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Abstract

Fetal heart rate (FHR) deceleration is the most common change seen during labor. The role

of the autonomic nervous system in regulating the fetal cardiovascular response during mul-

tiple uterine contractions has been well-established. However, the mechanism underlying

the hemodynamic response remains unclear and the specific reflex that mediates the car-

diovascular modifications is still controversial. This study aimed to determine the role of the

sympathetic and parasympathetic systems on fetal hemodynamics in complete cord occlu-

sion. Chronically instrumented fetal sheep were randomized to receive an intravenous injec-

tion of atropine 2.5 mg (n = 8), propranolol 5 mg (n = 7), atropine and propranolol (n = 7), or

a control protocol (n = 9), followed by three episodes of 1-minute umbilical cord occlusion

repeated every 5 minutes. Cord compression induces a rapid decrease in the FHR and a

rapid increase in MAP. The decrease in FHR is caused by an increase in parasympathetic

activity, (atropine and atropine-propranolol abolish the FHR response to the occlusion). The

change in FHR during occlusion was not modified by propranolol injection, showing no effect

of sympathetic tone. The increase in MAP during occlusion was similar in the four protocols.

After releasing occlusion, the FHR was still lower than that at baseline due to a sustained

parasympathetic tone. Suppression of the parasympathetic output to the cardiovascular

system unmasks an increase in the FHR above baseline values. The lower FHR with the

propranolol protocol further supports an increase in myocardial ��-adrenoceptor stimulation

after cord release. The increase in MAP after cord release was similar in the four protocols,

except after the early stage of interocclusion period in atropine protocol. Four minutes after

cord release, the FHR returned to baseline irrespective of the drugs that were infused,

thereby showing recovery of ANS control. Blood gases (pH, PaCO2, PaO2) and plasma lac-

tate concentrations was similar between the four protocols at the end of three applications of

UCO. Complete cord compression-induced deceleration is likely due to acute activation of

parasympathetic output. ��-adrenoceptor activity is involved in the increase in FHR after
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cord release. Understanding the reflexes involved in FHR deceleration may help us under-

stand the mechanisms underlying fetal autonomic adaptation during cord occlusion.

Introduction
During labor,fetalheartrate(FHR)recordingsaretheonly non-invasivetool thatcancontin-
uouslymonitor intrapartumfetalwell-being.Knowledgeandunderstandingof fetalphysiol-
ogyarerequiredto interpretFHRrecordings,[1,2].Decelerationsassociatedwith uterine
contractionsarethemostcommonanddistinctivecomponentof intrapartumFHR[3,4].The
roleof theautonomicnervoussystem(ANS)in regulatingFHRandmeanarterialpressure
(MAP) during uterinecontractionsto maintainoptimalorganperfusioniswell-established
[3,5,6].Heartrate(HR) iscontrolledbyparasympatheticactivitythroughM2 muscarinic
receptorson nodalcellsandbysympatheticactivitymediatedbyû1-adrenergicreceptorson
cardiacpacemakercells[5]. However,theparasympatheticoutputandsympatheticoutputat
differenttime pointsduring andafterFHRdecelerationremainincompletelyunderstood
[3,7,8].A betterunderstandingof thesequenceof ANSactivityduring FHRmayhelpdecipher
whichreflexestriggerFHRdecelerations[9].

Experimentalmodelshaveshownthatbrief umbilicalcordocclusion(UCO) inducesacute
FHRdecelerationandincreasedMAP, followedbyanincreasein FHRwhentheocclusionhas
beenreleased[5,10].Thiscanoccurduring laborin casesof cordprolapse.Therefore,we
hypothesizedthatchangesin FHRduring andafterbrief UCO dependon activationof both
branchesof theANS.

Usingcholinergicblockadeand��1-adrenergicblockadedrugs,weaimedto determinethe
rolesof theparasympatheticandsympatheticnervoussystemsin changesin FHRandMAP
during UCO in chronicallyinstrumentednear-termfetalsheep.

Materials and methods

Ethics
Theanesthesia,surgery,andexperimentationprotocolswerein agreementwith therecom-
mendationsof theMinistry of HigherEducationandResearchof France.Thestudywas
approvedby theAnimal ExperimentationEthicsCommittee(CEEA#2016121312148878).All
effortsweremadeto minimizesuffering.

Surgeryand instrumentation
ThisstudywasconductedbetweenNovember2018andJune2019.FifteenpregnantªIle de
Franceºsheep(NationalInstitute for AgronomicResearch,INRA, France)underwenthyster-
otomyat125�3 daysof gestation(term = 140±145days)undergeneralanesthesia.Anesthetic
andsurgicalprocedureshavebeendescribedpreviously[11,12].Beforesurgery,sheepwere
placedin thesupineposition,anesthetizedwith inhaledisofluraneandoxygen,andintramus-
cularxylazine0.1mL/10kg(Sedaxylan1 ; CEVASanteÂAnimale,Liboune,France,half-life30
minutes),intubated,andmaintainedwith isoflurane2%(IsoFlo1 ; Zoetis,Torce,France)and
oxygen.After anabdominalincision,hysterotomywasperformedaspreviouslydescribed.The
fetusunderwent�� ����� surgery.In caseof twins,only onetwin wasinstrumented.Thefetus
receivedanintramuscularinjectionof buprenorphine0.3mL (BupreÂnodale1 ; DechraVeteri-
naryProducts,Montigny-le-Bretonneux,France,half-life6 hours)andasubcutaneous
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injectionof lidocainehydrochloride1 mL (Xyloca�ne1 ; AstraZeneca,Courbevoie,France,
half-life2 hours)afterhysterotomy.Thefetalright andleft upperlimbsweresuccessively
broughtout of theuterusfor catheterinsertionafterabilateralaxillaryincision(Vygon,
Ecouen,France).Two aorticcatheterswereinsertedviatheright andleft axillaryarteries,with
onepositionedin theascendingaorta,for bloodsamplingandarterialpressuremeasurements,
respectively.To confirm accurateplacementof thecatheter,wemovedthecatheterback1 cm
until extrasystolesceased.Thearterialpressurewasthencheckedto ensurethat thecatheter
correspondwith theaorticpressureratherthantheventricularpressure.Furthermore,arterial
pressureismeasuredduring surgeryto ensurethat thetip of thecatheteris insidetheaorta
andnot in theleft ventricle.Thepositionof thecatheterisalsocheckedduring autopsy.A
venouscatheterwasinsertedinto thesuperiorvenacavafor drug infusionviatheright axillary
vein.Foursubcutaneouselectrodes(two electrodesperaxillaryincision)weresuturedto the
intercostalmusclesfor electrocardiographicmonitoring (Mywire 10;MACQUET,Rastatt,
Germany).An inflatableoccluderwasplacedaroundtheumbilicalcord(OC16;In Vivo Met-
ric, Healdsburg,California,USA).A 5-Frcatheterwasplacedinsidetheamnioticcavityto
monitor intra-amnioticpressure(IAP). Thecatheters,electrodes,andoccluderwereexterior-
izedto theewe'sflankandsecuredin aprotectivebag.Fetuseswerethenreturnedinto the
uterinecavity.During closureof thehysterotomy,anamnioticinfusionof 250mL of isotonic
salineserumcontaining500mgof amoxicillin + clavulanicacid(AugmentinIntravenous,1g/
200mg,GlaxoSmithKline,BarnardCastle,United Kingdom)wasadministeredthroughthe
5-Frcatheterleft in theintra-amnioticcavityto obtainareferencepressure.Postoperative
analgesiaof eweswasadministeredbyanintravenousinjectionof 20mgof nalbuphine,
repeated6h afterthefirst injection,andthendailyuntil thethird dayaftersurgery.Similarly,
fetalantibioticprophylaxiswith 500mgof amoxicillin + clavulanicacid,andfetalanalgesia
with 10mgof nalbuphinewereadministereddaily throughtheintra-amnioticcatheteruntil
thethird dayaftersurgery.Cathetersweremaintainedbydaily injectionsof 2 mL of heparin-
ized(10IU/mL) normalsaline.Fetuseswerecontinuallyconnectedto theewesduring experi-
mentsandduring therecoveryperiodsbetweeneachexperiment.Fetusesandeweswere
monitoredto checkhemodynamicparametersuntil theendof theexperimentalperiod.Ewes
weremonitoredandevaluatedbyaveterinarian.If theewesshowedanysignof pain,distress,
or infection(modificationof clinicalsigns,behaviorchanges),analgesicsandantibioticswere
rapidlyprescribedandadministeredbyaveterinarian.If theanalgesicor antibiotic therapy
wasineffective,theeweswerekilled. If thefetusdiedor showedsignsof sufferingduring the
stabilityperiod,eweswerekilled.At theendof theexperimentalprocedures,animalswere
killed usingT611 (Tanax1,Intervet,BeaucouzeÂ, France)IV infusion(3 mL for 10kgbody
weightfor theeweand0.3mL/kg for thefetus).

No ewesdiedbeforeor during experiments.Fifteenfetuseswereoperatedupon,two died
justaftersurgery,andonefetuswaskilled becausetheinflatableoccluderwasnon-functional.

Experimentalprocedure
Experimentsbeganfour daysaftersurgery.Oneprotocolwastestedperdayto allowfor fetal
recovery.Fourprotocolsweredesignedto assessthemechanismsinvolvedin FHRdecelera-
tion: UCO without anyinjecteddrugs(control protocol,n = 9);UCO afterparasympathetic
blockadebyaninjectionof atropine(n = 8);UCO after��-adrenergicblockadebyaninjection
of propranolol(n = 7);andUCO afterbothparasympatheticand��-adrenergicblockadewith
atropineandpropranolol(atropine-propranolol; n = 7).Thecontrol protocolwasperformed
first, andtheorderof theotherprotocolswasrandomized(PackageªBlockrandºfor Rsoft-
ware).Drug concentrationswereestablishedaccordingto previouswork as2.5mgatropine
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sulfate(2.5mg/2.5mL; Atropine;Aguettant,Lyon,France)and5 mgpropranololhydrochlo-
ride (5 mg/5mL propranolol;Karnodyl;PrimiusLabLtd, London,United Kingdom)[5,11].
Bothwereadministeredasabolus5 minutesbeforethefirst UCO.Eachexperimentconsisted
of threeapplicationsof UCO for 1 minutewith arecoveryperiodof 4 minutesbetweeneach
UCO,asdescribedpreviously[5,11,13].Prior to injection,aninitial 30-minuteperiod,called
thestabilityperiod,wasrecorded.TotalUCO wasperformedby rapidandcompleteinflation
of theoccluderusingsaline.If theeweor fetusdiedor if problemsoccurredduring theexperi-
ments,recordingshavebeenexcludedandthenadditionaleweswereincludedto guaranteea
minimum of sevenexperimentsperprotocol.

Fetalhemodynamicparametersandblood samples
TheFHR,MAP, andIAP (IntelliVue MX700;Philips,Eindhoven,Netherlands)werecontin-
uouslymonitoredandrecordedusingadataacquisitionboard(Physiotrace�;EstarisMoni-
toring, Lille, France)during thestudyperiod[14]. MAP refersto theamnioticcavity
pressure(MAP = observedMAPÐobservedIAP). Wedefinedthepercentagechangesin
FHRandMAP from baselinewerecalculatedas(time point valueÐbaselinevalue)� 100/
baselinevalueandweredescribedasªchangein FHRºandªchangein MAPº, respectively.
Thebaselineis thevalueobtainedjustbeforetheocclusion.FHR,MAP, changein FHR,and
changein MAP during UCO wererecordedwith aresolutionof 1 second.Moreover,we
definedsix time points,averagedover10seconds,to comparechangein FHRandchangein
MAP to baseline:justbeforeUCO (baseline);thenat10,30,60,120,and300secondsafter
startingUCO.To considertheintra-individual variability in thehemodynamicresponseto
UCO,weaveragedthevaluesof the3 UCOsto accountfor intraindividual variability in the
hemodynamicresponseto UCO.In thecaseof outliersdueto technicalproblems,theseval-
ueswerenot takeninto accountduring theanalysis.Bloodgases(pH, PaCO2, PaO2) and
plasmalactateconcentrationsweremeasuredfrom bloodsamplestakenfrom theascending
aortaatbaselinebeforedrug infusionandthenadjustedto theewe'sphysiologicaltempera-
tureof 39ÊC(i-StatHandheld�; Abbott Laboratories,Washington,DC,USA).In addition,
bloodgasanalysesandmeasurementof plasmalactateconcentrationwereperformedat the
endof thethreeUCOs.

Statisticalanalysis
WehavecomparedFHR,MAP, changein FHRandchangein MAP ateachsecondtime point
by two-wayANOVA with time treatedasarepeatedmeasureandtreatmentastheindepen-
dentfactorwasperformed.Thetime epochswereanalysedeveryminute.If asignificantgroup
effectwasfound,theFisher'sprotectedleastsignificantdifference(LSD)post-hoctestwas
additionallyperformed.Individual time pointswereadditionallytestedbyone-wayANOVA
with groupastheindependentfactor.To comparetheaveragedvaluesat10,30,60,120,and
300secondsafterstartingUCO,anon-parametricFriedmantestwasperformedfor repeated
measures.Whenstatisticalsignificancewasfound,posthoccomparisonswereperformed
usingaWilcoxonsigned-ranknon-parametrictestwith Bonferronicorrectionto compare
time-point to baseline.A Kruskal-Wallistestwereusedfor testingnonparametricdata,post-
hocanalysiswasperformedwith aDunn'stestwith Bonferronicorrection.A valueof p < 0.05
wasconsideredsignificantlydifferent.In eachexperiment,� representsthenumberof studied
protocols.Dataareexpressedasmean� standarderror.Statisticalanalyseswereperformed
usingSPSS(v26,SPSS,Chicago,IL) andRsoftwareversion3.4.1(availableonline).
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Results

Hemodynamicsparameters
Beforecord occlusion. Beforedrug infusion,baselinefetalarterialbloodgases(pH,

PaCO2, PaO2), plasmalactateconcentrations,andfetalhemodynamicparameters(FHR,
MAP) did not differ betweenprotocols(Table1).Fetalweightsweresimilarwith eachproto-
col.After drug injectionsandbeforeUCO,FHRwashigherwith theatropineprotocolthan
with thecontrol protocol,andlowerwith thepropranololprotocolthanwith thecontrol pro-
tocol(p<0.001).

During cord occlusion(Figs1 to 5). ������	 
������	. UCO wasassociatedwith rapid
bradycardia(p<0.0001)andhypertension(p<0.0001)(Fig1).

����
��� 
������	. FHRslowlydecreasedduring UCO (p<0.01),whileMAP washigher
thanthatatbaseline(p<0.0001)(Fig1).FHRwasmarkedlyhighercomparedwith controls
during all threeocclusions(Fig2).Thechangein FHRwassignificantlylowerwith theatro-
pineprotocolthanwith thecontrol protocol,exceptduring thelatterstageof thefirst occlu-
sion(Fig3).Theabsoluterateof increasein MAP washigherin theatropinegroupcompared

Table1. Fetalarterial blood gasesand fetal hemodynamicvariablesbeforeocclusion.

Control Atropine Propranolol Atropine-pr opranolol p-value

No. of protocols 9 8 7 7

Blood gases

pH 7.39(7.37±7.40) 7.39(7.39±7.40) 7.38(7.37±7.40) 7.39(7.37±7.41) 0.83

PaCO2 (mmHg) 46(43±47) 47(42±48) 47(42±48) 45(41±46) 0.99

PaO2 (mmHg) 18(17±20) 18(17±21) 18(15±20) 21(18±21) 0.93

Lactates(mmol/L) 1.6(1.6±1.9) 1.6(1.2±2.1) 1.7(1.3±2.9) 1.5(1.1±1.8) 0.40

Fetusvariables

Weight(kg) 3.5(3.1±4.0) 3.2(3.1±3.9) 3.4(3.1±3.9) 3.2(3.1±3.8) 0.60

Heartratebeforeinjection 164(159±169) 171.00(168±178) 153(150±164) 165(158±174) 0.11

Heartratebeforeocclusion 162(153±173) 209(192±236)� 130(119±148)� 172(161±179) <0.001

Dataareexpressedasmedianinterquartilerange(IQR; first±third interquartile). p-value:Kruskal-Wallis test.
� p<0.05:Dunn'stestwith Bonferroni correction(comparedto control).

https://doi.org/10.1371/journal.pone.0254155.t001

Fig 1. Changein fetal hemodynamicsduring andafter cord occlusion.Changein fetalheartrate(A) andfetalmean
arterialpressure(B) in treatedfetusesexposedto threeapplicationsof 1-minuteumbilicalcordocclusion(greyzone)
every5minutes.Dataareexpressedasmean� standarderror. � p < 0.05vs.baseline.

https://doi.org/10.1371/journal.pone.0254155.g001
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with controlsduring thefirst occlusion(Fig4).However,thechangein MAP wassimilar
betweentheatropineandcontrol protocols(Fig5).

��
����	�	 
������	. Bradycardiaoccurredcomparedto thebaseline(p<0.0001),while
MAP wassimilar to baseline(Fig1).Occlusionswereassociatedwith agreaterreductionin
FHRonly during thesecondandthird occlusions(Fig2).Thechangein FHRwassimilar
betweenthepropranololandcontrol protocols(Fig3).TheMAP andthechangein MAP were
similarbetweenthepropranololandcontrol protocols(Fig5).

Fig 2. Fetalheart rate.Fetalheartratein control,atropine,propranolol andatropine-propranololprotocolsin fetuses
exposedto threeapplicationsof 1-minuteumbilicalcordocclusion(greyzone)every5minutes.Dataareexpressedas
mean� standarderror. � p < 0.05vs.control.Resolution of eachdatapoint: 1second.

https://doi.org/10.1371/journal.pone.0254155.g002

Fig 3. Fetalmeanarterial pressure.Fetalmeanarterialpressurein control,atropine,propranololandatropine-
propranolol protocolsin fetusesexposedto threeapplicationsof 1-minuteumbilicalcordocclusion(greyzone)every5
minutes.Dataareexpressedasmean� standarderror. � p < 0.05vs.control. Resolutionof eachdatapoint:1second.

https://doi.org/10.1371/journal.pone.0254155.g003
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����
����
��
����	�	 
������	. FHRdecreasedprogressivelyduring UCO (p<0.0001),
whereasMAP increased(p<0.001)(Fig1).FHRwasmarkedlyhighercomparedwith controls
during all threeocclusions,exceptduring theendof thefirst andthird occlusions(Fig2).The
changein FHRwassignificantlysmallerwith theatropine-propranololprotocolthanwith the
control protocolduring theearlystageof thethreeocclusions(Fig3).TheMAP andthe
changein MAP weresimilarbetweentheatropine-propranolol andcontrol protocols(Figs4
and5).

Fig 5. Changein fetal meanarterial pressure.Changein fetalmeanarterialpressurein control,atropine,propranolol
andatropine-propranololprotocolsin fetusesexposedto threeapplicationsof 1-minuteumbilicalcordocclusion(grey
zone)every5minutes.Dataareexpressedasmean� standarderror. � p < 0.05vs.control.Resolutionof each
datapoint: 1second.

https://doi.org/10.1371/journal.pone.0254155.g005

Fig 4. Changein fetal heart rate.Changein fetalheartratein control,atropine,propranololandatropine-
propranolol protocolsin fetusesexposedto threeapplicationsof 1-minuteumbilicalcordocclusion(greyzone)every5
minutes.Dataareexpressedasmean� standarderror. � p < 0.05vs.control. Resolutionof eachdatapoint:1second.

https://doi.org/10.1371/journal.pone.0254155.g004
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Interocclusion periods(Figs1 to 5). ������	 
������	. FHRremainedlowerthanbaseline
for up to 120s(p<0.001)andgraduallyreturnedto near-baselinelevels;MAP remainedele-
vatedduring thefirst partof recovery(p<0.001),andgraduallyreturnedto baselinelevels
(Fig1).

����
��� 
������	. FHRprogressivelyreturnedto baselineafteranovershootup to 120s
(p<0.001).MAP remainedelevatedup to 120s(p<0.001),andprogressivelyreturnedto base-
line (Fig1).FHRandthechangein FHRweremarkedlyhigherthancontrols(Figs2and3).
MAP wasonly higherin atropineprotocolthanwith thecontrol protocolduring thebeginning
of thefirst interocclusionperiod(Fig4).Thechangein MAP wasgreaterwith theatropine
protocolthanwith thecontrol protocolduring severalsecondsat theearlystageof theinteroc-
clusionperiods(Fig5).

��
����	�	 
������	. FHRprogressivelyreturnedto baseline,whileMAP wasalwayssimilar
to baseline(Fig1).FHRwasmarkedlyhighercomparedwith controlsduring all interocclusion
periods(Fig2).Changein FHRwastransientlylowerthancontrol protocolduring thefirst
andsecondinterocclusionperiods(Fig3).TheMAP andthechangein MAP weresimilar
betweenthepropranololandcontrol protocols(Figs4 and5).

����
����
��
����	�	 
������	. FHRprogressivelyreturnedto baseline.MAP remainedele-
vatedandgraduallyreturnedto baseline(Fig1).FHRwasmarkedlyhighercomparedwith
controlsduring all interocclusionperiods(Fig2).Changein FHRwastransientlyhigherthan
control protocolduring thebeginningof thefirst interocclusionperiod(Fig3).TheMAP was
similarbetweentheatropine-propranololandcontrol protocols(Fig4).Thechangein MAP
wasonly higherduring severalsecondsof thefirst interocclusionperiod(Fig5).

Fetalbiological parameters
Bloodgases(pH, PaCO2, PaO2) andplasmalactateconcentrationswassimilarbetweenthe
four protocolsat theendof threeapplicationsof UCO (Table2).

Discussion
Decelerationof FHRiscommonduring laborandreflectsfetalcompensationin responseto
hypoxiaduring uterinecontractions[2]. Thepresentstudyexaminedour understandingof
fetalcardiovascularadaptationandtheroleof theANSduring 1-minutecompleteUCO and
during therecoveryperiod.

Our resultsdescribetherespectiveroleof theparasympatheticandsympatheticsystems
during andafterbrief but completeUCO.Cordcompressioninducesarapiddecreasein the
FHRandarapid increasein MAP. Thedecreasein FHRiscausedbyanincreasein parasym-
patheticactivity,becausewehaveshownthatatropineandatropine-propranololabolishthe
FHRresponseto UCO.Thechangein FHRwasnot modifiedbypropranololinjection(no
modificationof changein FHR),showingno effectof sympathetictonein controlling theFHR
during occlusion.Theincreasein MAP during UCO wassimilar in thefour protocols.After
releasingUCO,theFHRwasstill lowerthanthatatbaselinedueto asustained

Table2. Comparison of the concentrations of fetal arterial blood gasesand lactatebetweenprotocolsat the endof the threecord occlusions.

Blood gases/Protocols Control Atropine Propranolol Atropine-pr opranolol p-value

pH 7.28(7.15±7.30) 7.26(7.15±7.29) 7.21(7.20±7.23) 7.21(7.20±7.26) 0.7

PaCO2 (mmHg) 50.3(46.9±55.6) 45.5(43.9±49.4) 57.7(54.7±58.1) 53.2(52.1±59.5) 0.11

PaO2 (mmHg) 15(13±18) 16(15±17) 17(14±18) 15(15±17) 0.79

Lactates(mmol/L) 6.19(4.73±9.18) 5.66(5.12±5.88) 6.11(5.08±7.63) 6.53(6.02±6.63) 0.73

https://doi.org/10.1371/journal.pone.0254155.t002
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parasympathetictone.Suppressionof theparasympatheticoutput to thecardiovascularsystem
unmasksanincreasein theFHRabovebaselinevalues.ThelowerFHRwith thepropranolol
protocolfurther supportsanincreasein myocardial��-adrenoceptorstimulationaftercord
release.FourminutesafterUCO release,theFHRreturnedto baselineirrespectiveof the
drugsthatwereinfused,therebyshowingrecoveryof ANScontrol.

Takentogether,theseresultsindicatethat thebrief andcompleteUCO-inducedhemody-
namicresponseresultsmainly from acuteactivationof theparasympatheticandsympathetic
output.Our dataconfirm thatduring completeUCO,thekeyroleof parasympathetictoneis
in controlling theFHR,andduring theinterocclusionperiod,thekeyroleof sympatheticand
parasympathetictoneis in controllingFHR.However,wefoundno effectdueto thesympa-
thetictonein controlling theFHRduring UCO.After releasingUCO,parasympatheticoutput
waselevatedandmyocardial��-adrenoceptorswerestimulatedin controlling theFHR.More-
over,wefoundno effectof sympatheticandparasympathetictonein controllingMAP during
1-minuteUCO andduring theinterocclusionperiod.However,parasympathetictoneis
involvedin controllingMAP during theearlystageof theinterocclusionperiods.

Learetal.havediscussedthephysiologyof heartratedecelerationsandtheinvolvementof
severalreflexes[3]. Activationof thechemoreflexcanleadto FHRdecelerationandincreasein
MAP viaperipheral(carotidandaorticbody)andcentralchemoreceptors,whichincrease
bothsympatheticandparasympatheticactivities[15]. Thechemoreflexis triggeredby the
decreaseof PaO2 or pH, or anincreasein PaCO2 [15,16].Itskovitzetal.reportsignificant
reductionsin PO2during 25,50,75and100%UCOsof 40secondsin duration [17]. Several
experimentalstudiesof brief repeatedasphyxiain fetalsheephaveshowndecreasein PaO2

afterafewminuteof asphyxia[5,6,18,19].Smolichetal.,in two animalstudies,founda
markedfall in oxygenlevelsduring occlusion,occurringat15seconds[20,21].Previousstud-
ieshavehighlightedthatchemoreflexactivationisdelayedbyseveralsecondsafterthecarotid
bodyhavesensedachangein PaO2, [16,22].This further delaysthepossibleactivationof the
chemoreflexwhenchemoreceptorshavesensedachangein bloodgases.AsdescribedbyLear
etal.,thefirst 3±4secondsof thebrief-UCOareconsistentwith abaroreflex.However,they
havefound that theremainderof thedecelerationsareconsistentwith theperipheralchemore-
flex[23]. In KuÈnzel'sstudy,fetalsaturationdecreasedduring completecordocclusion[24].
Learetal.hasshownthat thecerebraloxygenation,measuredasthedifferencebetweenoxyhe-
moglobinanddeoxyhemoglobin(calleddelta-hemoglobin),fell in parallelwith FHRuntil the
FHRnadir [25]. Oxygenationmaydecreasedespiteno changein preductalPaO2 througha
drop in cardiacoutput.However,asdemonstratedbypreviousstudies,corticalbloodflow
(basedon laserDoppler)andcarotidbloodflow remainsstablefor severalminutesduring
evenprolongedUCO [26,27].Moreover,previousstudiesreportedthat themainstimulusof
peripheralchemoreceptorsat thecarotidandaorticbodyis thefall in PaO2 ratherthanO2

content(which isdeterminedby thehemoglobinconcentrationandits saturation)[16,22].
Hunter etal.showed,in pretermneonates<37 weeksgestationpopulation,no significantcor-
relationbetweencerebraloxygenationandarterialoxygenation(PaO2) [28]. No similarstudies
havebeenconductedin fetuses.However,Hunter etal.foundarapidly fall in corticaltissue
PaO2 during UCO [29]. In our study,PaO2 decreaseat theendof thethreeocclusions.How-
ever,wedid not performbloodgasesduring the1-minuteocclusionin eachprotocol.Wedid
not performcorticalbloodflow andmeasureof corticaltissuePaO2. Thenextstagewill beto
measurecorticalbloodflow andcorticaltissuePaO2, andto exploretheroleof thechemoreflex
during completeandbrief-UCO.

During 1minuteof UCO,wesawno evidenceof achangein myocardial��-adrenoceptor
activityon theFHR.Learetal.alsofound that theFHRwassignificantlylowerin thepropran-
olol groupduring all threeUCOsandinter-occlusionperiods[30]. Moreover,Galinskyetal
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showedadifferencein decelerationbetweenthecontrol andpropranololgroups[5]. However,
theexperimentalprocedurewasdifferent,astheumbilicalcordwasoccludedfor 2 min. In the
Galinskystudy,thedifferencein FHRbetweenthetwo groupsoccurmainlyafterthefirst min
of UCO or aftersuccessiveUCO.However,in bothstudies,FHRbaselinesweredifferent
betweenthecontrol andpropranololprotocols.In our study,FHRwasalsoexpressedas%of
changefrom baselineto comparetheFHRchangesbetweengroups.Our dataprovideevidence
thatFHRchangeduring the1-min UCO isnot influencedby ��1-adrenoceptorsactivity.Lear
etal.highlightedthatsympatheticactivationhaslimited effectson FHRduring repeatedepi-
sodesof brief UCO, indicatingthat theregulationof FHRmaybedueto otherstimuli, suchas
adrenalcatecholamines[10,21].Wedid not measurebloodcatecholamines.Thereisevidence
thatadrenalcatecholamineplasmaconcentrationsincreaseduring UCO [6,21].However,the
roleof theadrenalcatecholamineson theFHRispresentlyunclear,at leastduring thefirst
min of theUCO.Chemoreflexactivationisusuallyassociatedwith anincreasein sympathetic
output to increasetheMAP [6,15].Galinskyetal.haveconcluded,in amodelof sympathec-
tomy using6-hydroxydopamine(6-OHDA) with 2 minutesof UCO,that thesympatheticner-
voussystemsupportsarterialbloodpressureduring prolongedexposureto brief repeated
UCO with metabolicacidosis.Theyfound that in the6-OHDA group,only thefirst UCO was
associatedwith aninitial fall in MAP thatwasrecordedovertheremainderof theocclusion
period.Thereafter,sympathectomywasassociatedwith aninitial rapid increasein MAP dur-
ing occlusion,whichwasfollowedbyamorerapid fall in MAP during thefirst 60sof occlu-
sioncomparedwith controls[6]. The6-OHDA impairedtherateof fall of femoralvascular
conductance,i.e.,therateof femoralvasoconstriction.Wedid not studytheroleof thesympa-
theticnervoussystemon theperipheralvasoconstrictionduring UCO.In theGalinskyandthe
Learstudies,during 2 minutesof UCO,��-adrenoceptorblockadedid not modify theMAP
responseduring thefirst minuteof UCO,but only during thesecondminute [5,30].The
increasein arterialpressureduring UCO maybemediatedbyperipheralvasoconstriction,sug-
gestinganincreasein sympathetictoneor in adrenalcatecholaminesrelease,as��-adrenergic
peripheralagonist.However,wedid not evaluate��-adrenergicblockadein our study.More-
over,thecombinationof thepresentandpreviousstudies,catecholamineshaveagreaterrole
during moresevereepisodesof repeatedhypoxia,but lessroleduring moderatehypoxiaasin
thisstudy.Theinotropic roleof myocardial��-adrenergicactivityassociatedwith ��-adrenergic
peripheralactivitiescouldexplaintherisein MAP observedduring 1-minuteof UCO.More-
over,during UCO with theatropineprotocol,Galinskyetal.observedarisein MAP [5]. We
similarlyobservedthatMAP increasedwith bothatropineandcontrol protocols.Theycon-
cludedthat theriseof MAP in theatropinegroupreflectsmaintenanceof theFHRandcom-
binedventricularoutput.Smolichetal.havedemonstrated,in theinitial 30secondsof UCO,
that theleft ventricularoutputdid not decrease,contraryto theright ventricularoutputwhich
fall by20%,dueto areducedstrokevolumeassociatedwith increasedarterialbloodpressures.
Moreover,theyhavefound thatpreloadisnot reduced,further strengtheningtheargument
thatchangesin preloaddo not mediateintrapartumdecelerations[21]. Immediatelyafter
UCO release,wefoundahigherrisein MAP with theatropineprotocolthanwith thecontrol
protocolduring theearlystageof interocclusionperiod,whichcouldbeexplainedby therise
in FHRandcombinedventricularoutput.

After releasingcordcompression,bothsympatheticactivityandparasympatheticactivity
increased.Sixtysecondsaftercordrelease,MAP wasstill higherthanthatatbaselinedueto
sustainedstimulationof myocardial��-adrenoceptors,whichpropranololprevented.More-
over,anincreasein theparasympathetictonewasstill presentat that time becausearterial
pressurewashigherafteratropineinjection thanit wasin control fetallambs.At 4 minutes
afterocclusion,no differencein bloodpressurewasfoundamongtheprotocolswhen
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observingfor changein FHR,suggestingthatANSactivityreturnedto baseline.Sympathetic
activationmayindicatechemoreflexactivationduring thisperiod,assuggestedbyprevious
studies[5,6].An increasein sympatheticactivitymayexplainthesustainedincreasein blood
pressuredespitecordreleaseandrestorationof thelow-resistanceplacentalcirculation
[5,6,31].Activationof ��- and��-adrenoceptorsmayincreaseperipheralvasoconstrictionand
ventricularoutput [5,6].

Our resultsprovideadditionalinsightregardingtheroleof theANSduring laboranddeliv-
ery.Variabledecelerationsin theFHRarecommonlyseenon thecardiotocogram,whichis
usedto monitor fetalwell-being[1,2].Laborischaracterizedby intermittent andbrief episodes
of hypoxia(no morethan1 to 2minutes)during uterinecontractions[1,2].Thesedecelera-
tionsmayresult,at leastin part,from umbilicalcordcompression,suchasduring cordpro-
lapse.However,cordcompressionisunlikely to bethemaincauseof FHRdecelerationsin the
majority of labors[7±9].Indeed,fetalheadcompressionhasbeenreported,byPareretal.,to
beresponsiblefor earlyFHRdecelerations,dueto atransientchangein cerebralbloodflow
resultingin vagaldischarge[32]. Theytheorizethatcordocclusionis likely thecauseof many
variableFHRdecelerationsin thefirst stageof activelabor,andthatheadcompressionis
responsiblefor decelerationsin thesecondstageof labor[31]. However,Learetal concluded
that fetalheadcompressionwasunlikely to beamajorcontributor to intrapartumdecelera-
tionsduring themajority of labors[3,33].However,asdescribedbyParerandLear,vagal
reflexis involvedin FHRdecelerationwhatevertheetiology(umbilicalcordcompressionor
headcompressionor both) [32,33].Understandingthenatureof thereflexesinvolvedin decel-
erationmayhelpusunderstandwhatcauseschangesin fetalhomeostasisandtheresponseof
thefetus.Sympatheticactivityisessentialfor maintainingperipheralvasoconstrictionand
arterialpressureduring repeatedcordcompression[5,10].Parasympatheticactivityis involved
in thedecreasein FHR,asobservedin dailyclinicalpractice.Understandingthephysiological
control of adaptationisof fundamentalimportanceto recognizingwhenfetalautonomicadap-
tation isno longerefficientfor thefetus.

Our studyhadseverallimits. First,despitemanysimilaritiesexistingbetweensheepand
humangestation,thereproducibilityof our observationsandtheextrapolationto thehuman
fetusmustbeconsideredwith caution.Second,althoughour modeldid not useor accurately
representaspecificinsult during labor,weevaluatedFHRdecelerationin UCO usingmethods
describedbyothers[5,6,10,17].Evenif UCO isoneof thecausesof fetalbradycardia,thecon-
clusionmaybeinterpretedonly in thecaseof completeandbrief UCO during labor,particu-
larly during cordprolapse.Othermechanismshavebeendescribed,suchasplacentaor head
compression,but theconclusionscannotbeextrapolatedto thispresentstudy[7,8].Moreover,
wedid not evaluatetheeffectof uterinecontractionson theonsetof FHRdecelerations,as
observedin humanfetuses,or theroleof uterinecontractionson sympatheticor parasympa-
theticstimulationduring labor.Indeed,uterinecontractionscouldinduceasympathetic
responsein fetusesto preventheartratedecelerations,asmanifestedbyanaccelerationduring
thecontraction.Thesheepfetushasno forewarningof theocclusion,no premonitoryincrease
in intrauterinepressureor option for anticipatorysympatheticoutput.It wouldbeimportant
to illustratetheseresponsesin theexperimentalanimalsaswell.Moreover,wedid not study
thevasomotorcomponent,whichwouldprovidegreaterinsightof reflexes.In addition,before
occlusion,lactatelevelswerebetween1 and2 mmol/l. However,otherparameterswerenor-
mal,andtheliteraturereportedthesamelactatelevels[34]. In addition,wedid not studythe
vasomotorcomponent.Wedid not performprotocolwith ��-blockade.Moreover,wedid not
attemptto distinguishbetweenthereflexes;theaimwasto examinetheroleof theparasympa-
theticandsympatheticactivityin changesin FHRandin arterialpressureduring UCO.
Finally,wedid not performbloodgasesduring UCO.
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Conclusion
Thisstudyinvestigatedtheroleof parasympatheticactivityandsympatheticactivityin FHR
andarterialpressureduring andafterUCO.Oneminuteof UCO-inducedFHRdeceleration
wascausedbyanelevationin parasympatheticactivity.Furthermore,weshowedthatmyocar-
dial ��-adrenoceptoractivity,whichis involvedin theincreasein MAP. Theseresultsindicate
that it ispossiblethat thebaroreflexandchemoreflexarenot theonly reflexesinvolvedduring
theearlyphaseof UCO-inducedFHRdeceleration.SeveralmethodsuseFHRvariability,
whichreflectsANScontrol of thesinusnode,to assessfetalwell-being[35,36].Furtherstudies
arerequiredto gainabetterunderstandingof howthefetalautonomicsystemadaptsover
time to decreasesin PaO2 andto hypoxiaafterrepeatedUCO.

Acknowledgmen ts
Pregnanteweswerehostedandcaredfor in theExperimentalResearchDepartmentof Lille
UniversityHospitalunderthedirectionof Prof.T. Hubert (agreementD59-35010).Wewould
like to thankEditage(www.editage.com)for Englishlanguageediting.

Author Contributions
Conceptualization:MorganRecher,Arthur LauriotDit Prevost,Dyuti Sharma,Laurent

Storme.

Data curation: MorganRecher,Arthur LauriotDit Prevost.

Formal analysis:MorganRecher,Arthur LauriotDit Prevost,JulienDeJonckheere.

Investigation:MorganRecher,Arthur LauriotDit Prevost,Dyuti Sharma.

Methodology:MorganRecher,JulienDeJonckheere,CharlesGarabedian,LaurentStorme.

Projectadministration: CharlesGarabedian,LaurentStorme.

Software:JulienDeJonckheere.

Supervision:JulienDeJonckheere,LaurentStorme.

Validation: JulienDeJonckheere,CharlesGarabedian,LaurentStorme.

Writing ± original draft: MorganRecher,LaurentStorme.

Writing ± review& editing: MorganRecher,Dyuti Sharma,JulienDeJonckheere,Charles
Garabedian,LaurentStorme.

References
1. Ugwumadu A. Are we (mis)guided by current guidelines on intrapartum fetal heart rate monitoring?

Case for a more physiological approach to interpretation. BJOG Int J Obstet Gynaecol. 2014; 121:
1063±1070. Erratum in: BJOG. 2015;122: 599. https://doi.org/10.1111/1471-0528.12900 PMID:
24920154

2. Pinas A, Chandraharan E. Continuous cardiotocography during labour: Analysis, classification and
management. Best Pract Res Clin Obstet Gynaecol. 2016; 30: 33±47. https://doi.org/10.1016/j.
bpobgyn.2015.03.022 PMID: 26165747

3. Lear CA, Galinsky R, Wassink G, Yamaguchi K, Davidson JO, Westgate JA, et al. The myths and physi-
ology surrounding intrapartum decelerations: the critical role of the peripheral chemoreflex. J Physiol.
2016; 594: 4711±4725. https://doi.org/10.1113/JP271205 PMID: 27328617

4. Garabedian C, De Jonckheere J, Butruille L, Deruelle P, Storme L, Houfflin-Debarge V. Understanding
fetal physiology and second line monitoring during labor. J Gynecol Obstet Hum Reprod. 2017; 46:
113±117. https://doi.org/10.1016/j.jogoh.2016.11.005 PMID: 28403965

PLOS ONE Autonomic nervous system and cardiovascular response to umbilical occlusion

PLOS ONE | https://doi.org/10.1371/journal.pone.0254155 July 6, 2021 12 / 14

http://www.editage.com
https://doi.org/10.1111/1471-0528.12900
http://www.ncbi.nlm.nih.gov/pubmed/24920154
https://doi.org/10.1016/j.bpobgyn.2015.03.022
https://doi.org/10.1016/j.bpobgyn.2015.03.022
http://www.ncbi.nlm.nih.gov/pubmed/26165747
https://doi.org/10.1113/JP271205
http://www.ncbi.nlm.nih.gov/pubmed/27328617
https://doi.org/10.1016/j.jogoh.2016.11.005
http://www.ncbi.nlm.nih.gov/pubmed/28403965
https://doi.org/10.1371/journal.pone.0254155


5. Galinsky R, Lear CA, Yamaguchi K, Wassink G, Westgate JA, Bennet L, et al. Cholinergic and ��-adren-
ergic control of cardiovascular reflex responses to brief repeated asphyxia in term-equivalent fetal
sheep. Am J Physiol Regul Integr Comp Physiol. 2016; 311: R949±R956. https://doi.org/10.1152/
ajpregu.00340.2016 PMID: 27654399

6. Galinsky R, Jensen EC, Bennet L, Mitchell CJ, Gunn ER, Wassink G, et al. Sustained sympathetic ner-
vous system support of arterial blood pressure during repeated brief umbilical cord occlusions in near-
term fetal sheep. Am J Physiol Regul Integr Comp Physiol. 2014; 306: R787±R795.https://doi.org/10.
1152/ajpregu.00001.2014 PMID: 24647590

7. Sholapurkar SL. Is the hypothesis that the commonest fetal heart rate decelerations are caused by
peripheral chemoreflex due to fetal hypoxaemia correct? J Physiol. 2017; 595: 6077±6080. https://doi.
org/10.1113/JP274478 PMID: 28856753

8. Sholapurkar SL. Critical imperative for the reform of British interpretation of fetal heart rate decelera-
tions: Analysis of FIGO and NICE guidelines, post-truth foundations, cognitive fallacies, myths and
Occam's razor. J Clin Med Res. 2017; 9: 253±265. https://doi.org/10.14740/jocmr2877e PMID:
28270884

9. SunderstroÈm A, RoseÂn D, RoseÂn KG. EFM physiology. Fetal Surveillance. Neoventa Medical: MoÈlndal,
Sweden; 2000.

10. Lear CA, Galinsky R, Wassink G, Mitchell CJ, Davidson JO, Westgate JA, et al. Sympathetic neural
activation does not mediate heart rate variability during repeated brief umbilical cord occlusions in near-
term fetal sheep. J Physiol. 2016; 594: 1265±1277. https://doi.org/10.1113/JP270125 PMID: 25864517

11. Garabedian C, Champion C, Servan-Schreiber E, Butruille L, Aubry E, Sharma D, et al. A new analysis
of heart rate variability in the assessment of fetal parasympathetic activity: An experimental study in a
fetal sheep model. PloS One. 2017; 12: e0180653. https://doi.org/10.1371/journal.pone.0180653
PMID: 28700617

12. Sharma D, Coridon H, Aubry E, Houeijeh A, Houfflin-Debarge V, Besson R, et al. Vasodilator effects of
dehydroepiandrosterone (DHEA) on fetal pulmonary circulation: An experimental study in pregnant
sheep. PloS One. 2018; 13: e0198778. https://doi.org/10.1371/journal.pone.0198778 PMID: 29949623

13. Garabedian C, Aubry E, Sharma D, Bleu G, Clermont-Hama Y, Ghesqui�qreL, et al. Exploring fetal
response to acidosis in ewes: Choosing an adequate experimental model. J Gynecol Obstet Hum
Reprod. 2018; 47: 397±403. https://doi.org/10.1016/j.jogoh.2018.04.007 PMID: 29654942

14. De Jonckheere J, Logier R, Dassonneville A, Delmar G, Vasseur C. PhysioTrace: An efficient toolkit for
biomedical signal processing. Conf Proc IEEE Eng Med Biol Soc. 2005; 2005: 6739±6741. https://doi.
org/10.1109/IEMBS.2005.1616051 PMID: 17281820

15. Lear CA, Wassink G, Westgate JA, Nijhuis JG, Ugwumadu A, Galinsky R, et al. The peripheral chemor-
eflex: indefatigable guardian of fetal physiological adaptation to labour. J. Physiol 2018; 596: 5611±
5623. https://doi.org/10.1113/JP274937 PMID: 29604081

16. Kumar P, Prabhakar NR. Peripheral chemoreceptors: function and plasticity of the carotid body. Compr
Physiol. 2012; 2: 141±219. https://doi.org/10.1002/cphy.c100069 PMID: 23728973

17. Itskovitz J, LaGamma EF, Rudolph AM. Heart rate and blood pressure responses to umbilical cord com-
pression in fetal lambs with special reference to the mechanism of variable deceleration. Am J Obstet
Gynecol. 1983; 147: 451±7. https://doi.org/10.1016/s0002-9378(16)32243-8 PMID: 6624814

18. Bennet L, Rossenrode S, Gunning MI, Gluckman PD, Gunn AJ. The cardiovascular and cerebrovascu-
lar responses of the immature fetal sheep to acute umbilical cord occlusion. J Physiol. 1999; 517: 247±
257. https://doi.org/10.1111/j.1469-7793.1999.0247z.x PMID: 10226163

19. Bennet L, Westgate JA, Liu Y-CJ, Wassink G, Gunn AJ. Fetal acidosis and hypotension during
repeated umbilical cord occlusions are associated with enhanced chemoreflex responses in near-term
fetal sheep. J Appl Physiol. 2005; 99: 1477±1482. https://doi.org/10.1152/japplphysiol.00431.2005
PMID: 15976361

20. Smolich JJ, Kenna KR, Cheung MM. Onset of asphyxial state in nonrespiring interval between cord
clamping and ventilation increases hemodynamic lability of birth transition in preterm lambs. J Appl Phy-
siol. 2015; 118: 675±83. https://doi.org/10.1152/japplphysiol.01147.2014 PMID: 25614604

21. Smolich JJ, Kenna KR, Phillips SE, Mynard JP, Cheung MMM, Lambert GW. Characteristics and physi-
ological basis of falls in ventricular outputs after immediate cord clamping at delivery in preterm fetal
lambs. J Physiol. 2021. https://doi.org/10.1113/JP281693 PMID: 34101823

22. Kara T, Narkiewicz K, Somers VK. ChemoreflexesÐphys iology and clinical implications. Acta Physiol
Scand. 2003; 177: 377±384. https://doi.org/10.1046/j.1365-201X.2003.01083.x PMID: 12609009

23. Lear CA, Kasai M, Booth LC, Drury PP, Davidson JO, Maeda Y, et al. Peripheral chemoreflex control of
fetal heart rate decelerations overwhelms the baroreflex during brief umbilical cord occlusions in fetal
sheep. J Physiol. 2020; 598: 4523±4536. https://doi.org/10.1113/JP279573 PMID: 32705685

PLOS ONE Autonomic nervous system and cardiovascular response to umbilical occlusion

PLOS ONE | https://doi.org/10.1371/journal.pone.0254155 July 6, 2021 13 / 14

https://doi.org/10.1152/ajpregu.00340.2016
https://doi.org/10.1152/ajpregu.00340.2016
http://www.ncbi.nlm.nih.gov/pubmed/27654399
https://doi.org/10.1152/ajpregu.00001.2014
https://doi.org/10.1152/ajpregu.00001.2014
http://www.ncbi.nlm.nih.gov/pubmed/24647590
https://doi.org/10.1113/JP274478
https://doi.org/10.1113/JP274478
http://www.ncbi.nlm.nih.gov/pubmed/28856753
https://doi.org/10.14740/jocmr2877e
http://www.ncbi.nlm.nih.gov/pubmed/28270884
https://doi.org/10.1113/JP270125
http://www.ncbi.nlm.nih.gov/pubmed/25864517
https://doi.org/10.1371/journal.pone.0180653
http://www.ncbi.nlm.nih.gov/pubmed/28700617
https://doi.org/10.1371/journal.pone.0198778
http://www.ncbi.nlm.nih.gov/pubmed/29949623
https://doi.org/10.1016/j.jogoh.2018.04.007
http://www.ncbi.nlm.nih.gov/pubmed/29654942
https://doi.org/10.1109/IEMBS.2005.1616051
https://doi.org/10.1109/IEMBS.2005.1616051
http://www.ncbi.nlm.nih.gov/pubmed/17281820
https://doi.org/10.1113/JP274937
http://www.ncbi.nlm.nih.gov/pubmed/29604081
https://doi.org/10.1002/cphy.c100069
http://www.ncbi.nlm.nih.gov/pubmed/23728973
https://doi.org/10.1016/s0002-9378%2816%2932243-8
http://www.ncbi.nlm.nih.gov/pubmed/6624814
https://doi.org/10.1111/j.1469-7793.1999.0247z.x
http://www.ncbi.nlm.nih.gov/pubmed/10226163
https://doi.org/10.1152/japplphysiol.00431.2005
http://www.ncbi.nlm.nih.gov/pubmed/15976361
https://doi.org/10.1152/japplphysiol.01147.2014
http://www.ncbi.nlm.nih.gov/pubmed/25614604
https://doi.org/10.1113/JP281693
http://www.ncbi.nlm.nih.gov/pubmed/34101823
https://doi.org/10.1046/j.1365-201X.2003.01083.x
http://www.ncbi.nlm.nih.gov/pubmed/12609009
https://doi.org/10.1113/JP279573
http://www.ncbi.nlm.nih.gov/pubmed/32705685
https://doi.org/10.1371/journal.pone.0254155


24. KuÈnzel W, Mann LI, Bhakthavathsalan A, Airomlooi J. Cardiovascular, metabolic and fetal brain function
observation following total cord occlusion. J Perinat Med. 1980; 8: 73±84. https://doi.org/10.1515/jpme.
1980.8.2.73 PMID: 7400919

25. Lear CA, Kasai M, Booth LC, Drury PP, Davidson JO, Maeda Y, et al. Peripheral chemoreflex control of
fetal heart rate decelerations overwhelms the baroreflex during brief umbilical cord occlusions in fetal
sheep. J Physiol. 2020; 598: 4523±4536. https://doi.org/10.1113/JP279573 PMID: 32705685

26. Drury PP, Bennet L, Booth LC, Davidson JO, Wassink G, Gunn AJ. Maturation of the mitochondrial
redox response to profound asphyxia in fetal sheep. PLoS One. 2012; 7: e39273. https://doi.org/10.
1371/journal.pone.0039273 PMID: 22720088

27. Wassink G, Galinsky R, Drury PP, Gunn ER, Bennet L, Gunn AJ. Does Maturity Affect Cephalic Perfu-
sion and T/QRS Ratio during Prolonged Umbilical Cord Occlusion in Fetal Sheep? Obstet Gynecol Int.
2014; 2014: 314159. https://doi.org/10.1155/2014/314159 PMID: 24693290

28. Hunter CL, Oei JL, Lui K, Schindler T. Cerebral oxygenation as measured by near-infrared spectros-
copy in neonatal intensive care: correlation with arterial oxygenation. Acta Paediatr. 2017; 106: 1073±
1078. https://doi.org/10.1111/apa.13848 PMID: 28349556

29. Hunter CJ, Bennet L, Power GG, Roelfsema V, Blood AB, Quaedackers JS, et al. Key neuroprotective
role for endogenous adenosine A1 receptor activation during asphyxia in the fetal sheep. Stroke. 2003;
34:2240±5. https://doi.org/10.1161/01.STR.0000083623.77327.CE PMID: 12933964

30. Lear CA, Beacom MJ, Kasai M, Westgate JA, Galinsky R, Magawa S, et al. Circulating catecholamines
partially regulate T-wave morphology but not heart rate variability during repeated umbilical cord occlu-
sions in fetal sheep. Am J Physiol Regul Integr Comp Physiol. 2020; 319: R123±R131. https://doi.org/
10.1152/ajpregu.00026.2020 PMID: 32491938

31. Gaillot T, BeucheÂe A, Jaillard S, Storme L, Nuyt AM, CarreÂF, et al. Influence of sympathetic tone on
heart rate during vagal stimulation and nitroprusside induced hypotension in ovine fetus. Auton Neu-
rosci Basic Clin. 2005; 123: 19±25. https://doi.org/10.1016/j.autneu.2005.08.001 PMID: 16213193

32. Parer JT. Obstetrics and gynecology-epitomes of progress: two mechanisms of late decelerations:
reflex and myocardial hypoxia. West J Med. 1981; 1346: 530±531. PMID: 18748893

33. Lear CA, Galinsky R, Wassink G, et al. Reply from Christopher A. Lear, Robert Galinsky, Guido Was-
sink, Kyohei Yamaguchi, Joanne O. Davidson, Jenny A. Westgate, Laura Bennet and Alistair J. Gunn. J
Physiol. 2017; 595: 6081±6083. https://doi.org/10.1113/JP274800 PMID: 28856754

34. Ross MG, Jessie M, Amaya K, et al. Correlation of arterial fetal base deficit and lactate changes with
severity of variable heart rate decelerations in the near-term ovine fetus. Am J Obstet Gynecol. 2013;
208: 285.e1±285.e2856. https://doi.org/10.1016/j.ajog.2012.10.883 PMID: 23107611

35. Romano M, Iuppariello L, Ponsiglione AM, Improta G, Bifulco P, Cesarelli M. Frequency and time
domain analysis of foetal heart rate variability with traditional indexes: A critical survey. Comput Math
Methods Med. 2016; 2016: 9585431. https://doi.org/10.1155/2016/9585431 PMID: 27195018

36. Shaw CJ, Allison BJ, Itani N, Botting KJ, Niu Y, Lees CC, et al. Altered autonomic control of heart rate
variability in the chronically hypoxic fetus. J Physiol. 2018; 596: 6105±6119. https://doi.org/10.1113/
JP275659 PMID: 29604064

PLOS ONE Autonomic nervous system and cardiovascular response to umbilical occlusion

PLOS ONE | https://doi.org/10.1371/journal.pone.0254155 July 6, 2021 14 / 14

https://doi.org/10.1515/jpme.1980.8.2.73
https://doi.org/10.1515/jpme.1980.8.2.73
http://www.ncbi.nlm.nih.gov/pubmed/7400919
https://doi.org/10.1113/JP279573
http://www.ncbi.nlm.nih.gov/pubmed/32705685
https://doi.org/10.1371/journal.pone.0039273
https://doi.org/10.1371/journal.pone.0039273
http://www.ncbi.nlm.nih.gov/pubmed/22720088
https://doi.org/10.1155/2014/314159
http://www.ncbi.nlm.nih.gov/pubmed/24693290
https://doi.org/10.1111/apa.13848
http://www.ncbi.nlm.nih.gov/pubmed/28349556
https://doi.org/10.1161/01.STR.0000083623.77327.CE
http://www.ncbi.nlm.nih.gov/pubmed/12933964
https://doi.org/10.1152/ajpregu.00026.2020
https://doi.org/10.1152/ajpregu.00026.2020
http://www.ncbi.nlm.nih.gov/pubmed/32491938
https://doi.org/10.1016/j.autneu.2005.08.001
http://www.ncbi.nlm.nih.gov/pubmed/16213193
http://www.ncbi.nlm.nih.gov/pubmed/18748893
https://doi.org/10.1113/JP274800
http://www.ncbi.nlm.nih.gov/pubmed/28856754
https://doi.org/10.1016/j.ajog.2012.10.883
http://www.ncbi.nlm.nih.gov/pubmed/23107611
https://doi.org/10.1155/2016/9585431
http://www.ncbi.nlm.nih.gov/pubmed/27195018
https://doi.org/10.1113/JP275659
https://doi.org/10.1113/JP275659
http://www.ncbi.nlm.nih.gov/pubmed/29604064
https://doi.org/10.1371/journal.pone.0254155

