision and variance by examining the coefficient of variation
(CV). In addition, preanalytical and analytical process errors must be considered.
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Cord blood

The procedure

Paired cord blood samples are routinely collected directly after delivery and before
the baby's first cry on unclamped cord in marked A (arterial) or V(venous), in 2 mL
preheparinised plastic syringes (Radiometer). The artery is first sampled since it
empties quickly and therefore most difficult to sample. After removal of the needle,
syringes are emptied for air bubbles, closed, and analysed within fifteen minutes by
the stationary blood gas analyser.

Laboratory analysis

The labour staff are trained and certified by Biomedical analysts to analyse the cord
blood correctly. The blood gas instrument is situated in the labour ward for easy
access and quality checks are run by staff from the hospital laboratory on a regular
basis. The Automated Blood Laboratory (ABL) 800 is a mini-laboratory with
optional wet chemistry and blood gas determinations such as pH, pCO;, pO2, BDcf,
HCOs™, Het, Hb, electrolytes, glucose and lactate and the analysing time for a
sample is approximately three minutes for a full blood gas status (223). Base deficit
(BDccf) (the reciprocate value of BEf) is calculated in the machine for extra cellular.
The ABL 800 is a robust instrument commonly used worldwide both in the clinics
and for research purposes.

The Stat Profile® PRIME™ CCS Analyzer (Nova Biomedical, Waltham, US) is
also a robust automated blood laboratory for measurement of pH, pCO?, pO?, BDr,
HCOs—, Hct, Hb, electrolytes, glucose, and lactate. In paper 4, this blood gas
machine was used for FBS-pH measurements and cord blood gases at birth in one
of the centra. To ensure the two BGAs were in agreement, cord blood was double
analysed simultaneously by the two instruments. No significant differences in
measurements of pH, pCO2 and lactate were found. Base Excess (BEecf) was
calculated in the machine. (226)
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Fetal scalp blood measurement with lactate or pH

Indication
There is an indication for FBS when the CTG is non reassuring or pathological.

Contraindication

Contraindications include rapidly deteriorating CTG or severely pathological
tracing. FBS should be avoided if there is risk of vertical transmission or risk of fetal
coagulopathy.

The procedure

Fetal scalp blood was sampled according to the standard procedure by Saling (174).
Through an amnion scope, the fetal scalp was carefully wiped to remove
contamination products and punctured to a depth of no more than 2 mm. Ideally the
scalp was wiped once again to ensure removal of contamination product such as
fetal tissue products and fat as well as amniotic fluid that can interfere with the result
(220). Sampling should be performed on a proper blood drop and not from smeared
blood on the scalp. Capillary blood was collected in pre-heparinized plastic capillary
tubes containing up to 80 pL. The blood was blown out or tapped from the syringe
and thereafter analysed bedside with lactate by the point-of-care device LP or with
pH (Stat Profile Prime Analyzer) as the primary methods. In the first and fourth
study the blood was measured simultaneously, from the same blood drop by LP2 or
SSLX. Gloves should always be used when handling blood products but even when
handling the test strips gloves are important, since sweat (contains lactate) from
fingers could otherwise alter the analysing results.

LP was calibrated for every 25th analysis with a control test-strip and SSLX was
calibrated daily with a test solution.

Guidelines for clinical use of FBS lactate and pH

Internationally recommended cut-offs for FBS lactate measured by LP are: lactate
level < 4.2 mmol/L = normal, 4.2-4.8 mmol/L = pre-acidaemia and > 4.8 mmol/L
= acidaemia (8).

For FBS pH <7.20 was considered pathological (177).

If pre-acidaemia, repeat measurement within 20-30 minutes. If pathological value,
delivery is expediated (5).
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When evaluating the FBS result for clinical decision making the obstetrician must
also consider the progress of labour, the fetal reserve, the severity, and the rate of
deterioration of the CTG pattern.

Pitfalls

Samples contaminated by amniotic fluid, fetal tissue, admixture of maternal blood
or meconium may affect values. It remains uncertain whether Scalp oedema affects
the measurements.

A limitation in the method is that it depicts the fetal metabolic status at that certain
time point. If CTG patterns remains non reassuring the FBS must be repeated. Rapid
changes in gas exchange can occur, especially in the second stage.

Analysis by different POC devices

All the POC lactate meters measure lactate in whole blood by amperometry but are
completely differently calibrated.

LactatePro™ (Arkray, Japan) (LP), measures lactate in SuL. of whole blood, with
an analysis time of 60 seconds. It is calibrated for every 25th analysis with a control
test strip. According to the manufacturer the SD in adult blood is 0.07 mmol/L and
the coefficient of variation (CV) is 3.2% for LP.

LactatePro2™ (Arkray, Japan) (LP2)(227), measures lactate in 0.5uL of whole
blood, with an analysis time of 15 seconds. LP2 measures in the ranges 0.5-25
mmol/L. It is calibrated for every 25th analysis with a control test strip. For LP2,
the SD is 0.2—0.7 mmol/L and the CV 2.9-4.3% in adult blood. Operation ranges
are: temperature 15-40 °C.

Statstrip® Lactate™ and Statstrip® Xpress (Nova Biomedical, Waltham, US)
(SSLX) (224) measure lactate in 0.6uL of whole blood, analysis time 13 seconds.
SSLX measures lactate in the range 0.3-20 mmol/L. Unlike the previous POC'’s, it
is designed for hospital use and has the advantage that interferences of haematocrit,
paracetamol, bilirubin, acetaminophen, ascorbic and uric acid are eliminated by
algorithms. The POC lactate meter presents in two versions although equally
calibrated, StatStrip® Xpress™ and StatStrip® Lactate, with the latter having the
ability of real time transfer directly to the electronic medical system. This is an
important issue in patient safety to minimize human typing errors and patient mix
up. Operation ranges are: temperature 15—40 °C (59-104 °F), altitude up to 4500m
(15,000 ft), humidity 10-90% and a haematocrit value within 20—65%.
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Figure 4. Statstrip® Xpress

Statistical analyses

Statistical analyses were performed using SPSS 23-26.0 (SPSS, Chicago, IL, USA)
and Graph Pad Prism, La Jolla, California.

Comparisons of groups

To assume the appropriate statistical method the distribution of the data must be
known. From a histogram the distribution of the data can be shown. When data is
normally distributed the sample is centralized around the mean and equally
distributed around it. Parametric tests are applied for comparisons. The data is
presented with the mean and the standard deviation. The standard deviation (SD) is
a measurement of how much the values in a population differ from the mean.

If skewed distribution, the data is presented with the median together with
percentiles or quartiles. Non-parametric tests are applied for comparisons.

The range express the minimum and maximum values of the data distribution.

For comparisons of groups the following tests were used in the studies. For
comparisons of means a parametric test such as Student’s T-test was used. Ratios
were analysed and compared by Chi-square test or Kruskal-Wallis test. Fisher’s
test/The Chi-square test was used for comparing frequencies or proportions between
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two or more unrelated groups. Kruskal-Wallis test is a non-parametric test used for
comparisons between three or more groups.

Group comparison of continuous skewed variables was performed with a non-
parametric test such as Mann-Whitney U. Mann-Whitney U test can be used when
comparing two unrelated groups. Non-parametric tests are based on rankings and
on fewer assumption why they are more robust on skewed distribution. If possible,
a parametrical test should be used as it is preferred to a non-parametrical test.

Two-tailed statistics were performed for comparisons of groups and a P value of
<0.05 was considered statistically significant. For two-tailed tests the null
hypothesis is that the difference between the two groups is zero.

Confidence interval (CI) is a given range, most commonly 95%, within which the
true value lies. A larger sample size provides a narrower confidence interval.

Simple Linear regression analysis

By simple linear regression analysis, the association between a numerical outcome
and a numerical exposure can be illustrated.

The equation of the regression line is as follows:

y =0+ f1lx

B0 and B1 are the parameters or the regression coefficients of the linear regression,
where B0 is the intercept (the value of y when x =0) and B1 is the slope of the line
(the increase in y for every unit increase in X).

The correlation coefficient (R) is a measure of the strength of the linear relation.
The correlation coefficient is always a number between -1 and +1 and equals zero
if there is no linear association between the variables. The larger its absolute value
the closer association. The maximum value of 1, is obtained if the points in the
scatterplot lie exactly on a straight line. The opposite occurs if high values of y tend
to go with low values of x and the correlation coefficient is thereby negative.
Pearson correlation coefficient is commonly used.

If the data is not normally distributed, a non-parametrical measure of rank
correlation can be used called Spearman rank correlation.

Coefficient of determination (R?) is the correlation coefficient squared, which is the
proportion of the variation (%) in the dependent variable that is predictable from the
independent variable. In other words, the percentage of the variation that can be
attributed to changes in one variable affecting the other variable for instance
exposure and outcome or comparison of two measuring instruments or two different
variables.
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Bland Altman plot

Linear regression analysis studies the relationship between one variable and another
but not the agreement. When comparing two measuring methods it is important to
know that a high correlation does not imply that the two methods agree. Therefore
a Bland Altman plot (228) is used to assess the comparability between two clinical
measuring methods, the extent of agreement (228). It is a way to evaluate a bias
between the mean differences of two different measuring instruments, and an
agreement interval within which 95% of the differences of the second method,
compared to the first one lies is employed. If the differences are normally
distributed, then approximately 95% of differences will lie within this range.
Despite a perfect correlation there could still be a bias. The difference between the
measurements is plotted against the mean of the two methods. The extent of
agreement, within 95% limits of agreement, corresponds to the mean +/- 2 standard
deviations.

Systematic bias

The systematic bias is the mean difference between the two measuring methods (the
new method and the reference method) and reveals if there is tendency to be higher
or lower than the true value. It is then for the investigators to decide whether the
methods are sufficiently in agreement for the new one to replace the old.

Precision

The precision of a measuring method is how precise the instrument can replicate the
measurements. This is calculated by the Coefficient of variation, (CV%). For
accurate measurements for an instrument or device, low CV values are preferred. A
CV<5% is generally considered as a good CV value.

_SD
" Mean

Diagnostic tests

A test’s diagnostic properties can be described by its sensitivity, specificity, positive
and negative predictive values which are calculated by crosstabulation.

Sensitivity- is the proportion of diseased identified with a positive test = a/(a+c)

Specificity- is the proportion with no disease correctly identified as such with a
negative test = d/(b+d)
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Positive predictive value- is the proportion of those who tested positive and truly
have the disease, “rule in” =a/(atb)

Negative predictive value- is the proportion of those who tested negative and truly
have no disease, “rule out” =d/(d+c)

Disease No disease Sum
Test positive True positive - a False positive - b atb
Test negative False positive - ¢ True negative - d ct+d
Sum a+c b+d

Likelihood ratios (LR) can also be used to describe the test-properties of a test. An
advantage is that unlike sensitivity, specificity, positive and negative predictive
values, likelihood ratios are independent of the prevalence of the outcome.

Positive likelihood ratio (LR+) = Sensitivity/ (1- specificity)
Negative likelihood ratio (LR-) = (1- sensitivity)/ specificity

The likelihood ratio is considered significant when the 95% confidence does not
cross one. A positive LR greater than 10 or a negative LR less than 0.1 have great
potential to alter clinical decisions (229).

Reference values

To set a reference value it is recommended to include at least 120 reference
individuals (55). From a healthy population the reference value is set by the mean
and +/- 2SD if normally distributed. This will result in a lower and upper limit of
normality. If skewed distribution the median and percentiles are employed. The
percentiles can vary but commonly used are 10/90". Additionally, quartiles can be
used. However, reference values are a statistical demarcation of normality and
pathology and it needs to be shown if there is an associated to an increased risk for
an adverse outcome.

ROC-curves

The Receiver operator characteristic (ROC) curve is a plot of the sensitivity against
1- specificity for different binary outcome variables. The area under the receiver
operator curve (AUC), predicts the ability i.e., the performance of the diagnostic test
to identify the disease. The outcome with the highest predictive ability will give the
most optimal sensitivity and specificity. If the test for a certain outcome has an area
of one it would mean that the test has 100% sensitivity and 100% specificity. In
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contrast, Line of no effect is AUC 0.5 i.e., a test with a value less than 0.5 is not
considered a useful diagnostic tool.

From the ROC curve, the optimal cut-off statistically is the shortest distance from
one. The ROC curve presents a plot of different point estimates of cut-offs and is a
sort of trade-off of sensitivity and specificity. As sensitivity increase, specificity
decrease. Depending on what is valued the most important for a certain test, a high
sensitivity or a high specificity, the most optimal point estimate can be chosen. For
instance, a severe outcome that cannot be missed require a higher sensitivity with
the drawback of a lower specificity which, leads to more false positives.

Cut-off

Cut-offs can be derived from, for example analysing the results from ROC curves
and is a value set by expert in relation to the adverse outcome, intervention and
sometimes also health economics (21).

In fetal surveillance the cardiotocography can be seen as the screening method with
high sensitivity for hypoxia. It requires secondary tests to improve its specificity.
The secondary test is a type of diagnostic test, but in this case, it should not diagnose
severe hypoxia, but instead at an earlier stage identify the risk of severe hypoxia to
prevent the development of disease. Since severe hypoxia is a serious outcome, the
secondary methods should safely rule out hypoxia and an optimal secondary test
would therefore have a low likelihood ratio for adverse outcome. The positive
likelihood ratio is in this case therefore not the key issue.

Describing the statistical methods, the following references were used, Kirkwood
Essential Medical Statistics 2003 and Internet Medicine Diagnostic Tests
“Medicinsk statistik — diagnostiska tester” Ludvigsson 2017.

Ethical approval

Paper 1 was approved by the Regional Ethics Committee in Copenhagen, Denmark
(H-6-2014-FSP-013), The Danish Data Registry (HEH-2014-075) and Regional
Ethics Committee of Karolinska Institute, Stockholm, Sweden (2016/1723-32).

For paper 2 the Regional Ethics Committee in Copenhagen, Denmark, regarded the
study as a register study and deemed no need for written consent (H-6-2014-FSP-
016).

Paper 3 and 4 was approved by the Regional Medical Ethics Committee in Lund,
Sweden (2016/1038) and the Western Sydney Local Health District Human
Research Ethics Committee AU RED LNR/18/WMEAD/413.
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Paper-specific Materials and Methods

Paper 1: Use of Lactate ProTM2 for measurement of fetal scalp
blood lactate during labor — proposing new cut-offs for normality,
preacidemia and acidaemia: across-sectional study

This observational study was carried out at Copenhagen University in Herlev,
Denmark, and Soder Hospital, Karolinska Institute, Stockholm, Sweden, from
November 2013 to May 2014.

The inclusion criteria were labouring women with singleton in cephalic presentation,
>33 weeks of gestational age, no contraindications for FBS, a non-reassuring CTG or
a significant event with automated analysis of fetal electrocardiogram (ST-waveform
analysis (STAN™, Neoventa Medical, Gothenburg, Sweden)).

In case of a non-reassuring CTG or a significant STAN-event, interpreted by the
doctor on call, FBS was performed by standard technique according to the clinical
guidelines. Only lactate values measured with LP were used in the clinical
management. When indicated, fetal blood sampling was repeated. From the same
capillary, one drop of blood was analysed with LP and LP2 at the same time.

FBS samples taken within 60 min before delivery were included in the correlation
analysis between pH and lactate values in cord blood. Umbilical cord blood samples
were taken immediately after delivery on unclamped cord and analysed within 15
min by a stationary blood gas analyser ABL 800. Obstetric and neonatal data were
routinely entered into the electronic records (Copenhagen: OPUS, H-EPJ, Sweden:
Obstetrix, Siemens AB).

To calculate the CV for LP2 in umbilical cord blood, repeated analysis of lactate
(10 times in the same blood drop within 5 min) was performed from five different
cord blood samples with various lactate levels.

Statistical analyses

The correlation between various variables was calculated by linear regression
analysis with 95% prediction interval. Bland—Altman plot was used to investigate a
possible relationship between the discrepancies between the lactate values by the
two devices. Limits of agreement and conversion equations were calculated by
performing a linear regression with the difference between the measurements of the
two methods as dependent variables and the mean value of the methods as
independent (230). Conversion equations between the two methods were calculated
from the results of the regression. From the conversion equations, new reference
values for normality, preacidemia, and acidaemia for LP2 based on LP were
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generated. Sensitivity and specificity with 95% CI for normality and acidaemia were
calculated for comparison between the two devices.

Paper 2: Effectiveness of fetal scalp stimulation test in assessing
fetal wellbeing during labor, a retrospective cohort study

A retrospective study at Copenhagen University in Herlev, Denmark. This study
included women in active labour with an indication for FBS due to a non-reassuring
CTG (suspicious or pathological trace) or a significant STAN event (ST-waveform
analysis of the fetal electrocardiogram, STAN®, Neoventa Medical, Gothenburg,
Sweden) were enrolled if the inclusion criteria was obtained. In the actual study the
cohort was divided into three groups corresponding to the FBS to-delivery time,
Group 1: £20 min, Group 2: 21-59 min and Group 3: > 60 min. In the original study
the indication for FBS was based on the CTG interpretation (in Denmark the FIGO
classification from 1987 is used for CTG classification) by midwives and doctors
on call. To classify a CTG tracing at least 20 min readable registration is obligatory.
Therefore, we choose to re-assess the CTGs for up to 30 min before FBS in order to
define the baseline and for the fetal response (acceleration) to scalp stimulation
(wiping and puncture) up to 5 min after FBS. An acceleration could only be defined
if the baseline was definable before FBS and if there was an increase in the fetal
heart rate by at least 15 beats per minute for more than 15 seconds (148,231) . The
FSS-test was regarded positive when no acceleration was seen and negative when
an acceleration could be identified as described in previous publications on the
subject (179). The CTGs were re-interpreted by one of the authors (F.S.), during
November 2017 until June 2018. The appraiser was blinded to the FBS result,
delivery mode and neonatal outcome. FBS was performed by the doctor on call by
the standard technique previously described. According to the guidelines, the FBS
should be repeated after 20 min if the measured lactate value was >4.2 mmol/L and
the CTG pattern persisted non-reassuring (5,232). If the lactate value was > 4.8
mmol/L expediated delivery was recommended. Umbilical cord blood was sampled
from unclamped cord directly after birth and analysed within 15 minutes by ABL
800.

Statistical analyses

Ratios were analysed and compared by Chi-square test or Kruskal-Wallis test.
Group comparison of continuous variables was performed with Mann-Whitney U.
For scalp lactate the whole cohort was included in the analysis, whereas for the
umbilical cord blood gases (UCBG) only women delivered within 60 min from FBS
to delivery were included. Crosstabulation was used to calculate sensitivity,
specificity, and likelihood ratios. Likelihood ratios are often used to compare the
diagnostic value of a test due to their independence of the prevalence. The likelihood

55



ratio is considered significant when the 95% CI does not cross one. A two-tailed p-
value of less than 0.05 was considered statistically significant. Analyses were
performed using SPSS 25.0 (SPSS, Chicago, IL, USA).

Paper 3: Reliability of the point-of care analyzer “StatStrip®
Xpress™” for measurement of fetal blood lactate

This study was a prospective quality study. The first part was carried out from
March until July 2016, and the second part from September 2016 until October 2018
at the delivery department, Skédne University Hospital, Sweden.

Paired cord blood samples were routinely collected directly after delivery and before
the baby's first cry in preheparinised plastic 2 mL syringes. After removal of the
needle, syringes were emptied for air bubbles, closed, and analysed within five
minutes by the stationary blood gas analyser ABL800™., Simultaneously with
analysis by ABL800 ™, the residual blood in the syringe was tested in duplicate or
triplicate by the point-of-care device StatStrip®Xpress™.

For the second part of the study scalp blood was collected from 324 fetuses showing
a suspicious or pathological CTG-tracing and analysed 2-3 times from the same
blood drop with SSLX.

Statistical analysis

Correlation coefficients were calculated by simple linear correlations with 95%
prediction interval. Accuracy, bias, and discrepancies of the different methods were
assessed by Bland-Altman plot, Kruskal-Wallis test, and Student's t-test. All P-
values were two-sided and P-values below 0.05 were considered significant. Graph
Pad Prism, La Jolla, California was used for statistical analysis.

Paper 4: Proposed cut-off for fetal scalp blood lactate in
intrapartum fetal surveillance based on neonatal outcomes: a
prospective observational study

This prospective observational multicentre study was conducted from January 2016
to March 2020 at seven different maternity clinics in Sweden (three regional clinics:
Helsingborg, Ystad and Kristianstad) and four tertiary clinics, Skane University
Hospital, Sahlgrenska University Hospital, Soder Hospital and one in Australia,
Westmead Hospital, Sydney.

Inclusion criteria were indication for fetal scalp blood sampling due to suspicious
or pathological CTG patterns in labour, singleton pregnancy >35+0 gestational
weeks (according to ultrasound dating in the first or second trimester), vertex
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presentation, and no contraindication for FBS. When indicated, FBS was performed
by the standard procedure described by Saling. For clinical decision making, the
scalp blood was primarily analysed by LP, except at Sahlgrenska University
Hospital where LP and/or pH was analysed (pH analysed by Stat-Profile-Prime-
Analyzer, Nova Biomedical, Waltham, US). Simultaneously, from the same blood
drop, the lactate level was measured by StatstripLactate or Statstrip Xpress (SSLX).

If the blood drop was too small for both tests, analysing of only LP or pH was
performed. The sampling time and results were noted in the medical record. If FBS
was repeatedly assessed from the same fetus, only the last value was entered into
the database. Paired umbilical cord blood was sampled from all new-borns on
unclamped cord directly after delivery in pre-heparinized syringes and analysed
within fifteen minutes by stationary blood gas analysers (BGA) in the labour units
(ABL800, Radiometer, Copenhagen, Denmark or Stat-Profile-Prime Analyzer). For
both BGAs the Base Deficit was calculated in extracellular fluid (BDec).

Obstetric and neonatal outcome variables were retrieved from the electronic medical
records (Obstetrix, Cerner) and entered retrospectively into the database. LP was
calibrated for every 25th analysis with a control test-strip and SSLX was calibrated
daily with a test solution. The primary outcome was metabolic acidosis (MA) in
cord blood defined as pH < 7.05 and BDcr> 10mmol/L and/or lactate > 10mmol/L
(9,109). If arterial samples were missing, venous samples were used with the same
cut-offs as arterial. Since venous pH values are usually less acidotic than arterial,
venous levels meeting cut-off criteria for arterial samples are evidently pathological
(233). Secondary outcome measures included alternative combinations of the blood
gas parameters, Apgar scores (AS) and various clinical neonatal outcomes: neonatal
intensive care unit admission (NICU), neonatal resuscitation interventions, such as
continuous positive airway pressure therapy (CPAP), bilevel positive airway
pressure (BiPAP) or ventilation. The correlation between scalp blood lactate and
umbilical artery blood pH/lactate was determined in relation to the time interval O-
15 minutes, 0-25 minutes, 0-30 minutes, and 0-60 minutes from FBS to delivery to
define the optimal time-limit for cases to be included in the calculation of the
suggested cut-off for intervention.

Statistical analysis

The incidence of metabolic acidosis varies between 1.3% to 5.7% and with wide
confidence intervals. For this reason, it was not reasonable to perform a power
calculation for this study. Based on the study of Wiberg-Itzel et al., a sample size of
3000 women was chosen to achieve a sufficiently large number of the predefined
outcomes for the calculations in a reasonable timeframe (105).

Receiver Operating Characteristic (ROC) curves with the respective areas under the
curve (AUC) were calculated for the relevant outcomes. Spearman rank correlation
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coefficients were calculated. Kruskal-Wallis or Fisher’s exact test was used when
appropriate. To investigate a possible relationship between the discrepancies in
values obtained by either the two BGAs or POCs linear regression and one sample
T-test before a potential Bland-Altman plot was constructed. Analyses were
performed using SPSS 26.0 (SPSS, Chicago, IL, USA). For the calculation of
sensitivity, specificity, positive (LR+) and negative likelihood ratios (LR-), with
their 95% confidence intervals, Medcalc.org was used.
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Results and Comments

Paper I

Use of Lactate Pro™ for measurement of fetal scalp blood lactate

during labor — proposing new cut-offs for normality, preacidemia

and acidemia: a cross-sectional study

Since LP had ceased production there was an urgent need to find a replacement. LP
had up until now been used in most labour clinics in Sweden. In this study the
updated version LactatePro2™ (LP2) was studied and investigated to be a possible
replacement in FBS lactate measurement in fetal monitoring during labour. New

cut-offs for intervention were derived from conversion of the previous cut-offs for
LP.

Results

Seven hundred and one fetal scalp blood samples were analysed simultaneously
with LP and LP2 from 466 women in active labour. LP-lactate values ranged from
0.9 to 10.3mmol/L (median 2.8) and LP2-lactate values from 1.2 to 13.3 mmol/L
(median 4.1) with consistently higher values when measured with LP2. The two
lactate meters correlated closely with a correlation coefficient of r=0.92 (95% CI:
0.91-0.93, p<.0001), although the difference in absolute values increased linearly
with increasing lactate concentration as shown by the Bland Altman Plot. From the
linear model and the corresponding regression coefficients, the conversion
equations were calculated.

Relationships between methods:

LP2-LP1 = 0.03+0.39 (LP2+LP1)/2

Conversion equations:

LP1=-0.02 + 0.68 x LP2 (SD=-0.09-0.07 x LP2)
LP2=0.03+1.48x LP1 (SD=0.16+0.17 x LP1)
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Figure 5. Bland-Altman plot showing the agreement between the two different devices.

The recommended cut-offs for normality and acidaemia for LP were converted
using the conversion equation, revealed that LP2-lactate <6.3 mmol/L corresponded
to LP lactate <4.2 mmol/L for preacidemia with a sensitivity, respectively, a
specificity of 0.789 (95% CI: 0.712, 0.853) and 0.980 (95% CI: 0.965, 0.99) in
relation to LP cut-offs. LP2-lactate >7.1 mmol/L corresponded to LP-lactate >4.8
mmol/L for acidaemia with a sensitivity of 0.803 (95% CI: 0.691,0.888) and a
specificity of 0.959 (95% CI 0.940, 0.973) in relation to LP cut-offs.

The recommended rate of intervention differed with the devices cut-off with 12%
pathological FBS lactate with LP1 and 10 % for LP2. A previous study
recommended a similar conversion equation based on 69 paired FBS lactate samples
and resulted in the cut-off for acidaemia of > 7.3mmol/L (207). They also found a
lower intervention frequency when LP 2 was used. Compared to their results our
suggested cut-off had a better sensitivity but slightly lower specificity for the
outcome acidaemia defined as LP1 >4.8mmol/L. The sensitivity calculated by our
algorithm was (0.803 (95% CI: 0.691, 0.888) versus 0.761 (95% CI: 0.645,0.854))
and the specificity with our algorithm (0.959 (95% CI: 0.940, 0.973) versus 0.975
(95% CI:0.959,0.985)).

60



LP2 (mmol/L)

25 50 75 10.0
LP1 (mmollL)

Figure 6. Scatter plot with different cut-offs for preacidemia and acidaemia.

The correlation between lactate values measured with LP and LP2 to pH in artery
umbilical cord blood (within 60 minutes N= 327) were significant and equalled for
both devices LP: r=0.18 (p<0.002, 95% CI: 0.29, 0.07), LP2: r=0.18 (p<0.002, 95%
CI: 0.28, 0.06). There was a positive significant correlation to lactate in umbilical
artery cord blood for both devices with a stronger correlation for LP than for LP2 (r
= (.38, p<0.0001, 95% CI: 0.24-0.50), respectively, r = 0.33, p<0.0001, 95% CI:
0.19-0.46).

The inter-relationship of FBS-lactate measured by LP2 and lactate in umbilical cord
blood was dependent on the time from FBS to delivery: within 0-15 min, r=0.43
(95% CI: 0.16-0.63), 16-30 min, r=0.25 (95% CI: 0.04-0.43). Between 31 and 60
min, there were too few samples to allow analysis.

The CV for LP2, was calculated from five different cord blood samples with ten
repeated measurements, with lactate levels ranging from 3.5 to 11.2 mmol/L. The
CV varied between 4.2% and 23.4% implying a too low reproducibility.

Table 2: Coefficient of variation for five cord blood samples with different lactate concentrations. Coefficient of variation
(SD/mean=CV %)

Mean lactate concentration (mmol/l) 35 5.2 6.9 9.6 11.2
Number of measurements 10 10 10 10 10

Standard deviation (SD) 0.3 0.5 0.5 0.4 2.6
Coefficient of variation (CV%) 8.6 9.6 7.2 4.2 23.2
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Comments

In this study we defined the new reference values for LP2. LP2-lactate <6.3 mmol/L
corresponded to LP lactate <4.2 mmol/L for preacidemia and LP2-lactate >7.1
mmol/L corresponded to LP-lactate >4.8 mmol/L for acidaemia. These values are
slightly lower than previously reported from a similar conversions model for LP2.
However, our study included nearly ten times as many measurements (207).
Another study found LP 2 intervention threshold to be equivalent to 5.3 mmol/L,
calculated by receiver-operating characteristic analysis with the outcome LP >4.8
mmol/L (159).

For the lactate concentration of 6.9 mmol/L, which is the closest value to the newly
recommended cut-off value, the CV was 7.2% and similar results were found by
Birgisdottir et al (207). This, low reproducibility could lead to a high risk of,
misinterpretation of results. In a clinical situation, with a lactate value close to the
cut-off for acidaemia, 6.9 mmol/L the true value can be, somewhere between 6.4
and 7.4 mmol/L, where both the false too low or too high lactate value can affect
further management of labour, in a negative way. The obstetrician must therefore
be aware of this bias.

Furthermore, we found the inter-relationship of FBS-lactate measured by LP2 and
lactate in umbilical cord blood was dependent on the time from FBS to delivery.
This finding was perhaps not surprising since it is evident that the longer time the
fetal scalp blood sample is taken before birth, theoretically, the less the association
to the outcome will be. But the fact that previous studies had published correlations
for FBS Lactate to umbilical artery cord pH and lactate with variable results (r=0.48-
0.65) raised the question if this time limit was reasonable? (41,81) In 60 minutes
before delivery several factors can influence the results of the umbilical cord blood.
Especially in the second stage where the fetus is exposed to the highest risk of
hypoxia and consequently asphyxia can evolve rapidly.

LP and LP2 are designed for the use in adult athletes but adult whole blood and fetal
blood have different physiological features. Fetal cord blood has a higher
haematocrit value compared with adult blood (234). The reference range for
haematocrit at birth among term neonates is 42—65% as shown in a study which is
both a wider range and higher values than adults (225). Lactate levels measured in
whole blood depend on the haematocrit value (211,212). In a study by Professor
Niels Fogh Andersen, Copenhagen, (unpublished data), three test tubes were filled
with adult venous whole blood. The haematocrit was manually increased from (1)
47% to 66%, (2) 39% to 59%, and (3) 43% to 71%. When lactate was measured by
LP, a decrease was observed. The observed differences were a decrease by 42%,
34%, and 45% respectively. Consequently, one can fear that measurements of
lactate with LP or LP2 can eventually mask a fetal acidaemia since a high
haematocrit value leads to false low lactate values measured.
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The new knowledge of the low reproducibility of LP2 and the importance of
haematocrit adjustment for accurate measurement of lactate in whole blood led us
to search for a new POC device for lactate measurement in fetal scalp blood. In the
meantime, we also wanted to evaluate another secondary method to CTG frequently
used namely fetal scalp stimulation test.

Paper 11

Effectiveness of fetal scalp stimulation test in assessing fetal
wellbeing during labor, a retrospective cohort study

Fetal scalp stimulation test is recommended by several obstetrical societies but the
observational studies behind these recommendations are small and not up to date
suggesting the need to conduct a new larger study. All previous studies apart from
one had compared the FSS test to FBS pH and not FBS lactate (179,199).

Results

In this study of 385 women with non-reassuring CTG and indication for FBS we
showed that:

1.) For FSS test the test properties for detecting a fetal scalp lactate LP >4.2
mmol/L were: sensitivity 79% (95% CI:69.4-86.6%) specificity 42.7%
(95%CI:36.9-48.7%), LR + 1.38 (95% CI:1.19-1.59) and LR- 0.49 (95%
CIL:0.33-0.74).

2.) When maternal baseline characteristics such as maternal age, gestational age,
induction of labour, fever during labour, epidural anaesthesia, oxytocin
augmentation and repeated FBS were compared between those with a positive
and a negative FSS test, there was no significant difference. However, there
was a tendency towards more women having a negative test i.e., no
acceleration when the labour was stimulated by oxytocin (p = 0.051).

3.) When the cohort was divided by the FBS-to-delivery time; 128 women in
Group 1; <20 min, 117 women in Group 2; 21-59 min and 140 women in
Group 3 > 60 min there were significant differences in the number of
positive/negative test between the three groups (p < 0.000). In Group 1 93%
of women were delivered vaginally (Table 3).
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4)

5.)

6.

There was no significant difference in level of scalp lactate or umbilical cord
blood gas values between those with a positive versus a negative FSS test. In
contrast, for Group 2, 73.5% were delivered vaginally and for that group there
was a significant difference in the level of FBS lactate and arterial umbilical
BE.

The sensitivity for FSS test for the outcomes scalp lactate >4.2 mmol/L and
> 4.8 mmol/L were better within 20 min from FBS to delivery if compared to
the whole cohort.

In Group 1 (<20 minutes) the (LHR+) for prediction of acidaemia i.e., lactate
>4.2 mmol/L or lactate >4.8 mmol/L or umbilical artery pH < 7.10 given a
positive test were: 0.94 (95% CI 0.8-1.1), 0.85 (95% 0.7—-1.0) and 0.98 (95%
CI 0.8-1.2), respectively. The (LHR-) were for the same parameters 1.38
(95% CI 0.6-3.15), 2.17 (95% CI 0.97—4.84) and 1.09 (95% CI 0.4-2.95),
respectively.

7.) A negative FSS test for fetal acidaemia was present in 36 % in the whole

cohort but only in 15.6% in the group < 20minutes from FBS to labour. In
Group 1 both the negative and positive likely hood ratios were not significant
with confidence intervals crossing one, LR+ 0.94 (95%CI:0.81-1.10) and

LR- 1.38 (95% CI:0.61-3.15).

Table 3. Scalp lactate, UCBG and Apgar score < 7 at 5 minutes in 385 women with need of FBS during delivery. The
cohort is divided by time from FBS to delivery and in positive and negative test results i.e., no versus an acceleration
on CTG at FBS. The UCBG are not shown for women with = 60 minutes from FBS to delivery. Medians with [range]

No acceleration Acceleration p value
(Positive test) (Negative test)

FBS to delivery <20 min (n = 128) 108 (84%) 20 (16%)

Scalp lactate mmol/L 4.2[1.6-7.7] 4.4[1.9-7.0] 0.66
pH 7.2 [6.99-7.34] 7.2[7.06-7.31] 0.790
A-pCO:2 (kPa) 7.48 [4.68-13.6] 8.12[5.18-10.2] 0.408
A-BE -6.8 [-17-0.8] -6.1[-12-(-2)] 0.829
A-lactate mmol/L 7.5[3.6-12] 6.3 [4.5-9.1] 0.748
5min AS<7 3 0 NA
FBS to delivery 21 — 59 min (n = 117) 69 (59%) 48 (41%)

Scalp lactate mmol/L 3.2[1.1-6.8] 2.3[1.0-6.4] 0.012
pH 7.23[7.04-7.32] 7.22 [6.99-7.35] 1.00
A-pCO:2 (kPa) 7.31[4.38-11] 7.88 [5.09-11.1] 0.472
A-BE -5.95[-17-1.4] -4.15[-10.8-7.3] 0.044
A-lactate mmol/L 5[2.6-10.0] 6.5[2.9-8.9] 0.609
5minAS<7 2 0 NA
FBS to delivery 2 60 min (n = 140) 68 (49%) 72 (51%)

Scalp lactate mmol/L 2.1[1-5] 2.1[1.1-4.2] 0.911

UCBG: umbilical cord blood gases, FBS: fetal blood sampling, Min: minutes, A: artery umbilical cord blood, pCO2:
partial pressure of CO2, BE: base excess, NA: not applicable.

Mann-Whitney test for continuous data, Fisher’s exact test for nominal data.
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Comments

In this study we demonstrated that the LHRs for both ruling in and out fetal
acidaemia by scalp stimulation test is poor. The scalp lactate values, and the
umbilical cord blood gases were remarkably similar between the fetuses, despite a
positive or negative FSS test. Neither were there any differences in baseline
characteristics between the groups of positive or negative FSS tests. An interesting
finding, however, when oxytocin augmentation was used, there was a tendency to
more fetuses responding with an acceleration upon stimulus. One explanation for
this could be an extraordinary release of the stress hormones through the stimulus
of sympathicus or a lower concentration of natural oxytocin and that adrenalin/nor-
adrenalin mitigates the effect of parasympathicus (148,199,235-237).

FSS-test can be practiced by vibrio acoustic stimulation, digital scalp stimulation,
puncture, or Allis clamp pinching, where the two latter methods have been
questioned due to the painful procedure, since pain normally results in a decrease in
vagal tone (by parasympathicus) directly followed by an increase of sympathicus.
In case of hypoxia, the autonomic nervous system seems to fail, resulting in only
activation of parasympathicus (182,238). Therefore, we attempted to come across
this issue by gently sweeping/cleaning before puncture. By that, we would expect
an increase in heart rate before a possible decrease in the vagal tone.

It is generally agreed upon that a test with a LR+ greater than 10 or a LR- less than
0.1 have the potential to alter clinical decisions (229). We found a considerably low
LR+ of 1.38 and unsatisfying high LR- of 0.49. In the group of women delivered
shortly after FBS the likelihood ratios were non-significant with LR+ 0.94 and LR-
of 1.38. Our results differed significantly from most of the previously published
results included in the meta-analysis. However, these studies were all based on a
small number of cases and mostly with wide 95% confidence intervals. Our results
were similar to those found in the Swedish study by Holzman et al. in 2016
(179,199,204,239). That study is based on a cohort of 1070 women (with indication
for FBS due to non-reassuring CTG) where the authors showed a LR+ of 1.15 and
a LR- of 0.14 for the test properties of FSS compared to FBS with lactate. Another
explanation why our results differed could be the measurements of FBS-pH rather
than-FBS lactate in Holzman’s and our study. Still the results deviated where we
found a much lower LR- especially in group one. Perhaps in our study there was a
larger proportion of women in the second stage.

The stage of labour could also possibly affect the FSS test. Except from two studies,
we were not able to assess the stage of the labour the FSS/FBS was performed and
this why we analysed the whole cohort independently of which stage in labour the
FBS was performed. An interesting finding was that, in the group delivered within
20 minutes from the FBS, 93% of the women were delivered vaginally assuming
that they were in the second stage of labour at the time when FBS was performed.
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In this group the LR+ was 0.94 and LR- 1.38 implying that the test could not alter
clinical decision making in any direction in second stage. Commonly, FBS is not
recommended in the second stage and our belief is that most obstetricians instead
expedite delivery if CTG deteriorates during that phase. Although, there is a trend
towards more use of FBS even in the second stage (188). If the majority of previous
studies are based on performance of the FSS tests during the first stage or early in
the second phase before pushing, the fetus will be less acidotic compared to the
active second stage and could therefore have improved the results (240). In the
present study 84% had a positive FSS test in the group within 20 minutes to births
whereas for 21-59 minutes to birth the result was 59% and for >60 minutes to birth
the percentage was lowered to 49%. At the same time, in all three groups, there were
no significant differences in median FBS lactate value between those with, or
without, an acceleration. Further, during the second stage the fetal head and eye
bulbuls are exposed to extreme pressure from surrounding tissues. It is likely that
the fetus becomes desensitized to pain by an increased release of endorphins and
therefore is unable to react to a pain stimulus on its way through the birth canal
(241). Not only pressure on the eye bulb, but also natural oxytocin and augmentation
with artificial oxytocin activates parasympathicus and this is why it seems that the
absence of accelerations during second stage is an unspecific sign not related to
hypoxia (1,148,199,235-237).

An optimal secondary test to CTG requires a better sensitivity and a much lower
negative likelihood ratio in order to detect acidaemia and safely rule out acidaemia
in labour to be able to intervene appropriately without the risk of adverse neonatal
outcomes. In our study the FSS test did not correspond to these properties and was
particularly not useful in second stage. We cannot exclude that FSS test is an
alternative to FBS in the first stage of labour, but the absence of provoked
accelerations in the second stage seems to be a normal phenomenon, why the FSS
test must be used with caution in this stage. However, these findings need to be
confirmed in larger studies.

Paper III

Reliability of the point-of care analyzer “StatStrip® Xpress™”
for measurement of fetal blood lactate

As demonstrated (paper I) LP2 had not shown convincing reproducibility in analysing
fetal blood lactate, we initiated the search for a new device. A market analysis revealed

that Statstrip®Xpress™ (SSX) was the only point of care lactate meter designed for
hospital use. Previous POC lactate meters were all originally developed for athletes
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in sports medicine. SSX also had abilities of reducing interfering factors of importance
for analysis of lactate in whole blood and had been used increasingly in prehospital
emergency care and intensive care units (53,242). Effect of haematocrit on lactate
measurements had shown that LactatePro™ measured lactate in cord blood lower
with increasing haematocrit whereas Statstrip and the stationary blood gas machine
remained stable (212). In this study we evaluated its performance of SSX compared
to the stationary blood gas analyser ABL 800™.

Results

In this study cord blood samples were collected from 112 patients. 101 arterial and
111 venous cord blood samples were of sufficient volume to be analysed
successfully by ABL800™ for pH, pCO2 and pO2 and for repeated measurements
with SSX.

We found that there were no differences between the correlation coefficients of
ABLB800™ artery lactate and SSX-artery lactate R=0.96 versus ABL800™ venous
lactate and SSX-venous lactate R=0.94 and therefore the ABL800™ artery and
venous lactate values were merged for further calculations. The correlation between
the composite (arterial and venous samples) ABL800™ lactate and SSX-lactate was
R=0.95 and agreement R*=0.90.

Absolute SSX-lactate values were lower compared to values measured by
ABL800™, The bias (the mean difference between the two methods) was
significant, and increased in absolute values, but decreased in percentages, from
—0.79 mmol/L (—21.1%) to —1.68 mmol/L (—15.1%) for low to high lactate values
(p <0.05).

-
N

y =0.8173x-0.1153
R=0.9505

StatStrip® Xpress™-lactate (mmol/L)
(o}

0 3 6 9 12 15
ABL800™-lactate (mmol/L)

Figure 7.The correlation between lactate values in umbilical cord blood measured by SSX and ABL 800.
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Figure 8.CV for cord blood lactate analysed by SSX
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Figure 9. CV for scalp blood analysed by SSX

The mean CV in umbilical cord blood (N=140) samples was for low lactate values
<3 mmol/L, 7.1%, whereas for lactate values >3 mmol/L the mean CV was 3.8%.
There was no statistical difference between repeated measurements of the same

blood drop with SSX (p=0.75) (Figure 8).

The mean CV for fetal scalp blood lactate (N=321) measured by SSX was for lactate
values <3 mmol/L 8.4%, whereas with values >3 mmol/L the mean CV was 6.8%
(Figure x). There was no statistical difference between repeated measurements of

the same blood drop with SSX (p=0.11) (Figure 9).

The correlations between umbilical cord SSX- and ABL800™.-lactate values
correlated similarly to the measured acid-base values (pH, pCO? pO? BDe,
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HCOs-, Het, Hb, glucose). PH, HCOs- and BD..r showed the best correlations to
lactate with a stronger correlation in arterial blood. In contrast, there was a poor
correlation between SSX lactate and haematocrit and glucose in cord blood.

Comments

To the best of our knowledge, this was the first study to evaluate the reliability and
reproducibility of StatstripXpress® in fetal blood. We found that SSX lactate had an
excellent correlation and agreement to the reference method, R=0.95 and R?*=0.90 in
agreement with previously published results (216,221). The bias (the mean difference
between the two methods) was significant and increased from —0.79 mmol/L
(—21.1%) to —1.68 mmol/L (—15.1%) for low to high lactate values (p < 0.05)

Even though the reference method and the POC device both analyse lactate by
amperometry they measure lactate in different compartments, plasma respectively
whole blood, which in fact entails that the absolute values are not totally comparable
(35). However, the bias to the reference method is not the main issue in this context.
The cut-offs for SSX used in clinical practice must be derived from the lactate meter
and related to the clinical outcome and not to values originated from a BGA or
approximation of previously accepted cut-offs.

In a setting lacking a BGA, as in low-income countries, the use of SSX could be an
appropriate alternative to easily assess the lactate levels in the new-borns. By
adjusting the suggested reference values for lactate in cord blood, those neonates
who will benefit from observation and care could be predicted (97,243). In centres
with routine sampling on all new-borns, it is observed that in cases with Apgar Score
<4 at five minutes, there is a tendency towards a lower frequency of successful
analysis of cord samples than if vigorous new-borns (65). This is probably due to
the fact that it is more difficult to sample the cord when the baby suffer from
asphyxia since the cord becomes flaccid (177). Also, when an asphyxiated baby is
born, it is a very stressful clinical situation where all the focus is on resuscitation of
the new-born and hence cord blood sampling could be missed. Another reason can
be blood clots in the syringe that hinder the analysis. Therefore, sampling and
analysing lactate with SSX could perhaps even be used in high income countries as
an alternative when cord blood analysis fails? (244)

The coefficient of variation in scalp blood was higher compared to umbilical cord
blood. For lactate values more than 3 mmol/L the CV was 3.8% for cord blood and
6.8% fetal scalp blood. Heinis et al. found the CV in scalp blood for StatStrip lactate
at 7.5 mmol/L to equal 5% although based on 37 fetal scalp blood samples (221).
Similar CV for cord blood lactate of 3.99% was found for LP (222).

The difference in CV between fetal scalp blood and cord blood can be explained by
several factors; 1) the scalp blood was mainly double analysed whereas the
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umbilical cord blood was triple analysed 2) the cord blood was analysed in a
standardised procedure by one person whereas scalp blood was analysed by various
doctors 3) the umbilical cord blood is sampled by injection of a needle directly into
a vessel without the risk of contamination, whereas the scalp blood is sampled by
puncturing the skin to access capillary blood with the risk of contamination of
amnion fluid and fetal tissue, for example fat.

By the small amount of blood (0.6 uL) used for the measurement, variations in the
blood composition will automatically have an impact on the result. Based on our
results, we therefore highlight the importance of carefully cleaning the scalp before
performing a FBS, to sample from a good drop of blood and not to scrape the scalp
for blood. When lactate values close to the cut-off for intervention are measured, a
safety procedure could be to double analyse the same blood sample. In case of a
variation of more than 7% between the results, we recommend repeating the scalp
sample for a new analysis.

Until now, the point of care measurement of fetal scalp lactate has not been
supervised by the laboratory but instead by the labour ward. Since this study was
published, the Statstrip lactate meter was accredited by laboratory medicine Skane
and there is ongoing collaboration for the laboratory to assume the quality assurance
of the procedure. Theoretically, with increased quality assurance and education on
the procedure, the preanalytical errors of fetal scalp blood analysing will hopefully
decrease, which would also improve the CV.

Umbilical cord SSX- and ABL800™-lactate values correlated similarly to the
measured acid-base values and the strongest correlations were found for PH,
HCO3- and BD.., suggesting that lactate is an excellent parameter for metabolic
acidosis. SSX-lactate concentrations were not significantly associated with
haematocrit, most likely due to the algorithms in SSX that corrects for haematocrit
interference Furthermore, there was no correlation between SSX lactate and
glucose, an important finding supporting that maternal hyperglycaemia has no
association to fetal lactate production.
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Paper IV

Proposed cut-off for fetal scalp blood lactate in intrapartum fetal
surveillance based on neonatal outcomes: a prospective
observational study

We had previously shown that SSX was a reliable and attractive alternative to
LactatePro for use in fetal scalp blood sampling. In this large prospective study, we
aimed to investigate the predictive ability of fetal scalp blood lactate measured by
Statstrip Xpress/Statstrip Lactate (SSLX), and for the first time define the optimal
cut-off for intervention based on neonatal outcomes. Since intrapartum asphyxia is
rare, a large cohort was required.

Results

In this observational study, 3334 women with FBS during labour due to non-
reassuring CTG were included for analysis. Of all the women, who had FBS during
labour, 48.8% had spontaneous vaginal delivery. 16.7% had a pathological lactate
value with LP >4.8 mmol/L, which meant that 83.3% had a normal value which
allowed labour to continue., Totally 16.1% were delivered by instrumental vaginal
delivery for fetal distress and 18.5% by caesarean section for fetal distress.
Metabolic acidosis occurred in 4.8% and the frequency of Apgar score <7 at five
minutes after birth was 2.6%.

The study showed that, the mean difference between LP and SSLX was non-
significant 0.17 mmol/L (p = 0.11). LP and SSLX lactate values showed a strong
linear association, R=0.94.

The maternal and neonatal characteristics were divided in two cohorts, depending
on the time interval between FBS to delivery. For most of the parameters, there
were significant differences between the two cohorts, though for MA, low AS and
need for neonatal intervention, the differences were not significant.

A majority of FBS 62.7%, were carried out in the second stage of labour.

The correlations between SSLX and umbilical arterial blood pH and lactate were
dependent on the time from FBS to delivery with the optimal correlations in women
0-25 minutes from FBS to delivery, where R represent the correlation coefficient:
R-pH =-0.30 (95% CI: -0.38 - (-0.22)) and R-lactate = 0.57 (95% CI: 0.51-0.64).
(Table 4) Therefore, ROC analysis of FBS lactate levels and neonatal outcome
variables were performed only on cases delivered within 25 minutes of FBS
(N=799).
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Table 4. The association between FBS lactate and umbilical cord artery lactate and pH, for different time intervals from
FBS to birth.

Time (min) interval Correlation coefficient N Correlation coefficient N
from FBS to birth Lactate pH

(95% ClI) (95% ClI)
0-60 0.51 (0.46-0.56) 1057 -0.20 (-0.26-(-0.15)) 1282
0-30 0.55 (0.48-0.62) 599 -0.28 (-0.35- (-0.21)) 714
0-25 0.57 (0.51-0.64) 478 -0.30 (-0.38 - (-0.22)) 566
0-15 0.57 (0.46-0.66) 216 -0.26 (-0.38-(-14)) 252

The areas under the curves (AUC) and different optimal cut-off levels for lactate for
different outcomes, with corresponding sensitivity, specificity, negative and
positive likelihood ratios are presented in table 5.

Fetal scalp blood lactate measured by SSLX, showed an excellent ability to predict
metabolic acidosis. The AUC for metabolic acidosis was 0.87 (95% CI: 0.77-0.97),
sensitivity 82.4% (95% CI: 56.6-96.2), specificity 80.1% (95% CI: 76.0-83.7) with
the optimal cut-off >5.7mmol/L. The highest predictive ability was found for
metabolic acidosis defined as pH <7.05 and BDecs>12 mmol/L with AUC 0.97 (95%
CI:0.92-1.0) The optimum cut-off varied between 3.6 mmol/L to 5.8 mmol/L for
the various outcome variables. From these outcome variables and the expected
invention rates, we recommend the cut-off >5.2 mmol/L for intervention.

Sensitivity

00 02 04 06 08 10
1 - Specificity

Figure 10. The AUC for Fetal scalp blood lactate measured by StatstripLactate®/StatstripXpress® MA (pH < 7.05 +
(BDect > 10mmol/L and/or lactate > 10mmol/L was 0.87 (95% CI 0.77-0.97).
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Table 5. Area under the ROC curve (AUC) for lactate measured by the StatstripLactate®/StatstripXpress® Lactate system
within 25 minutes from scalp blood sampling to delivery (N=799). The optimal cut-off lactate value with highest accuracy
(maximal sensitivity and specificity) and the likelihood ratios are presented for different neonatal outcome variables.

Outcome Cases| Non- AUC Optimal|Sensitivity | Specificity | Positive |Negative
cases| (95% CI) | cut-off | (%) %) LR LR

lactate (95%Cl) | (95%Cl)

value

- 0.87 82.4 80.1 41 02

Metabolic acidosis (MA) 171 87 1077-097)| %7 |(56.6-96.2)|(76.0-83.7)| (3.1-5.5)| (0.1-0.6)
0.83 85.7 60.9 22 02

PH<7.0 7| %34 1(068097)| *® |(421-906)| (56.6-65) | (1.6:3) | (0-1.4)
0.72 75.9 53.2 16 05

pH <7.10 83 1459 | 066-078)| 4 |(65.3-84.6)|(48.5-57.8)|(1.4-1.9)| (0.3-0.7)
0.67 737 49.9 15 05

pH <715 205 | 383 | 960.071)| 36 |(67.0-79.6)|(44.555.2)|(1.3-1.7)| (0.4-0.7)
0.97 100 81.0 52 0.0
PH < 7.05 + BDeor = 12mmoliL 71528 | %oy | 58 | m0000) |77 0ehn)|as2)| ()
0.87 81.3 78.9 3.9 0.2

pH < 7.05 + Lactate > 10mmol/L 16| 455 | 076-007)| 5O | (54.496) |(74.982.6)|(2.95.2)| (0.1-0.7)
0.78 78.0 63.1 2.1 0.4

pH <7.10 + Lactate > 8mmol/L 59 | 412 1 g 70.084)| 45 |(65.3-87.7)|(58.3-67.8)| (1.8-2.5) | (0.2-0.6)
072 69.1 62.6 19 05

pH <715+ Lactate = 7mmolll. | 152 | 313 | 67.077)| 42 |(61.1-763)| (57-68) |(1.6-2.2)|(0.4-0.6)
. 0.76 72.2 65.7 2.1 0.4

pH <7.10 + composite outcome | 36 | 505 | 67 0g5)| 48 |(54.8-85.8)|(61.4-69.9)|(1.7-2.7)| (0.3-0.7)
. 0.76 784 60.1 2 0.4

AS <4 at 1-minutes 87 | 761 | 0.es-0.84)| 4 |(61.8-90.2)|(56.5-63.6)(1.6-2.4)| (0.2:0.7)
. 0.74 72.7 718 26 0.4

AS <7 at S-minutes 22| 776 | (063-0.86)| 2 |(49.8-89.3)|(68.5-74.9)| (2-3.4) | (0.2-0.8)

MA: pH < 7.05 and (BDecf > 10 mmol/L and/or lactate > 10mmol/L), ROC: receiver operating characteristic, LR:
Likelihood Ratio, BDecf: Base Deficit in extracellular fluid mmol/L, Composite outcome: one or more of the following,
admission to neonatal intensive care unit continuous positive airway pressure therapy, bilevel positive airway
pressure, manual ventilation or Apgar score (AS) < 7 at 5 minutes.

We found a poor correlation between the number of minutes of pushing and the
lactate values measured by SSLX, R=0.24 and R’=0.06. Women who had a fever
during labour (>38 degrees Celsius) had significantly higher lactate values than
those without a fever.

From Sahlgrenska University Hospital we obtained cases with simultaneously
measured FBS pH and SSLX values. Due to the small number of cases within 25
minutes from FBS to birth (n = 41), ROC curves for the predictive ability of pH
respective lactate for MA were extended to include cases within 60 minutes (n =
208). The AUC-MA for scalp blood pH was 0.47 (95% CI: 0.26-0.67) and for scalp
SSLX lactate 0.66 (95% CI: 0.49-0.82).
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Figure 11. The AUC for simultaneasly measured Fetal scalp blood pH and lactate measured by StatstripLactate®/
StatstripXpress® for the outcome MA (pH < 7.05 + (BDecf > 10mmol/L and/or lactate > 10mmol/L was 0.87 (95% CI
0.77-0.97). From Sahlgrenska University Hospital N=208.
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Figure 12. Histogram showing the distribution of SSLX FBS lactate values and the outcome pH <7.05 and BE < -
12mmol/L

Comments

From this large observational study, we proposed a new cut-off for acidaemia in
scalp blood lactate during labour to >5.2 mmol/L for StatStripLactate® and
StatstripXpress®. To our knowledge this is the largest study on fetal scalp blood
lactate and most importantly we used samples taken close to labour and based the
cut-offs for intervention on neonatal outcomes. Previous studies on fetal scalp blood
lactate, have compared the lactate value to the established reference value for FBS-
pH of <7.20 or Lactate Pro 4.8 mmol/L, and often the time intervals from sapling to
delivery were not specified or were very long (8,193,216,217,220). We showed that
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the association, between FBS lactate and cord artery lactate improved as the time
interval from FBS to birth decreased, and this is why we chose to include, only those
FBS within 25 minutes of birth. Furthermore, lactate and pH are comparable, since
they measure different things, where lactate is the end product of anaerobic
metabolism and pH is a measurement of acidosis. Lactate is a linear measurement
of the degree of metabolic acidosis, whereas pH cannot discriminate between
respiratory acidosis and metabolic acidosis, the latter strongly associated to poor
neonatal outcome (30).

Depending on which cut-off used, the sensitivity and specificity will differ for the
different outcomes and the expected intervention rate. A lower cut-off will naturally
yield a higher intervention rate, since more samples will be judged as pathological,
with a higher sensitivity but with the trade off a lower specificity. In contrast, a
higher cut-off, will lead to a lower intervention rate due to fewer pathological
values, with a lower sensitivity but improved specificity. The argument for the
chosen cut-off of 5.2mmol/L, is the balance between obtaining the best sensitivity
and specificity for common recognized prognostic factors of intrapartum asphyxia.
By increasing the cut-off to more than 5.2 mmol/L, the sensitivity will decrease for
AS <7 at 5 minutes and for the composite outcome. On the other hand, by choosing
a lower cut-off than 5.2 mmol/L, potentially the intervention rate will be
unnecessarily high. We have previously shown, that the mean value for LP + 2SD
equals 5.2 mmol/L in the second stage, although it is not known, whether that cut-
off is associated with an increased risk for adverse outcomes (44). It has been
previously shown that the risk for disability at 4 years, increases with increasing
scalp blood lactate levels (214).

A major issue in this study, was to decide which neonatal outcome measure to be
used for the test. The outcome parameter could not be too severe, such as hypoxic
ischemic encephalopathy. Instead, the method should identify, the fetuses at risk
early enough to allow for timely intervention to avoid adverse perinatal outcomes.
There is no ideal outcome variable, specifically indicating intrapartum asphyxia.
Analysing cord blood, provides the clinician with the most objective and accurate
measurement of the metabolic status of the new-born, although the majority of
babies with deteriorated cord blood gases will be vigorous and manifest no obvious
short- or long-term neurological sequelae (112,113). There is no international
consensus of the definition of fetal metabolic acidosis (MA) in cord blood, which
compared to respiratory acidosis, is a serious threat to the cell function
(12,34,80,245). The ACOG definition of metabolic acidosis, is pH < 7.0 + BDpiood
> 12 mmol/L, whereas the FIGO guideline uses a threshold of pH < 7.05 + BDect
>10mmol/L or lactate > 10mmol/L, because an association with adverse neonatal
outcome is recognized at that level (9,93,97,98,109). The lactate value in cord blood,
correlates with the lactate concentration in the fetal brain, which in turn is an
established marker for the severity of cell damage and thereby, for the degree of
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hypoxic ischemic encephalopathy (246—248). Lactate, in contrast to BD, is not a
calculated entity, significantly dependent on the compartment used for calculation,
but a measured entity (96). This supports the use of lactate in the definition of MA.

It has previously been shown that lactate, increase in second stage by 0.025-0.032
mmol/L per minute of pushing. However in this study, pushing in second stage was
a poor association to increased lactate levels, where only 6 % of the changes in
lactate where found to be attributed to pushing time (40,249). Interestingly in
women who had a fever during labour, the fetus had significantly higher FBS lactate
values. The raises the question of the impact of maternal fever on FBS lactate values
and are they reliable in that case? It is known that bacterial infection can induce
lactate production in the leucocytes and in sepsis hypoperfusion of the tissues lead
to increased lactate levels in the blood (21,53).

It is important to emphasize that, the FBS lactate level will reflect the metabolic
status of the fetus, at that certain timepoint, depending on the individual fetal reserve
and intensity of the uterus contractions, the fetal metabolic status may therefore
rapidly deteriorate. Consequently, comparing the FBS-lactate value to the fetal
outcome will always be biased by the time-lag from FBS to delivery. This elucidates
the importance of using FBS values, sampled close to birth, for setting the
intervention cut-off.

There were too few FBS-pH to allow a comparison to SSLX prediction ability, but
within 60 minutes the AUC for MA-BD..r was unsatisfactory, similar to a recent
study (195). The cord pH as well as FBS pH correlation, to cord lactate is also poor
(23,35) and in a study the agreements for lactate and pH were between 0.3 and 0.45,
suggesting that only 30-45% of the variance in lactate values can be attributed to
changes in pH (36).

In this study, SSLX had poor correlation to Apgar Scores, at one and five minutes
after birth, which is in line with previous studies for both FBS lactate and pH
(81,82). Apgar Scores are, therefore, probably too unspecific for early metabolic
acidaemia and the prediction ability of SSLX was also lower.

The main limitation was, that despite the routine to take cord samples on all new-
borns, not all cases had a successful and complete analysis from both vessels and
with lactate. The most common problem was that only one sample was obtained,
which most likely is venous since it is more easily sampled. In asphyxic neonates
the cord blood is often difficult to sample due to poor blood volume in the cord
vessel, which could have biased the results (65,177). This occurs more often in the
arteries due to low fetal left side ejection fraction. It the vein value is low the artery
is lower or equal.
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Another limitation was, despite the large number of patients included, that since we
intervened on pathological LP lactate values, the numbers of adverse outcomes were
low, resulting in relatively wide confidence intervals regarding the sensitivity.

In conclusion, scalp blood lactate measured by SSLX had an excellent ability to
predict metabolic acidosis and pH < 7 in umbilical cord blood. From the ROC
analysis, based on neonatal outcomes, we suggest the scalp blood lactate cut-off for
intervention to be >5.2mmol/L when using the StatstripLactate®/StatstripXpress®
Lactate system.
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Conclusions

This thesis highlights the importance of using device specific cut-offs for
measurement of lactate and to be able to safely use fetal scalp stimulation test further
studies are required.

The following conclusions are based on the findings from the original studies
included in this thesis:

L

IL.

III.

Iv.

We propose the following cut-offs for LP2 scalp lactate: < 6.3 mmol/L =
normal, 6.3-7.1 mmol/L = pre-acidaemia, > 7.1 mmol/L = acidaemia.
However, LP2 cannot be recommended as a reliable tool to assess intrapartum
fetal well-being due to its high coefficient of variation, and since it does not
adjust for the haematocrit value. The correlation between LP2 lactate and
cord artery lactate was stronger for samples taken closest to delivery.

There is an association between the fetal ability to react to a scalp stimulus
and the fetal metabolism. However, we found the efficiency of FSS test too
poor to rule in or rule out fetal hypoxia. Therefore, we recommend using the
FSS test with caution, especially during the second stage where absence of
accelerations also after provocation seems to be a normal phenomenon.

Assessment of fetal blood lactate concentration is easy and quickly performed
with Statstrip Xpress. The lactate meter had an excellent correlation to the
reference method. The POC has an acceptable precision in fetal blood.

Scalp blood lactate has an excellent ability to predict metabolic acidosis From
the ROC analysis, based on neonatal outcomes, we suggest the scalp blood
lactate cut-off for intervention to be >5.2mmol/L when using the
StatstripLactate®/StatstripXpress® Lactate system.
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Future Perspectives

Even though fetal scalp blood sampling with lactate is a familiar method in most
clinics in Sweden, a disadvantage has been that the device has not been accredited
by the clinical laboratories and hence no requirements for education before using
the method. Statstrip Lactate meter is now accredited by the regional laboratory in
Skéne and the aim is to educate the staff before implementation of the new device
into clinical practice. This will lead to better quality of the analysis and will
hopefully reduce pre- and analytical errors.

Although several observational studies have shown a decrease in intervention rates
when FBS is used in conjunction with CTG, there is a lack of randomized controlled
trials to measure its efficacy. An RCT would increase the level of evidence for the
method and hopefully more women around the world could benefit from the use of
FBS with fewer interventions.

There is also a lack of long-term follow up of children who underwent fetal scalp
blood sampling during labour. To our knowledge there is only one 4 year follow up
study (214). Also, more long-term follow up studies are needed to prove the value
of the test. We plan a long-term follow up from this cohort.

The use of continuous lactate measurement integrated in fetal scalp electrode is an
interesting upcoming research field (58,250). By the use, of a continuous
measurement of lactate, the shortcoming of point of care measurement, that it only
reflects the metabolic status of the fetus at a certain time point and thus if alarming
CTG pattern persists must therefore be repeated. Since severe CTG patterns of
severe hypoxia precede the rise in the lactate production, for instance bradycardia,
the use of continuous lactate meters cannot replace CTG, but could definitely be a
future important tool for early detection of hypoxia and has the potential to reduce
acidosis during birth (250).

Unsatisfactory success rate of paired umbilical samples has raised the question, if
POC devices can be used to measure lactate in cord blood when there is insufficient
blood amount for blood gas machines analysis?

The association of lactate in fetal scalp and cord blood and fever need further
attention and studies to elucidate the relation.
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