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Abstract 

Fetal stroke is an important cause of cerebral palsy but is difficult to diagnose unless 

imaging is undertaken in pregnancies at risk because of known maternal or fetal 

disorders. Fetal ultrasound or magnetic resonance imaging may show haemorrhage 

or ischaemic lesions including multicystic encephalomalacia and focal porencephaly. 

Serial imaging has shown the development of malformations including 

schizencephaly and polymicrogyra after ischaemic and haemorrhagic stroke. 

Recognised causes of haemorrhagic fetal stroke include alloimmune and 

autoimmune thrombocytopaenia, maternal and fetal clotting disorders and trauma 

but these are relatively rare. It is likely that a significant proportion of periventricular 

and intraventricular haemorrhages are of venous origin. Recent evidence highlights 

the importance of arterial endothelial dysfunction, rather than thrombocytopaenia, in 

the intraparenchymal haemorrhage of alloimmune thrombocytopaenia. In the context 

of placental anastomoses, monochorionic diamniotic twins are at risk of twin twin 

transfusion syndrome (TTTS), or partial forms including Twin Oligohydramnios 

Polyhydramnios Sequence (TOPS), differences in estimated weight (selective 

Intrauterine growth Retardation; sIUGR), or in fetal haemoglobin (Twin Anaemia 

Polycythaemia Sequence; TAPS). There is a very wide range of ischaemic and 

haemorrhagic injury in a focal as well as a global distribution. Acute twin twin 

transfusion may account for intraventricular haemorrhage in recipients and 

periventricular leukomalacia in donors but there are additional risk factors for focal 

embolism and cerebrovascular disease. The recipient has circulatory overload, with 

effects on systemic and pulmonary circulations which probably lead to systemic and 

pulmonary hypertension and even right ventricular outflow tract obstruction as well 

as the polycythaemia which is a risk factor for thrombosis and vasculopathy. The 
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donor is hypovolaemic and has a reticulocytosis in response to the anaemia while 

maternal hypertension and diabetes may influence stroke risk. Understanding of the 

mechanisms, including the role of vasculopathy, in well studied conditions such as 

alloimmune thrombocytopaenia and monochorionic diamniotic twinning may lead to 

reduction of the burden of antenatally sustained cerebral palsy.  
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Ischaemic or haemorrhagic stroke may occur in the fetus from 14 weeks gestation 

and may be defined as ‘fetal stroke’ or ‘prenatal stroke’ or ‘antenatally diagnosed 

stroke’ if diagnosed before the onset of labour. However, the fetus is typically 

asymptomatic and stroke is rarely recognised unless ultrasound or magnetic 

resonance imaging (MRI) is undertaken in the context of concerns about the health 

of the fetus or the mother. For the fetus, the context is typically monochorionic twin 

pregnancies at risk of twin-twin transfusion(1) or associated complications, which 

may need high-risk intervention and therefore follow-up. Much of our understanding 

about the range of pathology and underlying pathophysiological mechanisms has 

come from the study of monochorionic twin pregnancies. This will be discussed in 

detail in view of the insights provided into fetal stroke and cerebral palsy of antenatal 

origin in general. Other fetal conditions include hydrops fetalis(2) and fetal 

tachycardia(3). Concerns in the mother leading to neuroimaging include 

alloimmune(4) or autoimmune (3)(5)(6) thrombocytopaenia, von Willibrand 

disease(7), trauma(3), diabetes(3), sepsis(8), seizures(9) or pre-eclampsia. 

Interventions which carry a risk of fetal stroke include amniocentesis(3), 

amnioreduction(10)(11) or laser coagulation(11) for twin-twin transfusion and 

transfusions of whole blood for fetal anaemia(12) or platelets for 

thrombocytopaenia(6). 

Epidemiology 

In the Norwegian study using the Surveillance of Cerebral Palsy in Europe (SCPE), 

the prevalence of Cerebral Palsy in live births was 2.1/100,000, a third of which were 

unilateral(13). The prevalence of cerebral palsy is declining in Europe, but the 

proportion with unilateral cerebral palsy is now higher and this is statistically 

significant for those of normal or moderately low birthweight(14). Unilateral spastic 
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cerebral palsy is the most common form in term-born infants, with a prevalence in 

developed countries, such as Canada, of 1.0 (95% CI, 0.64-1.36) per 1000 live 

births(15). Case series which have included neuroimaging suggest that in at least 

one third of children, the insult causing the hemiplegia is sustained antenatally,(16) 

including predominantly unilateral periventricular leukomalacia despite term delivery, 

and structural malformations such as porencephaly, schizencephaly and 

polymicrogyria.  

Other patterns of cerebral palsy, including four limbed cerebral palsy (quadriplegia), 

and bilateral malformations may also have had a vascular aetiology(17): extensive 

focal ischaemia may lead to microcephaly(18) while antenatal cerebral ischaemic 

and haemorrhagic stroke may lead to ventriculomegaly or hydrancephaly after 

intraventricular haemorrhage, or behavioural difficulties after focal cerebellar damage 

(19). Any discussion of fetal stroke should also mention intraventricular haemorrhage 

and periventricular leukomalacia. Although considered to be global rather than focal 

mechanisms of injury typically seen in infants born prematurely they are also 

reported antenatally secondary to acute obstetric emergencies such as placenta 

abruption(20,21)(22) and in monochorionic twin fetuses(23). 

 

Fetal stroke and cerebral malformations 

Schizencephaly and porencephaly are important causes of spastic cerebral 

palsy(24) which may be diagnosed antenatally(25)(26). In the SCPE study, 8.6% of 

children with CP had congenital cerebral malformations and 0.9% were cysts likely to 

represent the endpoint of a focal ischaemic insult. In a large Californian population-

based study, the prevalence of schizencephaly was 1.54 per 100,000(27). 
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Population-based data from the United Kingdom gave a similar prevalence of 

1.48/100,000(26). The prevalence of schizencephaly, porencephaly, 

encephalomalacia or hydranencephaly in a Japanese study was 8.3 (95% CI, 2.6-

14.1) per 100,000 live births (28).  

There is increasing evidence that schizencephaly,(29)(25)(30) focal dysgenesis(31) 

and polymicrogyria,(32)(33) hydrancephaly(34) and, more controversially, low grade 

focal cortical dysplasia(35) are, at least in some cases, the result of prenatal focal 

ischaemia. Vascular disruption secondary to focal ischaemia or haemorrhage 

appears to play a role in the development of schizencephaly and porencephaly, e.g. 

in monozygotic twinning(27), maternal alloimmune thrombocytopaenia(26) or 

warfarin use(36). There is evidence for involvement of the arteries of the circle of 

Willis in some cases of schizencephaly. Occlusion or absence of the middle cerebral 

artery (MCA) has been documented(37). Interestingly, schizencephaly in the middle 

cerebral artery (MCA) territory is commonly seen in association with septo-optic 

dysplasia, considered to be related to ischaemia in the anterior cerebral artery(26). 

Recent evidence suggests that the brain changes which lead to schizencephaly may 

be progressive, with ventriculomegaly, then a cleft (Figure 1), which is eventually 

lined with neurones after migration(26)(38).  

Fetal haemorrhagic stroke and venous infarction 

The imaging data for postnatally diagnosed stroke in term infants suggests that the 

majority have infarction in the territory of a major artery and haemorrhage is less 

common(39)(40). In contrast, although there are no population-based studies, in the 

published case series based on fetal ultrasound or magnetic resonance imaging 

(MRI) haemorrhagic stroke is more likely to be recognised(3). This is probably partly 
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because of the imaging characteristics but also because haemorrhage is more likely 

to occur at lower gestational age. The common supratentorial types are 

periventricular (Figure 2), intraventricular (Figure 3), intraparenchymal (Figure 4), 

subdural, subarachnoid, and epidural, while infratentorial intracerebellar and 

subdural haemorrhages are also recognised(41). Although there is a long list of 

causes, even with an extensive workup, an underlying diagnosis is often not made. 

Intrauterine growth retardation is often associated with fetal hemorrhagic stroke (42). 

For infants and children with clinical patterns of neuromotor impairment consistent 

with antenatal haemorrhagic stroke, e.g. apparently isolated hemiplegia presenting 

towards the end of the first year of life,(43)(44)(45) and otherwise unexplained 

general developmental delay(8) with a syndrome consistent with developmental 

cerebellar cognitive affective syndrome,(19) T2-weighted or susceptibility weighted 

imaging may show haemosiderin as evidence of previous haemorrhage.(43)(29)  

Peri- or intra-ventricular haemorrhage secondary to germinal matrix haemorrhage 

This may occur between 22 and 34 weeks gestation(2)(47–50) and is considered to 

be the fetal equivalent of the peri- or intra-ventricular haemorrhage seen in infants 

born prematurely, with some developing hydrocephalus (Figure 3). Fetal ultrasound 

typically shows an irregular intraparenchymal or intraventricular echogenic foci or 

periventricular echodensities with or without ventriculomegaly or frank 

hydrocephalus(51). Large haemorrhages may lead to obvious porencephaly(52) with 

or without progressive neuronal migration disorder. 

Unilateral parenchymal haemorrhages of presumed venous origin and presumed 

perinatal ischaemic stroke 
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Small germinal matrix haemorrhages may be associated with venous congestion and 

infarction in the periventricular region(52) and may occur antenatally (Figure 2) as 

well as in prematurely delivered neonates. Recent susceptibility-weighted MRI 

suggests that an anatomical variant, with narrower curvature of the terminal 

subependymal veins, may play a role(53). One large study found that 14% of 

unilateral parenchymal haemorrhages of presumed venous origin were present at 

birth and imaging in a further 3% was consistent with antenatal onset(54).  Recent 

evidence suggesting that this leads to reduced subcortical and cortical brain tissue 

volume(45) associated with hemiplegia presenting around 8-10 months of age 

(presumed perinatal ischaemic stroke) with relative preservation of cognitive 

function(43)(44)(45) 

Intraparenchymal 

The haemorrhages seen in alloimmune thrombocytopaenia are typically 

intraparenchymal (Figure 4), perhaps in relation to the associated endothelial 

dysfunction rather than the thrombocytopaenia (see below). Intracerebral and 

intracerebellar haemorrhage has also been reported in foetuses proven to have 

COL4A1 mutations(55). Vascular imaging with Doppler or MRA would be of interest 

in fetal intraparenchymal haemorrhage, which may also occur as a secondary 

phenomenon after infarction. 

Subdural, subarachnoid and epidural haemorrhage 

Supratentorial extra-axial (subdural, subarachnoid and epidural), as well as 

intracranial, haemorrhages(49)(56) are seen after maternal trauma(56)(57)(58)(59). 

Subdural haemorrhage is also seen in bleeding diatheses such as autoimmune 

thrombocytopaenia(5). Maternal warfarin intake may also play a role(56,60,61). 
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There may be reverse flow on Doppler ultrasound, presumably secondary to raised 

intracranial pressure(62). 

Posterior fossa haemorrhage 

Infratentorial fetal haemorrhages (49)(12), including subdural(63) and 

intracerebellar(46)(64) bleeding, have been diagnosed in utero(8)(7). However, this 

possibility has often been considered only in the neonatal period or even in 

childhood when a destructive lesion of the cerebellum is recognised (Figure 5) and 

haemosiderin is seen on susceptibility weighted imaging(12). Causes include 

bleeding diastheses(7) and intrauterine transfusion, e.g. for presence of the anaemia 

of Rhesus disease(12), perhaps analogous to the haemorrhages associated with 

hypertension posterior reversible leukoencephalopathy after rapid transfusion in 

haemoglobinopathies. The acute hypertension of eclampsia might also play a role 

(Figure 5), but this has not been studied in detail. Subsequent poor growth and/or 

destructive lesions of the cerebellum are often associated with poor cognitive, 

behavioural and social outcomes(19). 

 

Focal ischaemia in an arterial distribution 

Antenatal focal ischaemia in an arterial distribution may be diagnosed acutely(65) if 

contemporaneous fetal ultrasound or MRI is undertaken, or if screening imaging is 

undertaken, e.g. in monochorionic twin pregnancies (Figure 7; see below) or where 

there is a known association with risk factors for cerebrovascular disease including 

maternal cocaine use(30)(34). In utero imaging which has been described includes 

increased echogenicity on fetal ultrasound consistent with recent haemorrhage into 

an acute infarct in the distribution of the middle cerebral artery (65). There is a much 
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wider range of focal abnormalities of ischaemic origin in monochorionic twin 

pregnancies, including malformations such as schizencephaly, polymicrogyria and 

cortical migration disorders (see above) as well as porencephaly. The prevailing 

opinion is that the main mechanism in monochorionic twins is hypotension in the 

surviving twin following death of the co-twin with the survivor twin losing blood 

through the placental anastamoses into the other fetus and placenta, often resulting 

in severe anaemia. Alternatively, where there are large arterio-arterial anastamoses 

there may be acute inter-twin transfusions resulting in hypotensive damage, even 

when both twins survive(66).  However, in utero vascular imaging e.g. with Doppler, 

has shown middle cerebral artery occlusion associated with unilateral 

schizencephaly after cocaine exposure(30). Alternative mechanisms in 

monochorionic twins and other cases of in utero ischaemic stroke include 

vasospasm(30), vasculopathy(67–73) and embolic infarction from a variety of 

sources including the placenta or the heart(74)(75)(76)(77) (see below). However, as 

for periventricular venous infarction, antenatal focal ischaemic infarction is more 

likely to be tentatively diagnosed when the child presents clinically, with seizures in 

the neonatal period or in infancy, or as presumed perinatal stroke presenting with 

asymmetry in tone and/or motor function around 8-10 months.(34)(78) 

If not diagnosed acutely, the typical imaging findings in a child presenting with 

congenital hemiplegia/presumed perinatal ischaemic stroke are of porencephaly or 

encephalomalacia(43) in an arterial distribution e.g. middle or anterior cerebral artery 

territory. 

 

Antenatally diagnosed cerebrovascular disease 
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Venous abnormalities 

Dural venous sinus thrombosis and malformations may also be diagnosed on 

antenatal fetal ultrasound.(79) As the two pathologies may be difficult to separate, 

the term ‘dural venous ectasia with thrombosis’ (Figure 6) is often used(80). The 

Torcula Herophilae is typically involved(80)(79), but the appearance are similar in the 

sagittal(81) and transverse(79) sinuses. There may be bleeding(81), but 

recanalization is common and the outcome appears to be good in the majority born 

alive(80)(79)(81). 

Vein of Galen abnormalities may also be diagnosed antenatally on ultrasound and 

MRI. Although the feeding and draining vessels and any associated 

ventriculomegaly may be seen and this can assist with planning of treatment, it is 

difficult to distinguish high flow from venous thrombosis on fetal MRI, although on 

colour flow Doppler ultrasound the increased flow is easily distinguished(82). 

Arterial abnormalities 

Cerebrovascular disease associated with arterial ischaemic stroke in early life e.g. 

PHACES (posterior fossa abnormalities, haemangioma, arterial lesions, cardiac 

abnormalities or coarctation of the aorta and eye abnormalities syndrome)(83) has 

been diagnosed antenatally. It is also possible to recognise pial arteriovenous 

malformations(84). 

Risk factors 

The risk factors which have been described for each clinical presentation related or 

presumably related to fetal stroke are listed in Table 1. For fetal haemorrhage, 

bleeding diatheses have been most frequently reported, typically maternal with the 

most common being alloimmune thrombocytopaenia,(3)(5)(6) but also fetal(85), 
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which may be missed if the fetus dies in utero or the pregnancy is terminated. 

Genetic disorders associated with cerebrovascular disorders in adults, such as 

autosomal dominant COL4A1 and COL4A2 mutations, have been reported in 

association with disorders likely to be of focal ischaemic or haemorrhagic origin, 

such as schizencephaly (Table 1), but whether they are causative in fetal 

intraventricular haemorrhage is controversial.(86)  Prothrombotic disorders are 

relatively common in presumed perinatal arterial stroke, both with an arterial and a 

periventricular venous distribution(78). Infections, including cytomegalovirus, Zika 

and Parvovirus B19, may cause fetal stroke by a variety of mechanisms, including 

vasculopathy(87)(88)(72), acute anaemia(88) and venous thrombosis(89).   

 

Common clinical settings 

Thrombocytopaenia 

Fetal and neonatal alloimmune thrombocytopaenia (FNAIT) 

Fetal and neonatal alloimmune thrombocytopenia (FNAIT) is an important cause of 

intracranial bleeding in the fetus (Figure 4)(90)(91), although it accounts for a 

relatively small proportion of perinatal intracranial haemorrhages overall(92). 

Analagous to Rhesus disease, in FNAIT there are maternal alloantibodies against 

human platelet antigens (HPAs). The condition is relatively rare, affecting between 

one in 1000 and 5000 pregnancies(93), including primigravidae, unlike Rhesus 

disease, although potentially immunogenic prior miscarriages are relatively common. 

Intracranial haemorrhage has been reported to be more likely in multigravidae(94) 

but in Norway, where the low risk of intracranial haemorrhage means that 

prophylaxis is not offered, HPA antibodies were lower and platelet count was higher 
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in subsequent pregnancies(95). Intraparenchymal bleeding into the temporal, 

parietal and occipital lobes with the development of porencephaly is typical(96), but 

cerebellar destruction(97)(98), isolated ventriculomegaly, and intraventricular, 

subdural and subarachnoid haemorrhage have also been reported(90)(96). Although 

there are few fetal imaging data from consecutive cohorts, the available antenatal 

ultrasound(99)(100)(101)(102) and fetal MRI(96)(100)(103), as well as the neonatally 

acquired imaging(96)(104), suggest that the majority of intracranial haemorrhages 

occur in the second and third trimesters of pregnancy. Intrauterine fetal death is also 

relatively common. Retinal haemorrhage may be noted after birth, with optic atrophy 

diagnosed at follow-up; visual disability appears to be a specific feature(105).  

There are at least 33 different HPAs(91)(91), and perinatal intracranial haemorrhage 

occurs in some, including HPA1, HPA5b and HPA15b(106). HPA1 is the most 

common in Caucasians, and around half, including HPA1, are in the GPIIIa (β3 

integrin subunit). Allo-immunisation occurs if mother is HPA negative (2% of the 

population are HPA1 negative with the less common alleles, b, i.e. HPA1bb) while 

father is HPA positive (HPA1ab or HPA1aa) so that the fetus inherits at least one ‘a’ 

allele. The antibodies against platelets in the fetus cause thrombocytopaenia and 

until recently treatment strategies focussed on improving platelet counts. Human 

leukocyte antigen status may also influence whether there is bleeding(94). However, 

it has become clear, using murine models, that there is also evidence of disruption of 

angiogenesis and endothelial function. Intracranial haemorrhage occurs, brain and 

retinal vessel density is reduced, angiogenic signalling is impaired and endothelial 

apoptosis is increased only in anti-β3 integrin-mediated FNAIT(107).  

In a UK series, 26 of 200 infants had intracranial haemorrhage, of whom 19 were 

born alive; one died and 13 had permanent neurological sequelae, mainly cerebral 
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palsy including hemiplegia(106). In view of the poor neurological outcome 

intervention in pregnancy has been justified. Fetal blood sampling for diagnosis of 

thrombocytopenia and fetal platelet transfusion were initially proposed(90), but there 

was a high incidence of fetal loss, premature delivery and perinatal death after these 

invasive procedures(106)(108). Recent evidence suggests that intravenous 

immunoglobulin with or without steroids(105)(108) is more effective in preventing in 

utero or neonatal intracranial haemorrhage(90). If intracranial haemorrhage is 

prevented, long term neurodevelopmental outcome is excellent whether the 

treatment is platelet transfusion or intravenous immunoglobulin(109). In a study from 

Australia the only intracranial haemorrhages were in unanticipated cases with 

invasive procedures(4). 

 

Twins and other multiple pregnancies 

Cerebral palsy is more common in twins than in singletons, particularly if they are the 

same sex, born later in gestation and with a co-twin death ante- or post-

natally(110)(111). Dizygotic twins almost always have separate placentas 

(dichorionic diamniotic), although occasionally there may be fusion. However, 

placentation in monozygous twins depends on how soon after fertilization the ovum 

splits: dichorionic diamniotic if <3 days, monochorionic diamniotic if 4-8 days or 

monochorionic monoamniotic if >8 days(111).  

It is well recognised that monochorionic diamniotic twin pregnancies may be 

complicated by twin-twin transfusion syndrome (TTTS), related to placental vascular 

anastomoses (venous-venous, arterial-arterial or arterial-venous)(112). In chronic 

TTTS, the recipient is usually the larger, but may sometimes be the smaller (113). 
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Typically, the recipient has circulatory overloaded, with increased urine output and 

polyhydramnios as well as effects on the heart and systemic and pulmonary(114) 

circulations which probably lead to systemic and pulmonary 

hypertension(115)(116)(117) and even right ventricular outflow tract 

obstruction(118). The donor is hypovolaemic, with decreased urine output and 

oligohydramnios. The chronic development of oligohydramnios in the donor and 

polyhydramnios in the recipient (Twin Oligohydramnios Polyhydramnios Sequence, 

TOPS) is thought to be occur when there are prominent arterial-venous 

anastomoses so that blood tends to flow in one direction(119).  

Placental histopathology suggests that there is a vascular anastomosis in 100% of 

monochorionic twin pregnancies but twin-twin transfusion affects <10%(120), 

probably because the majority do not have major arterial-venous anastomoses(119). 

Originally, after birth, the diagnosis was made when there was a 5.0 g/dL difference 

in haemoglobin(120). However, there is rarely such a large difference at birth(119) or 

at fetal blood sampling(121), despite other evidence of a significant anastomosis 

between twins in utero, such as hydrops or differences in the amount of amniotic 

fluid on fetal ultrasound (TOPS), in estimated weight (selective Intrauterine growth 

Retardation; sIUGR), or in fetal haemoglobin (Twin Anaemia Polycythaemia 

Sequence; TAPS). However, large arterial-arterial and venous-venous anastomoses 

may allow flow in both directions with the risk of acute TTTS after the death of a co-

twin(122), after amnioreduction(10), or at birth(119). In the latter situation, one twin 

may be acutely anaemic without reticulocytosis, sometimes requiring transfusion, 

while the other is polycythaemic, sometimes requiring exchange(119). 

Differences in haemoglobin have been reported in monochorionic diamniotic twin 

pregnancies in TTTS, TAPS and sIUGR.  TAPS occurs where there are only a few 
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(one or two) narrow inter-twin anastamoses resulting in progressive polycythaemia in 

one twin and anaemia in the other(119).   In the absence of TOPS, TAPS with fetal 

anaemia in the donor can now be inferred if the MCA peak systolic velocity (PSV) on 

Doppler scanning is high(123)(124), while low MCA PSV is seen in the 

polycythaemic recipient twin(124). The diagnosis is confirmed if at delivery, the 

donor twin has a haemoglobin 8.0 g/L less than the recipient but with a higher 

reticulocyte count, excluding acute TTTS(119). Interestingly, there are similar 

discrepancies in MCA PSV in sIUGR, suggesting that part of the pathology involves 

TTTS. However, intrauterine growth restriction of any cause can result in 

polycythaemia, so there may be differential haemoglobin levels at delivery in 

monochorionic twins with sIUGR unrelated to TTTS.  In these fetuses there is an 

unequal share of placental territory with the smaller twin usually having a marginal or 

velamentous cord insertion and only a third or less of the placenta.  

 

Death of one twin with vascular disruption in the other: autopsy data 

Reviewing the literature, Carlson and Towers (125) suggested that the risk of death 

or disability after death of the cotwin was 17% (5/29 reported in 4 manuscripts) and 

was as common in dichorionic as in monochorionic twinning (1.4%). However, in 

Carlson and Towers’ series(125), the infant with twin-twin transfusion and the one 

with multicystic encephalomalacia were both monochorionic. Twin-twin transfusion 

may be associated with in-utero death of one twin, more commonly the 

donor(116)(126). Intrauterine growth restriction plays a part in a significant 

proportion, and in the majority of cases, it is the smaller twin that dies; there may be 

overlap between these aetiologies as it is not easy to exclude TTTS. Although the 
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surviving twin may be normal at follow-up, he or she is at risk of neonatal death or 

long term disability. There is a risk of cord knot in monochorionic monoamniotic twin 

pregnancies which may lead to death of one twin and brain damage in the 

other(123). However, this is rare and TTTS and sIUGR are less common 

monochorionic monoamniotic than in monochorionic diamniotic twins (116)(127), 

while the described neurological complications are usually those of premature 

delivery e.g. intraventricular haemorrhage(127). The dead twin may be acardiac with 

Twin Reverse Arterial Perfusion (TRAP)(128). Hydrancephaly, global 

(125)(129)(130,131)(132) or parieto-occipital(132)(133) multicystic 

encephalomalacia, and focal infarction or porencephaly(134), typically involving the 

parietal region(135)(136) but also the cerebellum(125)(136), spinal cord(134), 

thalamus(23), caudate, occipital(136), temporal and frontal(137) lobes, has been 

described at autopsy. There may also be limb(138), skin, renal(123)(136), 

hepatic(113), gut (atresia and gastroschisis) and splenic(136) infarction, sometimes 

with thrombus in the supplying arteries as well as pulmonary artery thrombus(129).  

Fetal imaging after death of a twin  

Laser photocoagulation to reduce shunting across the placental vascular 

anastomosis appears to be associated with a lower risk of fetal loss and neurological 

impairment than conservative management of TTTS or serial 

amnioreduction(23)(139)(140). Pregnancies at risk are therefore now imaged 

regularly in order to plan intervention. Antenatal ultrasound and latterly magnetic 

resonance imaging (MRI) after death of the donor or the recipient twin has shown a 

wide range of imaging abnormalities in the survivor(23). Focal ischaemic 

abnormalities include infarction within the territory of the middle (MCA)(141)(142) or 

posterior (PCA)(66) cerebral artery, germinolytic cysts(142), capsular cyst with 
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ipsilateral periventricular dilatation(143) considered to be of venous origin(43), 

hemispheric asymmetry(144), porencephaly(49), polymicrogyria(142)(144)(49), and 

subdural (49) and intracranial(142) haemorrhage which may be associated with 

transverse sinus thrombosis(142). Global abnormalities include 

ventriculomegaly(143), hydrancephaly(143), global or posterior 

encephalomalacia(38) and bilateral parasagittal and periSylvian ischaemia(38). In a 

European multicentre study of 434 pregnancies complicated by intrauterine death of 

one fetus, either spontaneous or after intervention, Conte et al documented isolated 

ventriculomegaly in 15, while 42 (9.7%; 34 monochorionic diamniotic twins, 4 

monochorionic monoamniotic twins and 4 triplets) had parenchymal abnormality, 21 

global and 21 focal(38).  Risk factors for cerebral injury in the surviving twin include 

diagnosis of TTTS, later gestational age at which the co-twin dies (141) and earlier 

gestation at which the survivor is born (116). 

Fetal stroke in twin pregnancies where both survive 

Unilateral cerebral palsy may also occur perinatally in one twin even if both 

survive(145)(144)(23) and is occasionally associated with brain damage in the other 

survivor(23)(146). Although some of the data is antenatal(23)(145)(144), some 

comes from children diagnosed after birth so it could not be certain that the stroke 

occurred in utero. Golomb et al reported 4/35 (11%) infants with presumed perinatal 

arterial stroke were one of a surviving twin pain(147); at least 2 were dizygous. 

Interestingly one of 35 (3%) presenting in later childhood was also a twin and it is 

possible that in utero factors determine differences in manifestations of 

cerebrovascular disease in twins in childhood(148) and possibly in later 

life(149)(150). Benders et al showed that stroke in premature infants is also more 

common in one of a pair of twins, typically monochorionic with TTTS(151); in more 
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than half the pairs both survived. In another series from the Indianapolis group, of 23 

infants born prematurely who had focal infarction, 5 were one of surviving twin pair; 

one had had twin-twin transfusion(152).   

Development of cortical malformations in twins 

Schizencephaly is twice as common in monozygotic twins (27). In a study from 

Seattle of hydrancephaly and porencephaly, 6 of 56 (11%) were twins, 5 same sex 

(all both male)(153). Polymicrogyria type II has also been reported in both the 

smaller and the larger of monochorionic twins with suspected TTTS, in some in 

association with focal infarction(154). The timing of the insult is consistent with an 

effect before or during neuronal migration at the time of the formation of the cortical 

plate(154). Bilateral parietal-occipital polymicrogyria has been reported in the 

recipient twin, suggesting that polycythaemia may play a role and that the vascular 

compromise might be venous(155). Polymicrogyria was seen on ultrasound and MRI 

in a donor twin(156) but postnatal data were not available as the mother chose 

feticide; the surviving recipient twin was normal in this case. Bilateral perisylvian 

polymicrogyria with periventricular heterotopia was documented in a recipient 

survivor where the donor died at 18 weeks gestation; the survivor had clinical 

features consistent with the syndrome. Griffiths also reported schizencephaly and 

‘reparative’ polymicrogyria in cystic lesions, consistent with ongoing neuronal 

migration and cortical reorganisation typical of the second trimester, on antenatal 

MRI of the survivor after co-twin death in the third as well as the second 

trimester(157). Conte et al undertook serial imaging in two cases with focal lesions. 

In one with focal cortical thinning at 21 weeks gestation there was a cortical plate 

abnormality at 25 weeks gestation confirmed as polymicrogyria postnatally. In the 

other with bilateral posterior encephalomalacia at 21 weeks, repeat MRI at 27 weeks 
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showed extensive loss of brain volume and communication between the cysts and 

the lateral ventricle with the communication lined with cortical plate, consistent with a 

diagnosis of open lip schizencephaly(38).  

‘Stroke syndrome’ patterns on fetal and neonatal imaging in donor and recipient 

twins in TTTS 

Some authors have included details which may allow separation by donor/recipient 

status. Glenn described the development of unilateral encephalomalacia with 

polymicrogyria on fetal MRI in the recipient at 23 weeks after death of the donor at 

18 weeks(158). Van Klink et al documented focal infarction in the territory of the 

MCA, as well as multicystic encephalomalacia and widespread cortical and white 

matter destruction in the surviving recipient twin(116). Neonatal imaging in the same 

series showed cystic periventricular leukomalacia in a surviving recipient and 

intraventricular haemorrhage in surviving donors and a twin with sIUGR without 

TTTS(116). Robinson reported donor/recipient status for fetuses with co-twin death 

after laser photocoagulation, and documented torcular dural venous thrombosis in a 

donor and a cyst in the frontal lobe, associated with later speech delay, and 

asymmetrical ventricles in a recipient(144). The donor had unilateral 

ventriculomegaly and the recipient had a small cerebellum in a pair from the same 

series where both survived(144).  

Robinson et al also reported on 15 twin pairs both alive at the time of ultrasound and 

fetal MRI: 11 with TTTS, 2 with TAPS and 2 with sIUGR(144). They documented 

unilateral ventriculomegaly in one donor and left-sided diffusion-weighted imaging 

(DWI) changes consistent with acute parieto-occipital infarction in another donor as 

well as more widespread encephalomalacia, also in donors(144). One TTTS and one 
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TAPS recipient in this series had increased subarachnoid spaces; this could be 

evidence of subarachnoid haemorrhage although none was mentioned. 

In Denbow’s series reporting neonatal cranial ultrasound in 11 twins with TTTS born 

prematurely, including 4 pairs where both survived, periventricular leukomalacia, 

white matter cysts and unilateral ventricular dilatation were mainly documented in 

donors, although both of one pair had this pattern(145). The temporo-parietal infarct 

occurred in a recipient and lenticulostriate vasculopathy was only recorded in 

recipients(145). Lenticulostriate vasculopathy, a mineralising angiopathy involving 

the perforating arteries supplying the basal ganglia, is well recognised in neonatal 

twins and is more commonly seen in the recipient(70)(71), although it has been 

reported in the donor(69). Spruijt et al noted left MCA territory stroke in 4 neonates 

who had been recipients, although overall they found no difference in the prevalence 

of severe lesions between donors and recipients(159).  

Vein of Galen malformation, considered to occur at 6-11 weeks gestation, has been 

documented in a donor twin of a pair where the pregnancy was complicated by 

TTTS, while the recipient had transposition of the great arteries and died at 18 

weeks (160). The smaller twin had a choroidal Vein of Galen malformation while the 

larger was normal in another twin pair without TTTS; in this case whole exome 

sequencing excluded previously reported genetic associations and abnormal copy 

number variation(161). 

Pregnancies complicated by TAPS or sIUGR are also at risk for central nervous 

system problems, typically the recipient twin in TAPS(162) and the larger twin in 

sIUGR, consistent with the possibility that TTTS plays a role(163). However, 

cognition is more likely to be compromised in the smaller twin(164).  In a meta-
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analysis of 11 studies of sIUGR monozygotic twins, cerebral injury was reported in 0-

33% of cases, with an average of 8%. Intra-uterine death of the co-twin, umbilical 

artery Doppler abnormalities and earlier gestation at delivery were also risk 

factors(163). 

Fetal stroke mechanisms in twins 

The initial reports reported thrombus and suggested embolism from the dying twin to 

the surviving twin in the context of disseminated intravascular coagulation(129), 

which has been reported in mothers carrying a dead twin for several weeks and in 

some cases has been treated with maternal heparin(165)(166)(134). However, in 

Fusi’s case, fetal blood sampling in the larger survivor within 24 hours of the smaller 

co-twin death did not find evidence of fetal disseminated intravascular coagulation 

but did demonstrate acute anaemia confirmed after delivery 2 days later(167). It was 

therefore hypothesised that the acute fall in blood pressure in the dying twin allows 

shunting of blood from the survivor, causing acute hypovolaemia, hypotension, 

hypoxia, acidosis and anaemia in that twin. Anaemia has been reported in the 

surviving twin at birth (129)(113)(138) and the acute blood loss has been considered 

to be the main cause of perinatal death(129) and/or brain damage (168)(169)(113). 

There is some evidence for acute anaemia in the surviving twin on fetal blood 

sampling, when the haematocrit may halve acutely from 35-40% to less than 20 in 

the surviving twin (168).  

However, acute anaemia has not been established as the unique cause of brain 

damage in the survivor. Haemoglobin at birth is almost always higher in the second 

twin delivered and the same discrepancy also occurs in dichorionic twins, suggesting 

that delay in cord clamping may be the main factor(170). Many surviving twins have 
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normal haemoglobin at birth(122), even if there is multicystic 

encephalomalacia(130), probably because of resolution of polycythaemia in 

recipients or compensatory erythropoiesis in donors during pregnancy. In fact, in 

D’Alton’s case, although the placenta suggested that the twins were monochorionic 

diamniotic, there appeared to be breakdown of the membrane and both twins had 

knots in their cords, perhaps associated with hypotension without anaemia 

accounting for multicystic enchalomalacia in the survivor(130). In fact, the only 

surviving twin with porencephaly and neurological disability in Nicolini’s series had 

the highest haematocrit (29%) recorded after the co-twin’ death and a cord knot, 

suggesting that this was a monochorionic monoamniotic pregnancy. Another in this 

series with a haematocrit of 20% and porencephaly died in the neonatal period; 

neither had fetal blood sampling before the co-twin’s death. Anaemia after the co-

twin’s death was also reported in 7 pregnancies by Okamura(171) but haemoglobin 

was lower in 3 of the surviving twins without brain damage than in the 3 with CNS 

abnormalities (ventriculomegaly, periventricular leukomalacia and diffuse low 

density). Acute anaemia at birth in the recipient has also been described and 

plethora in the dead donor suggests that this is related to acute reversal of the 

shunt(126). One of Okamura’s survivors with acute anaemia had hydrops and 

cardiomegaly consistent with originally having been the polycythaemic 

recipient(171). 

The fact that there was no abnormality of platelets, D-dimer or fibrin degradation 

products(167)(171) has been considered to be evidence against an embolic cause 

for brain damage. However, brain damage in the survivor in spontaneous fetal death 

is more common than in feticide by bipolar diathermy cord occlusion, where the 

vascular anastomoses remain, potentially allowing acute transfer of blood from the 
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survivor during death of the twin (141), so other mechanisms should be considered.  

In addition, it is difficult to explain the associated loss of a gangrenous limb in the 

surviving twin (172) without considering the possibility of an embolic 

mechanism(173)(174). Data showing a wide range of imaging abnormalities on 

antenatal ultrasound(23) or MRI after co-twin fetal death, including focal stroke in the 

MCA territory, suggest that embolic infarction may be part of the mechanism, even if 

acute TTTS with severe anaemia extends the extent of the damage, e.g. in multifocal 

encephalomalcia and periventricular leukomalacia(141). In fact, multicystic 

encephalomalacia involving the parietal, occipital and frontal cortex(125) has 

typically been reported in those with evidence that they were recipients e.g. 

polyhydramnios, oedema, jaundice, even if acute anaemia was found at birth. There 

are few angiographic data but Yoshioka demonstrated occlusion or poor filling of the 

MCA on conventional angiography in 2 of his 3 patients(175), consistent with a 

vasculopathy or an embolic aetiology.  The polycythaemia might lead to venous 

thrombosis in the peripheral veins as well as the cerebral venous sinuses(144). 

Pulmonary hypertension in the recipient(117) in the context of a patent foramen 

ovale, with or without right ventricular outflow tract obstruction(118),  might also 

facilitate embolisation from recipient or from the donor via anastomoses which may 

also allow the passage of prothrombotic erythropoietin from the donor rather than or 

in addition to thromboplastin after agonal disseminated intravascular coagulation. 

This type of mechanism is more likely than acute TTTS to explain focal infarction, 

typically in the middle cerebral artery (MCA) territory, seen in surviving twins 

(157,176). The fetuses may also exposed to maternal risk factors, including 

hypertension and diabetes(177). 
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Other mechanisms, including venous sinus thrombosis(144)(133) and posterior 

reversible leukoencephalopathy syndrome secondary to hypertension in a recipient 

followed by hypotension after acute TTTS may explain the parieto-occipital 

distribution. Bilateral parietal polymicrogyria with arthrogryposis and seizures was 

documented after loss of a co-twin in the context of maternal gastroenteritis(178); the 

location of the lesions and the likelihood of dehydration raising the possibility of 

venous sinus thrombosis.  Pre-eclampsia was present in 4/16 (25%) of the 

pregnancies complicated by death on one twin (8 monochorionic) (122) and may 

play a role in the distribution of lesions in the parieto-occipital region consistent with 

acute hypotension in the context of previous reversible posterior leukencephalopathy 

syndrome.  

In addition, as for childhood stroke, it is possible that there are additional risk factors, 

including infection and prothrombotic disorders. For example, multicystic 

encephalomalacia has also been reported in the twin with the higher haemoglobin 

(17.6 vs 14 g/dL) in a pregnancy where both twins survived also complicated by 

maternal asymptomatic cytomegalovirus excretion (179). Of Kocoman’s series of 

infants presenting with hemiplegia and presumed perinatal stroke(180), 4 of 35 

(11%) were one of a twin pair and all had either the methylene tetrahydrofolate 

reductase (MTHR) C677T polymorphism and/or the Factor V Leiden mutation. High 

Factor VIII, antiphospholipid antibodies, lipoprotein(a) and MTHFR polymorphisms 

were detected in Golomb’s series(147).  

Ideally the diagnosis of TTTS would be made in the first trimester so that appropriate 

treatment could start as soon as possible. However, although there are associations 

with nuchal translucency in one or both twins and with crown-rump length 

discrepancy of >10%, these ultrasound markers are not good predictors(181). 
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Outcome 

It is likely that there is a very broad spectrum of outcomes for fetal stroke. Those 

which are diagnosed antenatally are often reported as lethal and pregnancies where 

there is a severe abnormality, e.g. hydrocephalus or widespread encephalomalacia, 

may be terminated. On the other hand, the outcome for Grade I intraventricular 

haemorrhage in the premature neonate is good and this is probably true if that 

occurs in the fetus, which is rarely diagnosed. Fetal intraventricular haemorrhages of 

Grades II-IV may have outcome similar to those described in premature infants, 

including congenital hemiplegia. The extent and location of abnormality on 

neuroimaging is useful in predicting outcome. 

Conclusion 

Fetal stroke is an important cause of CP, in particular unilateral CP. Diagnosis is 

rarely made antenatally; in a large proportion of affected infants imaging is 

performed and diagnosis is made only when infants present later with neurological 

symptoms. Causes of ischaemic or haemorrhagic stroke are numerous, and often 

multifactorial, in particular in ischaemic stroke. Recognised, but rare causes of 

haemorrhagic stroke are alloimmune and autoimmune thrombocytopaenia, maternal 

and fetal clotting disorders and trauma. Twin pregnancies appear to pose a particular 

risk for ischaemic fetal stroke. Neurological outcome varies, depending on 

gestational age at time of insult as well as extent and location of the injury. In 

addition to genetic investigation of e.g. COL4A mutations, new imaging techniques, 

including diffusion tensor, perfusion and susceptibility MRI as well as further use of 

Doppler and MR angiography are likely to shed light in aetiology of prenatal stroke 

presenting in utero, in the perinatal period and later in childhood as cerebral palsy.  
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Table 1 Causes of fetal stroke associated with patterns of injury on neuroimaging 

Schizencephaly 

COL4A1(29)(182)(183) 

Maternal cocaine use(30) 

 Monochorionic twinning 

Porencephaly 

Genetic 

COL4A1(184,185)(55)(29)(31), COL4A2(186)(187) 

Acquired 

Carbon monoxide (188) 

 

Arterial ischaemic stroke +/- haemorrhage 

Occlusion artery by embolus 

  Placental (65) 

  Monochorionic twinning 

  Cardiac(75) 

 

Germinal matrix/intraventricular haemorrhage with venous infarction(43)(44)(45) 

Bleeding diastheses 

Maternal 

Maternal autoimmune thrombocytopaenic purpura(49) (189) 

Maternal idiopathic thrombocytopaenia 

Maternal Warfarin use(3)(46)(190)(191)  

  Fetal 

   Von Willibrand disease 

 Genetic disorders 

  COL4A1(55) 

Hypertension/acute seizures 

Maternal seizure(s)/epilepsy  

(and risk of bleeding diasthesis with anticonvulsants) (3)(9) 

Pre-eclampsia(192) and Eclampsia 
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Placental dysfunction 

  Haemorrhage 

  Abruption 

Trauma 

Maternal accident (vehicle, domestic)(49) 

Maternal abuse 

Fetal prothrombotic disorders 

  Homozygous protein C deficiency 

Fetal metabolic disorders 

  Pyruvate carboxylase deficiency 

Infratentorial haemorrhage 

Severe anaemia 

 Rhesus alloimmunization(49) 

 COL4A1(55) 

Subdural haemorrhage 

Bleeding diasthesis 

Maternal 

Warfarin use by mother (60) 

Fetal 

Factor X deficiency(85) 

Trauma 

Maternal car accident(49) 

Maternal abuse 

 

Presumed perinatal ischaemic stroke/congenital hemiplegia 

Prothrombotic disorders 

Anticardiolipin antibodies,(193)  

Methylene tetrahydrofolate reductase deficiency(194)(178) 

Factor V Leiden(195)(196) 

 Monochorionic twinning (197) 
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Figures 

Figure 1: Transabdominal fetal ultrasound at 21 weeks showing the cleft of schizencephaly  

 
Figure 2: Transvaginal fetal ultrasound at 28 weeks showing intraventricular haemorrhage, 

haemorrhagic parenchymal infarction and obstructive hydrocephalus with echogenic lining of the 

ventricle in a 28 week fetus.  A. Coronal section  B. Para-sagittal section showing right ventricle 
  
Figure 3: Intraventricular haemorrhage, haemorrhagic parenchymal infarction and obstructive 

hydrocephalus with severely enlarged 3rd and 4th ventricle and lack of extracerebral space in a 28 

week fetus. 

Figure 4: Intraparenchymal haemorrhage in alloimmune thrombocytopaenia. In Vitro Fertilization 

pregnancy, history of miscarriages, abnormal movements in utero week before delivery; born 39+2 

weeks gestation by forceps and Ventouse; Apgars 9 at 1, 5  and 10 minutes. Neonate presented at 

the age of 12 hours with myoclonic jerks of the left leg, spreading to the left arm A. MRI showing 

antenatal intraparenchymal haemorrhage on day 2 B. Further postnatal intraparenchymal 

haemorrhage on Day 7 MRI. At 2 years the child had impairment of gross and fine motor co-

ordination and cognitive and behavioural problems but no seizures 

Figure 5: A Axial and B Sagittal views showing a destructive lesion of the cerebellum in a 21 year old who had 
been exposed to maternal eclamptic seizures at 29 weeks gestation and had severe cognitive and behavioural 
problems requiring special school 

Figure 6: Transvaginal fetal ultrasound at 20 weeks showing venous sinus ectasia posteriorly (left of 

the figure with the face at the right) 

Figure 7: MRI aged 9 years showing cerebellar infarction on the left side, due to presumed infarction, 

in the smaller monochorionic twin with lower haemoglobin at birth (6 g/dL discrepancy but both >15 

g/dL). This child had some cognitive and behavioural problems compared with the twin but attended 

mainstream school. 

 

 

  



30 
 

References 

1.  Merhar SL, Kline-Fath BM, Meinzen-Derr J, Schibler KR, Leach JL. Fetal and postnatal brain 
MRI in premature infants with twin-twin transfusion syndrome. J Perinatol 2013;33(2):112–8. 

2.  Coulson CC, Kuller JA, Sweeney WJ. Nonimmune hydrops and hydrocephalus secondary to 
fetal intracranial hemorrhage. Am J Perinatol. 1994 Jul;11(4):253–4.  

3.  Özduman K, Pober BR, Barnes P, Copel JA, Ogle EA, Duncan CC, et al. Fetal stroke. Pediatr 
Neurol. 2004;30(3):151–62.  

4.  Crighton GL, Scarborough R, Mcquilten ZK, Phillips LE, Savoia HF, Williams B, et al. 
Contemporary management of neonatal alloimmune thrombocytopenia : good outcomes in 
the intravenous immunoglobulin era : results from the Australian neonatal alloimmune 
thrombocytopenia registry steering committee Contemporary management of neonatal 
alloim. 2017;7058.  

5.  Kutuk MS, Croisille L, Gorkem SB, Yilmaz E, Korkmaz L, Bierling P, et al. Fetal intracranial 
hemorrhage related to maternal autoimmune thrombocytopenic purpura. Childs Nerv Syst. 
2014 Dec 21;30(12):2147–50. 

6.  Ito H, Sakakibara Y, Hiramoto J, Yoshida H, Sakai K, Onodera H, et al. Fetal hydrocephalus 
following intracranial hemorrhage secondary to maternal idiopathic thrombocytopenic 
purpura: A case report. Japanese J Neurosurg. 2009;18(1):56–61.  

7.  Folkerth RD, McLaughlin ME, Levine D. Organizing posterior fossa hematomas simulating 
developmental cysts on prenatal imaging: report of 3 cases. J Ultrasound Med. 2001 
Nov;20(11):1233–40. 

8.  Hayashi M, Poretti A, Gorra M, Farzin A, Graham EM, Huisman TAGM, et al. Prenatal 
Cerebellar Hemorrhage: Fetal and Postnatal Neuroimaging Findings and Postnatal Outcome. 
Pediatr Neurol 2015;52(5):529–34.  

9.  Minkoff H, Schaffer RM, Delke I, Grunebaum AN. Diagnosis of intracranial hemorrhage in 
utero after a maternal seizure. Obstetrics and gynecology. 1985. 65:22S–24S.  

10.  Kosinska-Kaczynska K, Lipa M, Szymusik I, Bomba-Opon D, Brawura-Biskupski-Samaha R, 
Kozlowski S, et al. Sudden Fetal Hematologic Changes as a Complication of Amnioreduction in 
Twin-Twin Transfusion Syndrome. Fetal Diagn Ther. 2018;1–4.  

11.  Robyr R, Lewi L, Salomon LJ, Yamamoto M, Bernard J-P, Deprest J, et al. Prevalence and 
management of late fetal complications following successful selective laser coagulation of 
chorionic plate anastomoses in twin-to-twin transfusion syndrome. Am J Obstet Gynecol. 
2006 Mar;194(3):796–803.  

12.  Aziz NA, Peeters-Scholte CM, De Bruine FT, Klumper FJ, Van Scheltema PNA, Lopriore E, et al. 
Fetal cerebellar hemorrhage: Three cases with postnatal follow-up. Ultrasound Obstet 
Gynecol. 2016;47(6):785–6.  

13.  Andersen GL, Irgens LM, Haagaas I, Skranes JS, Meberg AE, Vik T. Cerebral palsy in Norway: 
Prevalence, subtypes and severity. Eur J Paediatr Neurol. 2008;12(1):4–13.  

14.  Sellier E, Platt MJ, Andersen GL, Krägeloh-Mann I, De La Cruz J, Cans C, et al. Decreasing 
prevalence in cerebral palsy: A multi-site European population-based study, 1980 to 2003. 
Dev Med Child Neurol. 2016;58(1):85–92.  

15.  Robertson CMT, Ricci MF, O’Grady K, Oskoui M, Goez H, Yager JY, et al. Prevalence Estimate 



31 
 

of Cerebral Palsy in Northern Alberta: Births, 2008-2010. Can J Neurol Sci / J Can des Sci 
Neurol. 2017 Jul 21;44(04):366–74.  

16.  Steinlin M, Good M, Martin E, Banziger O, Largo RH, Boltshauser B. Congenital hemiplegia: 
Morphology of cerebral lesions and pathogenetic aspects from MRI. Neuropediatrics. 
1993;24(4):224–9.  

17.  Garne E, Dolk H, Krägeloh-Mann I, Holst Ravn S, Cans C. Cerebral palsy and congenital 
malformations. Eur J Paediatr Neurol. 2008;12(2):82–8.  

18.  Hughes E. Congenital Disruption : Microcephaly Due to Vascular In Utero Documentation. 
1986;78(1).  

19.  Brossard-Racine M, du Plessis AJ, Limperopoulos C. Developmental cerebellar cognitive 
affective syndrome in ex-preterm survivors following cerebellar injury. Cerebellum. 2015 Apr 
23;14(2):151–64. 

20.  Furuta K, Tokunaga S, Furukawa S, Sameshima H. Acute and massive bleeding from placenta 
previa and infants’ brain damage. Early Hum Dev. 2014 Sep;90(9):455–8.  

21.  Oda N, Takeuchi K, Tanaka A, Maruo T. Obstetric risk factors associated with the 
development of periventricular leukomalacia in preterm infants born to mothers complicated 
by placenta previa. Fetal Diagn Ther. 2008;24(4):345–8.  

22.  Gherman RB, Chauhan SP. Placental abruption and fetal intraventricular hemorrhage after 
airbag deployment: a case report. J Reprod Med;59(9–10):501–3. 

23.  Quarello E, Molho M, Ville Y. Incidence, mechanisms, and patterns of fetal cerebral lesions in 
twin-to-twin transfusion syndrome. J Matern Neonatal Med 2007 Jan 7;20(8):589–97. 
Available from: http://www.ncbi.nlm.nih.gov/pubmed/17674276 

24.  Kułak W, Okurowska-Zawada B, Gościk E, Sienkiewicz D, Paszko-Patej G, Kubas B. 
Schizencephaly as a cause of spastic cerebral palsy. Adv Med Sci. 2011;56(1):64–70.  

25.  Oh KY, Kennedy AM, Frias AE, Byrne JLB. Fetal schizencephaly: pre- and postnatal imaging 
with a review of the clinical manifestations. Radiographics. 2005;25(3):647–57.  

26.  Howe DT, Rankin J, Draper ES. Schizencephaly prevalence, prenatal diagnosis and clues to 
etiology: A register-based study. Ultrasound Obstet Gynecol. 2012;39(1):75–82.  

27.  Curry CJ, Lammer EJ, Nelson V, Shaw GM. Schizencephaly: Heterogeneous etiologies in a 
population of 4 million California births. Am J Med Genet. 2005;137 A(2):181–9.  

28.  Hino-Fukuyo N, Togashi N, Takahashi R, Saito J, Inui T, Endo W, et al. Neuroepidemiology of 
Porencephaly, Schizencephaly, and Hydranencephaly in Miyagi Prefecture. Pediatr Neurol. 
2016;54:39–42.  

29.  Harada T, Uegaki T, Arata K, Tsunetou T, Taniguchi F, Harada T. Schizencephaly and 
Porencephaly Due to Fetal Intracranial Hemorrhage: A Report of Two Cases. Yonago Acta 
Med. 2017;60(4):241–5. 

30.  Suchet IB. Schizencephaly: antenatal and postnatal assessment with colour-flow Doppler 
imaging. Can Assoc Radiol J. 1994 Jun;45(3):193–200.  

31.  Durrani-Kolarik S, Manickam K, Chen B. COL4A1 Mutation in a Neonate With Intrauterine 
Stroke and Anterior Segment Dysgenesis. Pediatr Neurol. 66:100–3.  

32.  Diamandis P, Chitayat D, Toi A, Blaser S, Shannon P. The pathology of incipient 



32 
 

polymicrogyria. Brain Dev. 2017;39(1):23–39.  

33.  Barkovich AJ, Norman D. MR imaging of schizencephaly. Am J Neuroradiol. 1988;9(2):297–
302.  

34.  Govaert P. Prenatal stroke. Semin Fetal Neonatal Med. 2009;14(5):250–66. 

35.  Krsek P, Jahodova A, Maton B, Jayakar P, Dean P, Korman B, et al. Low-grade focal cortical 
dysplasia is associated with prenatal and perinatal brain injury. Epilepsia. 2010;51(12):2440–
8.  

36.  Pati S, Helmbrecht GD. Congenital schizencephaly associated with in utero warfarin exposure. 
Reprod Toxicol;8(2):115–20.  

37.  Harmony T. Schizencephaly with occlusion or absence of middle cerebral artery. 2006;171–5.  

38.  Conte G, Righini A, Griffiths PD, Rustico M, Lanna M, Mackie FL, Pinelli L, Prefumo F, Persico 
N, Igra MS, Parazzini C, Doneda C, Fichera A, Ambrosi C, Kilby M, Severino M, Triulzi F, Rossi 
A, Skipper N. Brain-injured Survivors of Monochorionic Twin Pregnancies Complicated by 
Single Itrauterine Death: MR Findings in a Multicenter Study. Radiology. 2018 
Aug;288(2):582-590.  

39.  Li C, Miao JK, Xu Y, Hua YY, Ma Q, Zhou LL, et al. Prenatal, perinatal and neonatal risk factors 
for perinatal arterial ischaemic stroke: a systematic review and meta-analysis. Eur J Neurol. 
2017;24(8):1006–15.  

40.  Mercuri E, Cowan F, Rutherford M, Acolet D, Pennock J, Dubowitz L. Ischaemic and 
haemorrhagic brain lesions in newborns with seizures and normal Apgar scores. Arch Dis 
Child Fetal Neonatal Ed. 1995;73(2):F67-74. 

41.  Tavil B, Korkmaz A, Bayhan T, Aytaç S, Unal S, Kuskonmaz B, et al. Foetal and neonatal 
intracranial haemorrhage in term newborn infants: Hacettepe University experience. Blood 
Coagul Fibrinolysis. 2016;27(2):163–8.  

42.  Abdelkader MA, Ramadan W, Gabr AA, Kamel A, Abdelrahman RW. Fetal intracranial 
hemorrhage: sonographic criteria and merits of prenatal diagnosis. J Matern Neonatal Med. 
2017;30(18):2250–6.  

43.  Kirton A, DeVeber G, Pontigon AM, Macgregor D, Shroff M. Presumed perinatal ischemic 
stroke: Vascular classification predicts outcomes. Ann Neurol. 2008;63(4):436–43.  

44.  Kirton A, deVeber G. Advances in Perinatal Ischemic Stroke. Pediatr Neurol. 2009;40(3):205–
14. 

45.  Li D, Hodge J, Wei XC, Kirton A. Reduced ipsilesional cortical volumes in fetal periventricular 
venous infarction. Stroke. 2012;43(5):1404–7.  

46.  Sherer DM, Anyaegbunam A, Onyeije C. Antepartum fetal intracranial hemorrhage, 
predisposing factors and prenatal sonography: A review. American Journal of Perinatology. 
1998; 15: 431–41.  

47.  Vergani P, Strobelt N, Locatelli A, Paterlini G, Tagliabue P, Parravicini E, et al. Clinical 
significance of fetal intracranial hemorrhage. Am J Obs Gynecol. 1996;175(3 Pt 1):536–43.  

48.  Kirkinen P, Partanen K, Ryynänen M, Ordén MR. Fetal intracranial hemorrhage. Imaging by 
ultrasound and magnetic resonance imaging. J Reprod Med. 1997 Aug;42(8):467–72.  

49.  Ghi T, Simonazzi G, Perolo A, Savelli L, Sandri F, Bernardi B, et al. Outcome of antenatally 



33 
 

diagnosed intracranial hemorrhage: Case series and review of the literature. Ultrasound 
Obstet Gynecol. 2003;22(2):121–30.  

50.  Elchalal U, Yagel S, Gomori JM, Porat S, Beni-Adani L, Yanai N, et al. Fetal intracranial 
hemorrhage (fetal stroke): Does grade matter? Ultrasound Obstet Gynecol. 2005;26(3):233–
43.  

51.  Huang Y-F, Chen W-C, Tseng J-J, Ho ES-C, Chou M-M. Fetal Intracranial Hemorrhage (Fetal 
Stroke): Report of Four Antenatally Diagnosed Casesand Review of the Literature. Taiwan J 
Obstet Gynecol. 2006;45(2):135–41. 

52.  Takanashi J, Barkovich AJ, Ferriero DM, Suzuki H, Kohno Y. Widening spectrum of congenital 
hemiplegia: Periventricular venous infarction in term neonates. Neurology. 2003;61(4):531–3.  

53.  Tortora D, Severino M, Malova M, Parodi A, Morana G, Sedlacik J, et al. Differences in 
subependymal vein anatomy may predispose preterm infants to GMH-IVH. Arch Dis Child. 
2017;59–65.  

54.  De Vries LS, Roelants-van Rijn AM, Rademaker KJ, Van Haastert IC, Beek FJ, Groenendaal F. 
Unilateral parenchymal haemorrhagic infarction in the preterm infant. Eur J Paediatr Neurol. 
2001;5(4):139–49.  

55.  Vermeulen RJ, Peeters-Scholte C, Van Vugt JJ, Barkhof F, Rizzu P, van der Schoor SR, van der 
Knaap MS. Fetal origin of brain damage in 2 infants with a COL4A1 mutation: fetal and 
neonatal MRI. Neuropediatrics. 2011 Feb;42(1):1-3 

56.  Oswal K, Agarwal A. Warfarin-induced fetal intracranial subdural hematoma. J Clin 
Ultrasound. 2008;36(7):451–3.  

57.  Yamasato K, Kurata N, Towner D. Case Report Delayed Appearance of a Traumatic Fetal 
Intracranial Hemorrhage. 2018;2018(c):1–5.  

58.  Tattoli L, Di Vella G, Solarino B. A case of intrauterine lethal fetal injury after attempted 
suicide of the mother. Forensic Sci Int. 2017;280:e1–5.  

59.  Ellestad SC, Shelton S, James AH. Prenatal diagnosis of a trauma-related fetal epidural 
hematoma. Obstet Gynecol 2004 Dec;104(6):1298–300.  

60.  Lee H-C, Cho SY, Lee HJ, Kim CJ, Park JS, Chi JG. Warfarin-associated fetal intracranial 
hemorrhage: a case report. J Korean Med Sci 2003;18(5):764–7.  

61.  Fujiwara K, Aoki S, Kurasawa K, Okuda M, Takahashi T, Hirahara F. Warfarin-associated fetal 
intracranial subdural hematoma: a case report. Clin case reports. 2014 Jun;2(3):108–11.  

62.  de Spirlet M, Goffinet F, Philippe HJ, Bailly M, Couderc S, Nisand I. Prenatal diagnosis of a 
subdural hematoma associated with reverse flow in the middle cerebral artery: case report 
and literature review. Ultrasound Obstet Gynecol. 2000 Jul;16(1):72–6.  

63.  Batukan C, Holzgreve W, Bubl R, Visca E, Radü EW, Tercanli S. Prenatal diagnosis of an 
infratentorial subdural hemorrhage: Case report. Ultrasound Obstet Gynecol. 
2002;19(4):407–9.  

64.  Kawadler JM, Clayden JD, Kirkham FJ, Cox TC, Saunders DE, Clark CA. Subcortical and 
cerebellar volumetric deficits in paediatric sickle cell anaemia. Br J Haematol. 2013;163(3).  

65.  Amato M, Huppi P, Herschkowitz N, Huber P. Prenatal stroke suggested by intrauterine 
ultrasound and confirmed by magnetic resonance imaging. Neuropediatrics. 1991;22(2):100–
2.  



34 
 

66.  Gratacós E, Carreras E, Becker J, Lewi L, Enríquez G, Perapoch J, et al. Prevalence of 
neurological damage in monochorionic twins with selective intrauterine growth restriction 
and intermittent absent or reversed end-diastolic umbilical artery flow. Ultrasound Obstet 
Gynecol. 2004;24(2):159–63.  

67.  Wang HS, Kuo MF, Chang TC. Sonographic lenticulostriate vasculopathy in infants: some 
associations and a hypothesis. AJNR Am J Neuroradiol 1995 Jan;16(1):97–102.  

68.  Coley BD, Rusin JA, Boue DR. Importance of hypoxic/ischemic conditions in the development 
of cerebral lenticulostriate vasculopathy. Pediatr Radiol. 2000 Dec;30(12):846–55.  

69.  Kandasamy Y, Alcock G, Koh THHG. Lenticulostriate vasculopathy in twin-to-twin transfusion 
syndrome. J Perinatol. 2006 Dec;26(12):780–2. 

70.  de Vries LS, Beek FJ, Stoutenbeek P. Lenticulostriate vasculopathy in twin-to-twin transfusion 
syndrome: sonographic and CT findings. Pediatr Radiol. 1995 Nov;25 Suppl 1:S41-2.  

71.  El Ayoubi M, de Bethmann O, Monset-Couchard M. Lenticulostriate echogenic vessels: clinical 
and sonographic study of 70 neonatal cases. Pediatr Radiiol. 2003 Oct;33(10):697–703.  

72.  Soares de Souza A, Moraes Dias C, Braga FDCB, Terzian ACB, Estofolete CF, Oliani AH, et al. 
Fetal Infection by Zika Virus in the Third Trimester: Report of 2 Cases. Clin Infect Dis. 2016 
Dec 15;63(12):1622–5. 

73.  Lucca J, Baldisserotto M. Cerebral ultrasound findings in infants exposed to crack cocaine 
during gestation. Pediatr Radiol. 2013 Jan 15;43(2):212–8. 

74.  Das S, Ankola P, Chiechi M, Sandhu J. Perinatal Cerebral Arterial Infarction Associated with a 
Placental Chorioangioma. 2008;5–7.  

75.  Amlie-Lefond CM, Basir MA, Franciosi RA. Fatal Neonatal Stroke From a Prenatal Cardiac 
Thrombus. Pediatr Neurol. 2008;38(2):140–2.  

76.  Ghidini A, Locatelli A. Diffuse placental chorioangiomatosis causing multiple fetal cerebral 
embolism: a case report. J Reprod Med. 2006 Apr;51(4):321–4.  

77.  Kraus FT, Acheen VI. Fetal thrombotic vasculopathy in the placenta: cerebral thrombi and 
infarcts, coagulopathies, and cerebral palsy. Hum Pathol. 1999 Jul;30(7):759–69.  

78.  Kirton A, Shroff M, Pontigon AM, DeVeber G. Risk factors and presentations of periventricular 
venous infarction vs arterial presumed perinatal ischemic stroke. Arch Neurol. 
2010;67(7):842–8.  

79.  Xia W, Hu D, Xiao P, Yang W, Chen X. Dural Sinus Malformation Imaging in the Fetus: Based 
on 4 Cases and Literature Review. J Stroke Cerebrovasc Dis. 2018; in press.  

80.  Fanou EM, Reeves MJ, Howe DT, Joy H, Morris S, Russell S, et al. In utero magnetic resonance 
imaging for diagnosis of dural venous sinus ectasia with thrombosis in the fetus. 2013;1591–
8.  

81.  Emamian SA, Bulas DI, Vezina GL, Dubovsky EC. Fetal MRI evaluation of an intracranial mass : 
in utero evolution of hemorrhage. 2002;593–7.  

82.  Zhou L, Dong S, Zhang M. Diagnosis of Vein of Galen Aneurysmal Malformation Using Fetal 
MRI. 2017;1535–9.  

83.  Fernández-Mayoralas DM, Recio-Rodríguez M, Fernández-Perrone AL, Jiménez-De-La-Peña 
M, Muñoz-Jareño N, Fernández-Jaén A. In utero diagnosis of phace syndrome by fetal 



35 
 

Magnetic Resonance Imaging (MRI). J Child Neurol. 2014;29(1):118–21.  

84.  Mart C. Nongalenic Pial Arteriovenous Fistula : Prenatal Diagnosis. 2017;45(9):621–5.  

85.  de Sousa C, Clark T, Bradshaw A. Antenatally diagnosed subdural haemorrhage in congenital 
factor X deficiency. Arch Dis Child. 1988 Oct;63(10 Spec No):1168–70.  

86.  Kutuk MS, Yikilmaz A, Ozgun MT, Dolanbay M, Canpolat M, Uludag S, et al. Prenatal diagnosis 
and postnatal outcome of fetal intracranial hemorrhage. Child’s Nerv Syst. 2014;30(3):411–8.  

87.  Tomás-Vila M, García-Tamarit P, García-Colino A, Torregrosa-Pascual P, Martínez-Salinas P. 
[Schizencephaly associated with porencephaly in a girl with congenital cytomegalovirus 
infection]. Rev Neurol;31(10):952–5.  

88.  Craze JL, Salisbury AJ, Pike MG. Prenatal stroke associated with maternal parvovirus infection. 
Dev Med Child Neurol 1996 Jan;38(1):84–5.  

89.  De Haan TR, Van Wezel-Meijler G, Beersma MFC, Von Lindern JS, Van Duinen SG, Walther FJ. 
Fetal stroke and congenital parvovirus B19 infection complicated by activated protein C 
resistance. Acta Paediatr Int J Paediatr. 2006;95(7):863–7.  

90.  Spencer JA, Burrows RF. Feto-maternal alloimmune thrombocytopenia : a literature review 
and statistical analysis. 2001;  

91.  Peterson JA, McFarland JG, Curtis BR, Aster RH. Neonatal alloimmune thrombocytopenia: 
pathogenesis, diagnosis and management. Br J Haematol 2013 Apr;161(1):3–14.  

92.  Wikman A, Westgren M, Anette M, Refsum E, Ha S. Intracranial hemorrhages in neonates 
born from 32 weeks of gestation—low frequency of associated fetal and neonatal 
alloimmune thrombocytopenia: a register-based study 2018;58(January).  

93.  Silva F, Morais S, Sevivas T, Veiga R, Salvado R, Taborda A. Rare disease Severe intracranial 
haemorrhage in neonatal alloimmune thrombocytopenia. 2011;3–7.  

94.  Bierling P, Delbos F, Croisille L. Immune hemolytic disease. 2016;56(January).  

95.  Tiller H, Husebekk A, Skogen B, Kjeldsen-kragh J, Kjær M. True risk of fetal / neonatal 
alloimmune thrombocytopenia in subsequent pregnancies : a prospective observational 
follow-up study. 2015;738–44.  

96.  Dale ST, Coleman LT. Neonatal alloimmune thrombocytopenia: Antenatal and postnatal 
imaging findings in the pediatric brain. Am J Neuroradiol. 2002;23(9):1457–65.  

97.  Ohila CAAM, Ubicka ZUJK, Rnvold KIMTO. Cerebellar Loss and Brain-Stem Atrophy Associated 
with Neonatal Alloimmune Thrombocytopenia in a Discordant Twin. 2010;55–62.  

98.  Ramón J, Conde C, Martínez ED, Rodríguez RC, Lorena A, Hoyos R De. CNS Siderosis and 
Variant After Neonatal Alloimmune Thrombocytopenia. 2005;32(5):346–9.  

99.  Sawarkar DP, Verma SK, Singh PK, Doddamani R, Kumar A, Sharma BS. Fatal Superior Sagittal 
Sinus and Torcular Thrombosis After Vestibular Schwannoma Surgery: Report of a Rare 
Complication and Review of the Literature. World Neurosurg 2016;96:607.e19-607.e24.  

100.  Cota F, Zuppa AA, Luciano R, Gallini F, Savarese I, Alighieri G, et al. A severe case of 
intracranial hemorrhage due to alloimmune thrombocytopenia. 2009;7058:7–10.  

101.  Sharif U, Kuban K. Prenatal intracranial hemorrhage and neurologic complications in 
alloimmune thrombocytopenia. J Child Neurol. 2001;16(11):838–42.  



36 
 

102.  Knoop BJ Van Der, Vermeulen RJ, Pistorius LR, Vries JIP De. Fetal MRI , lower acceptance by 
women in research vs . clinical setting. 2017;  

103.  Hildebrandt T, Powell T. Have your say eLetters. 2002;222–3.  

104.  Tiller H, Kamphuis MM, Flodmark O, Papadogiannakis N, David AL, Sainio S, et al. Fetal 
intracranial haemorrhages caused by fetal and neonatal alloimmune thrombocytopenia : an 
observational cohort study of 43 cases from an international multicentre registry. 2013;  

105.  Ward MJ, Ph D, Pauliny J, Lipper EG, Bussel JB. Long-Term Effects of Fetal and Neonatal 
Alloimmune Thrombocytopenia and Its Antenatal Treatment on the Medical and 
Developmental Outcomes of Affected Children. 2006;1(212):487–92.  

106.  Ghevaert C, Campbell K, Walton J, Smith GA, Allen D, Williamson LM, et al. I m m u n e h e m 
at o l o g i c d i s e a s e. 2007;47(May):901–10.  

107.  Yougbaré I, Lang S, Yang H, Chen P, Zhao X, Tai W, et al. Maternal anti-platelet β 3 integrins 
impair angiogenesis and cause intracranial hemorrhage. 2015;125(4).  

108.  Winkelhorst D, Murphy MF, Greinacher A, Shehata N, Bakchoul T, Massey E, et al. Antenatal 
management in fetal and neonatal alloimmune thrombocytopenia : a systematic review. 
2018;129(11):1538–48.  

109.  Radder CM, Haan MJJ De, Brand A, Stoelhorst GMSJ, Veen S, Kanhai HHH. Follow up of 
children after antenatal treatment for alloimmune thrombocytopenia. 2004;80:65–76.  

110.  Glinianaia S V, Pharoah POD, Wright C, Rankin JM. Fetal or infant death in twin pregnancy: 
neurodevelopmental consequence for the survivor. Arch Dis Child Fetal Neonatal Ed 
[Internet]. 2002;86(1):F9-15.  

111.  Pharoah POD. Neurological outcome in twins. 2002;223–30.  

112.  Mackie FL, Morris RK, Kilby MD. Fetal Brain Injury in Survivors of Twin Pregnancies 
Complicated by Demise of One Twin: A Review. Vol. 19, Twin Research and Human Genetics. 
2016. p. 262–7.  

113.  de Laveaucoupet J, Ciorascu R, Lacaze T, Roset F, Musset D, Labrune M. Hepatic and cerebral 
infarction in the survivor after the in utero death of a co-twin: Sonographic pattern. Pediatr 
Radiol. 1995;25(3):211–3.  

114.  Naeye RL. Human Intrauterine Parabiotic Syndrome and Its Complications. N Engl J Med. 
1963 Apr 11;268(15):804–9.  

115.  Shue EH, Soares B, Courtier J, Hogue J, Shimotake T, Mackenzie TC. Type IV intestinal atresia , 
congenital bilateral perisylvian syndrome , and chronic pulmonary hypertension secondary to 
multiple vascular disruption syndrome in a monochorionic twin. J Pediatr Surg. 
2012;47(10):1938–42.  

116.  Van Klink JMM, Van Steenis A, Steggerda SJ, Genova L, Sueters M, Oepkes D, et al. Single fetal 
demise in monochorionic pregnancies: Incidence and patterns of cerebral injury. Ultrasound 
Obstet Gynecol. 2015;45(3):294–300.  

117.  Gijtenbeek M, Haak MC, Ten Harkel DJ, Te Pas AB, Middeldorp JM, Klumper FJCM, et al. 
Persistent Pulmonary Hypertension of the Newborn in Twin-Twin Transfusion Syndrome: A 
Case-Control Study. Neonatology. 2017;112(4):402–8.  

118.  Eschbach SJ, Boons LSTM, Van Zwet E, Middeldorp JM, Klumper FJCM, Lopriore E, et al. Right 
ventricular outflow tract obstruction in complicated monochorionic twin pregnancy. 



37 
 

Ultrasound Obstet Gynecol [Internet]. 2017;49(6):737–43.  

119.  Verbeek L, Slaghekke F, Sueters M, Middeldorp JM, Klumper FJ, Haak MC, et al. 
Hematological disorders at birth in complicated monochorionic twins. Expert Rev Hematol. 
2017;10(6):525–32.  

120.  Transfusion TT. Syndrome 35. :111–4.  

121.  Fisk NM, Borrell A, Hubinont C, Tannirandorn Y, Nicolini U, Rodeck CH. Fetofetal transfusion 
syndrome: Do the neonatal criteria apply in utero? Arch Dis Child. 1990;65(7 SPEC NO):657–
61.  

122.  Fusi L, Gordon H. Twin pregnancy complicated by single intrauterine death . Problems and 
outcome with conservative management. 1990;97(June):511–6.  

123.  Machino H, Iriyama T, Nakayama T, Komatsu A, Nagamatsu T, Osuga Y, et al. CASE REPORT A 
case of a surviving co-twin diagnosed with porencephaly and renal hypoplasia after a single 
intrauterine fetal death at 21 weeks of gestation in a monochorionic monoamniotic twin 
pregnancy. 2017;7–9.  

124.  Slaghekke F, Pasman S, Veujoz M, Middeldorp JM, Lewi L, Devlieger R, et al. Middle cerebral 
artery peak systolic velocity to predict fetal hemoglobin levels in twin anemia-polycythemia 
sequence. Ultrasound Obstet Gynecol. 2015;46(4):432–6.  

125.  Carlson_1989.  

126.  Wessel J. Intrauterine death of a single fetus in twin pregnancies. 1988;16.  

127.  Glinianaia S V, Rankin J, Khalil A, Binder J, Waring G, Sturgiss SN, et al. Accepted Article. 
2013;2000–13.  

128.  Yapıcıoğlu-Yıldızdaş H, Ece Ü, Sucu M, Yurdakul G, Şimşek H, Özlü F. Twin reversed arterial 
perfusion syndrome in a monochorionic monoamniotic twin pregnancy. Turk J Pediatr. 
2017;59(6):724–7.  

129.  Moore CM, McAdams AJ, Sutherland J. Intrauterine disseminated intravascularcoagulation: A 
syndrome of multiple pregnancy with a dead twin fetus. J Pediatr. 1969;74(4):523–8.  

130.  D’Alton ME, Newton ER, Cetrulo CL. Intrauterine fetal demise in multiple gestation. Acta 
Genet Med Gemellol (Roma). 1984;33(1):43–9.  

131.  Weiss JL, Cleary-Goldman J, Tanji K, Budorick N, D’alton ME. Multicystic encephalomalacia 
after first-trimester intrauterine fetal death in monochorionic twins. Am J Obstet Gynecol. 
2004 Feb;190(2):563–5. 

132.  Aicardi J, Goutières F, De Verbois AH. Multicystic encephalomalacia of infants and its relation 
to abnormal gestation and hydranencephaly. J Neurol Sci. 1972 Apr;15(4):357–73. 

133.  Manterola A, Towbin A, Yakovlev PI. Cerebral infarction in the human fetus near term. J 
Neuropathol Exp Neurol [Internet]. 1966 Jul;25(3):479–88.  

134.  Landy HJ, Weingold AB. Management of a multiple gestation complicated by an antepartum 
fetal demise. Obstet Gynecol Surv. 1989 Mar;44(3):171–6.  

135.  Durkin M V, Kaveggia EG, Pendleton E, Neuhaüser G, Opitz JM. Analysis of etiologic factors in 
cerebral palsy with severe mental retardation. I. Analysis of gestational, parturitional and 
neonatal data. Eur J Pediatr. 1976 Sep 1;123(2):67–81.  

136.  Szymonowicz W, Preston H, Yu VY. The surviving monozygotic twin. Arch Dis Child. 1986 



38 
 

May;61(5):454–8.  

137.  Stevenson, Lewis; McGowan LE. Encephalomalcia with cavity formation in infants. Arch 
Pathol. 1942;34:286–300.  

138.  Weig SG, Marshall PC, Abroms IF, Gauthier NS. Patterns of cerebral injury and clinical 
presentation in the vascular disruptive syndrome of monozygotic twins. Pediatr Neurol. 
1995;13(4):279–85.  

139.  Wagner MM, Lopriore E, Klumper FJ, Oepkes D, Vandenbussche FPHA, Middeldorp JM. 
compared with conservative management. YMOB. 2009;201(3):286.e1-286.e6.  

140.  Narbona-arias I. Neurological complications after therapy for fetal-fetal transfusion 
syndrome : a systematic review of the outcomes at 24 months. 2017;(January).  

141.  Donoghue KO, Rutherford MA, Engineer N, Wimalasundera RC, Cowan FM. Transfusional 
fetal complications after single intrauterine death in monochorionic multiple pregnancy are 
reduced but not prevented by vascular occlusion. 2009;804–12.  

142.  Jelin AC, Norton ME, Bartha AI, Fick AL, Glenn OA. Intracranial magnetic resonance imaging 
findings in the surviving fetus after spontaneous monochorionic cotwin demise. Am J Obstet 
Gynecol. 2008;199(4):1–5.  

143.  Laveaucoupet J De, Boithias-gue C, Musset D. Fetal magnetic resonance imaging ( MRI ) of 
ischemic brain injury. 2001;(September 2000):729–36.  

144.  Robinson A, Teoh M, Edwards A, Fahey M, Goergen S. Fetal brain injury in complicated 
monochorionic pregnancies: diagnostic yield of prenatal MRI following surveillance 
ultrasound and influence on prognostic counselling. Prenat Diagn. 2017;37(6):611–27.  

145.  Denbow ML, Battin MR, Cowan F, Azzopardi D. Neonatal cranial ultrasonographic findings in 
preterm twins complicated by severe fetofetal transfusion syndrome. 1995;479–83.  

146.  Ortibus E, Lopriore E, Deprest J, Vandenbussche FP, Walther FJ, Diemert A, et al. The 
pregnancy and long-term neurodevelopmental outcome of monochorionic diamniotic twin 
gestations: a multicenter prospective cohort study from the first trimester onward. Am J 
Obstet Gynecol. 2009;200(5):494.e1-494.e8.  

147.  Golomb MR, Williams LS, Garg BP. Perinatal Stroke in Twins Without Co-twin Demise. 
2006;040:75–7.  

148.  Ganesan V, Isaacs E, Kirkham FJ. Variable presentation of cerebrovascular disease in 
monovular twins. Dev Med Child Neurol. 1997;39(9).  

149.  Lucatelli P, Tarnoki AD, Tarnoki DL, Giannoni MF, Gazzetti M, Boatta E, et al. Genetic and 
environmental effects on carotid flow velocities: An international twin study. Atherosclerosis. 
2013 Dec;231(2):205–10.  

150.  Bak S, Gaist D, Sindrup SH, Skytthe A, Christensen K. Genetic liability in stroke: a long-term 
follow-up study of Danish twins. Stroke. 2002 Mar;33(3):769–74.  

151.  Benders MJNL, Groenendaal F, Uiterwaal CSPM, Nikkels PGJ, Bruinse HW, Nievelstein RAJ, et 
al. Maternal and infant characteristics associated with perinatal arterial stroke in the preterm 
infant. Stroke. 2007;38(6):1759–65.  

152.  Golomb MR, Garg BP, Edwards-brown M, Williams LS. Very Early Arterial Ischemic Stroke in 
Premature Infants. 2008;329–34.  



39 
 

153.  Jung JH, Graham Jr. JM, Schultz N, Smith DW. Congenital hydranencephaly/porencephaly due 
to vascular disruption in monozygotic twins. Pediatrics. 1984;73(4):467–9.  

154.  Larroche JC, Girard N, Narcy F, Fallet C. Abnormal cortical plate (Polymicrogyria), heterotopias 
and brain damage in monozygous twins. Neonatology. 1994;65(6):343–52.  

155.  Sugama S, Kusano K. Monozygous twin with polymicrogyria and normal co-twin. Pediatr 
Neurol 1994 Jul;11(1):62–3.  

156.  Delle Urban LAB, Righini A, Rustico M, Triulzi F, Nicolini U. Prenatal ultrasound detection of 
bilateral focal polymicrogyria. Prenat Diagn. 2004;24(10):808–11.  

157.  Griffiths PD, Sharrack S, Chan KL, Bamfo J, Williams F, Kilby MD. Fetal brain injury in survivors 
of twin pregnancies complicated by demise of one twin as assessed by in utero MR imaging. 
Prenat Diagn. 2015;35(6):583–91.  

158.  Glenn OA, Norton ME, Goldstein RB, Barkovich AJ. Prenatal Diagnosis of Polymicrogyria by 
Fetal Magnetic Resonance Imaging in Monochorionic Cotwin Death.  

159.  Spruijt M, Steggerda S, Rath M, van Zwet E, Oepkes D, Walther F, et al. Cerebral injury in 
twin-twin transfusion syndrome treated with fetoscopic laser surgery. Obstet Gynecol. 
2012;120(1):15–20.  

160.  Teggerda SYS, Opriore ENL, Ueters MAS, Artelings MAB, Andenbussche FR V, Alther FRW. 
Twin-to-Twin Transfusion Syndrome , Vein of Galen Malformation , and Transposition of the 
Great Arteries in a Pair of Monochorionic Twins : Coincidence or Related Association ? 
2006;52–5.  

161.  Komiyama M, Miyatake S, Terada A, Ishiguro T, Ichiba H, Matsumoto N. Case Report Vein of 
Galen Aneurysmal Malformation in Monozygotic Twin. World Neurosurg. 2016;91:672.e11-
672.e15. 

162.  Lopriore E, Slaghekke F, Kersbergen KJ, De Vries LS, Drogtrop AP, Middeldorp JM, et al. 
Severe cerebral injury in a recipient with twin anemia-polycythemia sequence. Ultrasound 
Obstet Gynecol. 2013;41(6):702–6.  

163.  Inklaar MJ, van Klink JMM, Stolk TT, van Zwet EW, Oepkes D, Lopriore E. Cerebral injury in 
monochorionic twins with selective intrauterine growth restriction: A systematic review. 
Prenat Diagn. 2014;34(3):205–13.  

164.  Swamy RS, Mcconachie H, Ng J, Rankin J, Korada M, Sturgiss S, et al. Cognitive outcome in 
childhood of birth weight discordant monochorionic twins : the long-term effects of fetal 
growth restriction. 2018;1–5.  

165.  Landy fetal demise.pdf.  

166.  Sainz JA, Romero C, García-Mejido J, Soto F, Turmo E. Analysis of middle cerebral artery peak 
systolic velocity in monochorionic twin pregnancies as a method for identifying spontaneous 
twin anaemia-polycythaemia sequence. J Matern Fetal Neonatal Med 2014 Jul 
22;27(11):1174–6. 

167.  Fusi L, McParland P, Fisk N, Nicolini U, Wigglesworth J. Acute twin-twin transfusion: a possible 
mechanism for brain-damaged survivors after intrauterine death of a monochorionic twin. 
Obstet Gynecol. 1991 Sep;78(3 Pt 2):517–20. 

168.  Nicolini U, Pisoni MP, Cela E, Roberts A. Fetal blood sampling immediately before and within 
24 hours of death in monochorionic twin pregnancies complicated by single intrauterine 
death. 1998;800–3.  



40 
 

169.  Nicolini U, Poblete A. Editorial Single intrauterine death in monochorionic twin pregnancies. 
1999;297–301.  

170.  Verbeek L, Zhao DP, Middeldorp JM, Oepkes D, Hooper SB, Te Pas AB, et al. Haemoglobin 
discordances in twins: Due to differences in timing of cord clamping? Arch Dis Child Fetal 
Neonatal Ed. 2017;102(4):F324–8.  

171.  Okamura K, Murotsuki J, Tanigawara S, Uehara S, Yajima A. Funipuncture for evaluation of 
hematologic and coagulation indices in the surviving twin following co-twin’s death. Obstet 
Gynecol. 1994 Jun;83(6):975–8.  

172.  Brooks JC, Strauss DJ, Shavelle RM, Tran LM, Rosenbloom L, Wu YW. Recent trends in 
cerebral palsy survival. Part I: Period and cohort effects. Dev Med Child Neurol. 
2014;56(11):1059–64.  

173.  Schrey S, Huber A, Hecher K, Quintero R, Alkazaleh F, Moise KJ, et al. Vascular limb occlusion 
in twin-twin transfusion syndrome (TTTS): case series and literature review. Am J Obstet 
Gynecol. 2012 Aug;207(2):131.e1-10.  

174.  Carr SR, Luks F, Tracy T, Plevyak M. Antenatal necrotic injury in severe twin-to-twin 
transfusion syndrome. A case and review. Fetal Diagn Ther;19(4):370–2.  

175.  Morikawa Y, Kasubuchi Y, Kusunoki T. Multicystic encephalomalacia in liveborn twin with a 
stillborn macerated co-twin. 1979;95(5):798–800.  

176.  Takahashi H, Baba Y, Matsubara S. Brain damage of surviving co-twin following single fetal 
death in monochorionic diamniotic twin pregnancy at 8-9 weeks’ gestation. Vol. 93, Acta 
Obstetricia et Gynecologica Scandinavica. 2014. p. 1336.  

177.  Feng B, Zhai J, Cai Y. Effect of twin pregnancy chorionic properties on maternal and fetal 
outcomes. Taiwan J Obstet Gynecol 2018 Jun;57(3):351–4.  

178.  Eikelboom JW, Saharay I, Baker RI, Hankey GJ. Methylene tetrahydrofolate reductase 
mutation and stroke in a monozygotic twin. Aust N Z J Med. 1998;28(6):849–50.  

179.  Hsu TL, Hsu TY, Ou CY. Multicystic encephalomalacia in an uncomplicated twin pregnancy. 
Taiwan J Obstet Gynecol. 2008;47(1):106–9.  

180.  Kocaman C, Yilmaz Y. Etiological analysis of presumed perinatal stroke. Brain Dev [Internet]. 
2012;34(2):133–9. Available from: http://dx.doi.org/10.1016/j.braindev.2011.04.003 

181.  Mackie FL, Hall MJ, Morris RK, Kilby MD. Early prognostic factors of outcomes in 
monochorionic twin pregnancy: systematic review and meta-analysis. Am J Obstet Gynecol 
2018; in press 

182.  Khalid R, Krishnan P, Andres K, Blaser S, Miller S, Moharir M, et al. COL4A1 and fetal vascular 
origins of schizencephaly. Neurology 2018;90(5):232–4. 

183.  Yoneda Y, Haginoya K, Kato M, Osaka H, Yokochi K, Arai H, et al. Phenotypic spectrum of 
COL4A1 mutations: Porencephaly to schizencephaly. Ann Neurol. 2013;73(1):48–57.  

184.  Breedveld G, De Coo IF, Lequin MH, Arts WFM, Heutink P, Gould DB, et al. Novel mutations in 
three families confirm a major role of COL4A1 in hereditary porencephaly. J Med Genet. 
2006;43(6):490–5.  

185.  Lichtenbelt KD, Pistorius LR, De Tollenaer SM, Mancini GM, De Vries LS. Prenatal genetic 
confirmation of a COL4A1 mutation presenting with sonographic fetal intracranial 
hemorrhage. Ultrasound Obstet Gynecol. 2012;39(6):726–7.  



41 
 

186.  Yoneda Y, Haginoya K, Arai H, Yamaoka S, Tsurusaki Y, Doi H, et al. De novo and inherited 
mutations in COL4A2, encoding the type IV collagen α2 chain cause porencephaly. Am J Hum 
Genet. 2012;90(1):86–90.  

187.  Verbeek E, Meuwissen MEC, Verheijen FW, Govaert PP, Licht DJ, Kuo DS, et al. COL4A2 
mutation associated with familial porencephaly and small-vessel disease. Eur J Hum Genet. 
2012;20(8):844–51.  

188.  Gul A, Gungorduk K, YIldIrIm G, GedIkbasI A, Ceylan Y. Prenatal diagnosis of porencephaly 
secondary to maternal carbon monoxide poisoning. Arch Gynecol Obstet. 2009;279(5):697–
700.  

189.  Zanders EHJ, Buist FCD, Van Vugt JMG. Prenatal diagnosis of fetal intracranial hemorrhage at 
25 weeks of gestation. Fetal Diagn Ther. 2003;18(5):324–7.  

190.  Masamoto H, Uehara H, Mekaru K, Uezato T, Sakumoto K, Aoki Y. Warfarin-associated fetal 
intracranial hemorrhage in woman with mitral valve replacements: a case report. Am J 
Perinatol 2009 Sep 29;26(8):597–600. 

191.  Demir F, Ekmekçi E, Turhan U, Gençdal S, Yazici ET, Gür EB, et al. Inutero fetal intracranial 
hemorrhage: A case report. J Turkish Ger Gynecol Assoc [Internet]. 2016;17:S209–10.  

192.  E.H.J. Z, F.C.D. B, J.M.G. VV. Prenatal diagnosis of fetal intracranial hemorrhage at 25 weeks 
of gestation. Fetal Diagn Ther. 2003;18(5):324–7.  

193.  Golomb MR, MacGregor DL, Domi T, Armstrong DC, McCrindle BW, Mayank S, et al. 
Presumed pre- or perinatal arterial ischemic stroke: risk factors and outcomes. Ann Neurol  
2001;50(2):163–8.  

194.  Lin, Jean-Pierre, Ganesan, Vijeya, Turner, Charles, Dalton, Neil, Smith M. Congenital 
hemiplegia, miscarriage and the methylene tetrahydrofolate reductase mutation. Eur J 
Paediatr Neurol. :A96.  

195.  Crespin M, Alhenc-Gelas M, Grangé G, Fallet-Bianco C, Fontenay M. Fetal Intracerebral 
Hemorrhage in Familial Thrombophilia. Pediatr Neurol 2009;41(4):291–3.  

196.  Verdu A, Cazorla MR, Moreno JC, Casado LF. Prenatal stroke in a neonate heterozygous for 
factor V Leiden mutation. Brain Dev. 2005;27(6):451–4.  

197. Bax M, Tydeman C, Flodmark O. Clinical and MRI correlates of cerebral palsy: the European 
Cerebral Palsy Study. JAMA. 2006 Oct 4;296(13):1602-8.  

  



42 
 

 

 



43 
 

 

 



44 
 

 


