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Original Article

Maternal Postsecondary Education
Associated With Improved Cerebellar
Growth After Preterm Birth

Mikaela L. Stiver, BSc1,2, Daphne Kamino, MSc1, Ting Guo, PhD1,
Angela Thompson, RN1, Emma G. Duerden, PhD1, Margot J. Taylor, PhD3,5,
and Emily W.Y. Tam, MDCM, MAS, FRCPC1,4

Abstract
The preterm cerebellum is vulnerable to impaired development impacting long-term outcome. Preterm newborns (<32 weeks)
underwent serial magnetic resonance imaging (MRI) scans. The association between parental education and cerebellar volume
at each time point was assessed, adjusting for age at scan. In 26 infants, cerebellar volumes at term (P ¼ .001), but not birth
(P ¼ .4), were associated with 2-year volumes. For 1 cm3 smaller cerebellar volume (4% total volume) at term, the cerebellum
was 3.18 cm3 smaller (3% total volume) by 2 years. Maternal postsecondary education was not associated with cerebellar
volume at term (P¼ .16). Maternal postsecondary education was a significant confounder in the relationship between term and
2-year cerebellar volumes (P ¼ .016), with higher education associated with improved volumes by 2 years. Although preterm
birth has been found to be associated with smaller cerebellar volumes at term, maternal postsecondary education is associated
with improved growth detectable by 2 years.
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Preterm birth is an important clinical issue, as it is linked to a

range of prenatal and long-term difficulties, as well as distal fac-

tors including socioeconomic status.1 It is also frequent, with

11.7% of births being preterm in the United States in 2011.2 The

high risk of neurological sequelae following preterm birth has

stimulated interest in early brain development and growth, with

a recent surge in interest in the cerebellum. The contributions of

prenatal and distal factors on functional outcomes and brain

development remain unclear. The cerebellum is particularly vul-

nerable to impaired development resulting from environmental

factors after preterm birth as it undergoes exponential growth,

both in volume and surface area, during the latter half of gesta-

tion.3-5 Cerebellar hypoplasia is associated with premature birth,

especially in the presence of risk factors such as intraventricular

hemorrhage6,7 and postnatal glucocorticoid exposure.8 The

resultant reduction in cerebellar volume and compromised cere-

bellar development has been associated with cognitive and

motor impairments.9

Many studies have documented correlations among aspects

of socioeconomic status such as parental education, IQ, and

scholastic achievement on neurodevelopmental outcome.10,11

Intellectual attainment has been found to be more strongly pre-

dicted by maternal education (cohorts of younger children)10 or

equally by both parents’ educations (cohorts of older chil-

dren),12 depending on the age at which outcome was studied.

In general, higher parental education and higher socioeconomic

status are associated with stronger parenting skills and greater

access to resources to aid in raising a child.13 Although previ-

ous research has shown correlations between both cerebellar

volume14,15 and socioeconomic status16-19 to neurodevelop-

mental outcome, the relationship between socioeconomic sta-

tus and structural changes within the cerebellum has not been

well studied. This investigation determined the association
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between changes in cerebellar volume (from early postnatal age

to term-equivalent age, and then to 2 years) and socioeconomic

status as represented by the level of parental education. Because

correlations exist among outcomes, such as working memory,20

cognitive,21 and language-associated skills,22 to both physiologi-

cal changes and socioeconomic status, we hypothesized that a

positive correlation also exists between changes in cerebellar

volume and parental education, as a measure of socioeconomic

status.

Methods

Study Subjects

A cohort of very preterm infants born between January 2008 and

August 2010 admitted to the NICU at the Hospital for Sick Children

was recruited. Parents of very premature infants (<32 weeks gesta-

tional age) were approached in the first week of life for enrolment

in a longitudinal MRI and neurodevelopmental outcome study. Exclu-

sion criteria were (1) major congenital malformations, (2) chromoso-

mal abnormalities, and (3) congenital infections. This study was

approved by the Research Ethics Board at the Hospital for Sick Chil-

dren, and parental consent was obtained for each infant. The infants

included in the present study were neonates for whom a 2-year MRI

scan and 2-year neurodevelopmental follow-up were completed.

Developmental assessments were performed at 2 years corrected age

using the Bayley Scales of Infant Development, 3rd Edition, scored

in cognitive, language, and motor domains.

Clinical history was obtained from hospital medical records. Infor-

mation was collected on the occurrence of clinical sepsis, and clinically

presumed (maternal fever and tachycardia, with or without other direct

evidence of fundal tenderness, purulence, or foul odor) and pathologi-

cally diagnosed chorioamnionitis (from placental pathology or bacterial

culture). Postnatal exposure to glucocorticoids included hydrocortisone,

dexamethasone, and cortisol. Data on maternal and paternal education

were collected as indicators of socioeconomic status during the

neurodevelopmental follow-up visits. Parents were asked to indicate

their highest level of completed education: grade school, high school,

postsecondary training, university, or postgraduate training. Body

weight and head circumference of the children were also obtained at the

time of the 2-year MRI scan.

Neuroimaging Analysis

MRI scans were performed with a 1.5-Tesla Signa Twin EXCITE3

scanner (General Electric Medical Systems, Milwaukee, WI; software

rev.12M4) using an MRI-compatible incubator and small, specialized

head coil (Advanced Imaging Research Incorporated, Cleveland, OH)

for the preterm and term-age scans to optimize subject comfort and

monitoring, reduce movement, and improve signal-to-noise ratio.

High-resolution axial 3-dimensional T1-weighted spoiled gradient

recalled (SPGR) (repetition time, 23 milliseconds; echo time, 4 milli-

seconds; field of view, 128 � 128 mm; resolution, 1 � 1 � mm) and

2-dimensional T2-weighted fast recovery fast spin-echo (FRFSE)

were run for each subject, as per previously published protocols.23

Subjects were scanned within 2 weeks of birth when clinically stable,

at term-equivalent age, and at 2 years corrected age. The preterm and

term infants were scanned in natural sleep, usually after feeding. The

2-year-olds were scanned in sleep as well, but this was facilitated in

the majority with an oral sedative (chloral hydrate).

A neuroradiologist reviewed all MRI scans for severity of intraven-

tricular hemorrhage, white matter injury, and cerebellar hemorrhage.

Subjects were scored for the highest severity of injury detected on any

of the serial scans.

The cerebellum was segmented on axial 3-dimensional T1-weighted

MRI sequences by a single researcher (MLS). The 3-dimensional tra-

cings of the cerebellum were facilitated by semiautomated, interactive

tools (http://rview.colin-studholme.net; version 9.071) with simulta-

neous display of axial, sagittal, and coronal views, in a method previ-

ously reported in Tam et al8 (Figure 1). This method shows good

intrarater reliability (Dice coefficient > 0.95) on repeat tracings.

Total cerebral volume was calculated at each time point using

multiple automatically generated templates (MAGeT) brain.24 First,

Figure 1. Cerebellar volume at 2 years of age. Volumetric tracing of cerebellum superimposed on 3-dimensional T1-weighted magnetic
resonance images (MRIs) obtained at 146 weeks þ 1 day postmenstrual age. Images are shown in axial, coronal, and sagittal planes.
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the gray and white matter and cerebrospinal fluid of 1 randomly

selected MRI scan from each serial time point was manually segmen-

ted and nonlinearly registered to 21 MRIs of that serial scan time point

using advanced normalization tools.25,26 The 21 MRIs and their labels

of gray and white matter and cerebrospinal fluid were later employed

as the input atlases. The same 21 images were used as intermediate

templates in MAGeT-Brain. The atlases and templates were then used

to segment the entire data set within each serial time point. The final

segmentation of each MRI was obtained through the label fusion of

441 nonlinearly registered labels (21 atlases � 21 templates), which

limits segmentation errors resulting from resampling, nonlinear regis-

tration, or irreconcilable differences in neuroanatomy. Total cerebral

volume (gray and white matter—excluding the cerebrospinal fluid

in the lateral and third ventricles) of each MRI was derived individu-

ally based on the MAGeT-Brain segmentation results acquired from

the previous step.

Statistical Analysis

Statistical analyses were performed using Stata 12 (Stata Corporation,

College Station, TX). Descriptive statistics were used to analyze

the characteristics of the study group, including the t test for means,

the Fisher exact test for proportions of binary variables, and the

Kruskal-Wallis rank test for categorical variables. Linear regression

analyses were used to examine the association between cerebellar

volumes at each of the 3 analyzed time points, correcting for post-

menstrual age at the time of each MRI scan. Linear regression analy-

ses were also used to assess the association between cerebral volume

at term and 2 years of age, correcting for postmenstrual age. Maxi-

mum parental education was categorized from 0 through 4 for grade

school (0), high school (1), postsecondary training (2), university

(3), and postgraduate training (4). Maternal and paternal education

were also analyzed separately using these 5 categories and again with

education further categorized as no postsecondary (a) and postsecond-

ary or above (b). Linear regression analyses were also used to assess

the associations with cerebral brain volumes at term and 2 years of

age, correcting for age at the time of each scan. These were then

adjusted for weight and head circumference at 2-year MRI to rule out

nutritional factors for improved cerebellar growth. The association

between maternal education and brain volumes at each time point was

analyzed in order to rule out a predisposition for larger or smaller vol-

ume associated with maternal education.

Results

Study Cohort

Out of a cohort of 105 subjects enrolled during the study

period, serial scans were obtained within 2 weeks of life and

near term-equivalent age. Of these, 26 subjects also had MRI

scans at 2 years of age (Figure 2). There were no significant dif-

ferences in the demographics, clinical characteristics, or brain

injury on early MRIs between enrolled subjects and those with

completed MRIs to 2 years (Table 1). A total of 73 serial MRI

scans from these 26 subjects were segmented, and volumetric

data were analyzed. Infants were scanned at mean postmenstr-

ual ages of 30.2 + 1.7 weeks for the preterm scan, 41.9 + 2.0

weeks for the term-equivalent age scan, and 151.8 + 6.7 weeks

for the 2-year scan.

Cerebellar Volumes at Early Postnatal, Term, and 2-Year
Time Points

We compared the cerebellar volumes across serial scans for

each subject. Adjusting for age at the time of each MRI scan,

a significant association was seen between term cerebellar vol-

ume and 2-year cerebellar volume; a 1 cm3 smaller volume at

term was associated with 3.18 cm3 smaller volume at 2 years

(95% confidence interval 1.5-4.8 cm3, P ¼ .001). Considering

the mean cerebellar volume was 23.9 cm3 at term and 106.2

cm3 at 2 years, this translates to a 4% smaller volume at term

associated with a 3% smaller volume at 2 years. Cerebellar vol-

ume in the preterm period was not significantly associated with

2-year cerebellar volume, adjusting for postmenstrual age at

time of MRI scan (P ¼ .4). Adjusting for gestational age at

Figure 2. Flow diagram of study subjects. Subjects who returned for
MRI scans at 2 years of age were included in the study analysis.
Socioeconomic status was obtained at the 2-year follow-up visit.

Table 1. Subject Demographics and Clinical Characteristics.a

Characteristic

Two-year MRI
completed

P
value

Yes
(n ¼ 26)

No
(n ¼ 79)

Male sex 16 (62) 40 (51) .3
Gestational age at birth

(mean + SD), wk
28.9 + 1.7 28.8 + 1.8 .8

Subjects with IVH .7
Mild IVH (grade 1 to 2) 4 (15) 16 (20)
Severe IVH (grade 3 to 4) 5 (19) 17 (22)

Subjects with WMI .8
Mild WMI (grade 1) 2 (8) 10 (13)
Moderate WMI (grade 2) 6 (23) 11 (14)
Severe WMI (grade 3) 3 (12) 10 (13)

Subjects with cerebellar hemorrhage 3 (12) 7 (9) .7
Sepsis (clinical or confirmed) 18 (69) 41 (52) .1
Chorioamnionitis (clinical or

confirmed)
2 (8) 19 (24) .07

Antenatal steroid exposure 15 (58) 57 (72) .2
Postnatal steroid exposure 1 (4) 5 (6) .7

Abbreviations: IVH, intraventricular hemorrhage; MRI, magnetic resonance
imaging; SD, standard deviation; WMI, white matter injury.
aValues are n (%) unless otherwise noted.
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birth, intraventricular hemorrhage, white matter injury, cerebel-

lar hemorrhage, and postnatal steroid exposure had no signifi-

cant effects on the relationship between term and 2-year

cerebellar volume (P > .2).

Cerebellar Growth and Parental Education

The association between parental education and cerebellar

growth was assessed. Of the full cohort of 105 subjects, data

on parental education are available for the 62 (59%) who

returned for follow-up Bayley developmental assessments at

2 years (including the 26 infants with MRI scans at 2 years;

Figure 2). Three families declined to share education level, and

2 families did not report either maternal or paternal education

level. No differences in maternal or paternal education were

found between those who returned for clinical follow-up only

and those who also consented to MRI assessments (Table 2).

Considering only 11% of adult Toronto residents have not com-

pleted high school and 69% have postsecondary degrees, our

study sample has somewhat higher proportion of families with

postsecondary degrees but comparable proportion of families

not completing high school.27 Maternal postsecondary educa-

tion was a significant confounder in the association between

term and 2-year cerebellar volume (30.05 cm3, 95% confidence

interval 6.72-53.38 cm3, P ¼ .016), even after adjusting for

weight and head circumference at 2-year assessment (30.95

cm3, 95% confidence interval 0.58-61.33 cm3, P ¼ .047).

Paternal postsecondary education was not similarly associated

either before (P¼ .1) or after adjusting for weight and head cir-

cumference (P ¼ .2). Adjusting for maternal postsecondary

education diminished the association between term and

2-year cerebellar volumes. Although 1 cm3 smaller volume at

term was associated with a 3.18 cm3 smaller volume at 2 years

(95% confidence interval 1.55-4.82 cm3, P ¼ .01) prior to

adjusting for parental education, adjusting for maternal postse-

condary education decreased the association to 2.40 cm3

smaller volume at 2 years (95% confidence interval 0-4.8 cm3,

P ¼ .054). Adjusting for paternal postsecondary education, the

association was not diminished (3.31 cm3, 95% confidence inter-

val 0.8-5.8 cm3, P ¼ .01).

To evaluate whether maternal education is associated with

generally larger cerebellar volumes, linear regression analysis

was performed comparing postsecondary maternal education and

cerebellar volume at term and 2 years. Maternal education at or

exceeding postsecondary training was found to be associated with

cerebellar volumes at 2 years corrected age (P ¼ .006), but not

cerebellar volumes at term-equivalent age (P ¼ .16).

Cerebral Volumes at Early Postnatal, Term,
and 2-Year Time Points

Adjusting for postmenstrual age at the time of each MRI scan, a

significant association was seen between term cerebral volume

and 2-year cerebral volume, with a 1 cm3 decrease in cerebral

volume at term associated with a 2.2 cm3 decrease in cerebral

volume at 2 years (95% confidence interval 1.4–2.9 cm3,

P < .001). Adjusting further for parental education, neither

maternal (P ¼ .28) nor paternal (P ¼ .22) postsecondary edu-

cation was a significant confounder for this association.

Neurodevelopmental Outcome at 2 Years

Of the 26 subjects with completed 2-year MRI studies, Bayley

developmental assessments were performed at a mean of

148.2+16.3 weeks’ postmenstrual age. Mean cognitive score

for the group was 113+16, motor score 96+13, and language

score 100+16. Scores were not significantly different from the

remaining subjects who returned for 2-year developmental test-

ing but declined MRI, where mean cognitive score was

114+26 (P ¼ .8), motor score 93+14 (P ¼ .4), and language

score 100+15 (P ¼ 1.0). Using linear regression analysis

adjusting for age at MRI and developmental testing, neither

cerebellar volume at term nor 2 years was associated with Bay-

ley scores in any domain (P > .3).

Discussion

The cerebellum is particularly vulnerable to impaired develop-

ment in very preterm infants due to the exponential growth that

occurs during the third trimester of gestation.3,4 Associated

with preterm birth, cerebellar hypoplasia14 and low familial

socioeconomic status16 have been associated with impairments

in cognitive and motor performance; however, little is known

about the connection between socioeconomic status and struc-

tural changes within the cerebellum. Using parental education

as an indicator for socioeconomic status, we explored the rela-

tion between cerebellar growth and socioeconomic status in a

longitudinal study from very preterm birth to 2 years of age.

Volumetric analyses of serial MRI scans revealed a predic-

tive association between cerebellar volume at term-equivalent

age and volume at 2 years of age. The same relationship did

not hold true for the preterm cerebellar volume as a predictor

Table 2. Parental Education.

Parental education

2-year MRI completed, n (%)

P valueYes (n ¼ 26) No (n ¼ 36)

Maximum maternal education .8
Grade school 1 (4) 0 (0)
High school 4 (15) 6 (17)
Postsecondary training 5 (19) 10 (28)
University 13 (50) 16 (44)
Postgraduate training 1 (4) 1 (3)
Not reported 2 (8) 3 (8)

Maximum paternal education .3
Grade school 1 (4) 0 (0)
High school 4 (15) 6 (17)
Postsecondary training 6 (23) 6 (17)
University 12 (46) 15 (42)
Postgraduate training 1 (4) 6 (17)
Not reported 2 (8) 3 (8)

Abbreviation: MRI, magnetic resonance imaging.
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of 2-year volume. This is likely due to volumetric changes

associated with clinical factors, such as intraventricular hemor-

rhage and steroids, impacting growth over the early postnatal

period and being evident only at term-equivalent age.8,28

Adjustment for parental education as a measure of socioeco-

nomic status lessened the significance of the association

between cerebellar volumes at the term-equivalent and 2-year

time points. Adjusting for maternal postsecondary education

in particular attenuated the relationship between term and

2-year cerebellar volumes resulting in improved volumes by

2 years of age. Higher levels of maternal education were not

found to be correlated with larger cerebellums by term age,

suggesting that the effect of maternal education does not lie

in genetic resilience to insults in the early postnatal period but

in different exposures after hospital discharge in families with

higher education. Adjusting for body weight and head circum-

ference did not attenuate the association between maternal edu-

cation and cerebellar growth, suggesting that the mechanisms

improving cerebellar growth are independent of factors affect-

ing somatic growth, such as nutrition.

While brain injury after preterm birth has been well docu-

mented and studied in relation to impaired outcomes, the rapid

growth of the cerebellum during the latter portion of gestation

makes it particularly susceptible to adverse effects in preterm

infants. Between 27 and 40 weeks of postmenstrual age, an

infant’s cerebellum increases 5-fold in volume28 and even

more so in surface area; cerebral growth is not as exponential

during this time. Although the germinal matrix largely invo-

lutes by 32 weeks’ gestational age in the cerebrum, the germ-

inal matrix (external granular layer) of the cerebellum may

not involute until the age of 2 years.29 For this reason, it was

not surprising that the moderating effects of maternal postse-

condary education did not impact cerebral growth as it did with

cerebellar growth.

Our results in the cerebrum are also supported by a recent study

of 77 children imaged serially from 5 months to 4 years from the

US National Institute of Health MRI Study of Normal Brain

Development, which showed no statistically significant differ-

ence in total cerebral volume associated with socioeconomic sta-

tus categorized based on household income.30 Although total

cerebral volume was not different, further separation into gray

and white matter regions identified lower average frontal and

parietal gray matter volumes associated with low socioeconomic

status. Thus, although we did not find overall cerebral volume

differences here, regional differences may be present.

The current study suggests that there are measurable struc-

tural correlates between socioeconomic status and cerebellar

growth between term and 2 years of age. Because the late gesta-

tional and postnatal period is when the greatest cerebellar

development and expansion takes place, external factors play

a significant role in influencing the cerebellum in children born

prematurely.3,5 Socioeconomic status is often a strong indicator

of the environmental factors to which a child will be exposed to

in early life. This study examined how one measure of socioe-

conomic status (parental education) compared to postnatal cer-

ebellar growth in a cohort of preterm infants, assuming that

higher levels of parental education correspond with a greater

access to resources, better parenting skills, and enhanced cog-

nitive stimulation.31-33

Splitting the parents of the cohort subset into those who had

and had not pursued postsecondary education produced an

attenuation of the predictive relationship between term volume

and 2-year volume was observed for those with postsecondary

training. This effect had greater significance when adjusting

for maternal than paternal education. Although previous stud-

ies have shown an important role for paternal education as an

indicator of risk for preterm birth34 and a better marker of a

woman’s health-related behaviors than her own socioeconomic

status,35 the present study is unique as it focuses on postnatal

growth. Maternal education appeared to be a better marker for

postnatal changes to cerebellar volume than paternal education.

These results echo findings in an emerging body of literature

regarding the impact of social adversity on cellular pathways that

lead to worse outcomes in health and development. Social adver-

sity has been found in animal and human studies to be associated

with changes in epigenetics, inflammation, and endocrinological

responses. Maternal behavior can induce epigenetic changes in

the glutamate receptor gene to affect plasticity of the hippocam-

pus in rat pups.36 In a study of both mice and humans, social stress

upregulates inflammatory gene expression in white blood cells.37

In humans, lower maternal education was found to be associated

with impairments in a child’s neural response to sound.38 Parental

stress and depression is associated with dysregulation of the

child’s hypothalamic-pituitary-adrenal axis.39 Meanwhile, prena-

tal socioeconomic adversity is associated with epigenetic changes

in placental steroid metabolism,40 which may affect brain devel-

opment, and particular cerebellar development.41

This study was limited by the restricted socioeconomic sta-

tus–related data collected from parents. In the future, collection

of more detailed socioeconomic status data such as years of edu-

cation, income, and occupational history may be valuable in bet-

ter assessing the association between socioeconomic status and

postnatal cerebellar growth in preterm neonates. Furthermore,

neuroimaging of subjects at 2 years of age was a challenge, both

in terms of feasibility and also parental consent, which resulted

in a small sample size for analysis for this study. To address the

issues surrounding loss to follow-up, available clinical (Table 1),

socioeconomic status (Table 2), and developmental testing vari-

ables were compared. These did not show any significant differ-

ences between subjects who received MRI at 2 years and those

who did not return for assessment.

Developmental assessment of this cohort at 2 years of age

resulted in normal testing throughout the cohort, and no associ-

ation with term cerebellar volumes. These results are in con-

trast with previous observed associations between term

cerebellar volume and 2-year outcomes.6,42 The findings here

may thus be limited by the small sample size. As well, further

testing at later follow-up may elucidate more specific neurode-

velopmental impairments.

Although preterm birth presents many known risk factors

for impaired cerebellar development, our study findings sug-

gest that supportive postnatal factors associated with high

Stiver et al 1637



socioeconomic status may counteract these early clinical risk

factors, resulting in improved cerebellar growth that may ulti-

mately affect neurodevelopmental outcomes. These findings

highlight not only the importance of identifying postnatal

socioeconomic status factors in studies of neurodevelopmental

outcome but also of the importance of ensuring good follow-up

in both high and low socioeconomic status subjects. Studies

with inadequate follow-up in low socioeconomic status sub-

jects or lack of consideration of socioeconomic status may limit

the ability to identify important associations between risk fac-

tors and outcome. With further investigation into the most

influential factors affecting postnatal cerebellar growth, educa-

tional programs targeting in particular low socioeconomic sta-

tus families may help reduce the adverse effects of preterm

birth on cerebellar growth and development.
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