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Abstract

Twins have an increased risk for congenital malformations and disruptions, including defects in
brain morphogenesis. We analyzed data on brain imaging, zygosity, sex, and fetal demise in 56
proband twins and 7 less affected co-twins with abnormal brain imaging and compared them

to population-based data and to a literature series. We separated our series into malformations

of cortical development (MCD, N = 39), cerebellar malformations without MCD (N = 13), and
brain disruptions (M= 11). The MCD group included 37/39 (95%) with polymicrogyria (PMG),
8/39 (21%) with pia-ependymal clefts (schizencephaly), and 15/39 (38%) with periventricular
nodular heterotopia (PNH) including 2 with PNH but not PMG. Cerebellar malformations were
found in 19 individuals including 13 with a cerebellar malformation only and another 6 with
cerebellar malformation and MCD. The pattern varied from diffuse cerebellar hypoplasia to classic
Dandy-Walker malformation. Brain disruptions were seen in 11 individuals with hydranencephaly,
porencephaly, or white matter loss without cysts. Our series included an expected statistically
significant excess of monozygotic (MZ) twin pairs (22/41 MZ, 54%) compared to population

data (482/1448 MZ, 33.3%; p=.0110), and an unexpected statistically significant excess of
dizygotic (DZ) twins (19/41, 46%) compared to the literature cohort (1/46 DZ, 2%; p < .0001.
Recurrent association with twin-twin transfusion syndrome, intrauterine growth retardation, and
other prenatal factors support disruption of vascular perfusion as the most likely unifying cause.

Keywords

cerebellar hypoplasia; Dandy—Walker malformation; malformations of cortical development;
twinning; twins; zygosity

1| INTRODUCTION

Twins and higher order multiple births have an increased risk for congenital malformations,
disruptions, and deformations that is higher for monochorionic than dichorionic twins.

Risks for both monochorionic and dichorionic twins are higher than those observed in
singletons (Dawson et al., 2016; Glinianaia, Rankin, & Wright, 2008; Myrianthopoulos,
1976; Spranger et al., 1982). Similarly, monochorionic twins have an increased risk for less
specific neurodevelopmental disorders compared to dichorionic twins [Adegbite, Castille,
Ward, & Bajoria, 2005 Livinec et al., 2005 #18263; Luu & Vohr, 2009]. As almost

all monochorionic twins are monozygotic (MZ) and most (~90%) dichorionic twins are
dizygotic (DZ), these data imply that the risks for congenital malformations, disruptions, and
less specific neurodevelopmental problems are higher in MZ than DZ twins. Remarkably,
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sex has rarely been examined as a variable factor for developmental outcome, even in large
epidemiological studies of twins.

The increased rate of malformations and disruptions observed in twins has been attributed
to several factors with variable support. Early defects in morphogenesis such as conjoined
twins and neural tube defects have been attributed to complications of the twinning process
itself with weak support (Schinzel, Smith, & Miller, 1979). Several twinning-associated
syndromes such as LBWC, MURCS, OAVS, OEIS, POC, and VACTERL (see list of
abbreviations) appear to have early embryonic origins with no known causes (Adam et

al., 2020). Several other malformations and disruptions occurring later in development have
been attributed to twin-twin transfusion syndrome (TTTS), and intrauterine fetal demise

of a co-twin (IUFD), sometimes called vanishing twin. Placental disorders associated with
these later complications include unequal placental sharing, placental anastomoses (vessels
from one twin being drained by the co-twin forming a unidirectional shunt), and placental
inflammation. Additional risk factors include use of assisted reproductive technology (ART),
young or old maternal age, prematurity, and low birth weight (Hall, 2003; Painter, Medland,
Montgomery, & Hall, 2013).

Large gaps in our understanding of twinning-associated neurodevelopmental disorders
remain, particularly for later defects in brain morphogenesis. Neurodevelopmental outcomes
have been reported in many large twin series, but most provide scant data on the underlying
morphological abnormalities, describing nonspecific features such as microcephaly

or ventriculomegaly, or late gestation injuries such as cerebral infarcts, multicystic
leukoencephalopathy, periventricular leukomalacia, or intraventricular hemorrhage (Ortibus
et al., 2009; Scheller & Nelson, 1992; Zhang, Liu, & Zeng, 2013). Brain malformations have
rarely been mentioned. We found reports of 48 infants with well-documented malformations
or disruptions over the past 50 years, consisting of single reports or small series with widely
varying details. When provided, neuropathology or imaging figures have been limited, rarely
demonstrating the full scope of the malformation or disruption. Further, most reports have
focused exclusively on MZ twins, leaving much less known about DZ twins. Thus, the
nature, causes, and spectrum of twinning-associated brain malformations and disruptions
remain poorly understood.

Here, we analyze the brain imaging phenotypes along with data on zygosity, sex and IUFD
in 56 proband twins with abnormal brain imaging including 13 previously reported with
limited data, add brain imaging data for 7 additional less severely affected co-twins, and
compare our data to brain imaging or neuropathological data on 48 previously reported
twins. In comparison to the literature series, we observed far more diverse patterns of brain
malformation and disruption and the occurrence of a similarly wide spectrum of brain
abnormalities in both MZ and DZ twins. We also found a small, nonsignificant trend toward
affected males, and many examples of brain malformations and disruptions in pregnancies
complicated by TTTS or in utero death of a co-twin. These same patterns of malformation
and disruption are seen in single births, leading us to hypothesize that similar mechanisms
likely contribute to these malformations and disruptions in singletons as well as twins.
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METHODS

The human subject database of severe neurodevelopmental disorders maintained by the
senior author contains data from more than 10,000 individuals with brain malformations
or disruptions diagnosed on brain imaging studies. The database has a very strong bias
toward abnormalities seen on brain imaging, especially malformations, but no recognized
bias for sex or zygosity. We searched the database for twins and other multiple births and
found records of 135 twins from 106 twin pairs (including 1 surviving triplet included as
a twin), in which one or both co-twins had a neurodevelopmental disorder with abnormal
brain imaging: 77 with one twin affected and 29 with both affected. When both twins
were affected (concordant for affected status, but usually discordant for severity), the more
severely affected co-twin was designated as the proband twin, or the firstoorn when both
were similarly affected. All healthy and developmentally normal co-twins were excluded.

Inclusion and exclusion criteria

We found 135 twins in our initial sweep and hand curated data to exclude those with
insufficient data and those with known or likely genetic disorders as our intent was to study
disorders linked to the twinning process (Appendix 1). We excluded 36 twins (27 proband
twins and 9 affected co-twins) because of insufficient data, 19 (12 proband twins and 7
co-twins) because of positive results from any genetic testing, and 16 (10 probands and 6
co-twins) based on clinical diagnosis of a genetic disorder. One twin was excluded with

a positive test for cytomegalovirus. Most twins had no cytomegalovirus or genetic testing
performed, so that lack of testing was not used as an exclusion criterion. We included three
probands (two unrelated twins and one triplet: LR03-055, LR06-117 and LR12-410) who
were born as extremely low gestational age newborns (ELGAN: 22-26 weeks-gestation,
wkg), which is another rare cause of cerebellar hypoplasia (CBLH) (Hintz et al., 2015).

This left 56 proband twins and 7 less severely affected co-twins for this study. When
analyzing the spectrum of brain malformations and disruptions we included probands and
their affected co-twins. However, when analyzing zygosity and sex ratio, we analyzed
data on proband twins only to avoid counting dependent events (twin births) twice, and
excluded twins with unknown zygosity. This left 41 proband twins with known zygosity.
We included one proband twin with duplication 22g11.2 (LR12-410) and another with
duplication 15q13.3 containing the CHRNA7 gene (LR12-313a2) because their brain
malformations could not be explained by these common duplications. We excluded the
co-twin (LR12-313a1) with the 15¢13.3 duplication, as his clinical diagnosis of autism is
typical of this duplication.

Ethical considerations and data sharing

This study was completed under a human subject research protocol that was approved by
the Institutional Review Board at Seattle Children’s Hospital. Parents for the two children
shown in the figures gave their permission with signed consent to publish their photographs
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Review of phenotype data

We reviewed detailed clinical information for all 56 twin pairs, focusing first on zygosity,
sex, and co-twin sex, and then on use of ART, history of IUFD, gestational age at birth
defined as the time elapsed between the first day of the last normal menstrual period and
the day of delivery (Engle, and American Academy of Pediatrics Committee on Fetus and
Newborn, 2004), age, and other prenatal complications. The basis for assigning DZ, MZ
or unknown zygosity (UZ) status is shown in Appendix 2. Next, two of the authors (T.

C. and W. B. D.) reviewed brain imaging studies independently, looking for any brain
malformations or disruptions, as defined by an International Working Group on errors

of morphogenesis (Spranger et al., 1982). We also recorded details regarding the precise
location, symmetry, and severity gradient of each malformation or disruption.

Separation into subgroups by brain imaging

To create a rational framework for analysis, we separated our cohort into three subgroups
based on fundamental embryologic principles, neuroimaging findings, and neuropathology
when available. The three groups include (a) malformations of cortical development (MCD,
Table 1); (b) cerebellar malformations (Table 2), and (c) prenatal brain disruptions (BRD,
Table 3). Three different types of MCD were seen in this series including polymicrogyria
(MCD), several types of subcortical malformation (SUB), and periventricular nodular
heterotopia (PNH) (Guerrini & Dobyns, 2014; Leventer et al., 2010; Oegema, Barkovich,
Mancini, Guerrini, & Dobyns, 2019; Parrini et al., 2006). The cerebellar malformations
included Dandy—Walker malformation (DWM), diffuse and vermis-predominant cerebellar
hypoplasia (CBLH), mega-cisterna magna with CBLH, and Blake’s pouch cyst. All but
DWM were combined into a single CBLH group. The BRD included hydranencephaly,
porencephaly, multicystic encephalopathy, and less specific white matter volume loss. For
twins with evidence of abnormalities fitting more than one of these groups, we analyzed
zygosity and sex as part of the group with earlier presumed gestational origin, usually the
MCD group.

Literature review

We performed a detailed review of the literature by PubMed searches using the search

term “twin” plus one of the following: “discordant,” “Dandy-Walker,” “fetal demise,”
“heterotopia,” “polymicrogyria (PMG),” or “schizencephaly”. From this, we found reports
of 48 individuals with brain malformations or disruptions from 22 publications over 47 years
(Appendices 3-6).

Population based data

We compared zygosity and sex data from our cohort with a large population-based data set
of 1,493 twin pairs born in British Columbia between 2000 and 2010 (Jahanfar & Lim,
2018), as these data were all linked to placental pathology reports that provided a high level
of accuracy regarding the chorion and amnion. We estimated zygosity using Weinberg’s
differential rule (Fellman & Eriksson, 2006). While data on larger cohorts of twins are
available, the data on placentation and placental pathology are less well curated in these
reports. We used the same data set to analyze the sex ratio.
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2.7 | Statistical analyses

Statistical analyses were performed using the two-tailed chi-square test, or Fisher’s exact
test for any 2 x 2 pairwise comparisons.

3| RESULTS

We analyzed clinical and brain-imaging data on 56 proband twins and 7 less severely
affected co-twins ascertained over 30 years by the senior author and divided them into

3 groups based on the type of malformation or disruption and presumed gestational
timing (Figure 1a). These included 34 (61%) proband twins with MCD including 5 with
co-occurring CBLH-DWM, 12 (21%) with CBLH-DWM and normal gyral pattern, and
10 (18%) with BRD and associated volume loss (Table 4). All three groups demonstrated
a wide range of brain phenotypes. The less severely affected co-twins were classified

in the same group (MCD) for five twin pairs, and in different groups (MCD-BRD and
BRD-CBLH) for the remaining two twin pairs. The proband group included more males
than females (31M, 25F) and almost equal numbers of DZ and MZ twin pairs (19DZ,
22MZ, 15UZ). Data from the literature cohort (N = 48) documented most of the same
malformations and disruptions but with less detail regarding distribution and associated
abnormalities.

3.1| Spectrum of malformations and disruptions

Most published reports emphasize schizencephaly and DWM as the typical malformations,
and porencephaly as the most common disruption observed in twins. However, our
experience over many years has shown a wide spectrum of brain malformations and
disruptions in twins. We will examine these by first providing detailed reports of one
stillborn MZ twin pair and three other discordant twins with instructive clinical histories.
The first (LP93-085al/a2) involves IUFD of both MZ co-twins in the late second trimester
and provides one of the most accurate estimates of gestational timing available for PMG.
The second is a discordant DZ twin girl (LP97-138) with detailed neuropathological
examination that documents the MCD. The third is a discordant MZ twin boy (LR12-313a2)
with high-resolution brain imaging that shows many of the twinning-associated brain
malformations seen across the entire cohort as well as amyoplasia, while the fourth is a
discordant MZ twin girl (LR18-005) with an MCD, congenital contractures, and intestinal
atresia.

3.2 | Clinical reports

3.2.1| LP93-085al/a2—The female proband twin “B” (or a2) and her same sex co-twin
“A” (or al) were both delivered stillborn at 24 wkg. Their 31-year-old mother (G2P1) had
no significant health problems and had routine prenatal care. A prenatal US at 15 wkg
showed viable twins, with membranes interpreted as monochorionic-diamniotic, consistent
with MZ twins. A subsequent US at 22 wkg showed IUFD as well as polyhydramnios and
cardiomegaly of twin A that were attributed to TTTS as the recipient twin. The proband

and donor twin remained viable with no obvious malformations. A third prenatal US at 23
wkg showed that twin B was living but now had ventriculomegaly and other abnormalities
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interpreted as cortical atrophy or hydrocephalus. By the next week, twin B had also died.
Vaginal delivery was induced at 24 wkg.

At autopsy, twin A was small (average for 21 wkg) and had cardiomegaly but no
malformations. The brain (54 g unfixed) was severely macerated and could not be examined.
The proband twin B (LP93-085a2) was slightly small for dates (average for 23 wkg). The
brain (52 g unfixed) exhibited atrophy and an irregular cortical surface suggestive of PMG in
the frontal and parietal regions corresponding to the distribution of the internal carotid artery
(Figure 2a—e). The changes were attributed to effects of acute and chronic hypovolemia and
ischemia. Histology showed PMG in evolution (Figure 2f). The placenta was fragmented
and showed evidence of acute chorioamnionitis so that chorionicity could not be confirmed
by pathologic examination.

3.2.2| LP97-138—This girl was born at term following a pregnancy complicated by
IUFD of her male co-twin at 16—-19 wkg based on serial ultrasound studies. Her birth weight
and birth length were normal (50-67th percentiles), but her OFC was only 29 cm (=4 SD).
She had global developmental delay, poor head control and feeding, spasticity and athetoid
movements, as well as onset of seizures at 4 months. Gastrostomy feeding was required.
Low resolution brain MRI (Figure 3a—c) at 5 months showed an extensive MCD most
consistent with PMG, numerous areas of abnormal signal similar to gray matter beneath the
cortex, and patchy but extensive signal changes in white matter suggesting injury.

By 6 years, she had precocious puberty, episodes of unexplained hypothermia, and signs

of pituitary insufficiency, consistent with pituitary—hypothalamic dysfunction. Intercurrent
illnesses often triggered adrenal crises. Her later years were complicated by profound
intellectual disability, spastic quadriparesis, seizures, panhypopituitarism, temperature
instability, osteoporosis, obstructive sleep apnea, hypertension attributed to steroid treatment
for adrenal insufficiency, severe adrenal crises when ill, and asthma. She died during an
intercurrent illness at 19 years.

On gross examination, the brain was abnormally small (fresh weight 570 g) with relatively
symmetrical bands of “cobblestone-like” polymicrogyric cortex running along the dorsal
surfaces of the frontal, parietal and occipital lobes, appearing most severe in the posterior
perisylvian regions (Figure 3d—f). A mid-sagittal section demonstrated a corpus callosum
abnormality consisting of a markedly thinned segment of posterior body bounded by
thickened anterior body/genu and splenium. Of note, the region of thin corpus callosum
mirrored the level of the most severely affected cortex. Coronal sections revealed firm,
gliotic white matter with multifocal subcortical heterotopia and PNH in addition to cystic
lesions at the gray—white interface of the posterior parieto-occipital cortices (Figure 3g—j).
Both hippocampi were malformed with a hyper-rotated appearance. The brainstem showed
focal atrophy and gliosis of the cerebral peduncles with small and atrophic medullary
pyramids.

Histological examination revealed markedly abnormal cortex characterized by
hyperconvoluted, fused, and often piled-up gyri with variable cytoarchitecture (Figure 3j).
Some regions lacked laminar organization and showed marked thickening intermediate
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between an unlayered type of PMG and pachygyria, while other regions demonstrated more
typical four-layered PMG. A variably dense gliovascular scar covered the surface of much of
the abnormal cortex. Microscopic examination confirmed the presence of grossly apparent
subcortical heterotopia and PNH (Figure 3Kk). The cysts at the gray-white matter junction

of the parieto-occipital cortex were found to correspond to cystically dilated perivascular
spaces containing rare hemosiderin pigment. Baseline gliosis was seen in the majority of

the sampled subcortical tissues with reactive gliosis and scattered microcalcifications in the
periventricular white matter and hypothalamus.

3.2.3| LR12-313a2—This boy and his MZ twin brother were born at 36 wkg via
cesarean section after an uncomplicated pregnancy. Prenatal US had revealed DWM at 17
weeks that was confirmed by MRI at 20 weeks. His birth weight was 2,510 g (25-50% for
GA), length 48 cm (10-25%), and OFC 34.5 cm (10-25%). On exam, he had congenital
extension contractures of both elbows and flexion contractures of the wrist and hands, more
severe on the left (Figure 4a—c), as well as mild contractures of his right foot consistent
with three-limb amyoplasia (Hall, Aldinger, & Tanaka, 2014). His early development was
delayed. At 6 months, his OFC began to increase rapidly. A brain MRI at 10 months showed
hydrocephalus, treated with a ventriculoperitoneal shunt. At 7 years, he was nonverbal and
unable to walk. He fed well on a soft diet but was unable to chew. No seizures had been
observed.

Brain MRI (Figure 4d-1) demonstrated mildly asymmetric dysgyria with subtle irregularity
of the gray-white junction consistent with PMG involving the parietal and occipital lobes,
more severe right than left and over mesial compared to lateral surfaces. Beneath these
regions were large PNH that encased the trigones and occipital horns, and on the right
extended frontally along the body of the right lateral ventricle. The PNH on both sides
were connected to the overlying dysgyria by several small columnar subcortical heterotopia
(Figure 4g,h). The corpus callosum was short with a small splenium. The brainstem
appeared normal. The cerebellum was small and dysplastic with a very small and upwardly
rotated vermis and unpaired caudal lobule (also known as Dandy—Walker tail, Figure 4e),
mildly small right hemisphere, and moderately small left hemisphere with a large slice of
the left middle cerebellar peduncle and adjacent cortex missing, representing an atypical
cerebellar cleft (Figure 4f,1). The posterior fossa was markedly enlarged with an elevated
torcula.

His twin brother had mild developmental delay and developed behavioral features consistent
with autism by 3 years. Both twins carry a small, maternally inherited ~680 kb duplication
in 15q13.3 that contains CHRNA7, a well-known copy number variant which has been
associated with autism, but not brain malformations.

3.2.4| LR18-005—This girl was born as twin B following a monochorionic-diamniotic
twin pregnancy. Prenatal ultrasound detected echogenic bowel and probable high intestinal
atresia at 15 wkg, prompting evaluations that led to diagnosis of severe TTTS (she was the
donor twin). Laser ablation of the vascular anastomoses was performed at 17 wkg. Prenatal
ultrasounds also detected severe intrauterine growth retardation (IUGR) and clubfeet, but no
brain abnormalities. Twin A had normal ultrasounds.

Am J Med Genet A. Author manuscript; available in PMC 2021 December 18.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnue Joyiny

1duosnuen Joyiny

Park et al.

3.3

Page 9

This girl and her co-twin were born by elective cesarean section at 32—-0/7 wkg with

Apgar scores 7-8-9 at 1, 5, and 10 min. Her birth weight was 650 g (2.8 SD), length

25.0 cm (=6.1 SD), and OFC 31.0 cm (93%). Her neonatal exam demonstrated mild
dysmorphic features consisting of a large anterior fontanelle, tall forehead, downslanting
palpebral fissures, short neck, fixed lower extremity contractures involving both hips and
knees with deep dimples over both hips, flexion contractures of both ankles (Figure 5a,b),
and mild contractures of her right hand. No birthmarks were seen including no facial
capillary malformations. Jejunal atresia was confirmed and a jejunostomy was placed

on Day 1 of life (Figure 5c,d). Multiple X-rays including a skeletal survey within the

first week of life showed diffusely demineralized bones, shallow acetabular roofs, and
multiple fractures including compression fractures of L4, healing fractures of the distal
femur, a buckle fracture of the distal left radius, and a transverse fracture of the distal

right radius. Most of the fractures were in a healing phase, indicating that many or

all occurred prenatally. Medical complications in the NICU included respiratory distress
syndrome, transient hypoglycemia, thrombocytopenia, a patent ductus arteriosus that closed
spontaneously, fenestrated atrial septal defect with intermittent premature atrial contractions,
possible duplication of the right kidney, and possible adrenal insufficiency. At 3 months,

her jejunum was reconnected. She has needed multiple surgical procedures for these and
other problems including Achilles tenotomies for clubfeet, inguinal hernia repair, strabismus
surgery (all bilateral), feeding tube placement, and repair of a tethered spinal cord.

By 1-9/12 years, she had made significant developmental progress and was using a few
words. Her weight was 9.05 kg (fourth percentile or —=1.74 SD), height 72 cm (-4.14 SD),
and OFC 44.2 cm (-1.98 SD). She had a normal facial appearance, but her legs appeared
mildly short for age. Her arms and hands were normally formed. She had mild contractures
at the hips and knees and dimples over both hips, which had improved since birth. She had
residual clubfeet, with very limited plantar flexion (Figure 5e—g).

Brain MRI at 4 months (Figure 4h—k) showed bilateral but mildly asymmetric (worse on the
right and posteriorly) dysgyria consistent with PMG in the posterior frontal, temporal, and
parietal regions that spared the occipital lobes. The white matter had moderately reduced
volume beneath the areas of abnormal cortex, and the lateral ventricles were mildly enlarged
(again worse on the right), and the corpus callosum was mildly thin. The brainstem and
cerebellum were normal.

Her twin sister was born with birth weight 1.9 kg but did well and at age 2 years is in good
health with normal development. Genetic analysis using a panel of polymorphic markers
confirmed that they were MZ twins.

Malformations of cortical development

3.3.1| This series—The most common malformation in this group was PMG, found
in 37 of 39 twins (here including proband twins and affected co-twins), variably associated
with pia-ependymal clefts, absent septum pellucidum (ASP), subcortical malformations
(SUB) consisting of either deep infolding or heterotopia, PNH or both SUB and PNH,
obvious hemispheric asymmetry (Table 1), and sometimes cerebellar malformations (Table
2). Schizencephaly or “cleft brain” consists of unilateral or bilateral pia-ependymal clefts
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with PMG lining the cleft and variable extent of the surrounding hemisphere(s) and has been
classified as a separate MCD. However, our data suggest that it represents the severe end of
a continuous series of MCD, so we will hereafter describe it as “PMG with cleft.” Examples
of the diverse patterns of MCD are shown in multiple figures to capture the diversity of
presentations (Figures 2-9).

PMG with cleft was observed in 8/37 (22%) twins. ASP was noted in only 5 twins
with PMG but occurred significantly more often in individuals with (3 of 8 [38%]) than
without clefts (2 of 31 [7%], p=.0491 using Fisher’s exact test). One twin had severe
hypopituitarism (LP97-138 described above).

SUB were found in 12/39 (31%) and PNH in 15/39 (38%) twins with distribution equally
divided between anterior- and posterior-predominant. The largest subgroup comprised eight
individuals with fan-like or columnar SUB extending from underlying PNH to the overlying
PMG (Figures 3, 4 and 7). Only 2/39 (5%) twins had PNH without PMG (LR20-090,
LR20-091) and only one (LR15-063) had small scattered SUB in the anterior frontal lobes
with PMG but not PNH (Figure 7). The rates of SUB or PNH were similar in the cleft and
no cleft groups. Finally, 23/39 (59%) twins had asymmetric malformations that were equally
divided between the right and left sides.

Another 5/39 (13%) twins including one concordant MZ twin pair (LR01-283a1/a2) and 3
discordant MZ twins (LP98-090, LR12-429, LR20-092) have a rare MCD that we originally
described as bilateral parasagittal parieto-occipital PMG (Guerrini et al., 1997; Leventer

et al., 2010), but now designate PMG with “deeply infolded heterotopia-parieto-occipital
subtype” (Oegema et al., 2019).This malformation consists of PMG that extends from the
posterior perisylvian to mesial occipital region with deep infolding of the dysplastic gyri that
often (but not always) compresses the trigones and occipital horns (Figure 9).

3.3.2| Literature series—In this group, all 14 discordant twins had PMG, but only
1/14 (7%) had a pia-ependymal cleft (Appendix 3). None had ASP. SUB and PNH were
each reported in 9/14 (64%) twins including 8 with columnar or fan-like SUB heterotopia
extending from underlying PNH to the overlying cortex as shown in published figures
(several examples are listed in Appendix 6). Among subjects with cortical malformations,
4/14 (29%) had highly asymmetric MCD. Within these subjects, two were more severe on
the right and two more severe on the left.

CBLH and DWM

3.4.1| This series—The 19 individuals in this group (12 proband twins plus another 6
from the MCD group and 1 affected co-twin) had cerebellar malformations that varied from
classic DWM to diffuse or vermis predominant CBLH, variably associated with brainstem
hypoplasia, cerebellar clefts, or obvious cerebellar asymmetry (Table 2 and Figure 10). One
twin with diffuse CBLH had severe brainstem hypoplasia and a cyst in the right ambient
cistern compressing the midbrain, while another had a cerebellar cleft. Obvious cerebellar
asymmetry was observed in 8/19 (42%) twins, equally divided between CBLH and DWM
and between right and left side predominance. DWM was more common in MZ twins (4/6
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MZ [67%]) while CBLH was more common in DZ twins (1/8 MZ [13%)]), but the difference
was not significant.

3.4.2| Literature series—The data available for this group were limited. All but

one of the 16 twins in this group were reported to have DWM rather than CBLH

(Appendix 4), although the diagnosis in 10 fetuses was based on prenatal ultrasound without
confirmation by MRI. These 10 fetuses comprised 10/660 (1.4%) monochorionic (i.e., MZ)
twin pregnancies referred to a single large maternofetal center, and included 1 live-born
child who was lost to follow-up, 3 intrauterine deaths of the proband with DWM, and 5
terminations (Kontopoulos, Quintero, Salihu, Bornick, & Allen, 2008).

Brain disruption

3.5.1] This series—The remaining twins had prenatal clastic encephalopathies that have
historically been separated by severity into hydranencephaly (HYDN, cerebral hemispheres
replaced by a thin-walled, fluid-filled cyst), porencephaly (POR, any fluid-filled cavity in the
fetal or neonatal brain), multicystic encephalopathy (multiple cysts, overlaps with POR) or
white matter volume loss without cysts. Our series included 2/10 (20%) with HYDN, 3/10
(30%) with POR, and 5/10 (50%) with white matter volume loss without cysts (Table 3 and
Figure 11). Only one child had significant asymmetry. As expected, ventriculomegaly was
more common with HYDN or POR than with less specific white matter volume loss.

3.5.2| Literature series—The data available for the 18 twins in this group were

also limited. The most severe were described as HYDN, and others as POR, multicystic
encephalopathy, atrophy or other terms such as HYDN-POR (Appendix 5). The descriptions
and figures did not provide enough detail to allow any patterns to emerge. The data suggest
a trend toward more males than females, and a predominance of MZ twins, but most reports
included only MZ twins, so the rates of MZ and DZ twins cannot be reliably compared.

Disruptions outside of the brain

Congenital anomalies of other brain regions or the spinal cord, or outside of the brain

were seen in 10 of 56 (18%) twin probands from our series and reported in several from
the literature. The anomalies have included pituitary insufficiency, spinal cord atrophy,
amyoplasia, less specific patterns of congenital contractures, amniotic band disruption
sequence, gastroschisis, jejunal atresia, and cutis aplasia of the scalp (Table 4 and Figures
3 and 4). Two unrelated twins had PMG and bilateral vocal cord paralysis, which has

not previously been described in twins. However, congenital vocal cord paralysis has been
reported with PMG (Steiner, Fink, & Berkowitz, 2013), and we have reviewed independent
data on five unrelated singletons with PMG and vocal cord paralysis, which suggests an
association.

Sex and zygosity

We examined sex and zygosity of our twin probands and compared them to the literature
twin cohort as well as to expected ratios from population data (Figure 1b and Table 5). We
were able to determine zygosity for only 41 of 56 twin pairs (Appendix 2), mostly due to
limited data on placentation and zygosity in twin pairs with IUFD and limited access to
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perinatal records for children ascertained during the early years of this study. Our cohort
included an excess of MZ twin pairs (22/41 MZ [54%]) that was significantly higher than in
the population cohort (482/1448 MZ [33.3%], p=.0119; Table 6). However, the even split
between DZ and MZ twin pairs in our cohort differed dramatically from the large excess of
MZ twins in the literature cohort of twins with severe brain malformations and disruptions
(45/46 MZ [98%], p < .0001, Table 6).

The three-way comparison was also highly significant (;(2: 86.7029, p< .0001; Table 6).
The observed zygosity ratio (19 DZ, 22 MZ from Appendix 2) included fewer DZ twins that
the predicted ratio (DZ 26, MZ 19) using Weinberg’s differential rule (Fellman & Eriksson,
2006). We next asked whether the 15/56 (27%) UZ twin probands were a confounding factor
with three additional analyses. In the first, we changed the four same sex twin pairs for
whom zygosity was based on parental report from MZ or DZ to UZ, and in the second
changed all UZ twins to MZ. For both, all pairwise and three-way comparisons remained
highly significant (Appendix 7). In the last, we changed all UZ twins to DZ (an unlikely
scenario), which changed the difference between the population cohort and our cohort to not
significant.

Small deviations in the sex ratio and twin pair sex ratio toward males were seen in both our
series (31/55 male [56%]) and the literature cohort (24/41 [59%]; Table 5). However, these
did not differ significantly from the population-based twin cohort.

IUFD, prematurity and ART

Our series included 13 twin pairs with IUFD of a co-twin, and we found reports of

another 25 in the literature reporting wide and overlapping variation in timing of the

brain malformation or disruption, with IUFD associated with MCD from 6 to 26 wkg,
CBLH-DWM from 9 to 28 wkg, and BRD from 10 to 37 wkg with a mean of 31 wkg
(Table 7). We also assessed gestational age at birth for all subjects, when known. Our series
included three ELGAN twins (one a triplet), and eight less premature twins born at 28-32
wkg. The remainder were born at or close to term. ART primarily in vitro fertilization was
used for seven pregnancies across all three groups, a number too small for useful analysis.

DISCUSSION

“When one twin has a malformation, the co-twin may also have a malformation, although
not necessarily the same as the first twin” (Myrianthopoulos, 1976). With this one sentence,
Dr Ntinos Myrianthopoulos, then Chief of the Birth Defects and Genetic Disorders section
at the National Institutes of Health, foretold knowledge that would emerge over the next 40
years.

We now know that twinning is a major risk factor for adverse neurodevelopmental outcome
and that twins are over-represented in large cerebral palsy cohorts (Livinec et al., 2005;
Scheller & Nelson, 1992). The causes are heterogeneous and involve both maternal and fetal
factors, as well as complications related to prematurity. Teasing out the different underlying
mechanisms has been difficult, but it is clear that twinning is a risk factor for abnormal
brain development in utero in addition to late perinatal neurological complications. While
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many studies have described poor developmental outcomes in twins, hypoxia and ischemia
in late pregnancy are described as the main cause, with little data on malformations or severe
BRDs.

Only a few reports describe large series of (usually discordant) twins with congenital
anomalies, and these provide scant individual level data (Glinianaia et al., 2008;
Mastroiacovo et al., 1999; Myrianthopoulos, 1976; Schinzel et al., 1979) and no data at

all on sex of twins or twin pairs. We were able to collate data from 48 twins with brain
malformations or disruptions from 22 reports over more than 50 years, but the data were
often incomplete, especially the imaging findings. Thus, significant gaps in knowledge
remain. For example, which of the many structural defects observed in twins occur together
and which do not? Among twins with poor neurodevelopmental outcomes, what are the most
likely causes and how can these be recognized? And are the risks largely restricted to MZ
twins, especially for malformations, as many studies suggest?

Here, we describe and analyze individual level data on 56 twins with brain malformations
and disruptions along with 7 less severely affected co-twins referred to the senior author
over 30 years (1990-2020), with a strong referral bias for structural defects especially
malformations, but not for sex or zygosity. This cohort more than doubles the number of
twins reported with brain malformations and severe disruptions. Our individual level data
define a spectrum of MCD, CBLH-DWM, and BRD that are much broader than generally
recognized, although a detailed review of prior reports (mostly single clinical reports) found
some documentation for most of them. Our findings, particularly our data on zygosity,
associated anomalies and the trend toward males, contribute to our understanding of the
pathogenesis of PMG, brain heterotopia, CBLH and DWM, and BRD that are relevant for
singletons as well as twins. We recently demonstrated a molecular diagnosis (solve) rate

of 16% with genetic testing for DWM (Aldinger et al., 2019), and expect to find a similar
modest solve rate for PMG and heterotopia based on our unpublished experience and diverse
published data that we review in the section on pathogenesis below.

The spectrum of structural defects of the brain in twins

We identified three main groups of structural brain defects in twins involving both the
cerebral hemispheres and cerebellum, as well as presumably later originating disruptions. Of
course, these abnormalities can and do co-occur.

4.1.1| Malformations of cortical development—Our data define a broad spectrum
of MCD that encompasses PMG, deeply infolded PMG that presents as a subcortical
malformation, gray matter lined pia-ependymal clefts, subcortical columnar and fan-like
heterotopia, and PNH in many combinations (Table 1, Appendices 3 and 6, Figures 2—

9). The PMG is usually bilateral but often asymmetric and can be unilateral. It can be
extensive or localized to almost any region of the brain although posterior localization
seems to be more common. We now view schizencephaly (cleft brain) as part of a broad
spectrum of MCD associated with defects in vascular perfusion in twins as well as in
singletons (vide infra) rather than a malformation in its own right, leading us to change

the descriptive term for this malformation to “PMG with cleft.” Some twins with PMG
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especially those with clefts also had ASP (Hayashi, Tsutsumi, & Barkovich, 2002). Several
prior reports delineated a “septo-optic dysplasia (SOD)-schizencephaly” syndrome or “SOD
plus” (Kuban, Teele, & Wallman, 1989; Miller, Shevell, Patenaude, Poulin, & O’Gorman,
2000), which we now view as simply another point along a broad spectrum of MCD
associated with vascular perfusion defects. Among these MCD, only PMG with clefts has
been recognized as having increased frequency in twins (Curry, Lammer, Nelson, & Shaw,
2005), although individual reports have described PMG with cleft on one side of the brain
and PMG without cleft on the other (Leventer et al., 2010). Thus, we found a spectrum of
MCD within “PMG with clefts” that includes PMG with open-lip clefts at the severe end,
and deep clefts lined by PMG that do not communicate with the lateral ventricles at the less
severe end.

SUB and PNH have not been widely recognized as twinning-associated anomalies.
However, most of the MCD patterns that we describe in twins including SUB and PNH

have (rarely) been shown in published figures. We found descriptions and/or figures showing
PNH with overlying subcortical fan-like or columnar subcortical heterotopia and PMG in
eight unrelated twins, and posterior predominant PNH in another (Appendix 6 and appendix
additional references). We show another well-documented example in subject LP97-138
(Figure 3).

The cause of PMG with deeply infolded heterotopia-parieto-occipital subtype, previously
designated bilateral parasagittal parieto-occipital PMG, has been unknown, and the authors
suspected that it was genetic (Guerrini et al., 1997; Oegema et al., 2019). However, our
report of this rare malformation in five MZ twins including one concordant MZ twin pair
and three discordant MZ twins (with IUFD of the co-twin for two of the three) supports a
nongenetic cause, such as a prenatal vascular perfusion defect.

4.1.2| CBLH-DWM—Next, our data demonstrate a wide spectrum of cerebellar
malformations that encompass diffuse or partial CBLH frequently associated with unilateral
or highly asymmetric cerebellar hemisphere hypoplasia, and cerebellar clefts, as well as
classic DWM (Table 2). While most of these twins had isolated cerebellar malformations, 6
of 19 (32%) individuals also had MCD (Tables 1 and 2 and Figure 4). Unilateral or highly
asymmetric cerebellar hemisphere hypoplasia has been attributed to prenatal “vascular”
causes including ischemia and posterior fossa-cerebellar hemorrhage, while cerebellar clefts
have been attributed to prenatal posterior fossa-cerebellar hemorrhage (Benbir et al., 2011;
Massoud et al., 2014; Poretti et al., 2008; Poretti et al., 2009; Poretti et al., 2010). Neither
has previously been associated with twinning.

DWM has been reported in both concordant and discordant twins in several single reports
over the past 65 years including a discordant twin described by Benda in 1954 using
imaging tools available at the times of these reports (Benda, 1954; Haller, Wolpert, Rabe,
& Hills, 1971; Jenkyn, Roberts, Merlis, Rozycki, & Nordgren, 1981; Koul, Chacko, &
Leven, 2000; Lennon, 2002; Li & Liao, 2009; Shen, 1989). Further, analysis of 169
individuals with DWM and 10,200 controls from the National Birth Defects Prevention
Study (NBDPS) found an increased association of DWM with twinning (Reeder et al.,
2015). Our data support these reports and provides better imaging that documents classic
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DWM with an unpaired caudal lobule of the vermis or Dandy—Walker “tail” (Aldinger
etal., 2019; Bernardo et al., 2015). Whole exome sequencing in 12 twins with CBLH

or DWM in our series was negative (Aldinger et al., 2019). Also, DWM as defined by
prenatal ultrasound was found in 10 of 660 (1.5%) monochorionic (therefore also MZ) twin
pregnancies, always involving only one of any twin pair (Kontopoulos et al., 2008). The
affected twin was the smaller twin in 8 of 10 pregnancies, and TTTS was documented in

4 of 10. This study concludes that DWM (as defined by prenatal ultrasound imaging) is
more likely to occur in the smaller twin of a twin pair and more likely to be associated with
growth restriction. These findings may assist in our understanding of the pathogenesis of
cerebellar malformations (Kontopoulos et al., 2008).

We found classic DWM in more MZ twins and other forms of CBLH in more DZ twins, but
the difference was not significant due to small numbers. If validated with larger numbers,
this difference would suggest important differences in pathogenesis.

4.1.3| Brain disruptions—Finally, our data demonstrate wide variation in severity

of BRDs without evidence of a (developmental) malformation in the strict sense (Table

3). Several other twins in our MCD group also had evidence of BRD, especially the two
examined at autopsy (Figures 1 and 2). BRDs are abnormalities of the brain thought due to
destruction of previously formed normal brain tissue. A hallmark feature of BRD is loss of
brain tissue, either gray matter, white matter or both. This definition separates them from
primary malformations, in which the brain never formed normally from the outset. While
HYDN and POR have been described in twins, we found less specific cerebral volume loss
especially involving white matter in 5 of 10 subjects in this group.

Zygosity, sex ratio, and the placenta

4.2.1| Zygosity—Many studies have shown higher rates of malformations, disruptions
and abnormal neurodevelopmental outcomes in MZ (or monochorionic) compared to DZ (or
dichorionic) twins, prompting us to examine zygosity in our cohort (Glinianaia et al., 2008;
Hall, 1996; Hall, 2003; Kosinska-Kaczynska et al., 2016; Scheller & Nelson, 1992; Tosello
et al., 2020). We looked for and found a significant excess of MZ twins compared to a
population cohort (Tables 5 and 6), although the difference was not significant if we used the
predicted zygosity ratio from Weinberg’s differential rule or reclassified all UZ twins as DZ.
We also found a significantly higher proportion of DZ twins (and thus lower proportion of
MZ twins) compared to a literature cohort of twins with brain malformations or disruptions.
Further, the proportion of MZ twins remains significantly lower than the literature cohort
with any reclassification of our observed zygosity ratio (i.e., using the predicted ratio or
reclassifying all UZ twins as either DZ or MZ).

Thus, we found only mild skewing of zygosity toward MZ twins with about equal numbers
of DZ and MZ twins in our brain malformation-disruption series. This differs significantly
from several other twinning associated syndromes that have marked skewing toward MZ
twins. We separate these into recurrent constellations of embryonic malformations such as
LBWC, MURCS, OAVS, OEIS, POC, and VACTERL (Adam et al., 2020), and recurrent
constellations of fetal disruption especially amyoplasia and intestinal atresia (Cragan,
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Martin, Waters, & Khoury, 1994; Hall et al., 2014). Several other recurrent constellations
of fetal disruption such as gastroschisis and SOD are increased in twins, but no studies
of zygosity have been reported. Our data also differ remarkably from the literature cohort
of brain malformations and disruptions, which now suggests considerable reporting bias.
The striking difference in the zygosity ratio between these disorders suggests different
underlying mechanisms, or at least very different timing.

4.2.2 | Sex ratio—Our series and the literature cohort (Table 5) both included a slight
excess of males that was not statistically significant, although our twin pair sex data were
incomplete as sex of the deceased co-twin with IUFD was rarely available. An excess

of male twins was also observed with amyoplasia (Hall et al., 2014). Some studies of
neurodevelopmental outcomes in twins include sex as a variable feature but do not report
any differences, implying that any differences were not significant (Dostanic, Sustersic, &
Paro-Panjan, 2018; Tosello et al., 2020). However, we predict that studies including larger
numbers of twins with individual level data will support an increased risk in males based
on analysis of twin placentas, discussed below (Jahanfar & Lim, 2018). Further, the higher
frequency of vascular abnormalities in male compared to female placentas might explain
prior observations that PMG is more common in males than females despite few (and rare)
X-linked causes of PMG (Jahanfar & Lim, 2018; Leventer et al., 2010).

4.2.3| The placenta—The near equal proportion of MZ and DZ twins with structural
defects found in our cohort has not been reported previously but fits well with a recent
comprehensive analysis of 1,493 twin placentas from British Columbia (Jahanfar & Lim,
2018). This study found abnormal anastomoses (unidirectional arteriovenous shunts) in
232/1930 (12.0%) same sex twins (enriched for MZ) compared to 23/966 (2.4%) unlike sex
twins (all DZ), and unequal placental sharing in 119/1930 (6.2%) same sex twins compared
to 19/966 (2.0%) unlike sex twins, making abnormal placental blood flow approximately
three to five times more common in MZ compared to DZ twins. Assuming similar severity,
this suggests that abnormal outcomes might be expected to be three to five times more
frequent in MZ twins, and indeed one recent study reported that medical terminations (for
diagnosis of severe, lethal, or incurable diseases) and stillbirths were three times more
common in MZ than DZ twins (Tosello et al., 2020). The same British Columbia study of
twin placentas found a significantly higher risk of unequal placental sharing and abnormal
anastomoses in males compared to females for both same sex twin pairs (enriched for

M2Z) and opposite sex twins (all DZ), strongly supporting a higher risk for vascular-based
complications in males (Jahanfar & Lim, 2018).

Considering data from our series and the British Columbia twin placenta study, we

are surprised at the scarcity of reports of twinning-associated brain malformations and
disruptions in DZ twins and of higher rates of abnormalities in male twins. We speculate
that some prior results might be explained by (a) large studies examining group rather than
individual level data, (b) use of chorionicity rather than zygosity, and (c) too many studies
being restricted to MZ twins. Future studies should always include both MZ and DZ twins,
and report twin and twin pair sex.
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Gestational timing

The presumed timing of IUFD has been used to propose gestational ages of susceptibility
for the associated brain malformations and disruptions. Adding our data to the literature
reports (Table 7), MCD have been associated with IUFD from 6 to 26 (mean 17-18) wkg,
cerebellar malformations from 9 to 28 (mean 22) wkg, and BRD from 10 to 37 (mean 24—
25) wkg. However, this approach is intrinsically flawed as the pathological processes leading
to death of a twin are likely to have originated days or weeks before IUFD was confirmed,
and decomposition of the deceased fetus may predispose to disseminated intravascular
coagulation, thrombosis, emboli, and other complications for days to weeks after death of
a co-twin. Thus, we view these dates as unreliable for determining the gestational ages

of susceptibility for these defects, although they suggest a continuum of sequelae with
MCD first, followed by CBLH-DWM and then BRD, with malformations and disruptions
sometimes coexisting in individual twins (Table 7).

Correlation with normal brain development (at least for MCD and CBLH) and rare examples
of known injuries are likely to be more reliable. For example, we have data on two
singletons with PMG whose mothers were involved in severe motor vehicle accidents at
12.5 and 16.5 wkg; the mother of the latter boy had a broken pelvis and was in shock

for several hours. We have also reviewed four reports in which fetal posterior fossa bleeds
detected at 19-22 wkg were associated with DWM or CBLH (Folkerth, McLaughlin, &
Levine, 2001; Limperopoulos, Folkerth, Barnewolt, Connolly, & du Plessis, 2010; Sherer et
al., 2004; Yuksel & Batukan, 2003).

Pathogenesis of fetal structural defects in twins

Many prior reports have proposed intrauterine vascular perfusion defects and/or hemorrhage
as the primary cause of diverse twinning-associated malformations and disruptions,
beginning with the group of brain malformations and disruptions studied in this report
(PMG-SUB-PNH, CBLH-DWM and BRDs especially HYDN and POR) but also including
SOD, amyoplasia, gastroschisis, intestinal atresia, congenital cutis aplasia, and transverse
terminal limb defects. The arguments against this mechanism have been most active for
gastroschisis, which has been proposed as a primary midline malformation attributed

to abnormal folding of the body wall or weakening of the normal attachment of the
umbilical cord to the umbilical ring, among others (Feldkamp, Carey, & Sadler, 2007; Opitz,
Feldkamp, & Botto, 2019; Rittler, Vauthay, & Mazzitelli, 2013). All the while, the evidence
supporting vascular-related mechanisms continues to mount.

From analysis of our data and review of extensive literature, we believe that a preponderance
of the evidence strongly supports a vascular hypothesis, noting that this must be viewed
broadly to include defective vasculogenesis, diffuse hypoperfusion, thrombosis, emboli,

and hemorrhage. We recognize that vascular abnormalities may serve as a final common
pathway for other proposed mechanisms such as maternal inflammation and high estrogen
levels (Jones et al., 2013; Lubinsky, 2012). Some of the most important data supporting
vascular mechanisms are summarized below with a focus on the brain.
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First and foremost is the concept of shared pathogenesis. The malformations and disruptions
cited above share several features. The risks of recurrence in families are low or nil. Genetic
studies especially whole exome sequencing in a series of affected individuals have not

been reported. While several individual genes have been reported, our experience to date
suggests that the yield will be moderate at best. Also, most of the phenotypes co-occur in

a few affected individuals (Clinical Reports and Table 4). Our series and several reports
give examples of twinning-associated MCDs (PMG-SUB-PNH) associated with SOD,
amyoplasia, less specific arthrogryposis, intestinal atresia, cutis aplasia and amniotic band
disruption sequence including transverse terminal limb defects (Hall et al., 2014; Mochizuki
et al., 2010; Shue et al., 2012; Stevens & Dobyns, 2004; Yamanouchi et al., 2002). More
examples are found in the literature, for example, amyoplasia with gastroschisis, intestinal
atresia or transverse terminal limb defects (Collins et al., 1986; Hall et al., 2014; Reid et

al., 1986; Shenoy, Marlow, & Stewart, 1999), gastroschisis with SOD or MCDs (Garvin,
Sampath, & Karody, 2016; Jordan & Montezuma, 2015; Kamien, Zankl, & Gabbett, 2010;
Sullivan, Croitoru, Casella, Hartman, & Edwards, 2018) (Curry et al., 2005), SOD with
terminal limb defects (Faivre et al., 2002; Harrison, Brosnahan, Phelan, Fitzgerald, &
Reardon, 2004; Pagon & Stephan, 1984), and many others. In our view, the many reports

of co-occurrence imply that all or most of these phenotypes have shared pathogenesis, and
that any proposed mechanisms must account for this phenomenon. We recently reported a
large series of children with SUB that included singletons with defects in vasculogenesis
(absent internal carotid artery), aplasia cutis, jejunal atresia, and limb reductions (Oegema et
al., 2019).

Second, the three groups of brain abnormalities in our study are all associated with TTTS
and IUGR in twins (i.e., Tables 1-3), usually the donor twin, which implies vascular
hypoperfusion (Larroche, Girard, Narcy, & Fallet, 1994; Sugama & Kusano, 1994; Tarui
etal., 2012; van Bogaert et al., 1996). The same is true for the other well-studied
malformations, especially amyoplasia (Burke, O’Keefe, & Bowell, 1991; Hall et al., 2014;
Patel et al., 2012; Wong et al., 2009). The vascular and inflammatory abnormalities found
in twin placentas, especially abnormal anastomoses and unequal placental sharing, are the
proximate cause of TTTS and associated IUGR (Benirschke, 1992; de Paepe & Luks, 2013;
Fitzgerald, 2018; Jahanfar & Lim, 2018).

Third, PMG especially with clefts (i.e., schizencephaly) is often localized to specific
vascular distributions especially the middle cerebral artery territory, watershed zones, or the
periphery of ischemic POR (Dekaban, 1965; Ferrer, 1984; Ferrer & Catala, 1991; Levine,
Fisher, & Caviness Jr., 1974; Richman, Stewart, & Caviness Jr, 1974; Squier & Jansen,
2010). Also, the common layered form of PMG has a layer of presumed laminar necrosis
that resembles other ischemic lesions (Levine et al., 1974; Richman et al., 1974).

Fourth, several of the risk factors identified in epidemiological studies of gastroschisis,
which shares pathogenesis with PMG, are vasoactive environmental exposures or
medications, for example, young maternal age (higher maternal estrogen levels), high
maternal estrogen levels from other causes, smoking (which causes vasoconstriction) and
vasoactive medications such as aspirin and ibuprofen, decongestants, and drugs of abuse
(Torfs, Katz, Bateson, Lam, & Curry, 1996; Torfs, Velie, Oechsli, Bateson, & Curry,
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1994; Werler, Mitchell, Moore, Honein, National Birth Defects Prevention Study, 2009;
Werler, Sheehan, & Mitchell, 2002). Similar exposures have been reported in rare children
with PMG including a combination of caffeine and ergotamine tartrate at 16—-18 wkg
(Barkovich, Rowley, & Bollen, 1995), and carbon monoxide exposure (Bankl & Jellinger,
1967; Hallervorden, 1949) at 20-24 wkg.

Fifth, twinning-associated brain malformations, both MCD and CBLH-DWM, have been
reported with defects in vasculogenesis and with vascular malformations. In PHACE
syndrome, arterial anomalies were found in 70/91 (77%) affected individuals (Hess et al.,
2010). A later study that included many of the same individuals reported MCD including
PMG or heterotopia in 4/55 (7%) and CBLH or DWM in 15/55 (27%) individuals (Steiner et
al., 2018). In deletion 22g11.2, PMG has been described in more than 30 individuals making
it a rare but recurrent associated malformation (Robin et al., 2006). Abnormal location

or absence (failure to visualize on vascular imaging studies) of the subclavian, carotid or
vertebral arteries was described in 38/70 (54%) individuals with deletion 22g11.2, and at
least one individual with PMG (reported as “focal pachygyria”) had an absent left internal
carotid artery (Johnson, Gentry, Rice, & Mount, 2010; Stransky et al., 2015). And of course,
haploinsufficiency of 7bxZ causes vasculogenesis defects in mouse (Cioffi et al., 2014;
Lindsay et al., 2001). Similarly, an isolated arterial abnormality was described in a 32-week
gestation fetus with bilateral central open-lip clefts and lack of blood flow in the right
middle cerebral artery that was confirmed after birth (Suchet, 1994). Going on, PMG and
PNH have been seen adjacent to intracranial arteriovenous malformations, whether isolated
or in individuals with hereditary hemorrhagic telangiectasia (Chugh, Shahid, Manjila,
Gulati, & Bambakidis, 2017; Hung, Wang, Yeh, Lui, & Lee, 1996; Klostranec, Chen, et

al., 2019; Palagallo et al., 2017), and adjacent to less specific vascular malformations (Abe
et al., 1997; Klostranec, Brinjikji, et al., 2019).

Sixth, brain malformations and disruptions have been associated with prenatal hemorrhage
in the cerebral hemispheres (causing PMG-SUB-PNH) or cerebellum (causing CBLH-
DWM). The best examples include PMG and POR with mutations of COL4A1, COL4AZ, or
COL 18A1, PMG in infants with neonatal alloimmune thrombocytopenia or NAIT (Cavallin
etal., 2018; Charsar & Goldberg, 2017; Corbett et al., 2017; Dale & Coleman, 2002;
Hildebrandt & Powell, 2002; Keren et al., 2007; Kuijpers, van den Anker, Baerts, & von
dem Borne, 1994; Lopriore et al., 2007; Paisan-Ruiz, Scopes, Lee, & Houlden, 2009;
Zagaglia et al., 2018), and PMG with severe maternal trauma or prenatal warfarin exposure
(Mancini, Lethel, Hugoneng, & Chabrol, 2001; Pati & Helmbrecht, 1994; Squier & Jansen,
2010). CBLH and DWM have been observed with prenatal posterior fossa or cerebellar
hemorrhage (Limperopoulos et al., 2010; Pichiecchio et al., 2016; Sherer et al., 2004;
Shiohama et al., 2017).

These data collectively support a prenatal vascular causation hypothesis and show that
nongenetic factors (at least not single gene mutations) during the second and third trimesters
cause or predispose to brain malformations and disruptions. However, our analysis does not
exclude genetic causes as studies in individuals and families have reported a few causative
genes (i.e., CUL4B, MAP1B, NEDDA4L, PI4KA), although reports are rare, especially when
subtypes of PMG or PNH with severe microcephaly or megalencephaly are excluded.
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Further, some of the known single gene causes support a prenatal vascular hypothesis, with
deletion 22¢11.2 including 7BXI (defects in vasculogenesis) and mutations of COL4AI-
COL4A2 (prenatal hemorrhage) being good examples.

We hypothesize that twinning-associated malformations (PMG-SUB-PNH, CBLH-DWM)
may be associated with either nongenetic or genetic factors that cause or predispose to either
fetal hypoperfusion or hemorrhage. The combination of genetic and nongenetic (at least
not single gene) causes predicts a moderate but still important yield from genetic testing.
Our data for cerebellar malformations (CBLH-DWM) demonstrated a molecular diagnosis
rate of 16% that supports both genetic and nongenetic factors, some of which predispose
to vascular perfusion defects (Aldinger et al., 2019). Data for PMG-SUB-PNH are not

yet available, but we predict a similar modest rate that identifies some genes important

for vascular development and function (i.e., 7BX1, COL4A1, COL4A2) and others (i.e.,
DDX3X, GRIN1, GRINZB) that support different mechanisms (Fry et al., 2018; Lennox et
al., 2020; Platzer et al., 2017). Thus, genetic testing may be indicated in twins with MCD,
CBLH-DWM or BRD given an expected diagnostic rate in the range of 15-25%.

SUMMARY

Our data confirm the current large body of literature regarding twinning-associated disorders
but goes much further as it expands the spectrum of brain malformations and disruptions
seen in twins and strengthens data supporting prenatal vascular pathogenesis. We confirm
that PMG is often seen in twins including discordant MZ twins and show that full thickness
clefts lined by PMG (also known as schizencephaly) comprise the severe end of a broad
spectrum of MCD. We show that heterotopia—both SUB and PNH—are common in twins
with structural abnormalities in brain and may be either posterior or anterior predominant.
We show that both DWM and other common CBLH subtypes especially those associated
with cerebellar asymmetry or clefts are seen in twins including discordant MZ twins and
may co-occur with PMG-SUB-PNH. Based on results from our cohort and prior reports, we
show that:

. The broad spectrum of twinning-associated brain malformations includes PMG,
subcortical heterotopia and deep infolding, PNH, common forms of CBLH and
classic DWM.

. The broad spectrum of twinning-associated BRD includes hydranencephaly,

porencephaly, multicystic encephalomalacia, and less specific loss of white
matter volume.

. The patterns of twinning-associated brain malformations and disruptions differ
from the more common genetic subtypes because of the restricted patterns of
MCD (PMG-SUB-PNH) and cerebellar malformations (DWM and common
forms of CBLH), as well as the occurrence of asymmetry and clefts in both
the cerebral hemispheres and cerebellum, features that should allow for suspicion
of nongenetic causes in singletons with the same types of brain malformations
and disruptions.
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. The occurrence of IUFD (vanishing twin), TTTS, and IUGR are important risk
factors for brain malformations and disruptions in twins (although the relative
risk still seems small).

. Twinning-associated brain malformations and disruptions occur in both MZ and
DZ twins as should be expected considering the high frequency of abnormal
vascular connections seen in both DZ and MZ twin placentas.

. The diverse data reviewed above collectively provide strong support for
a prenatal vascular pathogenesis, defined broadly to include defects in
vasculogenesis, diffuse or focal defects in vascular perfusion, and intracranial
hemorrhage.

. The same prenatal vascular pathogenesis explains the occasional co-occurrence
of these brain malformations and disruptions with other types of fetal disruption
such as SOD, amyoplasia, gastroschisis, and other patterns noted above.

. Based on these data we hypothesize that prenatal vascular pathogenesis is the
most likely explanation for the modest molecular diagnosis rate for PMG, SUB,
PNH, CBLH, and DWM in singletons.

Our data and analysis bring our understanding of the pathogenesis of these malformations
and disruptions full circle. Reports prior to the past decade suggested a vascular
pathogenesis, at least for PMG (Barkovich et al., 1995; Crome, 1952; Crome & France,
1959; de Leon, 1972; Ferrer, 1984; Ferrer & Catala, 1991; Levine et al., 1974; Richman
et al., 1974; Williams, Ferrante, & Caviness Jr, 1976). Reports over the past decade have
described a gradually increasing number of single genes with PMG, PNH, or both (Broix
etal., 2016; Fox et al., 1998; Fry et al., 2018; Heinzen et al., 2018; Jurkiewicz et al.,

2017; Lennox et al., 2020; Pagnamenta et al., 2015; Platzer et al., 2017; Ravenscroft et al.,
2016). Our data and analysis strongly support both nongenetic and genetic factors in the
pathogenesis of twinning-associated malformation and disruptions, with a subset of genetic
causing or predisposing to prenatal vascular disruption.
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Dz dizygotic twin

ELGAN extremely low gestational age neonate
HYDN hydranencephaly

IUFD Intrauterine fetal demise

LBWC limb-body wall complex

MCD malformations of cortical development
MURCS Mullerian duct aplasia-unilateral renal agenesis-cervicothoracic

somite dysplasia

Mz monozygotic twin

OAVS oculoauriculovertebral spectrum
OEIS omphalocele-exstrophy-imperforate anus-spinal defects
OFC occipitofrontal circumference
PMG polymicrogyria

PNH periventricular nodular heterotopia
POC pentalogy of Cantrell

POR porencephaly

SUB subcortical malformations

TTTS twin-twin transfusion syndrome
uz unknown zygosity
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VACTERL vertebral-anal-cardiac-tracheoesophageal fistula-renal-limb
association
wkg weeks-gestation
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Graphical demonstration of malformation-disruption subgroups and zygosity data. A pie
chart (a) shows the relative proportions of different subgroups defined in this series. A
bar graph (b) shows differences in the pattern of zygosity between this series and the
literature cohort, with this series having a much larger proportion of dizygotic (DZ) twins.
Abbreviations as in text, except UZ, unknown zygosity [Color figure can be viewed at

wileyonlinelibrary.com]

Am J Med Genet A. Author manuscript; available in PMC 2021 December 18.


http://wileyonlinelibrary.com

1duosnuepy Joyiny 1duosnuely Joyiny 1duosnue Joyiny

1duosnue Joyiny

Park et al. Page 32

o ‘r / & \k\‘ - ' &
| . ..;’j o
FIGURE 2.

Neuropathology from an monozygotic (MZ) twin (LP93 085a2) that died at 23-weeks-
gestation, several weeks after death of her female co-twin [Color figure can be viewed at
wileyonlinelibrary.com]
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FIGURE 3.
Brain imaging and neuropathology from a discordant monozygotic (MZ) twin girl

(LP97-138). Low resolution brain MRI obtained in 1997 shows mildly low forehead and thin
corpus callosum (a), severe loss of volume of cerebral hemispheres more severe posteriorly
and associated with enlarged extra-axial spaces, near diffuse irregular gyral pattern with
microgyri more severe over posterior regions, near contiguous abnormal bright T2 signal
consistent with white matter injury, and moderately enlarged lateral ventricles (b,c). On
gross exam at autopsy, the brain was small with sunken cortex and polymicrogyria (PMG)
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best seen over both frontoparietal lobes. In central and posterior regions, nearly contiguous
periventricular nodular heterotopia (PNH) was seen with fan-like subcortical heterotopia
seen in the same region between the PNH and microgyric cortex (h). Numerous small
cavitations were seen in the parietal and occipital white matter (i). Histology of the PNH
(arrows, (j)) confirmed the presence of neurons (arrowheads, (j)) embedded in neuropil,
surrounded by white matter. Histology of the parietal cortex demonstrated mixed PMG and
pachygyria (arrows, (k)), subcortical heterotopia (arrowheads, (k)), and PNH (asterisks, (k))
[Color figure can be viewed at wileyonlinelibrary.com]
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FIGURE 4.
Clinical photographs and brain imaging from a discordant monozygotic (MZ) twin boy

(LR12-313a2). The photos (a—c) show multiple congenital contractors including bilateral
extended elbows and hyperflexed wrists especially on the left characteristic of amyoplasia.
Brain MRI (all volumetric images) show almost all of the cortical and cerebellar
malformations described in this series (d-I). Large periventricular nodular heterotopia
(PNH) surround the atrium of the right lateral ventricle (arrows in (i) and (j)) and extend
to the right frontal horn, with small PNH adjacent to the left lateral ventricle (f-I).

Narrow columns of SUB (arrow in (g), also seen in (h) and (1)) extend from the PNH

up to the overlying cortex, which is irregular consistent with polymicrogyria (PMG). The
cerebellar vermis is small and rotated upward, and the posterior fossa (and cisterna magna)
markedly enlarged meeting criteria for classic Dandy—Walker malformation (DWM) (e).
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The left cerebellar hemisphere is much smaller than the right (bullet in (d)) with a cleft
in the middle cerebellar peduncle (single arrow in (f,k,1)) [Color figure can be viewed at
wileyonlinelibrary.com]
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FIGURE 5.
Clinical photographs, abdominal radiography, and brain imaging from a monozygotic (MZ)

twin girl (LR18-005). Photos taken in the first few days of life show right clubfoot and a
dimple over her left hip (arrow in (b)). An abdominal radiograph shows abnormal loops

of distended bowel distally (asterisks in (c)), concerning for obstruction. On fluoroscopic
upper Gl series, contrast does not pass beyond the duodenojejunal junction (double asterisk
in (d)), and subsequent exploratory laparotomy confirmed jejunal atresia. Photographs at 2
and 2.5 years show small legs and bilateral clubfeet that have improved with therapy (e),
persisting abnormal posture from her leg contractures as well as mild hand contractures

(f), and another photo of a dimple over her left hip (g). Brain MRI (T1 sagittal and T2

axial images) show normal midline structures (h), and irregular and infolded gyral pattern
consistent with polymicrogyria (PMG) in bilateral posterior frontal, perisylvian and parietal
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regions (arrows in (i—k)) that appears slightly more severe on the left (i.e., right side of the
image) [Color figure can be viewed at wileyonlinelibrary.com]
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FIGURE 6.
Brain MRI selected for high quality images in 4 individuals with malformations of cortical

development (MCD) including LR00-029 (a—d), LR06-117 (e-h), LR15-063 (i-I), and
LR15-136 (m—p). The top row shows a thin corpus callosum (arrow in (2)), a smaller

left hemisphere, asymmetric polymicrogyria (PMG) more severe on the left and in the
parieto-occipital regions (arrows in (b—d)), narrow open lip cleft on the right (asterisk in (b)),
and large open lip cleft on the left (double asterisks in (c,d)). The second row again shows

a smaller left hemisphere and PMG more severe on the left (arrows in (f-h)), but with no
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clefts seen. The third row shows a thin corpus callosum that is more severe anteriorly (arrow
in (i)), and extensive PMG that appears more severe on the left (arrows in (j-1), the left brain
is on the right side of the image). The bottom row shows bilateral perisylvian PMG that
appears more severe and extensive on the left (arrows in (n—p))
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FIGURE 7.
Brain MRI selected for high quality volumetric images in two individuals with

malformations of cortical development (MCD) including LR18-397 (a—h) and LR18-398
(i-p) that highlight subtle SUB and periventricular nodular heterotopia (PNH) beneath
extensive polymicrogyria (PMG), which when recognized should increase suspicion for a
prenatal vascular (e.g., nongenetic) cause of the brain malformation. The top two rows show
symmetric, bilateral perisylvian PMG (arrows in (b—e) but also present in (f-h)) that extends
into the frontal lobes and parietal lobes, and small, separated PNH (arrowheads in (g)) along
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the walls of the lateral ventricles; these would be missed on low or even standard resolution
images. The bottom two rows show bilateral but highly asymmetric PMG, more severe

on the right (arrows in j—k)), with several small PNH on the right that extend upward as
columnar SUB to reach the overlying PMG (arrowheads in (j—-m,0))
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FIGURE 8.
Brain MRI selected to show more diverse patterns of malformations of cortical development

(MCD) despite low resolution studies in individuals LR02-073al (a—d), LR02-073a2 (e-

h), LR0O1-231a1l (i-l), and LR17-510 (m-p). The co-twins in the top two rows both have
microcephaly with low, sloping foreheads, extensive PMG (white arrows in (a—h)) and clefts,
but the clefts are widely open in al (asterisks in (b—d)) and closed in a2 (asterisks in (f-h)).
A prominent periventricular nodular heterotopia (PNH) is seen in a2 as well (arrowhead

in (h)). The next child has extensive PMG (arrows in (j—I)) surrounding closed lip clefts
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(asterisks in (j—1)) associated with a missing middle segment in the body of the corpus
callosum (arrow in (i)). The last child has highly asymmetric PMG more severe on the left
(arrow in (n—p)) without a cleft
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FIGURE 9.
Brain MRI selected to show polymicrogyria (PMG) with deeply infolded heterotopia,

parieto-occipital subtype (also known as bilateral parasagittal parieto-occipital PMG) in two
unrelated twins: LP98-090 (a—h) and LR12-429 (i—p). Several gyri and sulci in the occipital
lobe fold deeply into the subcortical white matter in the parieto-occipital region (double
arrows in (e,i,m), single arrows in (b—d,f~h,k—I,n—p). The infolded heterotopic cortex extends
down to and compresses the trigones of the lateral ventricles (arrowheads in (b,f,p)). The
posterior body of the corpus callosum is very thin in the first twin (arrow in (a))
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FIGURE 10.
Brain MRI showing several different cerebellar malformations in subjects LR12-410 (a—

d), LR05-398 (e-h), LR12-308 (i-I), and LR12-475 (m—p). The horizontal white lines in
(a,e,i,m) at the level of the obex mark the usual level of the inferior vermis. The top two
rows show diffuse cerebellar hypoplasia (CBLH) and the bottom two rows DWM. The top
row shows symmetric CBLH in the only surviving triplet born at 25-26 wkg with a probable
cerebellar cleft (arrow in d) on at least one side. The second row shows diffuse CBLH with
mild asymmetry (h marks the smaller hemispherein (f) and (h)). The bottom two rows show
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classic DWM with an unpaired caudal lobule or “tail” (arrows in (i,m)), markedly enlarged
cisterna magna (asterisks in (i—k,m,n)), asymmetric cerebellar hemispheres in one (h in (n))
and enlarged and rounded lateral ventricles consistent with hydrocephalus (hyd in (1,p)). The
shunt is visible in one child (arrow in (1))
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FIGURE 11.
Brain MRI showing different patterns of prenatal brain disruption in subjects LR01-355

(a—d), LR07-223 (e-h), LR03-407 (i-I), and LR03-276 (m-p). Serial brain imaging in the
MZ twin boy show microcephaly, thin mantle (cortex plus white matter on CT scan in (b)),
which progresses to POR (c) and HYDN (d) with progressive ventriculomegaly (* and **
in (c,d)). The second row shows a dizygotic (DZ) twin with POR (asterisks in (e,g,h)) and
an opening from the anterior ventricles to the extra-axial space (arrow in (g)). The third row
shows severe thinning of the corpus callosum (arrow in (i)), and bilateral posterior POR
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with very thin white matter (asterisks in (j—K)). A head CT scan as a newborn showed small
ventricles (i.e., no POR yet) and bilateral basal ganglia calcifications (arrowhead in (I)). The
last row shows a twin with diffuse, severe loss of white matter volume (arrowheads in (n,0))
without the cystic appearance of POR. The extra axial space is mildly enlarged (asterisks in

(p))
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Sex and zygosity for discordant twins in this series and literature series

Sex Zyqgosity
N M F UNK DzZ MzZ Uz

This series

MCD 34 18 16 0 8 17 9

CBLH-DWM 12 8 4 0 6 4 2

BRD 10 5 5 0 5 1 4
Total 5 31 25 0 19 22 15
Literature series

MCD 14 7 7 0 0 14 0

CBLH-DWM 16 3 6 7 0 14 2

BRD 18 14 4 0 1 17 0
Total 48 24 171 7 1 45 2

TABLE 5

Page 57

Note. N = 56 subjects with seven affected co-twins excluded. References for literature twin cohort provided in Supplementary Tables S2-S4. For
7/56 proband twins, the co-twin was concordant for a brain malformation or disruption, but discordant for severity; the more severely affected
co-twin was always selected as the proband twin.

Abbreviations: BRD, brain disruptions including hydranencephaly—porencephaly; CBLH, cerebellar hypoplasia; DWM, Dandy-Walker

malformation; DZ, dizygotic twins; MCD, malformation of cortical development; MZ, monozygotic twins; UNK, unknown sex; UZ, unknown

zygosity.
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