Stress and
Developmental

Programming ot
Health and Disease

Beyond Phenomenology

Lutbo Zhany, Ph.D.
: Lawrmce DaLongo, M.D.

\ Editors

o< 0 Z

B
i
@)
m
e
1efS
ke
G

W Public Health in the 21 Century




PuBLIc HEALTH IN THE 21" CENTURY

STRESS AND DEVELOPMENTAL
PROGRAMMING OF HEALTH
AND DISEASE

BEYOND PHENOMENOLOGY

o part of this digite]l dooamert may be reprodiaced, stored ihoa retrieral system of tanam iited i aty fom or
Ty ey meate . The podb licher has tabier reasoriable care i the preparation of this digfmldoom ent it mabes 1o
apressed @ mplied Wty of ary kid and woames we epansbilty o aor emas of anissdans. Ho
liability is asamed for dwide] or corsequertnal damage s T corhection with or ardsi of o Ffomation
cifaired here i, Thic dizkal donmert & soldwththe clear wrderctaridivg that fhe publisker & rot aenzed b
rerderitg legnl, m edical ar sy ofher profe seiora lcermices .



PuBLIc HEALTH I¥ THE 21 CENTURY

STRESS AND DEVELOPMENTAL
PROGRAMMING OF HEALTH
AND DISEASE

BEYOND PHENOMENOLOGY

Lueo ZHANG, PH.D.
AND
LAWRENCE D. LoNGoO, M.D.
EDITORS

Mew Fork



Coprright @ 2014 by Mowa Jcietce Publishers, Ine.

All righis rererved. Mo part of this book may be reproduced, stored in a retneval sytem or
transmitted in any form or by any means: electrome, electrostatic, magnetic, tape, mechanical
rhotocopyang, meording or otherarise withouat the wntten pernussion of the Pub lisher.

For permssion to use material from this book please cortactus:
Telephore 831-231-7268; Fax 651-2518175
"Web Site: hitp:ihananar novapub lishers .com

NOTICETOTHE READER

The Pablisher has taken reasonable care in the preparation of this boaolk, but makes 1o expressed or
inplied warranty of any land ard assumes no responsibility for any emors or onussions. Mo
Lability 15 asmamed for meidental or consequential damages m coomecton with or ansing ot of
mfoemabhon contaned m this book The Publisher shall not be lable for any special
comsequertial, or exemplary damages resaling, in whole cx i part, fiom the readers” use of, or
reliance upon, this maternial. Any parts of this book based on gowenument ®ports are so indicated
and copynght s clamed for those parts to the extert applicable fo compilatons of sachworks.

Independent verification should be sought for any data, advice or recommendations contained in
thus book. In addition, no res ponstbility 1s assumed by the publisher for any mmry andior damagze
to persons or pwperty arising fromn any methods, products, imstmebons, ideas or otherarise
contained inthis pablicaton.

This publication is designed to provide acourate and athortative irformation with regard to the
subject matter covered herem. It 1s sold with the clear urderstarding that the Publisher 15 not
engaged in rendemwng legal or any other professional services. If legal or amy other expert
asslstance 15 requaired, the services of a competent person should be sought. FEORM 4

DECLARATION OF PARTICIPANTS JOINTLY ADCPTED BY 4 COMMITTEE OF THE
AMERICAN BAR AS0OCIATION AND 4 COMMITTEE OF FUELIGHERS .
Addibonal color graplucs may be avalable inthe e-bock wes1onof ths book.

Library of Congress Catabging-in-Publication Data

IZEM:978-1-03463-370-3 (e Book)

Published by Nove Stience Publishers, e F Mew York



Contents

Preface
Ackoow led gmeins
Chapier 1 Developmerntal Origing of Health and Thsease -
The Past and the Futire
Poter I Gl bnen and Taffana Buldifas
Chaptex 2 Progrararming and the Barker Hypothesis
Eeni Thornburg, Andrew J. Paffersonand Lubo Zhang
Chapter 3 Stress and Prog raroeaing of Detabolic Disease
dong Zhan g Shert Lig, Disa M Meholas
Feewen Raffenairay, Janna L. Morrizon
end I Caroling MeMillen
Chapter 4 The Stess of Cleonic Hipoztia in Fetal Growth Restric tion:
Sorne Physiological Considerations
Lawrence I Lomgo and Rawi Gopal
Chapter 5 Fetal Stress and Growth Restric tion at High &ltitade
Lawrence I Longo and Rl Gopal
Chapter i The Developing Bram: What is the Role of Antenatal
Stress-Nediated Epigenstics?
Lawrence I Longo, Inbo Zhang and Ravi Gopal
Chaptexr 7 Dl ternal Cardiceascular daptation and Uterine
Cireulation: Physiology and Pathophysiolog
Fonald B Magness and Sfephen P Ford
Chapier 3 The Riole of the Placenta in Fetal Programming
Johm B G Chellis, Eenf Thornburg and Felice Petragha
Chapier? Stress and Mlaternal Besponse: Preeclampeia and Its

Tropact on Offspring Health
Micholas Parchim, Takauld Fipama,
Haide Ashimi and Tang Sia

vii

13

&7

131

162

230

341

s

387



Cordents

Chapter 10

Chapter 11

Chapter 12

Chapter 13

Chapter 14

Chapter 15

Chapter 16

Chapter 17

Chapter 18

Index

Stress and the HPL Loz Besponse: The Owvine iodel
of Developrnental Prograraming
Dean A Myers and Charles A Ducaqy

Increased Central and Peripheral Glucocorticoid 5 yrthesis
Lot g an Owhestrator of Developmental Prograrmraing
Elena Zambrano, Meermaimaifi Taersunjiang,

Mathan M Long, Chumming Guo, Eang S,

Lawra A Cox, Sephen P Ford,

Fefer W Mathamielsz and Cun L

Barlsy Life Stress and Predisposiion o Cardicrrascular Disease
D A Fussani and M. A Hanson

Stress and Preterrn Birth
Inge Chrisfigens Dhvid M. Olson
and Gerlinds A Mefz

Sex Dirorphisro in Develo proental Prograrardng of
Health and Disease
Ermpe Saéhishhemar and Chaendra Fallampelli

Epigenetic hechanismns in Deve lopene ntal Prograrrning
of Health and Disease
Fuxia Kiong, Lawrence I Longo and Lubo Zhang

Stress, the Irrnune 5 yetern and Cancer
Fomefia M Williams and Fenelope Duerksen-Hughes

Developrrental Progravaring of Telorners Biology
Raole of Stress and Stress Biology
Lowfa Enfringer and Paihilk Wadhwa

Crardal Compre ssion Ischernic Encephalopathsr
Fetal Menrological Injury Belated to the WEchanical
Forces of Labor and Delivey

Earrp 5 Schifein, Piorre Dopmicr

and Wapne B Cohen

427

463

487

=00

541

550

601

633

651

Y



Preface

Stress is a constant experience and threat theoughout life . In bis rmonare ntal volame The
phyology and pethology of exposire fo Sress, the WeGill University endocrinologist, Hans
Selw (1907-1982), oheerved that stress to the orgarndswy in essertally any of its forms -
dietary ervironmental disease, and others — could result in czllular, horronal, and related
darnage, with the body mounting a response he termed the “General- fdaptation-5 yndrome™
(Selwe, 19500, Witing wears before many of the nuances of hiochemical and molecular
mechanizsms were established, and before the phenomenon of epizenesis was appreciated
Selwe errisioned an orchestrated brain o tsse systern-wide hiological defensive response to
the challenge of stress of whatever orgin, Subseguent irrestization has clarified that while
stress of relattvely short duration is often followed by successfil adaptation, that of longer
duration andior repeated insult mary result in cell damage and death (Bale et al, 2010;
WeEwen, 2004).

In the present wolurne, we have atterpted to bring together some of the latest thinking on
the role of antenatal ervdrorrnental stress to the pregnant mother and the deseelopenental
origing of health and diseases in the adult Since the earliest days that Dawid I. Barker (1937-
2013}, those before hir, and others first ariculated this ThesisHypothesis, epidermiologists
havee explored its many facets. Az iz well koown, these include bmt not liwdted to
cardiovascular diseases (hyperersion, ischemic heart dizease, cerehrovascular accident),
tne tabolic syndrorneftype 2 disbe tes, schizophrenia and other newropewehiatric diseases, and
sorne cancers. It is a dizzying array of a moultitode of serious disorders, the fundarental
pthophysiology of which litfle is knowr. Deweloping the epiderdologic associations for
these conditions to stress i wfere often has not been easy, and at tirmes, has been labeled as
desc rptre .

This depiction iz unfortunate. For it is by establishing such relationships that one can
postulate hypothesis as to the marmer of orgin and their fundarmental mechanisms. Even so,
as one journeye through the several hierarchical levels of organ, tissue, cell, subcellnlar, and
molecular, too often we discover that we have only parted diseosvery of the fimdarme ntal
e chanisms farther down into the morass of corplexity within the organisn.

In the present collection of essaye, each anthor has atternpted to bring the latest, deepest
thirking to bear on the subject. This includes providing bac kground for rationale of the studsy,
sorne details bt more general principles of the methodologic aspects of study, findings of
conse guence, and the iv interpre tation. Fach of the se Chapters has the goal of understanding, at
adeeper level the reaning of the vestigation.
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We trust that this offering may provide the reader with a more profound grasp of the
issues irrvolved, the coraplexity of the problern, and the diversity of challenges that lie ahead.
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Chapter 18

Cranial Compression Ischemic
Encephalopathy: Fetal Neurological
Injury Related to the Mechanical
Forces of Labor and Delivery

Bary 8. Schifrin’’, Pierre Deymizr® and Wayne R. Cohent’
'Formetly, Ohstetrics & Gynecology, University of S outhern California School of
Medicine, Los Angeles, Califorria T3
Materials Science and Engneering University of Arizong, Tocson, Avizona, 113
Dbstetrics and Gymecology, Uriversity of Arizona College of Medicine
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Abstract

Intraparbm evernts mehding asphweeia m tern fetises accomant for sigrificant
ammnts of subsequent reurological hardicap, imcluding cersbral palsy [CPL The
prevention of such handicap is a major jus ification for fetal sureeillance during labor as
well as for the increasing cesarean delivery rate. Despite the perwasive application of
electrome fetal heart mte (FHE) momtonng for the detection of ftal asplyia and the
1IsINg ces awe an rate, there has been no dumimition of the rates of CF, neonatal seimiws or
reonatal encephalopathy, despite a reduchon m the frequency of stillbirth athibutable o
asphynia

Fetal renrological rgury dunng labor may result fom mecharical forces associated
with excessive uterine actvity, molonged labor, marked mwolding, malposibon and
diffirult delivery, althomgh such events cwmrrently are not conmnonly comwidered as an
explanabon for adverse neurological outeomes. In this review we tace the development
of the understarding of the forces of labor as a mecharusm of fetal head tranmma and
mubsequent fetal reurological inmry. Inso doing, we lustrate the lmmtatioss of classical
mterpretations of fetal heart rate patterns and newroradiclogical mmaging used for the
detection and tmung of mpury. BEellance upon these approaches has inpeded oar

" Caresponding ather: Bary 5. Schirr, MD, bpn, ., 9018 Balbo Eled #5935, Hortlridge, A, TTSA, Puone:
+ 18139071877, Fax: +1 818 907 1477, Einail beckif konddfa ol
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understanding of deleterions mecharical effects on fetal cewbral perfision dunng labor.
We propose the concept of cramal conpression schemic encephalopathy (CCIE) ard
present a strategy for the recogzribon and manazement of related, comectable obste hacal
factors that predispose the fetas to hypoorie-1s che nuc inpary.

Eeywords: &sphyxia, cerebral palsy, crardal cornpre ssio b, etce phalopathey, fetal nenrological
mjursy; hypoxia, neonatal seizure

Introduction

Despite widelyvarving estitnates of the relationship of pernatal asphonial to subsequernt
fetal newrological injury, genetal consensus exists that intraparhom events at ferm account for
a significant percentage of cases of cerebral palsy (CF) (Blair and Stanlew 1928, Haghers et
al., 2001). Prevention of reurological imjury is a major justification for indrapartum fital
survelllance and the reliance on cesarean delmery(Himmme lnann etal, 2011). Becent decades
hewe zeen a changing panorama in perimatal outcoree statistics. While here have heen
dramatic reductions in intrapartum shillbirths and complications athibutable to mtrapariorm
asphyia, there has been no dirnirution in the frequenc v of CF, neonatal seizores or neonatal
ercephalopathy in terra infants (Foley et al, 2005, Perlnan, 2006, Walsh et al, 2008).
Indeed, the rnajority of babies with encephalopathy of perinatal ongin are neither severely
acidotic nor sewverely coraproraised at birth, their ischeric brain irjuries may not even be
ide ntified during the neonatal perod (Yeh et al, 2012). Fartherrnore, in addition to classical
ichemic lesions detectabls on neumradielogical exarmination, hemomnhagic lesions and
ischerde stroke are mow corammon newroradiological diagnoses (Laugesaar et al, 2007,
Takenouchd et al., 2012}, The presence of non-classical iacherde lesions and the declining
prevalence of asphymia strongly suggest that mechanisms other than severe asphoyria have
substantial influence on newrologic outcomes (Femiero, 2004, ieLean and Ferriero, 20043

The idea that fetal newrological njury can result from mechanical forces of labor is
certries old (Awmiel-Tisor, 1982). In cwrrent practice, howeser, such forees are generally not
corsidered an underlying mechanism for many of the adwerse newological outcomes in the
perinatal period (Wloray et al, 20090, This review traces the developerent of and roadblocks
to urdemtanding this relationship and llustrates the benefits and lirnitations of corterporary
swrveillance and diagnostic technicues in preventing the potentially correctable obstetrical
fac tors that predispose the fetus to this type of ingary.

The earliest reference to the interaction between the fetal head and the matemal pelvis
was that of the Dutch obate trician He ndrik sran Deverder (1651-1724) whio called attertion to
contracture of the pelvis as a factor in delawed or difficult labor, and suzgested that molding
of the fetal head could result in brain inpory (Ernewall, 1960). In 1752, William 5 melle
(1697-1763) called afterdion to the dangers of trawrna and excessive molding (Foberts et al,
2010, Sroellie, 1752

By the middle of the 19™ century; the notion that the forces of labor and delivery can
mjure the brain recerved compelling support from William Little (1210-1294), a London
orthopedist. Little described “shundant instances of defbrmities arising after birth from
disorders of the nervous systern: disorders of nubtitior, affecting the musenlar and osseons
stuctures) disorders frorn malposition and +dolence™ (Little, 1262). In those irfants who
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survTved, he foplicated difficult ldbors and mechanical injuries to the head and neck in later
disorders of poshire (Little, 1862, Unlike the previously held belief that the infant either
survived the rigors of birth intact or died, LitHle esponsed a “third option™ for reproducti=e
casualty in that “many cases of deformity, [both] mental and physical, [were] traceable to
potenfiallydangerons forces of lahor and delreryinelnding an increased intranterine pressure
attendant to contractions™ (Little, 1262, For many wars thereafter, the afflicion we call
cerebral palsy was refemed fo as “Little s disease™ (Se hafrin and Longo, 20007

Despite obrvious advance ments in medical science and in clinical practice since Little’s
firne, even up to the present daw, nothing has ratizated the notion that excessive uterine
activity and corpresstve forces on the fetal skull have the potential to injure the fetal brain
during labor and delrvery. In 1925, MH. Boberts found that more than 10% of infants suffer
trauma in the perinatsl period, and a senall fraction of these show conspicuous newrologic
deficits later (Foberts, 1925}, In 1930 [rving estitnated the incidence of tranma as the canse of
perinatal death to be 2% (Irving, 1930 These results ernphasizing the frequency of
intracrarial hernorhage and cerebral darnage in newborm infants "due to pressures on the fetal
head ™ acknowledge that birth “is a verytrammatic event” (Yates, 19590

Daring the 19605 and 19705 the prevalence of perinatal death decreased precipitounsly, a
gratifying trend, but one that rdght have confered newrologic oy on more surviving
children. DG, Wilson Clyne in Scofland and Gl B. Courville (1900-19658) and Hathan
Idalarand {1903-2000 ) in Califorua pablished detailed studies on stilbirths, neonatal, and
later deaths from their respec tive conwannities during that era (Clyne, 1964, Courville, 1963,
Mlalawmd, 1970). They confirtned that rnechanical tramma as well as lack of cxgen to the
fetal brain during labor and de ey carried serions consequences for swemval and subsecuent
motor and developenental handicap (Clyme, 1964, Cowrville, 1963, Mlalarand, 1970). The
postraortern data were weighted in the direction of sewere grades of newrological injury and
mental refardation (and death) and may not apply to the entive population of mental or
plumical subrorality related to birth, The role of birth trawrs in lesser degrees of handicap
waz largely unknown at the tire, although it was understood from the work of Little that
nenrological signs of birth injury ocour across a broad spectum of presentations (Perrose,
1963). Iorecreer, the walnable insights obtainable from magnetic resonance irnaging (IR,
diagnostic ultrasound, corpnterized axial tomographsy, electronis fetal raonitoring (EFN) and
wobilical blood gas aralyeis were unavailable to these Deestigators. For progress to continue
in this regard, it would be necessary to visnalize the brain without the benefit of autopey. In
addition, irpeoved understanding was needed of the dymardics of uterne contractions and
cerebral blood flow, along with an wderstanding of the timing and mechavisms of
mechanical brain injuries, in order to mount strategies for their preve ntion.

The theory of causation of perinatal brain injury that holds most seay today derrves from
the observations in experimental animals of William Windle (1202-1985), Ronald NEers and
their colleagues in the 1950s-1970s (Ranck and Windle, 1959, 1941, Windle, 1940). Thevy
parported to show the role of ouygen deprivation in reproducing the newological lesions of
harnan CF (Ilsers, 1967, 1972, Selzer et al, 19720, In these models, progresstve asphig iation
results in impaired cardiac output wtimately causing dirdnished cerebral blood flow
(ischernia) (Perlmar, 2004, Shalak and Perlman, 2004). The differing pattems of brain
pathology were related to the severity and tirne cowrse of the asphomial insult (Tyers, 1972,
Selzer et al, 1972, Shalak and Perlmar, 2004, From this point onward, the focus on
perinatal asphueia greatly overshadowed the tmportance of mechanical factors, which were
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not studied in these experirnents; indeed, they conld notbe studied. Unlike the hurvan, the
tnajority of e xperimental aniroals have sraller brains and skulls and less proroine it faces and
do not ordivarily uwdergo the mechanical rigors of haran birth (incloding iatrogerde
induction of lahor oxytocing (Lieberraan, 20110, Further distracting atte ntion from mechanical
factors, these researwh efforts were conducted dwring the time when midforceps deliveries,
coraplex obstettic manewers, and neglected labors as causes of obeious traumas were
dirnivdshing in favor of the rsing use of cesarean delmery. Mevertheless, literature continued
to reinforce the empirical relationship between mechavical forces of ldbor and fetal oy
(Eriewall, 1960). Data from the Collaborative Perinatal Project, for example, iraplicated
trawma specifically along with dwefimctional lsbor and reidforcepe delivery asz strongly
agsociated with newologic damage (Clifford and Drothaugh, 1970, Friedraan and Acker,
1987, Friedrnan etal, 1954). These dosermtions notwithstanding, the emphasis on the role of
boypoxia and acidernia in brain injoy has veiled recognition of the fact that peranent fetal
brain injuryassociated with oxsgen deprivation ocows as a consecue nee of ischernia, and not
boypoxia per se (Panetl, 1936a, 1986k, 1993, Perlmar, 20043, Indeed, in term infants who
appear healthy, metabolic acidosis at birth 15 not associated with long-terrn deseeloprnental
dhnormalities (Hafstrom et al, 2012). Ischernia may well be the final coramon pathoway for
both severe hypoxia and the direct mechanical effects of excessive brain cormpression from
force pe and wac i, dysfunctional labor, and uterine hype reontractility:

Pathophy siology of Intraparturn Cerebral Ischemia

There is a biologic basis fo support the idea that cerebral ischernia daring labor can occour
without without being precipitated by severe, systernic fetal hgpoxia and acidernda. To
appreciate the role of mechanical factors it is necessary to mderstand the several effects of
uterine contractions on uterine blood flow, fetal oxigenation, fetal cerebral blood flow and
bead molding. Therine contracions can decrease oxygen availlability to the placenta and fets
by reducing flow in the aterine arfery branches that taverss the mooreetinr. The longer,
stonger, and more frecquent the contractions, the less oxygen iz available to the fetus and the
greater the risk of adwerse outcorne. The association of excesstve uwterime actvity with
necnatal depression and adverse neurological outcorne is usually thought to be related to
asphona frora irapaived blood flows (Bakker etal ., 2007, Haves et al, 2013)

Itiz less well appreciated that the fetal mtracrardal pressure (ICF) maybe higher than the
ntramterive pressure (IUF) and that descent of the fetal head raises the ICP finther within the
plishle portion of the fetal skull. (Lindgren, 1960, 1977, Schwarez et al, 1969). Even notrnal
streng th contractions can moderate cerebral blood flow (Ueno, 19920, Fetal exposure 1o these
forces, when excessive, may result in cerebral ischernia and injury even in the ahsence of
systernic hypoxia or acidosis (Kelly, 1963, Lindgren, 1960, 1977, Schwarcz et al, 1969,
Sothe and Daldzren, 1983). To maintain brain blood flow ander conditions of elevated ICP
the fetus st raise its blood pressure above the ICF (the differental pressure between the
fetal blood pressure and the intracranial presswre is called the cerebral perfusion pressure,
CPF). Figure | depicts schematically the relationships among intranterine pressure (IUF),
fetal intracranial pressure (ICP), mean arterial blood ypressure (WIAP) and cerebral perfusion
pressure (CPP).
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Figure 1. Schematic mtemel shoms lip of Trdvantenne Presaare (ITF), Fetal Inbacranial Pressare (ICF)
and Mean firerial Blood Pressure (MAP). The difference in pressure bebareen the ICE and the MAP
(MAF nmrms ICF) represents the cerdhral perfision pressure [CFF). In order to mairtain CPP during a
contachon, the fetal blood pressure nost exceed the ICPE.

Wher uterine confractions are of moderate intensity with an adequate tirne mterwal
between them, the fetus compensates for the nse in ICP with a proporionate elesation of
syrapathetic fone, which raises arterial pressure so that CPP iz reaintsined (the Cushing
response) (Harris et al, 1989, 1992 1992 NWhnn et al, 1972). As the arnount of head
cornpression is aungmented frorn such factors as increasing frequency and intensity of
contractions, abnorrnal shape or resistance of the birh canal crandal molding, rmaternal
bearing-down efforts, mapture of the membranes, or dysfunc tional labor, the fetos is required
to mount rmore infernse compensatory phosiological responses (autoregulation and
infracerebral shunting) in order to rnaintain cerebral perfusion (Hamis et al, 1989, 1992,
19927,

At term, autoregulatory mechanisms can maintain a constant CBF over a broad range of
perfusion pressutes (Helom et al, 1994) Suforegulation, however, raay be rendered
moperatte by prolonged wribilical cord oeclusion (Lotgering et al, 2003) inpaived cerebral
wvenons outflow, or extreme brain corapression from excesstre uterine forces, abetted by the
effects of maternal bearing-down and molding (Volpe, 2008). Under these circumstances the
ICF may become so high that it canmot be overcorie by the limited capability of the fetos to
elevate its blood pressure or of autoregulation to maintan flow, and romal brain perfusion
wold be curtailed, evenin the face of pressures at which flow might otherwise be preserved
(Fanaroff and Whrtin, 2002, Volpe, 2008). Also, coraprommised fetal antoregulation may lead
to unchecked, pressure-yassie blood flow and the potential for both hemonhage and
scherie mjury (Volpe, 2008). Ultmately, with sustaimed elewations of the ICP, even the
most resilient fetus may be wnable to raintain perfusion of the brain, resulting in crtical
rednctions in CBF and the risk of ischeraie injury (Volpe, 20013, Less severe restrictions of
cerehral blood flow may result in redistribution to areas most vital fo swvieal (basal ganglia
and hippocarnpus at the expense of suprate ntorial white matter) (Volpe, 2008).

The fetus tolerates hypoxerda rouch more effectively than it does ischermia (Warmuced,
19934, 1993k, In fact, it is wery difficult to produce experiraental fetal brain injury when
perfusion is maintaived, despite the presence of sewvere hypoxeria or acideroda (W olpe, 2008).
With heypoxeraia, brain blood flow and sabstrate availability are raindained [or even
mcreased indtially] despite low oxygen temsions (Bishai et al, 2003). Howewer, with
prolonged and severe oxygen deprivation, systerrde acidosis develops along with reduced
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cardiac output and dirinishe d brain perfusion, potentially resulting in scheda. In contrast,
ischerda from cord or head compression promptly prevents oxygenated blood from even
reaching the fetal brain, depriving it of oxyzen as well as energievielding substrates (Longo,
1087, Lotzering et al, 2003). For this wason, head {or cord) compression-related ischerada
may promote more rapid mjury than, for example, contracton-related hopoxia. Ultiraately,
whether the mechanizm of fetal nerological mjury demes from prolonged hypoxia and
acidernia or from mecharical factors, the final corarnon pathwatyis ischermda of the brain. In
the former lscherwda dertves from depeessed cardiac outpnt and cerebral hypotension
(Perlman, 20047 in the latter, the effect on blood flovr iz divect (Ghosh et al, 2011, Fecker et
al., 2009). Iespecttve of the irdfiating mechanisr, increased intracrardal pressure from any
canse can only aggravate the ischernda and increase the sk of injury (Perlman and Risser,
1993, Stewart et al, 2012, Volpe, 2012},

Quantifying Intracranial Pressure

Theoretical Considerations

To explain the manner in which forces exerted on the fetal head conld generate mereased
intracrardal pressure that, iff sofficie rtly high, could cause constiction or collapee of cerebral
arteries and diminish CPF, we take a redurtiondst appioach, in which the fetal skull is
taodeled as a closed sphere. The cranial wault constitates the plisble portion of the fetal skull
and iz represented by a hermisphere, the wall of which is mosable. The other herdsphere,
tepresenting the shull base, is rigid. External forces generated by the uterus, cervin or peldc
hones applied to the plishle part of the skull will inciease the ntracrardal pressure orly if the v
possess components nommal to the mowable parietal plates. Tangential components of the
forees will not contribute significantly to a rise in pressure. To isolate the nomnal components,
the hemispheric model of the skull can, therefore, be firther reduced to that of & simple
toechardeal systern cormposed of a pistor within a rigid cylinder closed on one end. The space
delirnited by the piston and the cylinder is filled with an incorpressible flud, like water. The
1igid clinder rardes the skull base and the movernent of the piston the plisble cranial wault.
The intracranial pressare (Ppg) will there fore arise from rechanical forces fhat are applied
perpendicular to the piston swface as the piston is forced into the cydinder.

Imagine the pistonicylinder model of the fetal shull placed into the uterine cavity. The
inframterive pressure, (Pop, applies forces that are normal to the piston. Ivkchanieal
equilibrinmn therefore requires that the intracravial pressure ecuals the 0P, that is Pr=Prp.
When the crardal wault contacts the cervix, additional labor force s may develop on the shull.
We denote by fi, the swface density of the normal component of the force applied by the
cerviz, 1ie, the headfo-cervix jpresswe (Pge). DMechanical equilibrion of  the
e rualskullicerdx system imposes the condition: PprPrptfe=PoetPa. In this, we have
aggurred that the cervical force density is undform. Of course the cervical force may not be
uriforrn and may be applied only onto the region of the skull in contact with the cervix. In
that case, one would need to address the mechanical ecpuilibrinn condition in the form of &
swface integral equation. For the sake of sirplicity we have not addressed this issue here,
and consider onlya wrdform cervical force density.

Pu et al irwvestizated the effect of lahor forces on the molding of the fetal shull and
reported the application of Pgy four fo five times that of Ppp(Puetal, 2011, 2013). Withan
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average Propof approxitnatel y 50 reaHe dwring the peak of a contraction, therefore, the head-
fo-cervix pressure would exceed 200 mwHg. The guestion that now arses is the extent to
which ar intracranial pressure of, saw, 250 mrnHg could cause collapee of cerebral arteries
and subsequent reduction in perfusion of biain tissue. & sketch of an answer to this gue stion
cat be drawn by considering the resistance to collapse of & tube under external pressure. The
fube represents a cerebral avery within the skull (ie. mside the charwber of owr model
cilinder piston sveterm).

bn expression for the collapee strength of a tibe urder external pressute has been
repored (Clinedinst, 1939, Holrmguist and Madai, 1939). There are two modes of collapee,
narnely elastic and plastic collapee. We lirdt our discussion here to elastic collapse, under
noral conditions, as the walls of fetal arteries canbe presuaed to exhabit essentially elastic
responses. Clinedist derved an expression for the elastic collapee pressure, Pre, of a long tube
with perfect roandness and ro variation in its wall thickne ss:

E 1
Prp =2t (1)

-

The factors that affect the collapee strength of tibes ave the ratio of the ontside diameter
to the wall thickrese (D), Voung s modulus (E) and Poisson’s ratio nt (¥oung s modulus
iz a measare of the stiffhess of 4 roaterial in tension. For a material subjected to tension in
some direction, Polsson’s ratio reflects the relattve contraction of the material perpendicular
to the applied tersion). Under an external pressure that exceeds P, the tube collapses and its
crogs section becomes oval and flatters thus inhibiting blood flow. In what follows we
estirnate Ppe for a newborm carotid arters, a wessel for which nearly consistent sets of
morphotnetic and elastic data are available. Less is knowr about the cerebral wessels, but the
diarneter of the middle cerebral artery (the vessel often used as a marker forbrain blood flowr
in Doppler ultrasound studies) is about 75-20%, that of the nfernal carotid (Gielecki et al,
2009y It canbe reasonablyassumed that our caleulations for the intemal carotd would apply
as well fo ore of its primarybranches, the riddle cerebral artery

The diameter of the newhorn internal carotid arery ranges from approximately 1210 1.9
rrn (Sehirhi et al, 20030 We therefore used a walue of D=15 mm for onr estimate.
rasound measurernents of the wall thickness of the corenon carotid arery in nonmal term
newborns give of an average walue for t of 037 neo (Hordappanavar et al, 2013). These
measurerte s ghve an approxirate value of Dt of 4.

We have not heen able to find data for Poisson’s ratio of newhorm arferes, bat ultrasonic
non-irveasive methods have been nsed to measure in wive Polsson’s ratio of the huran carotid
artery in a normal young subject; (Hasegawa et al, 1997) based on those data, a walue of
=46 will be used here. It is also important o note that the sersitivity of Pre on v is lrwdted
and uncertainties on that elastic property will not npact significantly the estimated walue of
Pae.

The collapee strength is finally erven by

Pa:=5 28x10*E (raxHg) (2

where E iz expressed in units of Pa. Reasonable walues for ¥Voung *s rodalus in the carotid
artery range frorn E=100 kPa to 900 kPa (13-117 reeHg) (Kharedaeng et al, 2012, This
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rang e was measired in individuals aged 2843 6 years. We mayestitnate the Voung's rodulus
for newhorn cranial arteries by downsecaling the walues. We therefore used a range of values
between 100 and 400 FPa {13-52 reeHg) for our estimation of the collapse pressure. Within
thiz assuraption for the range of walues of the elastic modulus, the collapse strength takes on
walues ranging frorn Pre ~ 50 mmwHg to 200 weaHgz. Fesisting collapge wonld be the blood
pressure within the artery. The condition for collapse of the arferyis therefore attained when
the difference between the intracranial pressure minus the systolic pressure [Py, ) of the artery
exceeds the collapes strength, that is, when PrepPae = Pre. & systolic pressure of about 50
raraHg wonld exist ina normal term fetus. Values for Prep-Pa, in excess of 200 mmHg may
ke sufficient to lead to artery collapes. It is oy for walues of ¥Voung’s modulus exceeding
400 kPa that arterycollapee maw not ocenr for inttacrarial pressures of less than 200 mrHs.
These conditions are lustrated in figure 2. In that figure, the solid line represents the elastic
collapse pressure ghven by egquation (2) as a function of Voung *s modulns of the artery wall.
The pressure difference that may divee collapse, PrppPe,=230-30 = 200 mrHz, is
represented as the dashed horizoztal live. The condition for collapse of the arterial wall is
marked by the brace in figure 2.

These estitnates indicate that forces exerted on the fetal head (such as TP combined with
head-to-cervin pressure) could generate increased infracramial pressures that in twn could
cause elastic collapes of cerebral arteries, dirnivdshing perfusion of brain tissue. Woreower, if
the blood pressure within braim vessels were 0 he diminished, such as by severe hypoxia,
sepeis, or certain drugs, the vessels would e even rore susceptible o collapse.
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Experirnental Obsery ations

Considerable clivdcal and laboratory evidence supports the theoretical model described
ghowe. Beginming in the 1960s several research groups stodied the phoymical effects of
contractions on the fetal head {Bubirmschi et al,, 20024, 2002k, 2004, Lindgren, 1960, 1966,
1977y Using pressure sensors introduced between the uterine wall and the fetal head
Schoararcz et al. showed that during a contraction pressures exerted on the biparnetal diameter
lewel of the fetal head were up to 2.5 tirne s higher than the intra-araniotic pressute (Schaares
et al, 1962 (Figure 3). The difference between intrauterine pressure (JUF) and pressures on
the skull are due to the resistance offered by the cervix as well as by rmouscular and hony
mlvic stuctares. Of importance, this gradient increased further with mpture of the
merhbranes, mwaternal bearng-down efforts, progress in descent and head molding.
(Bubirmschd et al, 20023k, 2004, Funsa et al, 19810, Cther experiments using intrauterine
transducers are consistent with these ohesrvations (Arndel-Tison et al, 1988, Lindgren, 1960,
1966, 1974, 1977, Retapern, 1993k, Rerpen and Krans, 19010, Some have shown that the
cervix-to-head pressure conld be at least 3 to 4 tirmes the IUF, depending on the state of the
membranes. Pressuies on the skull also may not be wiform, may be influenced by fetal
position and station and ray be moultiplied dong ivstrowental delreery (Rewmpen, 1993a).
These experitnents echoed the findings in those isolated cases in which simultarneons
intranterine and intracranial catheters were inserted info anoralons or dead fetuses (Mocsary
et al, 1970, Schwarcz et al, 1969) (Figwes 3 and 4). In each case, the pressures within the
skull were always greater than fhe intranterine presswe, even between contractions. Twao-
dirnersional color Doppler flow tectmology in noraal terrn boraan fetuses has dermonstrated
that the resistance index of the maddle cerebral artery comelated posittvely with the
infranterine pressure, and was highe st with descent of the fetal head (Uenn, 19927
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Fizure 3. Ilhstratiom froen Mocs a7 et al., wevealing experimental setup in luman (hydwoecephalic)
fetas. Meammements inchide itrasnunote pressure, fetal inbacramal pressare and fetal heartrate
pattern (Mocsarret al, 197700,
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Experirnental avdrial stadies cordiren that increased intracranial pressure can lead fo brain
igchernda and mjury. In fetal larabs ncreased extracrardal pressare caused vascular collapes
and drarnatically decreased blood flow o the brain (Iann et al, 1972, CBrien et al, 1984).
In one stady increasing cerebral vascular resistance caused a 25% reduction in flow to the
cerchral corex, with less irapairment to the brainstern and cerebellura (Iann et al, 1972,
O'Brien et al, 1984). These stdies make it clear that fetal head compression can cause
substantial reduction v intracranial blood flow despite the absence of significant changes i
systernic POpand pH or in cardiac performance (C'Brien et al, 1984 When these ladboratory
studies are considered in conjunction with the theoretical model we have presented and the
available hurnan data, the evidence for the potential of forces of labor to produce brain
igche rnda iz corapelling.

The Meuroradiological Topography of Injury

In the aore thav half cerdury since the first experimental production of brain injury by
perinatal asphyeia, different patterms of irgury have been aftributed to the sewerity and
duration of the hypoxic—ischemic insult (Barkowach, 2006, de Wries ard Groenendaal, 2010,
Wilyers, 19670 (Table 13, Althongh rmost nenroradiological lesions represent infarction in the
distribufion of the arterial cireulation, sore cases of perinatal injury seern to ocour fromw in
tero sinms or pertve hirde ular ve nous infhre tion (Befelo etal ., 2010, Takarashi et al, 2003).

While the irjuries associated with acute catastrophic ewerts and obedous reoratal
comprotnise  tend o be basal ganglia and hippocampal lesions, the majority of
nenroradiological patterns are associated with white matter injury and often a less drarnatic
neonatal course (IViller et al,, 200%). Clinically, neonatal seizies in assoclation with fetal
corprornise abd birth asphoyria are associated with worse newodeveloprental outeore,
independent of the severity of hypoxic-ischemic brain mjury (Glass et al, 2009 Of
Importance, a sighificant roraber of nfants with obeious ence phalopathsr have no lesions
dizce rmible on nenwirmaging (Willer et al,, 2005, Okereafor etal., 2008).

Menroradiclogical imaging has proved useful in delimiting the tirning of an inpury to the
peritatal period and not fo some earlier ire in gestation. Cowat et al. found that raore than
90%. of newhorms with encephalopathy had evidence of perinatally acguire d iacheroic lesions
on an WRI perforraed within the first 2 weeks after birth, with a vers low rate of established
antenatal brain injury (Cowan et al., 2003, Ilartinez-Biarge et al, 2012, 2013). Their results
strongly point to the irawediate perinatal period as a corarmon factor in the dewelopraent of
ischemic encephalopathy. fecordingly, the absence of severe webilical acidosis at birth in
association with a recent ischeric injury is not consistent with the notion that the irgury
devveloped prenatally. While renroirnag ing techrigues are helpful in the timing of an injury,
thew can only approxitnate a window in titne rather than determine the moment when injury
oceurred. (Tahle 23



Tahle 1. Neuroradiologic al Findings in Perinatal Brain Injury

Medhanism of

Anatonic Feahwres Climiic al Ciroumnstar es Neomatal Appear ane FoRow-up Finsling s
Seleciive M euromal Frovolues cerdral grey Short dar ation (ivorte <) Typicalby, an shmpt Irfart terds tobe Trifarit 11514l severehy
Heixo s rr led (wreritro bteral enrerit Te sporsibile . impainmert of profomdhy depre soed dizgbled due to
thalimi and posterior Coreidere d “Ihagmg perfusion (iecheria) at de livery and often kv tic fexdrap yrarmidal
Diher Harnes: rtarhina) abd sigpatmre ™ of acate  cevere | to extire braing cerdral | meets oiteris for cerebral palsye (CEFL
Mear-total acute perito landic cortex kypoxh-icchemd (often a | greymather, “Irirapathmn Fhactnativg tore as kfart
asphyzda (TA L) hilaterally. Felatire semtinel event -suchas periolandic cortes, asphyyzda ™ Wariable fhen rwohmdane
Dogte prof omd spating of the cerebral placertal sbmaption or cereh ellar and tore is ¢ omron, HOVEEFLS 4Tk Seer.
asploeda (APA) hemkpheres (thoagh cord prokpse ) Fetal ‘brakistern roclei e ohatal seimmes are Cogpitiom pray be Te Latiune by
Basal gangli thalami | white motber mhay be bradyc ardia preferentialbe fre quently not seen. spared due to less cortical
iy (BGT) frreotue d). Fero krermert commrorplace |, often darnaged due o Organ bvokenent darriage.
of the hippocarnpns and leading to death or higher base line mayhe gheent.
cerebe ar roncle ixot delivery. Iechernic episode | metaboli rate and
LG OHHENLON. oftet brief, or & lse fetal high dunsity of
dernice f stillbirth may HMD A receptors,
OCOIT. Cerehral o orte x my
he spared from kpmy.
Eraim edema may be
trivial or shsent.
White Spraterdorial, Subgnme evend (Mg Prolonged, aoblethal Heonatal Trdant oftenhas suboptimsl
T abery' C corkie al predotmi sty mitoes to honrs) is hypocda, less enc ephualopathyr, cften head groath
Injury white mratter  though Tespotieible . Bore ischwmis - often= 1 sewrere . Hewro bo gic (i oo ephaly’, coghiive
SOl Sy BiatteT Ty prolongedfetal distress i= | hoar, Doae to duration, | mhanife stations often irpa inment , spastic
Dhiher Marnes: gerweralby tothe tascular evidert. Hyposda to fetis of hypaxde event, e et o iteria for quadriplegic CF feedng
Prolomged, partial wratershe d mome s (arderior | s the mechaniom with greater acidosic often | “IdrTaparhum aspheda” | problems and
asploeda (PPA) —middle and posterior— greateT preservation of seery. Cerebral cortex | and for corrram i ation deficits.
Watershied paten. middle cerebral arteries) peffucior; maybe ceen i | and W ferokred, Teuroprote ook, Orga
Mlost corraton pattem | of the cerebral setting of uterine brai ederrs oo ket is
HTN hemipheres, Deep Torperstirmlation - coptrhor. Heoratal comhon, Extenekes
cortical nfarcts mechavicalforees of seimires oftery ocom, dathage tothe cerabral

MlemTiv) maybe seen
when severe. The jmye
iy b wmdilateral o
hilateral, posterior andior

Tah oz atercp lac erdal
frndff iciency.

iy he senere,

corte i and white natter




Tahle 1. (Continued )

Anatonic Feabures Clinic al Circumstanc es Medunimof | yon0ia sppearance Folow-up Findings
arterinr. Thalarms hasal
ganglia and cerehelhom /
bramstern ate tepicalky
spated.
Faimital sivoke Typically, ischernic braim | ore likely toooomr Ischernic event - may | Dlay appear with litle Snbsequert nearologic al
ity i the distribeztioe aroniid parbar itiom than hae cotrination to no anate syrrptornes def i ts it hading cerebral
Diher Namnes: of 4 sitgzle rrajor wessel ary other time in fromm tramma, Feigne (“hormal paley (often hemiplegic CF)
Perinatal arterial supp b the bra - the childhood. Associsted thrommhophilic rerhom’”). Severs atvd epilepsy ocour fznost
iechurmic leftmniddle cerstralattery | owith misk factors of hate dizorder, & ither e otatal depression & avor s with varyig
strokie (FAIS) (L2 A st © crratozy liboor: trantre prerin stal getwtic of aquired m ottt . Wy effects on hnguage,
wrecgel Bvokeed. Doy acphyyda, pro btuged [ rflarramation, Fresent with mild Earning, vision (wingal fie1d
T pmtriple , shgle Tuphme: of membranes, cardiac diresse with Tie otatal L), oo ghdtion and helunrior
wrecsels bvoked. FHE shrwonnalities, emmbohis, cogZenital wncephalopathyr andfor | fhat mreg contioe to ol
chorioatmiomitic wasolar anrnaly, seimmwes. Occasionalbye, ot the severalyears of
dysfiartiohal labor hyperviscosiy. T dratal herniple sia childhood.
ol HpaTity , B ETE By iy be evident.
cesale an section, higher
hirthoaeight
Cercbhral Sinovanous Critic al to distigich Mean gestationalage of Ofter prec ipitate d ter Sefmmes partialor At follerar-1p (re dian age,
Thrombwosis {C3VT) atterial frorm vermis 30 me ek (Tange, 30to 42 alteratiom it wverois generalized most 19 porithe; Tange , 3 to T2
cerebral ifarct Parietal, e ekic; pretenm floar fromnredaced © OO Preseriting woriths), moderate to severe
Diher Namnes: thalimic occipital farcts | o oprhon) . “Becicted or o hame syrrpioi, 253 5% wr T ol al
Stros Thrownbosis hore comnon CSWT. conp licate d de ™ nf lavpration, vessel £ | encephoadopathor, 30 % sequelae vmere presert b
Superior sageltms (55%), | common. Inthe heonste, Tenonls Ty, wr focal signe. 38 %, mruorta e %
Lateral sftoas (51%:), eysteamic ilhe cefick hypertiscosigy, abnl. Srmptoane detreloped Approzdiate be 5 0%
Straight sirme (24%)most | factors ofter pres et  lottingg, vwrith at 4 e dian postratal “horhal’” oo o
comtnor. Cortical (v ecting, Awgery, mmtiple rickis aften age of 15 daye (Tangs , Tart liited fo Dowr-up o
Wanons engorgatert, Yypocch  ramha, e cenit. 0to 22 daye). Head CT | schoolage .
iy havre henortha ge. delpedration, Parenchoymal ffarcte | muay mies diaghosis,
throrrh ophilia) ity appro 240 . MIEW, S i gratm or

povareT Dopp ler highe st
ield.




Cranial o pre ssion Ischemic Eree phalopathy 663

Tahle 2. Summary of Imaging Neuroradiolbgical Findings in Rela tion to the

Timing of Birth Injury*

Mod ality Feature Omzet — From time of Injury Duration**
Proton MERI Inceased lactate. First fowr hionrs Abont 2wreeks
speciroscopy Decreased N-acetyl First fewr honrs Indefimtely

as pattate

Diffusion Eediced diffision 12 hours [omset) About 10 days

Weighted MRI duraton

(DWT}

T lweighted MREI | Incieased signal 2-5 days B onths,
thalanms or basal beconuns
gangla more localmed
Loss of signal post =24 heonars and globular
lirth of internal
capsule

T 2aveighied MERI | Inceased signalin 6-7 days Months or
cortex or deep rmiclel indefimitely
Decreased signal in 3-4 days Severl days
deep grey melei

CT scan Decreased density 123-24 hoars 5-7 days —
thalaru or bas al may be
ganglia permanernt
May mothe vishle

Ulirasonography | Incwased A pprovamately 24 hours, may | Progresses
echogemicity thalann | be earher over 23 days,
orbasal garglia perslsts 5-7

days
Incweased
echogemicity in white
matter
Lass of clanty (due to
edemal

Becent reports present a changing pattern of perinatal brain injury in terrn infants bom in
2004-2009 with “perinatal depression” {Takenouchi et al, 2012}, Injuries mcluded hoypoic-
schermic encephalopathy (HIE), intracranial hermorhage, and focal cerebral infarction. Of
mnterest, 13 of 33 infants stodied by Tekenouchi et al were rifially admitted to the well-baby
rrsery hecanse they were aswyrnptomatic in the delivery roorn. The anthors averred that ..
taost cases attribmtsble to perinatal brain ivgary [other than HIE] are not identified aceording
to ary perinatal characteristics until the onset of [reoratal] signs, lirdting opportonities for
prevvention”™ (Takenouchi et al, 20012). Thesr also opined that such injares antedated the onset
of labor., Unfortarately; they did not atterpt to correlate the non-HIE injuries with a detailed
avalysiz of either anteparhum or intaparbum problerns or the condition of the fetws at the
outset of labor {Takenouchi etal , 20123,
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The Momenclature of Injury

The warious terms that are applied to the appearance of the newhorm and the lesions
associated with neonatal ence phalopathy and injury kave not been consistent (Leviton, 2013,
Wolpe, 20012). HIE is widely used to refer to neonatal encephalopathy with evidence of
hypoxia-ischerwia during parturifion. The term neonatal encephalopsthy iz corrnonly used to
describe infants with an ence phalopathy of any etiology, bt often for those with the clindeal
and irmaging characteristics of neonatal HIE (Wolpe, 20120, Other terns, incloding acate near
fotal asphoneia, partial prolonged asphmsia, birth tranroe, birth injoy, and perinatal asphyia,
have been used despite considerable wariation in how the v are defined (Table 1) (Gilbert et
al., 2010, Shah and Perlraan, 2009). Several years ago, the Sraerican College of Obstetricians
and Gymecologists recorrnended that the terrn “perinatal asphaeia”™ be elitainated from the
obste trical lexicon (ACOG, 2004). Among the consequences of the cordising and sometimes
contradictory descriptors of both the condition of the fetus at barth and the designation of
perinatal brain injury is that it is diffienlt to be certain shout hoth the prevalence and
provenance of thess illnesses. It stands o reason that we canmot fully unde retand or eapeose
what we do not classify properly (Kodama et al., 20090, Changing the definition may canse
dramatic changes in reporting statistics without changing the munber of fetases actually
suffering frorn the problern (Dzakpas etal , 2009, Fodama etal , 2009).

Volpe has pointed out that the terrns peritatal frantna and birth injury have been given
defiritions so broad as fo be confiusing and nearly meaningless, and that the ovedap betareen
mechanical framrna and the ocowrence of hypoxic-ischeric cerebral irguwry 15 roportant to
recoghize hecanse perinatal mechanical insults ray result in primarily hypoxic-ischerde
cerehral mjury” (Kodamms et al., 2009, Volpe, 20013, Beyond the issues of nosology, there
needs 1o be greater inferdisciplinary cooperation in the stodsy of the cirowrnstances in which
neonatal encephalopathies develop. Does the diagnosis of HIE, for example, recuire the
presence of certain fetal heart rate pattems andior a crifical lewel of me tdholic acidernia in the
wrbilical arery or severe sighs and swraptors in the newhbom? Do the newrological findings
of HIE and rear-rorinal mebilical blood gases exclude the events of labor as causative of
injury? Dioes the presence of intracranial or extracranial herorrhage andior obrdons shull
travrna such as fractore, diffuse scalp swelling, marked molding and subgaleal hermorrhage
mitigate the diagnosis of HIE respective of the wabilical artery pH? Does HIE with low
Aygar scores ard metabolic acidernia in the wobilical artery exclude mechardcal factors? For
the most part these and other issues remain wresoled with glaing differences in opinions
arnong experts (AC000, 20038, Hayes etal |, 2013, Shankaran etal,, 2005).

Lee etal,, hawe reranded us that “the clirdcal diaghosis of birth asphyeia is not specific
for anysingle pathogene tic mecharisin of brain imjury™ (Lee et al, 20035, Schiftin and Ater,
2006). To kelp clanfy these manifold smes of romenclatore, we propose the coneept of
cramal compression lscherdc encephalopathy (CCIE) and discuss below the warions
mecharnical factors that ray contrbute to indrapartur fetal ce rebral ische roda.

Head Malding

Head molding during labor and delivers refers o changes in the fetal cravdal hone
relationshipe that occur in response to the compressive forces of nterine contractions and the
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birth canal. Molding may contribute o progress in descent during labor and delbvery by
enabling the fetal head to accommodate to the geometry of the passaze. The change in shape
iz possihle because of the phability of the bones and the loose connection they have with one
another along the suture lines. Thisallows the cranial plates to override, thereby reducing the
intracranial volure .

The response of notrnal fetal crardalbones to foree iz variable, and depends ona muraber
of factors, including head position, labor character, gestational age, and pliability of the skull
bores (Lrwiel-Tison et al, 1988). In general, the typical molded newhom head is elongated
and cylindrical reflecting misaliznrent among the bones of the crandal wault (parietal,
frontal, and oceipital bones) (Carlan et al, 1991, Sotbe and Dahleren, 1983). Molding is a
dynaraic process that normally dewelops gradually during labor and begins to resolve after
cornpressive forces are rermoved. The shull zererally retrns to a nonmal conformation within
hours to days during the neonatal period. (Exewall et al., 19770, It ray not be recogrized
ot described in the medical record and it is ravely gquantitateee Iy docurnented. While sorae
molding is commorplace, “excessive molding™ appears tobe one of the mechanisras through
which the forces of labor hawve the potential to impert traumatic physical damage to the fetal
brain and surounding fissues. Crardal compression of short duwration, however, can produce
substantially elevated intracrandal pressure and cerebral ischernda without recogrnized head
molding after hirth.

Iiolding increases as ldbor progresses, especially when progress is slow and contrac ions
are excessve. Chverlap of the sagittal suture anficipetes cephalopelvic disproporion (CFD)
(Buchrann and Libhaber, 200%). The dislocation of the cranial hones can be large - npto 25
e (Lindgren, 1977). In a study of 56 wornen with excesstve uterine acttvity and slow
progress, 16 (29%) of the infints died, all due to ruphare of the tentorinm cerebelli (Lindgren,
1977

Using skull photographs obtained irraediate ly after deliversy and at theee days of age of
319 waginally delivered tern babies, Sorbe and Dablzren found that the mechanical forces of
lahor subjected the fetal head to considershle cormpression and molding and presurnably,
shearing forces. The region of the brain most affected and in greatest jeopardsy of injury from
these mecharical forces was not consistent, bt depende d upon the onentation of the head as
it descended through the pelis (Sothe and Dahlzren, 1983). Mot soprisingly, infants hom
after oxwtocin stiraalation of labor had significardly greater molding than those borm after
nomval labor, Three date postparborn significant diffe rences rerained betaeen the rmolding
indices of the two groups. In comparing patients with prolonged labor in association with
either “hogertonic™ or “hypotorde™ wterive contractions, they found that the arnount of
molding was related not to the duwration of labor per se, butto the presenee of frequent uterine
contracions. Cerebral hemorrhage was 15 fitnes more common as a cause of infant death in
hypertonic inerfia than in normal labor, and they concluded that intrapartom and neonatal
death and injoy can ccowr from mechanical trauma to the brain during birvth (Sothe and
Diablgren, 1983}, Other irsvestizations have also found an association be teeen difficulty in
labor and distorfion of the f&fal head (A armivala et al, 2014, Frywnann, 1966)

Lnalysis of a non-linear model of the deformation of & complete fetal skall during the
first stage of labor fourd that excesste molding could ocour when labor is prolonged, when
contractions are too forceful when there is a malposition of the fetal head, or in association
with “irept instunental interference™ (Layeer and Prager, 2001%. Excessive displace ments of
the skull hones rnay canse fractures, dural membrane irjury, intracranial hyperfension,
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congestion of the Galenic wenous systern and ditect injuwy of major intracranial wessels
(Lapeer and Prager, 2001). More advarnced dilatations were associated with sigrificantly
bigher head-tocerviz pressures and lagher degrees of rolding with an increased risk of
mjury (Govaert et al, 1992h, Lapeer and Prager 2001, WicPherson and Kriewall, 19804,
19200].

In a classic article, Foberio Caldespo-Barcia (1921-1996% underscored the potentially
atkerse effects of early amriotomy and prolonged ruptore of the merbranes (Caldeyro-
Bareia, 1974). Compared to merahrane mpture late in labor, early araviotorey increased the
arnonnt of cranial molding whick, if exaggerated, may produce cardiac decelerations, lesions
in the fetal brain, and svhciral herorhage, frequently located near the subwes (Caldesro-
Batcia, 1974

These studies establish a link between excessive cranial molding and intracranial injury
during labor. While the definition of “excessive™ molding is elustve, it is clearly more lkely
to ocowr in the context of abnonwal labor progress, high levels of uterine activity and mphred
e rhranes. Ivlolding of the fetal head deserves more attention as a cause or as a rarker for
potential mechardeal injury and dbnoralities of neonatal adaptation (Fromane, 1976,

Frymmany, 1966,

Maolding and Decreased Yenous Return

Mewroradiological studies have shown that, in addition to the ieerss relationship
betueen cerebral arterial perfusion and intracrandal pressure, there also is decreased wenous
retirn related specifically to both the resistance to flow and direct corapression of the sagittal
sinus (Barkowich, 2000, Mewton and Gooding, 1975, Towhin, 1998). While modest arnounts
of miolding are covsidered corrnorplace and berdz v, swch corpression may increase cerebral
venous pressure and precipitate intracerebral hernonhage or cerebral wenous fhrordbosis
{Barkovich, 2000k, Berfelo et al, 2010, Newton and Gooding, 1975, Takanashi et al, 2003,
Towbir, 199%). Hanigan and Tan and colleagues have called attention to the relationship of
perinata] sincvenoms throrabosis and sagittal sivns cormpression due to head raolding during
labior (Hanigan etal, 1985, 1990, Iledlock and Hardgar, 1997, Tar et al, 201170

Maternal Bearing-Down Efforts

The resilient fetus iz wsually able to tolerate considersble amouwts of even excessive
uterine ac ity in the first stage of labor (Stewart et al,, 2012). The effects of contractions on
fetal blood pressur, oxyzen availability and head molding, are greatly exaggerated later in
the first stage of ladbor and especially during the second stage when expulstee efforts may
increase the IUP by an average of 62% and the risk of adwerse outcome (Asicioglu et al,
2014, Buhimschi et al, 2002a, 200200, With the combination of frequent and prolonged
uterine confractions with maternal bearing-down efforts, or fundal pressare or vacuwura
applicatior, infrauterine pressures abowe 250 roen He may be seen, along with a rarked
reduction it placental and fetal cerebral perfusion (Dupuis and Simon, 2008, Fauya et al,
1921}, Undoubtedly, at this pressure, notjondy has uterine blood flow ceased but fetal cerebral
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blood flowr has almost certainly ceased as well (Wolpe, 2001%. The maxiranmm blood pressure
response to head corapression that the fetus can sustain bas notbeen elucidated.

Considerable debate concerns the methodology, duration and irapact of matermal pushing
in the second stage of labor (Aldrich et al, 1995, Le Fay and Audibert, 2002, Petersen and
Besumer, 1997, Schaal et al, 2008, Simpeon, 2006). With coached Valsakea-based, maternal
pushing, there mayhe several closely spaced, exagzerated peaks created by energetic pushing
where the IUP mayw easily exceed, sometitnes considerably 100 wonHz. This draveatically
mcreases the amplitude, duration and pattern of the IUP changes and poterdially dirainishes
the relaration firee for recovery; thus imposing greater dernands on the responsieness of the
fetal cardicrascular systern (Lindgren, 192°77). Llterratieely, non-Valsabra pushing strateg ies
with open glotts and slowly developing trarsient peak pressures not only appear to subject
the fetus to less head corgression, but also may iprove Apear scores and wobilical pH
values at delmversy (¥ ildirir and Beji, 2008).

Hear infrarved spectroscopy transducers in biman subjects reveal a sig nificant decrease in
the calenlated rnean fetal cerebral oxyzen saturation during pushing and a significant imcrease
in the mean cerebral blood volurwe (Sldrch et al, 1995) While moderate pushing may not be
detrirnental if the fetus is healthy the associated hernodynamwic allerations may hawe
Dnporant consequences if fetal oxymenation iz already reduced prior to pushing, or if
tnaternal effort iz prolonged (Aldrch et al, 1995, Keeling, 1993, Svenringsen and Jensen,
1928]),

Thus, during prshing, the pressuws exerted on the fetal head are hizher and raore
sustained than in the first stage of ldbor and the risks of significant ischemia and potential
njury appear greafly increased, especially if decelemtions are frequent and ratermal pushing
is relentless and unheeding of the responses of the fetus (Schiftin and Ater, 2008).

Dzl put Posterior Position

The occipnt posterior [OF] posibon is a malpositon often associated with FHE
decelerations, prolonged labor, especially in the second stage, matked crardal molding, an
increased risk of failed instromental waginal delbeery, cesarean delivery, and oxyiocin
adrnirdstration (Porreco etal, 2004). OF is an indepe ndent risk factor for subsece nt CF and
lowr rnental scores in the offspring (Badawietal, 1998, Senecal et al, 2005) and accounts for
a disproportionate share of such injuries. (Ater et al., 2002). To what extent thess long-term
disahilities are the consequence of excesstve or asyrmetric forces exerted on a fetal head
posiioned inappropriately is unknown. Uterive activity with the fetus in OF position,
hiovarener, appears egurealent to that in Ob posifion (Buhirnsehd et al., 2003). hiannal rotation
of the head in the fetus in the OF posifion to a more favorable postion can, i some
cirwrnstances, reduce the duration of the second stage and the frequency of operathe
delreery (Le Ray et al., 2007, Shaffer et al, 2006}, The tapact of successful rotation on the
tisk of fetal irgjury is unknown (Govaert et al, 1992, Gubuz et al, 2008, O'Grady et al,
2000, Pollina etal., 2001, Towner etal., 1999)
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Operative Yaginal Delivery

Ciperatnee vaginal deliveryisz a risk factor for mechardeal, traumatic, and ischerde injury
to the scalpand brain, including subgaleal he rorthage (Govaertetal, 1992c, OGradyet al
20000, The risks increase if sequential instnoments are used (A1-Kadr et al, 2003). While
elective cesarean section appear o decrease the nsk of newological harm to the fefus,
cesarean sections after the onset of labor, especially dwing the 2 stage, appear to hawve
hizher risk of adverse outeorne than does elective cesarean section (Asicioglu et al, 20143
Thus, a cesarean section performed too late in labor cannot be expected to prevent njury
(Gwbuz et al, 2006, Towner et al., 1999, The ahility to define the tirming of juwy and its
antecedents ave of crucial importance for deterrminivg both the fiming of infervertion and the
ingtitntion of nemopro tective reasures (Schiftin and Ater, 2006). IWbre attention needs to be
given fo the cirowrnstances of labor and the fetal condiion prior to the application of wacmn
or forceps.

Excesszive Uterine Activity

Several cuantitatree formmlations for representing nornal and excessive uterine actmvity
bive beer proposed (Herrr et al, 1979). This broad range of options has led inescapab Iy to
tarked wariations in practice patterns and nomenclatore. Wiorecwer, irrespective of the
defirdtion used, excessTve ulerine achivity is often simply unrecogrized or iznored (Kunz et
al.,, 2013, Iharray and Huelsmoare, 2008). This s not swprsing, in that the assesstnent of
contractility is not sirple, and, importantly, the relationship between contractility and
progress in labor is not well understood; it is certairdy not livear, as is coreaordy thought.

Tachyeystole defined as a frequency of greater than 5 contractions in 10 mintes,
averaged over 30 mintes, has been introduced as a sitaplistic measure of “excesshre nterine
actrvity” despite the acknowledgernent that other parareters such as duwration, rest intersal
between contractions and uterine tone maybe irportant (Macones et al, 2008). Becanss the
abwerse effects of increased uterine activity on uterine and cerebral blood flows are
proportional to the frequency amplitode and duration of contractions, confraction frequeney
by itself seerns an insufficient measare of the fetal effects of contractions. With a contraction
frequency of 5 per 10 mwinutes with an average contraction dwation of 60 seconds, the
curnnlatiee rest titne 1s 5 minntes or 50%. If the average duration iz 90 or 120 seconds, then
the curomlatree percentage rest tirnes are 259 and 0% respectrvely. The later would be
unsustainable for the fetes. In addition, it is clear that the effects on fetal oxymenation of an
excesslve freguene wof contractions appear long before 30 mirtes have elapsed, especiallyin
the second stage, and that optirnal “rest time”, requires at least 2 rinutes between
contractions, at least when decelerations are present. (Peebles et al, 1994, Sirapson and
Jarnes, 2008 Westzate et al, 19009, 2007, An elevated bhaseline tone associated with
placental abruption is also a risk factor for adverse fetal outcome (Odendaal and Burchell
1985). External rordtors, howeser, do not perrdt assessinent of intranterne pressares or
base line uterine tone .

Chir understanding of the role of excessive uterine activity in infrapaviom fetal brain
mjury is hased on the flawed notion, detatled ahovwe, that the only potential adversity cansed
by contrac ions, excesstve or not, is hypoxernia. In recent decades, orly scant attertion has



Cranial Corpre ssion Ischernic Ence phalopathy o

been twred to the effects of the mechanical forces of labor and delivery on infracranial
pressure, cerebral blood flow, fetal adaptive mechanisms, fetal head rolding and descent.
The prevailing ronolithic wiew is that, as long as the FHER. pattern does not show ordnous,
presurnably heypoxernic, changes, contractile force carmot be “excessmee™ (ACOG, 2003h).
Such an approach ghves misgmided acce ptability to the notion that in an augmented labor it is
permissible to wcrease oxytocin dose until the fetns rnanifests abmonmal FHE patterns
(Sirpeon and Knox, 2009, Tillett, 2011). Dwring efforts to expedite delivery, this approach
contibmates fo the dubious practice of encouraging aggressive maternal pushing to facilitate
vaginal delivery in response to concerning FHE abnormalities in the second stage of labor.
These aftitodes account in part for the high prevalence of excessive uterine activity the
variability in response to its appearance depending on the presence or severity of associated
FHE. patterns, and in the widespread allegations of oxytocin abuse in medical and legal
circles irvvolving adverse neonatal outcornes (Berglond et al, 2008, Clark et al, 2009, Dosle
etal., 2011, Simpson and Jarne s, 2008, Simpeon and Koz, 20099

In 1597 induced lahors, Kunz et al. identified 661 instavces of tachyeystole (419 ). Fifty-
four of 55 patients (98%%) dernonstrated one or more ocowrences. Ivlore pertinently, we
believe, they also found a dimanished relawation time (= A0 seconds rest bhetween
cortractions) in 98% of women who recenred oxytocin for mduction of labor (Funz et al,
2013, Indeed, direinished relaration firne was nearly three firaes more sensitive for
recognition of excessive werine activity than was contraction frecuency.

Inaderuate relaxation time often accorapanies tachuswstole. It is strongly related to the
adecquacy of perfusion of the fetal brain beteeen contractions. Baklker, et al. reported that
reduced relaxation firee betereen contrar iors was gig nificantly correlated with fetal acidosis
irrbilical arters pH <7.12), while contraction frequency greater than 5 per 10 rainute period
was not a sensitive measure for predicting acidosis (Bakker et al., 2007a). Terine rest of
raore than 1 mdinute between moderate to strong contractions appears necessary to allow
sufficient tirne for reperfusion and adequate oxygen delbvery to the fetus (Bakker et al,
2007, Johnson et al,, 1994, TleMamara and Johnsor, 1995, Peebles etal, 1994, Simpenn and
Jarnes, 2002). These data affinm a posittee relation between the patterns of uterine
contractions and decreases i human fetal cerebral oxygen saturation, and suggest that
cortractions (of normal duration) should occur no more frequently than every 2 to 2.5
minntes. With shorter inte rvals, fetal cerebiral oxygen sahiration is likelyto fall (Peebles etal,
1994),

Tahle 3 presents criteria for notrnal and excesshve uterine actbvity using pararmeters
readily discermable on the contraction monitor during labor. Howewer defined, excesstve
uterine activityclearly is associated with dirdnished oxygenation of fetal blood and decreased
wabilical artery pH at the time of delivery, abnomual FHE patterns, and ewven neonatal
encephalopathy (Bakker and van Geijn, 2008, Bakker et al., 20074, Grahara, 2007, Harailton
etal, 2012, Hayes et al,, 2013, Heuser et al, 2013, Sirmpson and James, 2008, Simpeon and
Enox, 2000, 20090, Of note, excesshve uterine activity does not necessarily beget more rapid
progress in the active phase of ldbor (Allnan and Steer, 1993, Cohen et al, 1927,
Ingemarsson etal, 1920, Steer, 10030, Indeed, thete appears tobe no relationshipbetareen the
rate of progress after an arrest of ldbor and the frequercy of oxyiocin-induced contrac ions
(Bidgood and Steer, 10874 1987h). Oppenbeirner et al. havee shown that optivmal progress in
lahor s related to evenly space d contractions of sivnilar awgplitude and duoration rather than to
their fregueney (Oppenheimer et al, 20023
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Fetal Heart R ate Patterns

While there iz agreement that FHR mordtoring has revolutionized our understanding of
fetal cardicrascular responses to hopoxia dwing labor and relishly anticipates fetal aciderda
(Spong, 2008, Steer, 2008}, it has also been deerned tobe of litle value over auscultation of
the FHE. and to neither predict fetal rewrological injary nor to improve perinatal ontoorne
[aMirevie et al, 2006, Costantine and Jaade, 2012, Graham et al, 2008, IiacDonald et al,
1985, Wlaclennan et al, 2005, Spong, 2008). Bealizing the benefits of EFM is highly
deperndent on accurate interpretation of these pattems. Intemational guidelines for its use hawve
not heen consistent i their recommendations and interpretation has been shown to be of a
lowr standard inboth clindcal practice and in alle gations of malpractice (Berglind et al., 2008,
Hill etal, 2012, Steer, 2008].

Murerous studies hawe explored the newroradiclogical fivdings in mfants with presumed
HIE, bt any stody of their correlation with ohstetrical events 1= severely limdited. For
examnple, we have no comprehensive understanding of the relations among FHE. patterns,
tering actvity patterns, the cowrse of labor and delivery, neonatal clinical presentation, seral
nenroradiological findings and long-term neurological outeore . Warious stadies relating FHE
patterns o early outcorne mayimobe only the last few rirtes of labor, bt irrespectise of
the duration of sarapling the v frequently fail to docwnent the tiwdng of njury (i any) and
whether on admission fo labor the fetus was normal (Cahill et al, 2012, Graham et al., 2004,
Spenceretal, 19977

Controlled studies of & xeessire uterine actrvity have shown an increased risk of abnornmal
FHE. tracings, feta] acidosis and low Ayear spore, but have o long-tern follow-up (Bakker et
al., 20074, Jackson et al, 20110, Studies of neonatal encephalopathy identified a high
incidence of abnormal FHE. patterns, but generally have not comrented on the presence of
specific FHE. patterns or of excesshve ulerine activity, In warious studies, abronmal FHE
patterns including fetal tachse ardia were corarmonplace in babies with encephalopather (Hayes
et al, 2013, Kazandi et al, 2003, Kodara et al., 2009, Ioray et al, 2009, Fhelanand &b,
1998). The majority of indants in thess studies had low, but not severely depressed Bpear
geores and only a minority of patients had low webilical cord blood pH walues. Farther,
ghrormal heart rate patterns persisted for over 1 hour in about half the patients with neonatal
encephalopathy and over 2 hous in one third (IWhorray et al, 20090, & prelirninary stady of a
gronp of neowates who mffered wewrological oy dwring labor in azsociation with
prolonged excesstve uterine actmity [=2 hours] and other mechanical factors showed
sigrificant evidence of cranial trawra [marked molding, brosing, efe ] at birth (Ater et al,
2008}, On rewroradiclogical exarnination thew showed diverse, supratentorial white rmatter
lesions [both focal and non-focal]l corgpatible with ischernia. Pasal ganglia and thalaric
injury were uncortuot. Fortyesix percent had intracranial hernomhage. The majority of the
newhorns displayed neither wrbilical artery aciderda nor other systernic evidence of
intrapamm asphonia. [meariably, FHR patterns were dhnorrnal, but other than the corsersion
pattern (zee below) in ahout half of these infants, the ahnormalities were diverse.

These data are all consistent with the hypothesis that mbrapartum brain oy and
corsegquent neonatal encephalopathy can develop in association with abnormal FHE patterns,
bt without severe asphwia or fetal acidosis. The ischewdic and heworrhagic iwjunes
appeating duting ldhor in such cases are likely the consequence of brain ischermia produced
by mecharical cofupression or deforrmation of the head, and not prirmarily by systernic fital
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bopoxia or asplomia Chter et al, 2008). It becornes understandable that conteraporary
techrigues of fetal swrveillance ncluding comventional electrorde FHE. monitoring, ewen
dhe tted by detailed analysis of FECG complexes for asphyeia (STAN mortor), fetal pulse
oximetry, and fetal blood gas analyeis arve unlikely to be helpful in this regard (Bloom et al,
2006, Dokns et al, 2013, Schifrir, 2003}, Indeed, in one study withdraweal of the STAN
ronitor was associated with an nprovement in wabilical blood gases although the cesarean
gection rate increased (Dokus etal | 20130,

Table 3. Tierine Aciirity Parameters

Paranweter MNormal Range Excessire (a)
Contraction Frequerncy 2-45/10 min =5/10 rin. (b
Contraction Inte reity [Amplilnde] 2575 mmlg Hot defined
Contrachon DCaration A0 -0 sec. =Q0sec.
Eesting Tore (ITPC) 15— 20 g =25 numHHz
Interval [peak-peak] =2 — 4 min, =lmin
Irterval [end-begirrung] 1 -2 min =1 nmin
Eest ime [Tty oyele) (2] == 2% = Sl
Monteviden Units 200-250 MV =S00MYT
[Averaze anplitnde shove baseline x
fie quancy § 10 mirnates)

[a) Mhast persist, alone orin combinahon, contmos by o1 at leas t 20 normates

B)1C alled “tachysystale™ (=5 comtrachons [ 10 nurmtes - averazed cver 30 num tes)
(2] The pemertaze of time that theutems 1s at rest (not conbactng ).

IUPC = intraiterine pressure catheter

The contermporary classification of fefal heart rate identifies categories (L II, III} of
tracings accowding to their likelihood of associated fetal acidernia (MWacones et al., 2008).
Though the severity of acidernia increasss with increasing severity of the pattemns, theyare in
fact, poor predictors of either fetal acidernia or of subseguent cerebral palsy (Cabdll et al,,
2012, Denrds et al, 1989, Dijxhoom et al, 1985, 1986, 1987, Ruth and Rando, 1988,
Schwarcz et al., 1968). Data from neonatal cooling stodies strongly suggest that no single
guantitative value of fetal arerial pH serves o define a point of hypoxia-induced damage
applicable fo all fetnses (Clark et al, 2013, Shankaran etal , 2005

The cwrrent systern of intrapartor fetal surveillance predicated on rapid intervention in
the presence of aridermda or an acute clinical ewent is unlikely to dimindsh the risk of
renrological injwryr It hias, howewer, reduced draratically the risk of traparturn fetal death
attributable to intrapartorm hypoxia at the same time increasing the cesarean section rate
(Steer, 2009, Walsh et al, 2008). To ohbtain greater clinical benefit from EFDL it will be
necessary to modify the precepts of EFM by using FHE. and nterine contraction patterns not
ordy for the detection of hypozxia (where it has high sensitvaty, but low specificits) , but also
to estirnate divectly whether or not the fetns is at visk of crardal compression ischernia o has
alread sy suffered nenrological harn irrespec tive of its pH (Schiftin and &ter, 2006, Trancuilli
et al, 2013).

Lhmdant data support the idea that properly interpreted, FHE patterns are better
predictors of newrological injury than is wabilical acideraia (Clapp et al., 1988, Dijzhoom et
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al.,, 1985, 1928, 1987, Expermmerntal evidence fror Theda et al, bears divectly on this issue
iTheda et al, 19984, 1998k, Ina study of fetal larahs severe Iy asphimiated by prolonged cord
cornpression, the v found that the seve rity of subseguent ne wrological injury was not related 1o
the duration of the bradswardia or the severty of the drop in pH or base excess, but rather to
the duration of the hypotension (with its pofential for ischemia) and to the abnormal fetal
heart rate pattern after the recowvery from the deceleratiorn. The latter iz anvalogons to a pattern
chserved in harnan fetuses, which we have called the “corrersion pattern” (Schifiin and Ater,
2006). The terrn refers to a sudden evolution of the bebaviorally nomnal fetus with absent
boypoxia to one with a pattern of absent variability and tachywardia (Asalura et al, 1994,
Berretetal, 2005, Clarketal., 2013, Sclafrin and &ter, 2006, Skields and Schifrin, 1988).

Finally, authors hasee found abnorreal FHE. patterns, but absent acidemia, associated with
oxytocin use, fetuses ldboring in the OF position, and with intranterive bacterial infec tion and
subsecuent CF (Porreco etal, 2004). Ililler and Hankins and their colleagues have proposed
that elective cesarean section offers sigraficant henefits for the reduction of CF —a benefit of
avniding the rigors of lahor —especiallythe 2™ stage of labor {Asicioglu etal,, 2014, Hankins
et al., 2006, Ingemarason et al,, 1920, IWiller and Ferriero, 20133

It is terapting to bheliewe that abowe a certain ICP or compromwise of fetal CBF
decelerations occur, but the svaildbhle evidence for such a pathognomonde ssquence is
conflicting and the reliability of FHE. monitoring for defecting pathologic impairrnent of CBF
Is uncertain as are the parallels tobe drawn from aniraal experiments. In the experiments with
intracrardal pressure catheters inserted into homdroce phalic fetuses (Fizure 4), Mocsary et al.
fond recwrrent decelerations with significant elesations of ICF. In sorme of thess, the
recovery of the deceleration was delaywed bewond the end of the contraction (late
deceleration). When the ICP was elevated significantly the fetus exbubited a2 sustained
bradiwardia that recovered fo baseline only after the pressure was relieved (Mocsary et al,
1970). Caldewro-Barcia and colleagues called attention to the high prevalence of early
decelerations in patients with early mpture of the membranes and exaggerated rolding, and
to the appearance of these decelerations with high uterine pressures or pressure on the fetal
skull (Figure 5 (&riel-Tison et al,, 1988, Caldeyro-Barcia, 1974, Schwarcz et al., 1969). In
the study of Ueno cited above a high resistance index of the rodddle cerebral artery was
tegatively correlated with FHE. (Ueno, 1992}, Early decelerations appeared in 67% of the
cages with absent end-diastolic flow welocity, and in 100% of cases with reversed diastolic
flowr even in fetuses with notmal outeornes. Mor are such decelerations present at modest
elevations of pressure despite actteation of the Cushing response (Hars et al, 1980, 10003
In the experiments of Tlann and colleagnes, the heart rate decreased in eleven experiments
mereased in twebe and rermained unchanged in seven (Mlann et al, 1972 There iz also
corapelling evidence that head (or oeulay) cowpression may canse wardble decelerations,
especially in the second stage of labor (Sholapurlar, 200120, Tt seerns necessary to revise the
concept that early decelerations are imvariably benign or that wariable decelerations only
indicate wrobilical cord cornpression and maybe tolerated indefinitely (&rniel-Tison et al,
19858, Sholaparkar, 2012). Ultirately, even late decelerations, thousht to represent fetal
beyposia, may represent delate d recovery fromn elevated intracrardal peessure (IWocsary et al
127707,

The ohjective of surveillance, therefore, must go beyond the search for hypoxia and take
arkrantaze of both the FHE. and uterine contraction patterns and the factors related to progress
m ldbor o minimize the fregquency and duration of those factors that wewveal or
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sugzest a potential adverse rapact on the cerebral circulation — irrespective of their effect on
fetal pH or fetal heart rate patterns. The absence of decelerations rakes highly improbable
the presence of sigrificant hypoxia and acideraia, but does not elirdnate the potential for
excesslve e chanical forces acting on the brain and dirndnishing cerebral blood flow.
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Figure 4. Relatinrship of fetal heart rate changes to spontanecns comractons and arbificial increases in
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FHER. patterns do not represent the totality of intrapartura care, which must include a
detailed evaluation of the course of labor and the position, raolding and descent of the head,
araong other factors. Accordingly, efforts to reduce the risk of intrapartura injury to the fetus
will require raore appropriate recognition of the risks, proper classification of the role of
mechanical factors [CCIE] and more suitable evaluation of the obstetrical antecedents of
those identified as injured. Extensive evidence supports the concept that excessive fetal head
corapression during labor and delivery can result in reduced brain blood flow and consequent
ischeradc brain injury; even in the absence of superficial trauraa, hemorhage or acidera
{Clark etal., 2009, Geirsson, 1988, Govaert et al., 1992c, Keeling, 1981, Volpe, 2008, Welch
and Strand, 1986). In the presence of hypoxia and hypotension frora other causes excess head
corapression can further dirainish cerebral perfusion and increase the nsk of injury.

Toward Reducing the Risk of Mechanical Injury

Evidence for the potential of head corapression to cause injury is both clindcal and
experimental. Its sigrnificance has been overlooked, howewver, due in largest part to the
widespread assuraption that neonatal ischeraic injuries are asphyxial not mechanical, in
origin. By consequence, there has been a dearth of research in this area (ACOG, 20034,
Volpe, 2012).
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pressure. Note also the association of decelerations wath incieasing pressures as the head appmoaches
delivery (Schwrarcz et al., 1969).
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Whny, probably most, newhoms disgnosed with ischerde encephalopathsr (ahsent an
acute event) were not exposed to severe global asplopia in utero. Theirbmin ischerda more
likely repae sents a cordribution of the effects of mechardcal tramrna in addition to the warious
phanvacological, infections, hypoxerde factors dwing labor. Trauwma could be cansed by
excesshve ulerine activity sbeted by neglected dwefunctional labor in the presence of
cephalopebdc dispeoporion, malposition, prolonged nyture of the memwbranes, molding of
the fetal head, operative waginal delivery or excesstve maternal pmshing in the second stage of
lahor. The owverall contribution of these forces to ischemic brain injury during labor is difficult
o establish, in 1o swmall measure becanse in modern obstetrics necessary details shout thess
warions factors are often wrmeasured, unrecorded and not considered. To isolate the
contribution of mechanical factors it will be necessary for e piderdologic stadies to adjust for
the role of potentially matizating factors, incloding aryy prenatal, geretic, or hopoxernic
contributors to injury, If inferences about the canse of the brain injury are to be accurate,
studies of newhborns with enceplalopathy need to incorporate detailed obstetic data,
includivg estimates of newrological integrity at the outset of ldbor and uterine activity
measures. In so doing we will better understand the concept of CCIE and its contribution to
neonatal mothidity, Injury related to CCIE may be far more common than generally
appreciated.

With these historical perspectres and evobring pathophysiological concepts iv rind we
offer the following peinciples of fetal suveillance during labor, Assuming the wellbeing of
the raother, the program is dependent upon a thoughtful analwis of the FHR pattern, the
uteringe activitypatterr, and the course of labor.

Lroiding the need fo rescue the fetus fror serious adwersity is a priority. Delbvering a
fetus under emergency cirowrastances, regardless of the outcome, 15 not a goal to which we
should aspire. Frergency deliveries disrpt care of other patients and are more likelyto beget
coroplications in fetus and rother (Tolcher etal, 2014).

The awvoidance of hypoxic, ischernc, and mechanical stresses is best realized by

+  The seropmlons avoidance of excessive uterine acttvity under any circurnstances.
(The definition of “excessie™ mmst include the frequency duration and rest time
betzeen contracions or between expulsive efforts). A rormal fetal heart rate tracing
should never be considered reassuring if uterine activity is excessive - especiallyin
late labor.

+  With decelerations in the fetal heart rate, the fetus shonld be allowed to recover to its
previously nommal (and stable) baseling rate and wariability if possible, before
oxytocin or pushing is reswed. Failure fo recower as defined recuires the further
application of conssrvative teaswes (cessation of pushing, lateral positioning,
matermal oxyzeration) and consideration of inferention as dictated by the expected
course of labor (Clark etal , 20133,

+  Close attention to the comrse of cervical dilatation and descent with prorapt
recoghition and response to dysfunctional labor patterms. Decisions to use oxyiocin
should incorporate inforrnation about cephalopelde relations (including pehde
architecture, station molding, position, attitude) as well as the FHE and contraction
pattems.

+ In the second stage of labor, matermal expulstve efforts are conducted ondy with, not
betaeer, contractions. If contractions are close together or decelerations are present
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enconrage pushing ondy with every other or every third contraction, especially if
epidural aresthesia is in place. Encourage pushing using the open glotis technigue.

Conclusion— Perspective

Fetal newrological injury daring labor may dertve from pharmacological, infections, and
horpoe roae factors and from e chardcal trawma, Elucidating their individual corntributions is
difficult because of lirnite d intrapartura and follow up data and a cwrrent perspective of injury
slarted almost ex clustvely to iderdifiying senvere fetal hypoxia.

WEchanical forces resulling in fefal cravdocersbral wascular insufficiency during labor
may result in ischernic cerebral injwy in the absence of obvious superficial trawma,
hernomhage or aciderrda (Clark et al, 2009, Geirsson, 1982, Gowaert et al, 19924, Keeling,
1981, Volpe, 2001, Welch and Strand, 1926). In the presence of pre-existing hopoxia andfor
hypotension, contractions, especially with pushing, can fiurther dirninish cerebral perfusion.
Mecharical forces in the form of cramo-cerebral compre ssion are an overlooked mechanism
of ijmry. To isolate the contibution of rechanical factors it willbe necessary o eliminate or
mirieize the role of potentially mitisating factors, including ary prematal, genetic, or
hopoce rrde canse of injury and perhaps, with newdfound understanding, iderdify it spec ifically.
We propose the concept of cranial compression ischernic encephalopathy (CCIE). Injury
related to CCIE, may indeed be the more raportant link to intrapartur ische rrde injury and its
prevention than is the detection of hrpoxia. The objective of enlizhte ned obstetrical care isto
avold these adverse consequences. We roust learn more about the ability of the fetal skull to
protect the fital hrain,
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