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Abstract

To investigate the effects of very low birth weight (VLBW,,1500 g) on the development of neuropsychological
skills, we assessed 67 children with birth weight,750 g, 64 with birth weight 750–1499 g, and 67 term-born
controls. Growth modeling of raw scores from mean ages 7–14 years revealed persistent VLBW sequelae. Even
when adjusting for IQ, the,750 g group scored more poorly than the term-born group on measures of language
processing, verbal list learning, and perceptual–motor and organizational abilities. This group also made slower
age-related progress than the control group on tests of perceptual-motor and executive functions. Environmental
factors moderated group differences in change on other cognitive measures. These results revealed further evidence
for slower skill development in both VLBW groups relative to controls, as well as“catch-up” growth in the
750–1499 g group on some measures. The findings suggest age-related changes in the cognitive sequelae of VLBW
that depend on the skill assessed, the degree of VLBW, and environmental factors. (JINS, 2004,10, 149–163.)
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INTRODUCTION

Prior to the 1980s, few children with birth weights,750 g
survived. Survival rates have increased dramatically over
the last two decades (Hack & Fanaroff, 1999; Hack et al.,
1996a). Unfortunately, this increase has not been accompa-
nied by decreased neonatal morbidity or improvements in
short-term outcomes, but by an increase in the absolute
number of children with health and developmental prob-
lems (Lorenz et al., 1998). Cohorts of children within the
broader, very low birthweight (VLBW,,1500 g) classifi-
cation obtain lower scores than normal birthweight term-
born controls on tests of global cognitive function and
achievement (Hack et al., 1996b; Taylor et al., 2000a).
VLBW cohorts also have higher rates of educational diffi-
culties, behavior disorders, and health problems than con-
trol children (Hack et al., 1993; Szatmari et al., 1993; Taylor
et al., 1998a). Weaknesses in attention and executive func-
tion, perceptual motor skills, verbal list learning, and math

achievement are frequently reported. These weaknesses are
found even when controlling for IQ or when excluding chil-
dren with cerebral palsy, hearing or vision problems, or
global cognitive impairment (Goyen et al., 1998; Hack et al.,
1992; Klebanov et al., 1994; Klein et al., 1989; Luoma
et al., 1998; Taylor et al., 2000b, 2000c, 2002). Findings
indicating that these problems are more frequent and severe
in children with lower birth weights suggest a gradient ef-
fect (Breslau et al., 1996; Klebanov et al., 1994; Taylor,
2000b).

Studies of childhood outcomes of diffuse brain insults
incurred early in life provide little reason to predict recov-
ery of function, or plasticity, in VLBW children during the
school-age years (Taylor & Alden, 1997). On the contrary,
several considerations lead to expectations for age-related
increases in these sequelae. The high rate of neonatal brain
insults in VLBW children, including periventricular hem-
orrhagic infarction, periventricular leukomalacia, and asso-
ciated white matter damage (Perlman, 1998; Volpe, 1998),
raises the possibility that these children lack the capacity to
acquire skills as efficiently as their peers. Given the suscep-
tibility of VLBW children to frontal–striatal pathology, in
combination with the continued development of these brain
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regions through puberty (Huttenlocher & Dabholkar, 1997),
new or more severe manifestations of early insults may
emerge as children reach adolescence. Persisting, or even
worsening, sequelae of VLBW with advancing age would
also be consistent with the poor cognitive recovery shown
by young children with traumatic brain injuries, and with
the slowed rates of growth in cognitive and achievement
skills exhibited by children with more severe forms of men-
ingitis (V. Anderson et al., 2000; Levin et al., 2000; Taylor
et al., 2000d; Thompson et al., 1994).

However, studies examining outcomes of VLBW during
the school-age years have yielded mixed results. Some in-
vestigations suggest a trend toward increasing problems over
time continuing into adolescence (Botting et al., 1998; Car-
ran et al., 1989; Cohen et al., 1996; Monset-Couchard et al.,
1996; O’Callaghan et al., 1996; Taylor et al., 2000b; Zelkow-
itz et al., 1995), while others indicate relatively stable de-
velopmental sequelae (Breslau et al., 2001; Powls et al.,
1995; Richards et al., 1988; Schothorst & van Engeland,
1996; Stevenson et al., 1999). One recent study even found
increasingly age-appropriate scores on tests of receptive
vocabulary and IQ in a VLBW cohort followed from 3 to 8
years of age (Ment et al., 2003). These inconsistencies may
be explained by variations in study methodology. Many
studies, for example, have failed to enroll an appropriate
control group, assessed outcomes at only a single point in
time, or used a limited set of outcome measures. Differ-
ences in sample characteristics, including sociodemo-
graphic status and the proportion of children with extremely
low birth weights or more severe neonatal complications,
may also account for variable results.

A further reason for inconsistency in study findings is
that investigators have rarely used growth modeling tech-
niques to analyze age-related changes in outcomes and
the effects of environmental influences on these changes
(Burchinal et al., 1994). Growth modeling is especially well
suited for analysis of longitudinal follow-up data, as it avoids
unwarranted statistical assumptions required by more tradi-
tional analytic approaches and is more sensitive to individ-
ual variation in growth rates or factors that predict change
(Francis et al., 1991). In one of the few VLBW studies
employing growth modeling, Landry et al. (1997, 1998)
and Miller et al. (1995) followed children with birth weight
,1600 g and gestational age,36 weeks, together with
full-term controls, over a follow-up period extending from
6 to 40 months of age. Growth modeling methods revealed
slower gains in cognitive and social skills in the VLBW
group than in controls. Group differences, moreover, were
moderated by parenting characteristics. For example, Lan-
dry et al. (1998) demonstrated that higher levels of mater-
nal efforts to maintain children’s attention predicted steeper
increases in initiating behaviors, but that this relationship
was stronger for children with VLBW than for controls.
They also found that maternal sensitivity was more strongly
related to increases in children’s initiating behaviors for
children with VLBW who had more severe neonatal com-
plications. To our knowledge, changes in VLBW sequelae

during later childhood have not been examined in this
manner.

The major objective of this study was to investigate
changes in the neuropsychological sequelae of VLBW dur-
ing the school-age years and to explore factors related to
these changes. Our first hypothesis was that children with
VLBW would have poorer neuropsychological outcomes
than term controls throughout a follow-up interval extend-
ing from mean age 7 to 14 years. In view of past demon-
strations of poorer outcomes in children with more extreme
VLBW, we anticipated that sequelae would be more marked
in children with ,750 g birth weight than in those with
750–1499 g birth weight. Given evidence for specific cog-
nitive deficits, we further anticipated that group differences
in some abilities, would remain even when controlling for
IQ or when excluding children with low IQ or neurosensory
disorder. Based on findings from previous longitudinal stud-
ies of children with early neurological insults, our second
hypothesis was that repeated assessments of cognitive abil-
ities across follow-up would reveal slower rates of devel-
opment in the children with VLBW than in the controls,
leading to increasing or later-emerging sequelae. In view of
evidence that environmental factors have strongest effects
on children at greatest biologic risk (Landry et al., 1997,
1998), our third hypothesis was that slowed rates of skill
acquisition associated with VLBW would be most evident
in children from less advantaged environments.

METHODS

Sample Recruitment and Follow-Up

The original sample, which included a regional cohort of
children with ,750 g birth weight, a 750–1499 g birth-
weight group, and a group of children born at term with
normal birth weight, was initially assessed between Novem-
ber, 1990 and January, 1993. The,750 g group comprised
a majority of the survivors (68073 5 93%) of a cohort of
243 ,750 g infants admitted to the three tertiary neonatal
intensive care units in Region V of Ohio between July 1,
1982 and December 31, 1986. The five surviving non-
participants were similar to the children recruited in birth
weight and neonatal medical complications. The 750–
1499 g group consisted of the next-born children from the
same hospital as the children with,750 g birth weight and
matched to these children on race and gender. The term
group was formed by selecting children from the same
schools as the children with,750 g birth weight, of the
same race and gender, and with birth dates within 3 months.
Children with congenital malformations unrelated to pre-
maturity were excluded from the VLBW groups, and no
term child was reported to have such a condition. Because
of recruitment difficulties, the 750–1499 g and term groups
comprised slightly fewer children than the,750 g group.

A follow-up phase of the study began a mean of 4.35
years (SD5 .72, range5 3.18–8.63) after the initial assess-
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ment and involved four additional annual follow-ups. Early
in this phase, we were able to enroll one of the surviving
,750 g children who did not participate in the initial as-
sessment. We also recruited six term matches for slots that
were previously unfilled, and we replaced 9 of the original
term children who had dropped out with matched controls
who were subsequently followed. The rationale for adding
these new participants was to maximize sample size for
study of developmental change. We excluded three,750 g
children from the original sample who were severely dis-
abled and untestable.

Sample Characteristics and Attrition

Table 1 summarizes demographic and neonatal characteris-
tics for the total sample. The groups were similar in terms
of race, sex, age, family composition, and maternal educa-
tion. Comparisons of the two VLBW groups on measures
of neonatal course revealed that the,750 g children had
longer hospitalizations and higher rates of septicemia and
chronic lung disease than the 750–1499 g group. More of
the ,750 g children were also small for gestational age.
Children with neurosensory deficits included 9 (13%) in
the ,750 g group (4 with cerebral palsy, 2 with hearing
loss, and 3 with severe visual impairment) and 5 (8%) in
the 750–1499 g group (3 with cerebral palsy, 2 with hearing
loss, and 1 with severe visual impairment) [x2(1,N5131)5
0.57,p . .1]. None of the term children had these deficits.

Table 2 presents information on sample composition at
each assessment and attrition across follow-up. The groups

did not differ significantly in mean age at any of the four
follow-ups, or in the total number of assessments. Attrition
was defined as the number of children who dropped out
prior to each follow-up due to family moves or unwilling-
ness to continue. Although attrition rates were relatively
low initially, 67 children (34% of sample) dropped out prior
to the final follow-up. Rates of drop out did not differ by
group, race, or gender. However, socioeconomic status
(SES), as measured by the Four Factor Index of Social Sta-
tus (Hollingshead, 1975) was lower in the children who
dropped out compared to those who remained in follow-up
(M at first follow-up of 32.18,SD 5 10.77 for the drop-
outs, compared toM of 36.86,SD5 13.92 for children who
remained in the study (t 5 2.38, df 5 110.79,p , .05).
Although the first estimated IQ obtained by the child, as
defined below, was also lower in the children who dropped
out, this difference was not significant when SES was taken
into account.

Procedures and Measures

Although only neuropsychological testing and measures of
the family environment are considered in this report, assess-
ments also included tests of academic achievement and
parent- and teacher-based ratings of behavior and school
performance. The assessments were completed in single
half-day sessions after obtaining informed consent. Child
tests were given in counterbalanced order across children,
and examiners were not informed prior to testing of chil-
dren’s birth weight or group membership.

Table 1. Sample characteristics

Group

Variable
,750 g
(n 5 67)

750–1499 g
(n 5 64)

Term
(n 5 67)

No. of males (%) 22 (33%) 21 (33%) 23 (34%)
No. of whites (%) 33 (49%) 33 (52%) 33 (49%)
No. of mothers with education$ high school (%) 58 (87%) 49 (77%) 56 (84%)
Mean birth weight in grams (SD)** 670 (66) 1179 (212) 3355 (610)
Mean gestational age in weeks (SD)** 26 (2) 30 (2) Term
Mean length of hospitalization in days (SD)** 128 (73) 57 (37)
No. small for gestational age** 34 (51%) 9 (14%)
Neonatal complications (%):

Grade I–II IVH 17 (26%) 7 (13%)
Grade III–IV IVH, periventricular leukomalacia, or ventricular dilatation 17 (26%) 11 (20%)
Septicemia* 29 (45%) 15 (23%)
Jaundice of prematurity 17 (27%) 25 (40%)
Apnea of prematurity* 59 (89%) 47 (73%)
Necrotizing enterocolitis 4 (6%) 5 (8%)
Chronic lung disease** 28 (43%) 6 (9%)

*Significant group difference,p , .05.
**Significant group difference,p , .01.
Note. SD5 standard deviation; IVH5 intraventricular hemorrhage. Jaundice is defined as maximal indirect serum bilirubin.10
mg0dL (171 per m0L). Chronic lung disease is defined as oxygen dependence for$36 weeks corrected age. Small for gestational age
is defined as birth weight less than the 3rd percentile for gestational age (Usher & McLean, 1969).
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Table 3 lists neuropsychological outcome measures and
the assessments at which they were administered. The rec-
ommended tetrad short form of the Kaufman Assessment
Battery for Children (K–ABC, Kaufman & Applegate, 1988)

was administered to age-eligible children at the time of
recruitment and first follow-up. This test provided an initial
assessment of global cognitive ability but was subsequently
discontinued because of its restricted age range. Subtests of

Table 2. Sample characteristics at each assessment and attrition

Group

Assessment ,750 g 750–1499 g Term Total Sample

Recruitment:
N 66 64 52 182
Mean age in years (SD) 6.7 (0.9) 6.9 (0.9) 7.0 (1.0) 6.9 (0.9)

First follow-up0continued recruitment:
N 62 54 64 180
Mean age in years (SD) 11.3 (1.5) 11.1 (1.3) 11.2 (1.2) 11.2 (1.3)
Attrition 5 (8%) 10 (16%) 3 (4%) 18 (9%)

Second follow-up:
N 52 48 55 155
Mean age in years (SD) 12.3 (1.2) 12.4 (1.4) 12.2 (1.1) 12.3 (1.2)
Attrition 15 (22%) 16 (25%) 12 (18%) 43 (22%)

Third follow-up:
N 48 45 52 145
Mean age in years (SD) 13.2 (1.1) 13.2 (1.3) 13.2 (1.1) 13.2 (1.2)
Attrition 19 (28%) 19 (30%) 15 (22%) 53 (22%)

Fourth follow-up:
N 43 41 47 131
Mean age in years (SD) 14.0 (1.1) 14.1 (1.2) 14.1 (1.1) 14.1 (1.1)
Attrition 24 (36%) 23 (36%) 20 (30%) 67 (34%)

Note.Group differences were not significant. Attrition is defined as the number of children initially recruited who had dropped out by
a given follow-up. Children from the term group who did not return for the follow-up phase of the study but were replaced at the time
of the first follow-up (n5 9) are not counted as drop-outs. Attrition is cumulative, hence drop-out rates at the fourth follow-up reflect
the total number of drop-outs across the entire follow-up interval.

Table 3. Neuropsychological outcome measures

Domain Measure Assessments

IQ WISC–III (Wechsler, 1991):
Vocabulary, Block Design 2–5
Similarities, Object Assembly 3–5

Language CELF–R (Semel et al., 1987):
Oral Directions, Recalling Sentences 1–5
Word Fluency Test (Spreen & Strauss, 1991) 1–5

Perceptual–Motor skills VMI (Beery, 1989) 1–5
Bruininks-Oseretsky Test of Motor Proficiency, Short Form (Bruininks, 1978) 1–5
Purdue Pegboard Test (Gardner, 1979), total score 1–5
ROCF, copy (Bernstein & Waber, 1996) 2–5

Memory CVLT–C (Delis, Kramer, Kaplan, & Ober, 1986): Trials 1–5 total 2–5
ROCF, recall (Bernstein & Waber, 1996) 2–5

Attention and executive function Contingency Naming Test, efficiency score (P. Anderson et al., 2000) 1–5
Verbal Cancellation Test (Mesulam, 1985), total 2–5

Note.WISC–III 5 Wechsler Intelligence Scale for Children, 3rd Edition; CELF–R5 Clinical Evaluation of Language Fundamentals–Revised; VMI5
Developmental Test of Visual–Motor Integration; ROCF5 Rey-Osterrieth Complex Figure; CVLT–C5 California Verbal Learning Test–Children’s
Version. Assessment 15 initial assessment0recruitment; Assessments 2–55 consecutive annual assessments during the follow-up phase of the study. The
total score for the Purdue Pegboard is the sum of the number of pegs placed in the unilateral and bilateral conditions and the number of parts completed
in the assembly condition. Copy and recall scores for the Rey-Osterrieth Complex Figure are the sums of the scores for structural and incidental partsand
for organization. The Contingency Naming Test efficiency score is calculated according to the formula given by P. Anderson et al. (2000) based on the first
three subtests. The total score on the Verbal Cancellation Test is the sum ofA’s crossed out on the sheet in which letters were aligned in rows and on a
second sheet in which letters were randomly arranged.
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the Wechsler Intelligence Scale for Children–Revised
(WISC–III; Wechsler, 1991) were given to evaluate changes
in IQ subtests during the follow-up phase. Additional neuro-
psychological tests were given to assess language skills,
perceptual–motor abilities, memory, and attention and ex-
ecutive function. Previous research supports the validity of
the test battery in evaluating the sequelae of VLBW and
confirms its sensitivity to distinct cognitive functions (Tay-
lor et al., 2000b, 2000d, 2002).

Information on the family environment was collected from
caregivers while the children were being testing. The vast
majority of caregivers were custodial mothers or grandmo-
thers (e.g., 95% at first follow-up). Consideration of multi-
ple measures of the family environment was warranted by
evidence that child outcomes are associated with multiple
risk factors (Bendersky & Lewis, 1994; Bradley et al., 1994;
Burchinal et al., 2000; Hauser-Cram et al., 2001; Taylor
et al., 1998b). The distal family environment was defined
by SES, and the proximal environment by measures of fam-
ily stressors and resources obtained from the Life Stressors
and Social Resources Inventory–Adult Form (LISRES–A;
Moos & Moos, 1994). Parent responses to the LISRES–A
fall into several domains. The Health scale is a self-rating
of health problems and health-related stress, and the Nega-
tive and Positive Life Events scales are based on tallies of
these events. Scores on other scales are based on ratings of
stress and0or support associated with interpersonal relation-
ships. The stressors score was the mean of the T-scores for
six stressors scales (Health, Work, Spouse, Extended Fam-
ily, Friends, and Negative Life Events), with higher scores
reflecting more stressful environments. The resources score
was the mean of the T-scores for five resources scales (Work,
Spouse, Extended Family, Friends, and Positive Life Events),
with higher scores representing more supportive environ-
ments. Only scales pertinent to the respondent were in-
cluded in computing these scores. The birthweight groups
did not differ on any of the three family measures at any of
the assessments. Relationships between these measures at
the initial assessment were as follows: SES with stressors
[ r (178)5 2.13, p , .01]; SES with resources [r (178)5
.33,p , .01]; stressors with resources [r (178)5 2.28,p ,
.01]. Similar relationships were found at each assessment.

Data Analysis

General linear mixed model analysis, also referred to as
hierarchical linear or growth modeling, was employed to
examine child outcomes longitudinally (Burchinal et al.,
1994; Francis et al., 1991). The mixed model approach has
several advantages over more traditional repeated measures
analysis of variance or multivariate analysis of variance.
This approach incorporates estimates of intraindividual cor-
relations across repeated assessments and is thus a sensitive
method for assessing change, as well as group effects. Ad-
ditional advantages are that assessments do not have to be
equally spaced, and that maximum likelihood methods al-
low incomplete longitudinal data to be considered in esti-

mating model effects. A further virtue of this approach is
that predictor factors that change over time can be included
as time-varying covariates, allowing assessment of the con-
current influences of these factors on outcomes.

Data from this study were analyzed using SAS Proc Mixed
(Singer, 1998). In our primary analyses, age (linear change)
and age2 (quadratic change) were modeled as random ef-
fects. Age differences in test performance were assessed by
including terms for the separate and combined effects of
linear and quadratic change. Birthweight group (repre-
sented by contrasts of each VLBW group to the term group),
race, and sex were categorical predictors. The family fac-
tors (SES, stressors, resources) served as time-varying
covariates. Group differences in change were tested by in-
cluding interactions of group with the age factors. Moder-
ating effects of family factors on group differences in change
were tested by including triple interactions of group, the
age factors, and the family factors. Interactions of Group3
Race3 Sex were also entered to determine if the latter
factors moderated group differences. Gender differences in
rates of developmental change prompted us to consider in-
teractions of Sex3 Group3Age (Kowaleski-Jones & Dun-
can, 1999; Roberts et al., 1999). To identify the most
parsimonious models, reduce risks of over-fitting, and op-
timize statistical power, initial models were trimmed by
eliminating non-significant interaction terms.

SES was the only family factor considered in the initial
models. Following trimming, stressors and interactions of
stressors with group and the age factors were added to ex-
amine these effects. Models involving stressors were in turn
trimmed, and the effects of resources then examined in a
similar manner. Main effects for group, race, sex, and SES
were included in all models. Main effects for stressors and
resources were retained if these factors interacted with group
or the age factors, or if they predicted outcomes indepen-
dently of SES. The purpose of this approach was to identify
final models that considered all family factors, while pre-
serving statistical power for tests of effects involving each
individual factor.

Because drop-out was related to SES and this factor was
taken into account in the analysis, these data are considered
ignorable missing (Schafer, 1997). However, following the
recommendations of Jaccard and Guilamo-Ramos (2002),
we also assessed potential bias by labeling cases as having
dropped out of the study by the final follow-up (yesor no).
To assess bias, we re-ran the final models with both the
main effect of drop-out and interactions of this factor with
group, age and age2, and Group3Age3Age2. Absence of
bias in our estimates of group differences was supported by
the fact that drop-out rates were similar across groups and
by lack of evidence for either main effects of drop-out or
effects of this variable on age-related change.

Because of our interest in modeling developmental change,
analyses were conducted on raw scores rather than on age-
standardized scores.Analysis of raw scores is more sensitive
to individual differences in change, as heterogeneity in change
is obscured by norm-based transformations. To evaluate
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statistical significance, child outcomes were grouped by the
domains listed in Table 3 and Bonferroni adjustments were
made using a domain-wise alpha level ofp , .05. To deter-
mine the source of interactions involving any of the three
environmental factors, low and high levels for each factor
were defined in terms of values that fell, respectively, 1 stan-
dard deviation below and above the sample mean. Alpha for
examining simple effects was set atp , .05.

To identify neuropsychological sequelae of VLBW that
were not related to generalized intellectual impairment, we
added estimated IQ to the final models as a time-varying
covariate. For the initial assessment, estimated IQ was
based on the K-ABC Mental Processing Composite, or on
WISC–III prorated IQ for children recruited during the
follow-up phase who exceeded the age range for the K-ABC.
Estimated IQ for 1 child with severe visual problems was
based on Wechsler Verbal IQ. Children who were untest-
able on the K-ABC were assigned a standard score of 55
(4 cases). For the remaining assessments, the estimate was
defined by prorated WISC–III IQ, based on all subtests
administered at a given follow-up. IQ subtests were not
considered as dependent variables in these analyses. Esti-
mated IQ3 Age factor interactions were included in the
models to allow for the possibility that the effects of cog-
nitive ability would vary across age. Estimated IQ3 Group
interactions were also examined, and these effects included
where significant. As a further means for examining the
specificity of sequelae, we repeated the primary analysis
after excluding the 26 children with an initial estimated IQ
,70 or neurosensory disorder.

RESULTS

Total Sample

Group differences that were not moderated
by other model variables

Table 4 summarizes results from the final models that re-
vealed group main effects, but not interactions of group
with other factors. Detailed results from the final models
are available from the first author. Estimated means and
standard errors are given at age 12 years to illustrate out-
comes in the middle stage of follow-up. Simple effects tests
revealed that the,750 g group had poorer outcomes than
term controls on all measures listed in Table 4, and that the
750–1499 g group had poorer outcomes than controls on
the Bruininks-Oseretsky Test of Motor Proficiency and Rey-
Osterrieth Complex Figure (ROCF) recall. As shown in
Table 4, effect sizes for the differences between the,750 g
group and controls were large for all measures listed,
but much smaller for 750–1499 g groupversuscontrol
comparisons.

Group differences in developmental change

Table 5 lists effects from the final models that documented
group differences in change. The two-way interactions of
Group3 Age or Age2 were consistent with hypothesized
group differences in change. Specifically, the,750 g group
made slower gains than the term group on the Develop-
mental Test of Visual Motor Integration (VMI), Purdue

Table 4. Significant effects from mixed model analyses indicating overall group differences in outcome
(only differences not moderated by other factors considered)

Estimated means (SE) at age 12 years Effect sizes

Outcome domain0measure
,750 g
group

750–1499 g
group

Term
group F(df )

,750 g
vs. term

750–1499 g
vs. term

IQ
WISC–III Object Assembly 23.58 (0.96) 27.50 (1.00) 29.69 (.92) 11.26 (2,127)a 0.93 0.33

Language
CELF–R Recalling Sentences 59.25 (1,19) 64.10 (1.23) 66.33 (1.17) 9.50 (2,256)a 0.73 0.23
Word Fluency Test 21.69 (1.04) 25.31 (1.11) 27.24 (1.01) 7.50 (2.272)a 0.70 0.24

Perceptual–Motor skills
Bruininks-Oseretsky Test of Motor Proficiency 54.74 (1.16) 61.70 (1.18) 67.41 (1.15) 33.93 (2,230)a,b 1.26 0.57
ROCF, copy 71.90 (1.58) 83.49 (1.67) 83.55 (1.52) 18.28 (2,267)a 1.01 0.01

Memory
ROCF, recall 50.57 (1.85) 62.06 (1.95) 68.59 (1.77) 25.17 (2,263)a,b 1.30 0.47

Attention & executive function
Verbal Cancellation Test 78.05 (2.04) 88.97 (2.16) 87.01 (1.96) 8.05 (2,270)a 0.59 0.13

a,750 g group scored significantly less well than term group according to simple effects tests.
b750–1499 g group scored significantly less well than term group according to simple effects tests.
Note. SE5 standard error; WISC–III5Wechsler Intelligence Scale for Children, 3rd ed.; CELF–R5 Clinical Evaluation of Language Fundamentals–
Revised, ROCF5 Rey-Osterrieth Complex Figure. AllF’s are significant atp , .01, Bonferroni adjusted. Effect size estimates were defined in terms of
the differences in expected values of least-squares estimates of the intercepts divided by the between-subject standard deviation of the least-squares
estimates. The effect sizes are analogous to Cohen’sd (Cohen, 1988) and represent the difference in standard deviation units between groups in mean
intercepts.

154 H.G. Taylor et al.

https://doi.org/10.1017/S1355617704102038 Published online by Cambridge University Press

https://doi.org/10.1017/S1355617704102038


Pegboard Test, and Contingency Naming Test. This pattern
of findings is illustrated in Figure 1, which shows group
differences in developmental change on the VMI. Similar
group differences in change were found for the other two
measures. Simple effects tests for group differences at each
age (7–14 years) revealed significantly lower scores for the
,750 g group than for controls at each age for all three
measures.

Moderating effects of environmental factors
on group differences

Group differences in other outcomes were moderated by
environmental factors. These moderating effects indicated
that group differences for children from more advantaged

environments were not the same as the group differences
for children from less advantaged circumstances. A Group3
Stressors interaction was found for the CVLT–C [F(2,263)5
4.92,p , .05]. Follow-up of this interaction indicated that
the,750 g group obtained lower scores than the term group
at both high and low levels of stressors, but these differ-
ences were greater at a low level of stressors.

As shown in Table 5, environmental factors also moder-
ated group differences in growth rates for several of the
outcome measures. Inspection of the latter three-way inter-
actions revealed two patterns of group difference in change,
each of which was evident under specific environmental
conditions. The first pattern entailed slower increases in
three test scores for children with VLBW than for term
controls, but only under conditions of environmental advan-
tage. Specifically, at a high level of SES, the,750 g group
progressed more slowly than controls on Block Design; at a
low level of stressors, the,750 g group progressed more
slowly than controls on Oral Directions; and at a high level
of resources, the 750–1499 g group made slower gains than
controls on Vocabulary. To illustrate this pattern, Figures 2a
and 2b plot group differences in change on Block Design at
low and high levels of SES, respectively.

Under above-noted conditions of environmental advan-
tage, differences between the,750 g and term groups in
Block Design and Oral Directions were significant across
follow-up, whereas differences between the 750–1499 g
and term groups in Vocabulary were significant only at age
14 years. The,750 g group also scored significantly less
well than controls on Block Design at a low level of SES,
and on Oral Directions at a high level of stressors. The
latter differences, however, did not vary with age.

The second pattern involved faster increases in four test
scores for the 750–1499 g group than for controls, but only
under conditions of relative environmental disadvantage.

Table 5. Significant effects from mixed model analyses indicating group differences
in rates of change

Outcome domain and measure Effect F(df )

IQ
WISC–III Vocabulary GRP3 AGE0AGE2 3 RES 4.47 (4,254)**
WISC–III Similarities GRP3 AGE0AGE2 3 RES 3.65 (4,116)*
WISC–III Block Design GRP3 AGE0AGE2 3 SES 3.41 (4,253)*

Language
CELF–R Oral Directions GRP3 AGE0AGE2 3 STR 3.41 (4,240)*

Perceptual Motor Skills
VMI GRP3 AGE0AGE2 6.76 (4,256)**
Purdue Pegboard Test GRP3 AGE0AGE2 4.49 (4,251)**

Attention and executive function
Contingency Naming Test GRP3 AGE0AGE2 4.18 (4,355)**

*p , .05, Bonferroni adjusted.
** p , .01, Bonferroni adjusted.
Note.GRP5 group effect; AGE, AGE2 5 age effects; SES5 effect of socioeconomic status; STR5
stressors effect; RES5 resources effect; WISC–III5 Wechsler Intelligence Scale for Children, 3rd ed.;
CELF–R5 Clinical Evaluation of Language Fundamentals–Revised, VMI5 Developmental Test of
Visual–Motor Integration. AGE0AGE2 effects take both AGE and AGE2 into account.

Fig. 1. Model estimates of group means in raw scores across age
for the Developmental Test of Visual–Motor Integration (VMI).
Follow-up of a significant Age Factor3 Group contrast effect (see
Table 5) revealed less rapid age-related gains in the,750 g group
than in the term-born group [F(2,256)5 11.93,p , .01].
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This pattern, which suggests partial “catch-up” with age in
the 750–1499 g group, was evident on Block Design at a
low level of SES, Vocabulary and Similarities at a low level
of resources, and Oral Directions at a high level of stress-
ors. Figure 3a shows this group’s catch-up growth in Vo-
cabulary at a low level of resources. As illustrated in
Figure 3b, catch-up growth was not observed at a high level
of resources. In fact, as mentioned above, the 750–1499 g
group made slower progress in Vocabulary than controls in
this condition.

Under the above-noted conditions of environmental dis-
advantage, differences between the 750–1499 g group and
controls, all favoring the controls, were significant only
prior to age 14 years (Block Design at ages 12 and 13,
Vocabulary at age 11, Similarities at age 12, Oral Direc-
tions at age 7). Under conditions of environmental advan-
tage, differences between the 750–1499 g and control groups
in Block Design and Oral Directions were not significant at
any age, and differences between these groups in Similari-
ties were significant only at age 14 years.

Fig. 2. Model estimates of group means in raw scores across age for the Block Design subtest of the Wechsler
Intelligence Scale for Children, 3rd Edition (WISC–III). The means graphed in 2a and 2b represent performance at a
low and high level of socioeconomic status (SES), as defined by values 1SD below and above the sample mean,
respectively. The age Factor3 Group interaction graphed in 2a (low level of SES) was not significant. Follow-up of the
interaction shown in 2b (high level of SES) indicated that the,750 g group made slower age-related gains than the
term-born group [F(2,262)5 3.64,p , .05]. Analysis of these interactions was justified by a significant age Factor3
Group3 SES interaction (see Table 5).

Fig. 3. Model estimates of group means in raw scores across age for the Vocabulary subtest of the Wechsler Intelli-
gence Scale for Children, 3rd Edition (WISC–III). The means shown represent performance at low and high levels of
family resources, as defined by values 1SD below and above the sample mean, respectively. Follow-up of the
interaction shown in 3a (low level of resources) indicated that the 750–1499 g group made more rapid age-related gains
than the term-born group [F(2,254)5 3.99, p , .05]. Follow-up of the interaction shown in 3b (high level of
resources) indicated that the 750–1499 g group made slower age-related gains than the term controls [F(2,254)5 3.40,
p , .05]. Analysis of these interactions was justified by a significant Age Factor3 Group3 SES interaction (see
Table 5).
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Additional predictors of outcome

Main effects other than group included age or age2, sex,
race, and the three family factors. Advancing age was asso-
ciated with better scores on all tests. Consistent with previ-
ous findings indicating better performances of girls than
boys on tests of verbal list learning and psychomotor effi-
ciency (Donders & Hoffman, 2002; Halpern, 1997), girls
obtained higher scores than boys on the CVLT–C and Ver-
bal Cancellation Test. Gender was additionally related to
rates of change in scores on the Bruininks-Oseretsky and
Purdue Pegboard. In accord with research on sex differ-
ences in development of motor skills (Denckla, 1974), the
initial superiority of girls on these measures dissipated with
age. Also in keeping with past findings (McDermott, 1995;
Pungello et al., 1996), lower scores on several measures
were associated with lower SES or resources, higher stress-
ors, or minority status. Finally, as demonstrated by previ-
ous research (Breslau et al., 2001; Burchinal et al., 2000;
Carta et al., 2001; Espy et al., 2001; Ment et al., 2003),
environmental advantages predicted more rapid gains on
some tests. In this study, higher SES and lower stressors
were associated with more rapid gains in Vocabulary and
Block Design, respectively.

Group differences remaining when controlling
for estimated IQ

Even when controlling for the effects of estimated IQ, the
,750 g group performed less well than controls on the
CELF–R Oral Directions and Recalling Sentences subtests,
Bruininks-Oseretsky, Purdue Pegboard, CVLT–C, and ROCF
copy and recall. These analyses also continued to reveal
catch-up growth on Oral Directions in the 750–1499 g group
relative to controls at a high level of stressors. However,
other group differences in change were no longer significant.

Subsample of Children Without
Neurosensory Disorder or Global
Cognitive Impairment

As further evidence for the selective effects of VLBW, find-
ings from the final models were similar when children with
a low initial estimated IQ or neurosensory disorder were
excluded from analysis. All group main effects listed in
Table 4 remained significant. Several of the interactions
reported in Table 5 were no longer significant, but patterns
of group differences were similar and in many cases mar-
ginally significant. The interactions reported in Table 5 that
remained significant included those for WISC–III Similar-
ities, CELF–R Oral Directions, and VMI. Patterns of group
differences and age-related changes on these measures were
the same as those found in the primary analyses.

Age-Standardized Scores

For descriptive purposes, age-standardized means and stan-
dard deviations were computed at each assessment for mea-

sures with published norms, including prorated WISC–III
subtests and prorated WISC–III IQ, the CELF–R subtests,
VMI, Bruininks-Oseretsky, and CVLT–C (table available
from first author). For the,750 g group, most of these
means ranged from borderline deficient (scores 70–79) to
low average (scores 80–89). Although the 750–1499 g group
scored consistently less well than the term group on these
tests, both groups scored within 1 standard deviation of the
normative means.

DISCUSSION

Support for Hypotheses

In support of the hypothesized persistence of VLBW se-
quelae, the,750 g group scored less well than term-born
controls on every test and across all follow-ups. These find-
ings, along with those of other recent studies (Botting et al.,
1998; Breslau et al., 2001; Rickards et al., 2001; Saigal
et al., 2000), suggest that sparing of function does not occur
for many children with VLBW, at least in terms of attain-
ment of normative levels of ability. Neural reorganization
takes place after early brain insults and permits a limited
form of plasticity in cases of localized lesions (Bates &
Roe, 2001; Carlsson & Hugdahl, 2000; Kolb & Gibb, 2001;
Stiles, 2000). Unfortunately, the brain insults sustained by
children with VLBW are either too diffuse or too disruptive
to neurogenesis to permit fully normal development.

As anticipated based on a gradient of VLBW effects
(Breslau et al., 1996; Klebanov et al., 1994), deficits rela-
tive to term-born children were less pronounced for the
750–1499 g group than for the,750 g group. Whereas the
750–1499 g group did not differ from term controls on
most outcome measures, this group had overall weaknesses
on tests of motor and spatial–constructional skills. A
few other weaknesses were also found, but were evident
only at younger ages for children from disadvantaged en-
vironments, and at later ages for those from advantaged
environments.

Most of the differences between the,750 g group and
the controls remained significant in analyses that excluded
children with low estimated IQ or neurosensory disorders.
Even when estimated IQ was included as a covariate, the
,750 g group scored less well than controls on tests of
language processing and verbal working memory skills,
verbal list learning, and perceptual–motor and spatial–
organizational abilities. These results confirm previous evi-
dence of selective cognitive sequelae and suggest that
children in the,750 g group sustained greater damage to
some brain regions than others (Frisk & Whyte, 1994; Lu-
ciana et al., 1999; Taylor et al., 2000b, 2000c, 2002; Waber
& McCormick, 1995). Given the predilection of children
with VLBW to insults in the periventricular region (Volpe,
1998), including the basal ganglia, hippocampus, and frontal–
striatal circuits, one would expect the above-noted skills to
be especially liable to impairment (Salmon et al., 2001).
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Consistent with hypothesized effects of VLBW on rates
of skill acquisition, the,750 g group made slower age-
related gains on tests requiring perceptual-motor planning,
attention shifting, and speed of processing (see Figure 1).
These findings stand in contrast to the failure of several
previous studies to find differences between VLBW groups
and term-born controls in age-related changes in IQ scores
(Botting et al., 1998; Breslau et al., 2001; Saigal et al.,
2000) and to a recent report of positive gains in receptive
vocabulary and IQ over time in a cohort of children with
600–1200 g birth weight (Ment et al., 2003). The discrep-
ancy may be accounted for by the fact that we assessed a
range of cognitive skills as opposed to a composite IQ mea-
sure, the large number of children with extremely low birth
weight in our cohort, or our analytic approach.

The findings of this study failed to support the hypoth-
esis that group differences in growth rates would be more
pronounced in children from less advantaged family envi-
ronments. Environmental factors moderated group differ-
ences in growth rates, but in ways that were unanticipated.
One pattern of environmental moderation consisted of slower
progress in the VLBW groups relative to controls on some
tests, but only under favorable environmental conditions
(Figure 2). These results indicate that some children with
,750 g birth weight developed more slowly than controls
across a broad range of tests, and that some children with
750–1499 g birth weight were also vulnerable to slowed
rates of development. A second pattern of environmental
moderation entailed catch-up growth in the 750–1499 g
group, but only under less favorable conditions (Figures 3,
a and b). The implication of this pattern is that catch-up
growth can occur (Ment et al., 2003), but that it is not
ubiquitous and is most likely to be observed in children
with less extreme degrees of VLBW.

Explanations for Group Differences
in Rates of Skill Acquisition

Because the raw scores used in analysis were not equal-
interval measures, group differences in change on the VMI,
Purdue Pegboard, and Contingency Naming Test may merely
reflect the poorer overall performance of the,750 g group.
These differences would be expected if a raw score gain of
one unit lower on the performance scale indicated a greater
change in ability than a similar gain higher on the scale.
Evidence for differential growth would also be artifactual if
performance increases at the lower and higher ends of a
scale were driven by different cognitive operations (e.g.,
increased graphomotor precision for gains at the lower end
of the VMI scale, and improved planning and organization
for gains at the upper end of the scale). If this were the case,
the slower progress of the,750 g group could have been
due to a larger group difference in the latter skill, rather
than a group difference in acquisition rate.

However, scaling artifacts seem an unlikely explanation
for all of the group differences in growth rates. Higher lev-
els of performance on the Purdue Pegboard and Contin-

gency Naming Test stem from greater efficiency rather than
from increasing task demands. A more feasible interpreta-
tion of the group differences in these tests is that the chil-
dren with,750 g birth weight, like others with neurological
disorders early in life, have brain-based deficiencies in pro-
cesses underlying skill acquisition (Carr, 1992; Dennis et al.,
1991; Hodapp et al., 1990; Rourke, 1988; Taylor et al.,
2000d). These children either acquire skills more slowly
throughout childhood or have later-emerging deficits. Fac-
tors potentially associated with the presence of a develop-
mental disability, including the cumulative effects of poor
motivation and lack of educational support, also may con-
tribute to group differences in growth rates (Zelkowitz et al.,
1995).

Given that early brain insults were sufficient to slow the
,750 g group’s development on some tests, the lack of
similar group differences across a wider array of tests is
puzzling. Longitudinal studies of children with other early-
onset neurological disorders have also failed to document
pervasive effects of these conditions on skill acquisition
(Cutting et al., 2002; Klapper & Birch, 1967; Taylor et al.,
2000d). Nevertheless, a more general retardation in growth
rates would be predicted based on the,750 g group’s weak-
nesses on the ROCF, VMI, and Contingency Naming Test.
To the extent that these tests tap executive functions (P.
Anderson et al., 2000; Taylor et al., 1996), one would ex-
pect adverse effects on global cognitive development (Schatz
et al., 2000). The lower initial cognitive functioning of the
,750 g group (Taylor et al., 2000b) provides a further ba-
sis for anticipating a pervasive developmental slowing
(Burchinal et al., 1994; Hatton et al., 1997; Keogh et al.,
1997).

The neuropathology associated with VLBW may help
account for the relatively limited effects of,750 g birth
weight on cognitive growth. Brain insults localized to the
basal ganglia and cortical–striatal circuits, for example, may
affect the development of skills subserved by these regions
more so than skills subserved by other neural areas. Noting
relatively isolated deficits in motor and executive functions
in children with subcortical insults, Denckla and Reiss (1977)
proposed that intellectual development need not be ad-
versely affected so long as the prefrontal cortex is intact.
An alternative explanation is that damage to white matter
tracts compromised the development of perceptual–motor
and executive functions more so than other cognitive abil-
ities (Booth et al., 2001; Rourke, 1988; Schatz et al., 2000).
A third interpretation is that the,750 g children compen-
sated for weaknesses in acquisition processes by develop-
ing alternative learning strategies or by receiving extra
assistance or stimulation; and these compensatory pro-
cesses were more effective in mediating development in
some skill areas than in others. We know too little about the
brain status, learning styles, and experiential backgrounds
of the children to distinguish among these interpretations.
An additional possibility is that a more pervasive slowing
of development was present but was too subtle to be de-
tected or obscured by repeated exposure to the test battery.
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The absence of pervasive differences in growth rates be-
tween the,750 g and control groups is especially notable
given the sizeable group differences in performance levels
between the,750 g and term-born groups. The greater
effects of ,750 g birth weight on level of performance
than on change in performance over time suggests that the
mechanisms underlying interindividual differences in cog-
nitive abilities are distinct from those influencing intraindi-
vidual development (Hauser-Cram et al., 2001). This
dissociation also confirms a limited form of sparing in the
,750 g group and is consistent with evidence that children
with early brain lesions make considerable age-related gains
in cognitive ability (Bates & Roe, 2001; Eslinger & Biddle,
2000; Stiles, 2000). M. Anderson’s (1998) theory of the
minimal cognitive architecture provides a theoretical ac-
count for this dissociation. According to Anderson, central
processing capacities and speed are responsible for between-
child variations in intelligence, whereas maturation of in-
formation processing modules underlie developmental
change in mental ability. Because the two routes of knowl-
edge acquisition are independent and subserved by differ-
ent brain systems, certain types of brain insults (i.e., those
that leave modules intact) may impair the level of cognitive
ability without affecting rates of skill acquisition. Although
Anderson does not specify the neural or neuropsychologi-
cal referents for his constructs, his theory demonstrates how
individual difference and developmental perspectives might
be integrated to account for the longitudinal consequences
of VLBW.

Explanations for Moderating Effects
of the Family Environment

So far as we are aware, the two patterns of environmental
moderation on growth rates observed in this study have not
been reported previously. For this reason, replication is
needed and onlypost-hocexplanations can be offered. A
tentative interpretation of slowed acquisition rates in chil-
dren with VLBW from more advantaged environments (Fig-
ure 2) is that children with early brain insults are constrained
in their maximum capacity to benefit from environmental
stimulation (Wolke & Meyer, 1999). This interpretation is
consistent with the above-mentioned possibility of latent
deficits, which would be most prominent among children at
highest biological risk whose development was not other-
wise constrained. In support of this explanation, slower rates
of skill acquisition under conditions of environmental ad-
vantage were found primarily in the,750 g group. The
finding that differences between the,750 g group and con-
trols on the CVLT–C were greater at higher levels of envi-
ronmental advantage can also be explained in terms of a
lesser capacity of the former group to benefit from environ-
mental enrichment.

To explain the catch-up growth of the 750–1499 g group
on some tests under conditions of environmental disadvan-
tage (Figure 3), we speculate that this group may have over-
come or “escaped” the influences of family adversity. One

potential reason for this group’s escape from early environ-
mental risk is an age-related increase in the exposure of
children with VLBW to other more positive social influ-
ences, such as supportive peer interactions or participation
in school and community activities (Rutter, 2000). Another
reason is the later development of self-regulatory abilities
in children with less extreme VLBW that offset their sus-
ceptibility to adverse home environments. The lack of
catch-up growth in the children with,750 g birth weight
could then be explained by a lesser ability of children at
higher biological risk to participate in or profit from social
experiences outside the home, or their more limited self-
regulatory abilities. A further possibility is that the children
with 750–1499 g birth weight were capable of catch-up
growth regardless of environmental conditions, but that
catch-up in children from more advantaged circumstances
occurred prior to the follow-up period. According to this
interpretation, catch-up growth in disadvantaged children
with 750–1499 g birth weight would not be due to escape
from risk, but to a prolongation of the period of catch-up
due to environmental adversity. Because our follow-up did
not begin until school age, we are unable to examine this
possibility.

Limitations

One of the primary limitations of this study was an attrition
rate of approximately 30% by the end of follow-up, with
proportionally greater drop out of children with lower SES.
Disproportionate drop out of children with lower IQ, some
of whom were not capable of testing, is of additional con-
cern and raises doubts as to the representativeness of growth
estimates for children with more extreme cognitive defi-
ciencies. Although SES was taken into account in the analy-
sis, yielding unbiased estimates of model parameters, caution
is advised in generalizing results to the broader VLBW
population.

Other limitations relate to our measurement methods.
Equal-interval test scales would have permitted stronger
conclusions regarding group differences in age-related
change; and modeling of changes in cognitive constructs,
rather than in performance on individual tests, would have
clarified the nature of skill development. Assessment of
environmental influences was likewise limited. We assume
that the influence of our three environmental measures on
cognitive development was due to their associations with
parent–child interactions, the degree of support or oppor-
tunity to learn, and the availability of cognitive stimulation
(Campbell et al., 2001). However, different environmental
characteristics may moderate growth in distinct ways, and
patterns of moderation may vary with the age range across
which children are followed. In contrast to our results,
Landry et al. (1997, 1998) found that advantaged environ-
ments, not disadvantaged ones, were associated with more
rapid development in children with VLBW compared with
controls, or in high- compared with low-risk VLBW sub-
groups. The fact that these investigators defined the envi-
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ronment in terms of parent-child interactions and examined
growth during the preschool years may help account for the
different pattern of moderation observed in their study. Ad-
ditional complexities not addressed in the present study in-
clude possible genetic mediation of environmental influences
on growth rates and likelihood of bidirectional relation-
ships between children’s cognitive outcomes and the family
environment (Rutter, 2000; Rutter et al., 2001).

Implications and Future Directions

We nevertheless conclude from these findings that most
VLBW-related cognitive weaknesses persist throughout the
school-age years, and that risks for these outcomes will be
greatest in the children with more extreme degrees of VLBW.
Some weaknesses may even become more pronounced with
age, justifying continued surveillance of outcomes into ad-
olescence and long-term planning for special education
needs. In view of relatively greater effects on perceptual–
motor, memory, and executive functions, these skills de-
serve special emphasis in assessing children and designing
interventions.

The findings also underscore the importance of taking
children’s environments into account in assessing risks for
adverse outcomes of VLBW or other conditions associated
with early brain insults (Eslinger et al., 1997). Had we failed
to include family factors in our prediction models, we would
have found fewer group differences in acquisition rates.
Likewise, the role of the environment would have been
obscured, as the moderating influence of family factors was
primarily on age-related change. The particular ways in
which group differences in development were moderated
by the environment have additional implications. The slowed
acquisition of some skills in children with VLBW from
more advantaged environments raises the possibility that
these children may become less responsive to environmen-
tal enrichment with age. Data indicating catch-up in the
750–1499 g group under conditions of environmental dis-
advantage indicate that later recovery may be attainable for
some children, perhaps as a result of changes with age in
extra-familial influences or children’s increasing capacity
to self-regulate their learning over time.

Further research is needed to improve measurement of
cognitive outcomes of VLBW and examine associated learn-
ing and behavior problems. Additional research is also re-
quired to enhance prediction of individual differences,
identify the neuropathological basis of differential growth
rates, and explore environmental mechanisms underlying
the effects observed in this study (Taylor et al., 2000c, 2002).
Follow-up of the sample is ongoing and should provide
useful information on later outcomes and brain–behavior
relationships. Longitudinal studies of other VLBW samples
are needed to determine the replicability of these findings.
Similar investigations of children with other neurological
disorders will help expand our understanding of the neuro-
cognitive basis of development and the ways in which the

consequences of brain insults are modified by experience
(Hauser-Cram et al., 2001).
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