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Twin studies have provided important insights into the

genetic basis of a wide range of complex traits. Comparing

the resemblance of  MZ twins to DZ twins allows

researchers to estimate the proportion of phenotypic vari-

ance attributable to genetic factors, shared environment,

and unique environment. There are a number of large,

well-established twin registries with carefully collected

phenotypic and environmental data, often longitudinal. In

addition to their use in classical twin study designs, these

registries hold great potential for studying genotype–envi-

ronment interactions and for evaluating the contribution

of specific polymorphisms to genetic variance (Boomsma

et al., 2002). However, all twin studies are potentially

limited by non-generalizability due to differences in

intrauterine and family environment between twins and

singletons (Pol et al., 2002). In this article, we examine the
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comparability of twins and singletons in neonatal brain
structure and development.

Global brain volumes in adults, including total
intracranial volume (ICV), total gray matter, and total
white matter, are reported to be highly heritable, often
with heritability estimates greater than 0.8 or 0.9
(reviewed in Peper et al., 2007; Schmitt et al., 2007).
However, heritability may vary with the age of the study
population. A sizeable study of twin children (aged 5–19
years) reported that while heritability of global brain
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Twin studies suggest that global and regional brain volumes are highly heritable. However, estimates of heri-
tability vary across development. Given that all twin studies are open to the potential criticism of
non-generalizability due to differences in intrauterine environment between twins and singletons, these age
effects may reflect the influence of perinatal environmental factors, which are unique to twins and which may be
especially evident early in life. To address this question, we compared brain volumes and the relationship of
brain volumes to gestational age in 136 singletons (67 male, 69 female) and 154 twins (75 male, 79 female; 82
DZ, 72 MZ) who had received high resolution MRI scans of the brain in the first month of life. Intracranial
volume, total white matter, and ventricle volumes did not differ between twins and singletons. However, cere-
brospinal fluid and frontal white matter volume was greater in twins compared to singletons. While gray matter
volumes at MRI did not differ between groups, the slope of the relationship between total and cortical gray
matter and gestational age at the MRI scan was steeper in MZ twins compared to DZ twins. Post-hoc analyses
suggested that gray matter development is delayed in MZ twins in utero and that they experience ‘catch-up’
growth in the first month of life. These differences should be taken into account when interpreting and design-
ing studies in the early postnatal period.
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volumes was, in general, very similar to those reported in

adults (Wallace et al., 2006), heritability of total gray

matter decreased with increasing age in late childhood and

adolescence. In contrast, heritability of white matter

increased over time. A recent study of the heritability of

brain volumes during the neonatal period further demon-

strates the importance of age effects. Gilmore et al. (2010)

reported that the heritability of total gray matter in

neonates was less than that observed in older children or

adults (0.56 in neonates versus 0.82 (Wallace et al., 2006)

and 0.77 (Peper et al., 2008) in children and 0.82 (Baare et

al., 2001) in adults). A similar pattern was observed for the

cerebellum, which showed very low heritability (0.17) in

neonates compared to earlier reports in children (0.49;

Wallace et al., 2006) and adults (> 0.60; Wright et al.,

2002). In contrast, heritability of total white matter in

neonates was very similar to that reported in older popu-

lations (0.85 for neonates versus 0.85/0.84 in children;

Peper et al., 2008; Wallace et al., 2006; and 0.87 in adults;

Baare et al., 2001). It has been hypothesized that these age

effects reflect ‘canalization’, that is, the idea that as multi-

ple genetic programs act over development heritability

increases, resulting in a mature phenotype that is highly

heritable, but a developmental trajectory that is shaped by

the environment (Lenroot & Giedd, 2008). However, the

reduced heritability of these structures in early life may

also reflect the influence of prenatal environmental factors

that are unique to twin pregnancies, the effects of which

are limited to early life. We addressed this question by

comparing total and regional brain volumes in a large

sample of twin and singleton neonates.

Materials and Methods
Subjects

One hundred and thirty-six singleton neonates (67 male,
69 female) and 154 twin neonates (75 male, 79 female)
who had T1 and T2/proton density scans that were free of
major motion and produced high quality tissue-segmen-
tation results. There were 82 DZ (43 male, 39 female) and
72 MZ (32 male, 40 female) twins. Mothers were recruited
during the second trimester of pregnancy from the outpa-
tient obstetrics and gynecology clinics at UNC hospitals.
Exclusion criteria at enrollment were the presence of
abnormalities on fetal ultrasound or major medical or
psychotic illness in the mother. Additional exclusion crite-
ria for this analysis included premature birth (defined as
birth at less than 32 weeks, n = 21) and major perinatal or
postnatal complications such as sepsis, pneumonia, or res-
piratory distress requiring intubation (n = 13). All scans
were also reviewed by a neuroradiologist (J.K.S.). Children
with a significant CNS abnormality on MRI were also
excluded (n = 2). Forty subjects had small incidental sub-
dural hematomas or other small intracranial bleeds, which
are present in ≈25% of vaginal births (Looney et al., 2007);
these subjects were included in the analysis. Demographic
data of the sample is found in Table 1. This study was
approved by the Institutional Review Board of  the
University of North Carolina (UNC) School of Medicine.

Image Acquisition

Magnetic resonance imaging was carried out at the UNC
MRI Research Center on a Siemens head-only 3T scanner
(Allegra, Siemens Medical System Inc., Erlangen,
Germany). All subjects were studied without sedation.
Once a child was asleep, they were fitted with earplugs and

TABLE 1

Demographic Characteristics of Twins and Singletons in This Sample

Factor Singleton Twin Overall
Mean (SD) Mean (SD)

Maternal ethnicity
White N (%) 117 (86.03) 68 (74.73) 185 (81.5)
Black 17 (12.50) 19 (20.88) 36 (15.86)
Asian 2 (1.47) 4 (4.40) 6 (2.64)

Gender
Male N (%) 67 (49.26) 45 (49.45) 112 (49.34)
Female 69 (50.74) 46 (50.55) 115 (50.66)

Gestational age at birth (days)* 276 (10) 254 (11) 267 (15)

Gestational age at MRI (days)* 299 (11) 290 (19) 295 (16)

Gestational age birth to MRI (days)* 23 (9) 36 (20) 28 (16)

Age of mothers at time of birth (years) 31 (5) 30 (6) 30 (5)

Average birthweight per twin pair (gr)* 3406 (484) 2515 (410) 3051 (631)

Greater birthweight between twin pair (gr)* 3406 (484) 2603 (425) 3086 (606)

Smaller birthweight between twin pair (gr)* 3406 (484) 2426 (417) 3016 (664)

Maternal education (years)* 16 (3) 14 (4) 15 (3)

Total household income (USD) 83,000 (135,000) 58,000 (44,000) 73,000 (110,000)

Note: * p < .0001
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placed in the MRI scanner with head in a Vac-Fix immo-
bilization device, and additional foam padding to
diminish the sounds of the scanner. Scans were carried out
with a neonatal nurse present and a pulse oximeter was
used to monitor heart rate and oxygen saturation.

For the majority of the scans, T1-weighted images were
obtained using a 3D spoiled gradient (FLASH TR/TE/Flip
Angle 15/7msec/25°). The first 20 singletons and the first 2
twin pairs to attend were scanned using a 3D magnetiza-
tion prepared rapid gradient echo (MP-RAGE TR/TI/
TE/Flip Angle 1820/400/4.38ms/7°) T1 sequence. Proton
density and T2 weighted images were obtained with a
turbo spin echo sequence (TSE TR/TE1/TE2/Flip Angle
6200/20/119ms/150°). Spatial resolution was 1 × 1 × 1mm3

voxel size for T1 weighted images and 1.25 × 1.25 ×
1.5mm3 voxel size with 0.5 mm interslice gap for proton
density/T2 weighted images. The Siemens head-only 3T
scanner is FDA approved for use in all age groups. Specific
absorption rates are kept within safe levels for body weight
by both hardware and software features of the scanner. We
have previously confirmed that the scan sequences did not
cause significant temperature increases with a phantom
(Gilmore et al., 2005).

Tissue Segmentation Neonates
Brain tissue was classified as gray matter (GM), unmyeli-
nated white matter (uWM), myelinated white matter
(mWM) and cerebrospinal fluid (CSF) using an auto-
matic, atlas-moderated expectation maximization
segmentation tool as previously described (Gilmore et al.,
2007; Prastawa et al., 2005). Note that the major separa-
tion of WM/GM at neonate is driven by the T2w image,
which has a stronger WM/GM contrast than the T1w
image in this age group. As a result, the difference between
using the MP-RAGE T1 or the FLASH T1 is relatively
minor. In addition, the use of a joint T1w & T2w segmen-
tation reduces the influence of the T1 protocol change.
Parcellation of each subject’s brain into regions was
achieved in the neonate by non-linear warping of a parcel-
lation atlas template as previously described (Gilmore et
al., 2007; Knickmeyer et al., 2008). Left and right hemi-
spheres were subdivided into four regions along the
anterior-posterior axis (roughly corresponding to pre-
frontal, frontal, parietal, and occipital regions). The
cerebellum, brainstem and combined sets of subcortical
structures are represented separately. After deformation,
the parcellation template is combined with the tissue clas-
sification maps and results in estimates of GM, uWM,
mWM, and CSF for each region. The volume of mWM in
the cortex was very small and likely represented partial-
volume effects; therefore we did not perform statistical
tests on cortical mWM.

Ventricle Volumes
The neonatal lateral ventricles are segmented using
InsightSnap (SNAP), a semi-automated 3D segmentation

tool, which uses a level-set evolution method (Yushkevich
et al., 2006). SNAP is controlled by both a user-defined
initialization and by data-specific segmentation protocols
with region-growing parameters that operate in conjunc-
tion with the probabilistic CSF map generated during
tissue segmentation.

Statistical Analysis
For cross-sectional analyses of demographic characteris-
tics between MZ and DZ twins and singletons, we used
two sample t tests (for two group comparisons) or
ANOVA (Analysis of Variance) F tests (for three group
comparisons) for continuous variables and Fisher Exact
tests for categorical variables. Tests of differences in the
occurrence of birth complications between twin pregnan-
cies and singleton pregnancies were conducted, based on
chi-squared tests and Fisher’s exact tests.

To test for differences in variance of brain volumes
between MZ and DZ twins and singletons we used all of the
singletons and randomly selected one of the twins in each
pair. We used GLM to predict brain volumes using only the
grouping variable as a predictor; then the HOVTEST option
was used to calculate Levene’s homogeneity of variances.

For all comparisons of mean brain volumes between MZ
and DZ twins and singletons, we performed analysis of
covariance (ANCOVA) controlling for gender and gesta-
tional age at MRI using PROC MIXED of SAS system (ver
9.12). Previous studies demonstrate that controlling for age
at MRI and gender are critical (Gilmore et al., 2005). We
included both twin members, and we fit a mixed model with
twin pair as a random effect to capture correlation between
subjects within twin pairs. In other words, the individual
twins within a pair are treated as replications, while single-
ton neonates had no replicates (singletons are considered
random block with size 1). This enables twins and singletons
to be used in the same analysis without violating indepen-
dence assumptions or discarding information by using only
one of two twins. There were 126 twin neonates, with scans
available for both members of the pair (63 pairs) and 28
twin neonates where scans were only available for one
member of a pair. We fitted a heterogeneous covariance
model to estimate covariance between twin members differ-
ently by MZ twin and DZ twin as we expected the
correlation between MZ twin members would be higher
than the correlation between DZ twin members (Munoz et
al., 1986). ANCOVA with gestational age at MRI as a contin-
uous variable was used to examine differences in slopes
between singleton and twin groups. Graphical exploration of
the data, including plots of ‘Leverage’ and ‘Cook’s distance’,
suggested that one twin subject with an extremely high ges-
tational age at MRI could be a potential leverage point or
influential observation that would affect the estimate of
regression coefficients. This subject was excluded from the
analysis of brain volumes, demographic data and compari-
son of birth complications. All statistical hypothesis tests are
two-tailed and conducted at a significance level of .05.
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Results
Comparison of demographic characteristics revealed that
the twin and singleton groups did not differ in the
reported ancestry of the mother, the ratio of males to
females, maternal age at birth, or total household income.
Twins had a significantly lower gestational age at birth (p
< .0001) and at MRI (p < .0001). The interval between
birth and MRI was greater for twins than it was for single-
tons (p < .0001). Regardless of whether one compared
singletons to the heaviest twin in each pair, the lightest
twin in each pair, or the average weight of the twin pair;
twins had significantly lower birthweights than singletons
with (p < .0005) or without (p < .0001) correcting for ges-
tational age at birth. Mothers of twins had fewer years of
education than mothers of singletons (p < .0001) — see
Table 1. Review of participants’ medical records revealed
that singletons had significantly greater head circumfer-
ence (HC) at birth (p < .0001, 4% greater in singletons
compared to twins), but this difference was eliminated
when correcting for gestational age at birth. Singletons
had significantly greater HC than both MZ (p = < .0001,
6% difference) and DZ twins (p = .001, 4% difference) at
birth. DZ twins had slightly greater HC at birth than MZ
twins (p = .006, 2% difference) at birth. When correcting
for gestational age at birth, there was a statistical trend for
group differences in HC at birth (p = .08). Post-hoc com-
parisons showed that DZ twins continued to have slightly
greater HC at birth than MZ twins after correction for
gestational age at birth (p = .02, 1.5%). However, there

were no significant differences in head circumference at
the MRI visit.

Comparison of birth complications indicated that twin
and singleton pregnancies did not differ in the occurrence
of maternal diabetes, pregnancy hypertension, bleeding,
placental problems (brevia or abruption), rubella immu-
nity, RH incompatibility, or maternal medical problems.
Being a twin was significantly associated with occurrence
of preterm labor (p < .0001), preterm premature rupture
of membranes (p < .0001), and other pregnancy problems
(p = .0033).

For our comparison of group differences in the vari-
ance of intracranial volume, total tissue volumes, regional
tissue volumes, and lateral ventricle volume we were
unable to rule out the null hypothesis (i.e., there was no
convincing evidence that the groups differed in variance).

Comparison of mean intracranial volume, total tissue
volumes, regional tissue volumes, and lateral ventricle
volume between singletons and twins indicated that
neonatal brain structure is very similar in the two groups
when controlling for gestational age at MRI and gender
(see Table 2). The only areas that showed significant differ-
ences between groups were total volume of CSF (p = .001;
8% greater in twins compared to singletons) and volume
of frontal uWM (p = .014; 4% greater in twins compared
to singletons). Dividing the twin group based on zygosity
revealed additional information (see Table 3). First, while
total volume of CSF was significantly larger in both MZ
and DZ twins when compared to singletons (p = .002 for

TABLE 2

Twin-Singleton Comparison of Global and Regional Tissue Volumes (Values Corrected for Gestational Age at MRI and Gender)

Brain Volumes (all in mm3) Singleton Twin
LSmeans (SE) LSmeans (SE)

Intracranial volume 467874 (3591) 477474 (3809)

Total brain volume 412730 (3053) 417483 (3255)

Total brain gray matter 241901 (1814) 243253 (1820)

Total brain unmyelinated white matter 160841 (1323) 163877 (1475)

Total brain myelinated white matter 10009 (327) 10374 (355)

Total brain cerebrospinal fluid* 55248 (889) 59835 (1051)

Total cortical volume 360258 (2680) 364905 (2946)

Cortical gray matter 201050 (1543) 202416 (1592)

Cortical unmyelinated white matter 152561 (1243) 155212 (1414)

Cerebellum 25157 (252) 24891 (262)

Subcortical area and brainstem 27319 (363) 27697 (339)

Prefrontal gray matter 28429 (382) 27330 (421)

Prefrontal unmyelinated white matter 24351 (282) 24898 (329)

Frontal gray matter 43937 (385) 44588 (405)

Frontal white unmyelinated matter+ 38186 (361) 39576 (405)

Parietal gray matter 60073 (553) 60930 (555)

Parietal unmyelinated white matter 48375 (486) 49206 (499)

Occipital gray matter 68629 (643) 69754 (707)

Occipital unmyelinated white matter 41652 (427) 41826 (481)

Lateral ventricles 4398 (146) 4261 (196)

Note: * p < .01, + p < .05; LSmeans = Least-squares means.
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the overall comparison), the size of the effect was larger
for MZ twins (p < .001, 12% difference) than for DZ twins
(p = .045, 6% difference). CSF volume was not signifi-
cantly different when comparing MZ twins and DZ twins
to each other. These differences do not appear to reflect
differences in lateral ventricle volume, which did not differ
significantly between groups. There were also significant
group differences for frontal and parietal uWM (p = .035
and p = .041). Post-hoc comparisons showed that this
effect was driven by DZ twins who had significantly
greater frontal uWM volumes than singletons (p = .012,
4% difference) and significantly greater parietal uWM
volumes than both singletons and MZ twins (p = .037, 3%
difference and p = .026, 4% difference). Intriguingly,
group comparisons of total GM volume, total cortical
GM, and parietal GM could not be performed as the p
value for the homogeneity of slope (volume vs. gestational
age at MRI) was less than .05 for these variables, suggest-
ing that there were group differences in the relationship
between gestational age and gray matter volumes. In other
words, there may be group differences in the developmen-
tal trajectory of GM; this was examined next.

When comparing the combined twin group to single-
tons, there were no significant differences in the trajectory
of brain development for any variable. However, when the
twin group was divided based on zygosity, group differ-
ences were seen for the developmental trajectories of total
GM volume (p = .024), total cortical GM (p = .024), and
parietal GM (p = .021). Post-hoc comparisons showed

that the slope of the relationship between total GM
volume and gestational age at MRI was steeper in MZ
twins compared to DZ twins (p = .009) — that is, total
GM was increasing at a greater rate in MZ twins than DZ
twins. The same relationship was observed for total corti-
cal GM (p = .007). For parietal GM, the slope of the
relationship between parietal GM volume and gestational
age at MRI was higher in MZ twins compared to both DZ
twins (p = .009) and singletons (p = .017). Though signifi-
cant, these differences are not very large in absolute terms
(see Table 4). No group differences were seen for the other
brain volume variables examined.

Since being a twin was significantly associated with
occurrence of preterm labor and preterm premature
rupture of membranes in this sample, we also reran our
analyses with gestational age at birth as a covariate. Twin-
singleton differences in total CSF and frontal WM were not
present when correcting for gestational age at birth.
However, DZ twins continued to have larger parietal WM
volumes than both singletons and MZ twins after correc-
tion (p = .03 and .02 respectively). Also, the observed group
differences in the developmental trajectory of GM volumes
remained significant and were of a similar magnitude even
after correcting for gestational age at birth (see Figure 1).
This could indicate that gray matter development was
delayed in utero in MZ twins, and that MZ twins are expe-
riencing a period of ‘catch-up’ growth post-birth. To test
this hypothesis we performed a post-hoc analysis in which
we calculated the least squares means for each of these

TABLE 3

Singleton-MZ-DZ Comparison of Global and Regional Tissue Volumes (Values Corrected for Gestational Age at MRI and Gender)

Brain volumes (all in mm3) Singleton MZ DZ
LSmeans (SE) LSmeans (SE) LSmeans (SE)

Intracranial volume 467925 (3593) 475535 (5548) 478996 (4934)

Total brain volume 412824 (3054) 413419 (4787) 420556 (4131)

Total brain gray matter# 242117 (1936) 244130 (2799) 243894 (2256)

Total brain unmyelinated white matter 160883 (1324) 161945 (2099) 165517 (1916)

Total brain myelinated white matter 10013 (327) 10151 (559) 10511 (439)

Total brain cerebrospinal fluid* 55208 (890) 61964 (1599) 58473 (1300)

Total cortical volume 360339 (2681) 361431 (4255) 367716 (3798)

Cortical gray matter# 201186 (1644) 203445 (2436) 202769 (1988)

Cortical unmyelinated white matter 152603 (1243) 153273 (1977) 156968 (1860)

Cerebellum 25162 (252) 24529 (462) 25045 (303)

Subcortical area and brainstem 27324 (363) 27450 (551) 27831 (408)

Prefrontal gray matter 28427 (382) 27425.39 (642) 27263 (531)

Prefrontal unmyelinated white matter 24350 (282) 24921 (432) 24867 (478)

Frontal gray matter 43946 (385) 44104 (638) 44881 (496)

Frontal white unmyelinated matter+ 38193 (361) 39226 (582) 39869 (528)

Parietal gray matter# 60272 (589) 60640 (878) 61511 (667)

Parietal unmyelinated white matter+ 48398 (486) 47921 (744) 50061 (603)

Occipital gray matter 68628 (644) 69846 (1069) 69685 (897)

Occipital unmyelinated white matter 41666 (427) 41220 (692) 42323 (621)

Lateral ventricles 4400 (147) 4193 (294) 4307.09 (244)

Note: # p for homogeneity of slopes is < .05, test for overall group differences not appropriate; * p < .01; + p < .05; LSmeans = Least-squares means.
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frontal and parietal uWM, driven by greater WM in DZ
twins. While we did not observe any differences in gray
matter volume when comparing the combined twin group
to singletons, we did observe some intriguing differences
when we divided the samples based on zygosity. Total GM
and cortical GM increased at a greater rate in MZ twins
than DZ twins, and parietal GM increased at a greater rate
in MZ twins than it did in either DZ twins or singletons.
We hypothesize that gray matter development is delayed
in utero in MZ twins and that MZ twins are experiencing
a period of ‘catch-up’ growth post-birth. Graphical explo-
ration of the data is compatible with this interpretation
(see Figure 1), as was a post-hoc analysis we performed to
compare predicted brain volumes at birth, corrected for
gestational age at birth. Twins appear to have caught up to
singletons by 20 days post-term. While MRI is not cur-

regions at birth and examined differences between the
three groups, adjusting for gestational age at birth.
Singletons had significantly larger estimated GM volumes
(total, cortical, and parietal) at birth than DZ twins (p <
.001, 7–9% difference) who had significantly larger GM
volumes than MZ twins (p < .001, 20–25% difference).

The pattern of results was similar when we reran analy-
ses excluding those individuals scanned with the MP-RAGE
T1 sequence.

Discussion
This study compared neonatal brain morphology between
twins and singletons. We examined intracranial volume,
total tissue volumes, lobar tissue volumes, and lateral ven-
tricle volume and the developmental trajectory of these
variables. Intracranial volume, total white matter, and ven-
tricle volumes did not differ between twins and singletons
or between MZ and DZ twins. These results indicate that
heritability estimates for these variables made in neonatal
twin samples are generalizable to the singleton population.
In addition, it suggests that for some aspects of structural
brain development, twins and singletons can be combined
in statistical analyses without controlling for group mem-
bership. This will allow more powerful studies addressing
the relationship between neonatal brain structure and
cognitive development and the impact of specific genetic
polymorphisms and environmental factors on early brain
development.

However, we also observed potentially important dif-
ferences between twins and singletons. First, we observed
that twins had significantly greater total CSF volume and
that the size of this effect was larger for MZ twins than
for DZ twins. This does not appear to reflect ventricle
enlargement, as no significant differences were observed
when CSF within the lateral ventricles was measured on its
own. There were also significant group differences for

TABLE 4

Singleton-MZ-DZ Comparison of Growth Trajectory in First 10 Weeks
of Life

Brain volumes Increase per week Per cent increase
over 10 weeks

Total gray matter
Singleton 9653 mm3 16%
MZ 12887 mm3 17%
DZ 8449 mm3 14%

Cortical gray matter
Singleton 7735 mm3 15%
MZ 10458 mm3 17%
DZ 6559 mm3 14%

Parietal gray matter
Singleton 1813 mm3 14%
MZ 3073 mm3 17%
DZ 1757 mm3 14%

Note: Calculations based on regression equations applied to the period
from 280 days (40 weeks) gestational age to 350 days (50 weeks)
gestational age.

FIGURE 1
Linear regression plot between predicted gray matter volumes (total,
cortical, and parietal) and gestational age at MRI in singletons, DZ
twins, and MZ twins. Data is cross-sectional and has been corrected
for gestational age at birth and gender.
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rently capable of identifying the neurodevelopmental
processes that underlie this growth, post-mortem studies
suggest that dendritic and axonal arborization and spine
growth are likely candidates (Mrzljak et al., 1990).

Longitudinal follow-up will be necessary to confirm
group differences in developmental trajectory and to
ascertain if and when overall volume differences disap-
pear. Ordaz et al. (2010) carried out a similar study in
children and adolescents (mean age 11.0, SD 3.6, youngest
participants were 4 years old) and observed no differences
between twins and singletons. They also tested group by
age interactions in a regression framework and reported
no interactions — suggesting that the twin-singleton dif-
ferences we observed will resolve by early childhood.
However, they did not perform comparisons with the twin
group separated by zygosity. In a study of adults (mean
age of 30.7 years, standard deviation 9.6 years), no effects
of zygosity on adult brain volumes were observed (Pol et
al., 2002).

The differences we observed could be the result of a
suboptimal intrauterine environment in twins compared
to singletons, particularly in the case of MZ twins. Twin
pregnancies have a higher rate of maternal and perinatal
complications (Rao et al., 2004) and higher extended peri-
natal mortality (Glinianaia et al., 2000) than singleton
pregnancies, which is partially the result of the higher pro-
portion of preterm and low birthweight twins. Preterm
birth in singletons may be associated with alterations in
brain structure and development. The most common neu-
ropathology reported in association with preterm birth is
periventricular white matter damage, which may also
produce ventricular system enlargement as a downstream
effect (Hart et al., 2008; Mathur & Inder, 2009; Rutherford
et al., 2010). Preterm birth has been associated with
decreased volume of cortical gray matter at term-equiva-
lent age (Inder et al., 2005; Peterson et al., 2003) and poor
postnatal head growth (Cheong et al., 2008). Volume
reductions associated with prematurity may persist into
late childhood (Kesler et al., 2008). This pattern seems
quite distinct from the pattern we observed in monozy-
gotic twins. In addition, these studies primarily focused on
very preterm children (born < 30 weeks gestational age)
with very low birthweights and often with observable
white matter damage. Such children would have been
excluded from the current study. However, since being a
twin was significantly associated with occurrence of
preterm labor and preterm premature rupture of mem-
branes in this sample, we also reran our analyses with
gestational age at birth as a covariate. Twin-singleton dif-
ferences in total CSF and frontal WM were not present
when correcting for gestational age at birth. However, DZ
twins continued to have larger parietal WM volumes than
both singletons and MZ twins and the observed group dif-
ferences in the developmental trajectory of total, cortical,
and parietal GM volumes remained significant and were

of a similar magnitude even after correcting for gestational
age at birth.

In addition to the increased incidence of preterm birth,
two-thirds of MZ twin pregnancies are monochorionic;
that is, the two offspring share the same placenta (Machin,
1995). The presence of vascular anastomoses in mono-
chorionic placentas can produce an unequal blood supply
to the twins, in extreme cases producing twin-twin trans-
fusion syndrome (TTS) (Rao et al., 2004). While we
excluded infants with major perinatal or postnatal compli-
cations from this analysis, and twins and singletons did
not differ on many common pregnancy complications,
being a twin was significantly associated with ‘other preg-
nancy problems’ in this sample. However, MZ and DZ
twins did not differ from each other in the frequency of
other pregnancy problems. In addition, we did not
observe significant differences between MZ and DZ pairs
in discordance of head circumference at birth or discor-
dance of weight at birth (Mukherjee et al., 2009), which
suggests that growth competition between the twins was
not a major factor.

It is unclear whether the early differences in brain
development we observed between twins and non-twins
have any long-term functional relevance. Several sizeable
studies of twins born during the mid-20th century showed
that twins scored 4–5 points lower on IQ tests than single-
tons (Deary et al., 2005; Record et al., 1970; Ronalds et al.,
2005), but a recent large cohort of ninth grade children
(age 15 or 16) who were born in the late 1980s showed no
effect of twin status on a general test of academic achieve-
ment (Christensen et al., 2006). The authors suggest that
improvements in obstetric and pediatric practices may be
responsible for the differences between these studies.
However, methodological differences may also be
involved. Posthuma et al. (2000) found no twin-singleton
differences in IQ in a sample of adults born mid-century.
Unlike most other studies, this study compared twins to
their own non-twin siblings, thereby matching for genetic
background and familial environment. Age of testing may
also be a factor, with significant twin-singleton differences
reported more frequently in young twins (Alin-Akerman,
1995; Dezoete & MacArthur, 1996; Koeppen-Schomerus et
al., 2003; Myrianthopoulos et al., 1976; Wilson, 1979). We
will continue to follow this cohort with magnetic reso-
nance imaging at 1, 2, 4, and 6 years of age, and will also
carry out developmental testing to help resolve this issue.
It should also be kept in mind that delayed gray matter
development might reflect a physiological adaptation to
the limited uterine environment rather than a pathologi-
cal process. A similar argument has been made regarding
birthweight in twins (Blickstein, 2004).

In conclusion, we observed significant differences in
gray matter development in MZ twins compared to DZ
twins and singletons that was not related to gestational
age at birth. We hypothesize that gray matter development
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Dezoete, J.A., & MacArthur, B.A. (1996). Cognitive develop-
ment and behavior in very low birthweight twins at four
years. Acta Geneticae Medicae et Gemellologiae, 45, 325–332.

Gilmore, J., Looney, C., Vesta, Y., Smith, J. K., Lin, W.,
Lieberman, J. A., & Gerig, G. (2005). Early postnatal brain
structure and development in humans: Sexual dimor-
phism and cerebral asymmetry are present at birth.
Neuropsychopharmacology, 30, S154-S154.

Gilmore, J., Schmitt, J., Knickmeyer, R., Smith, J. K., Lin, W.,
Styner, M., Gerig, G., & Neale, M. C. (2010). Genetic and
environmental contributions to neonatal brain structure:
A twin study. Human Brain Mapping, 31, 1174–1182.

Gilmore, J. H., Lin, W., Prastawa, M. W., Looney, C. B., Vetsa,
Y. S. K., Knickmeyer, R. C., Evans, D. D., Smith, J. K.,
Hamer, R. M., Lieberman, J. A., & Gerig, G. (2007).
Regional gray matter growth, sexual dimorphism, and
cerebral asymmetry in the neonatal brain. Journal of
Neuroscience, 27, 1255–1260.

Glinianaia, S. V., Pharoah, P., & Sturgiss, S. N. (2000).
Comparative trends in cause-specific fetal and neonatal
mortality in twin and singleton births in the North of
England, 1982–1994. British Journal of Obstetrics and
Gynaecology, 107, 452–460.

Hart, A. R., Whitby, E. W., Griffiths, P. D., & Smith, M. F.
(2008). Magnetic resonance imaging and developmental
outcome following preterm birth: review of current evi-
dence. Developmental Medicine and Child Neurology, 50,
655–663.

Inder, T. E., Warfield, S. K., Wang, H., Hüppi, P. S., & Volpe, J.
J. (2005). Abnormal cerebral structure is present at term
in premature infants. Pediatrics, 115, 286–294.

Kesler, S. R., Reiss, A. L., Vohr, B., Watson, C., Schneider, K.
C., Katz, K. H., Maller-Kesselman, J., Silbereis, J.,
Constable, R. T., Makuch, R. W., & Ment, L. R. (2008).
Brain volume reductions within multiple cognitive
systems in male preterm children at age twelve. Journal of
Pediatrics, 152, 513–520.

Knickmeyer, R., Gouttard, S., Kang, C., Evans, D., Wilber, K.,
Smith, J. K., Hamer, R. M., Lin, W., Gerig, G., & Gilmore, J.
H. (2008). A structural MRI study of human brain devel-
opment from birth to 2 years. Journal of Neuroscience, 28,
12176–12182.

Koeppen-Schomerus, G., Spinath, F. M., & Plomin, R.
(2003). Twins and non-twin siblings: Different estimates
of shared environmental influence in early childhood.
Twin Research, 6, 97–105.

Lenroot, R. K., & Giedd, J. N. (2008). The changing impact of
genes and environment on brain development during
childhood and adolescence: Initial findings from a neu-
roimaging study of pediatric twins. Development and
Psychopathology, 20, 1161–1175.

Looney, C. B., Smith, J. K., Merck, L. H., Wolfe, H. M.,
Chescheir, N. C., Hamer, R. M., & Gilmore, J. H. (2007).
Intracranial hemorrhage in asymptomatic neonates:
Prevalence on MR images and relationship to obstetric
and neonatal risk factors. Radiology, 242, 535–541.

is delayed in utero in twins (particularly MZ twins), fol-
lowed by a period of ‘catch-up’ growth post-birth. We also
observed that twins had significantly greater total CSF and
frontal and parietal uWM. These findings were, in part,
related to gestational age at birth. In contrast, we observed
that intracranial volume, total white matter volume, and
lateral ventricle volume did not differ between twins and
singletons in the first month of life and neither did the
developmental trajectory of these variables. Our findings
require replication, but should be taken into account
when interpreting and designing studies in this age range.
Even if the differences we observed were to persist, this
does not mean that MZ twins cannot be included with DZ
twins and singletons in studies of typical brain develop-
ment, but researchers should consider controlling for
zygosity especially if predictor variables of interest could
vary with zygosity.
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