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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 weighit50 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 1Q, 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 fagiNi$.2004,10, 149-163.)
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INTRODUCTION achievement are frequently reported. These weaknesses are

Prior to the 1980s, few children with birth weight’50 g found even when controlling for IQ or when excluding chil-

survived. Survival rates have increased dramatically ovedren with cerebral palsy, hearing or vision problems, or
) lobal cognitive impairment (Goyen et al., 1998; Hack et al.,
the last two decades (Hack & Fanaroff, 1999; Hack et al.b g P (Goy

g 1992; Klebanov et al., 1994; Klein et al., 1989; Luoma
1996a). Unfortunately, this increase has not been accompa; o1 1998: Taylor et al., 2000b, 2000c, 2002). Findings
nied by decreased neonatal morbidity or improvements Ir?ndicating that these problems are more frequent and severe

shor'tt)-termf Ofl:'tlt(;omes,'tguftl byqﬂ?n ir(;c(rjeaselz in thet a}bSOIEt children with lower birth weights suggest a gradient ef-
number of chiidren with health and developmental prob=q . (gregiau et al., 1996; Klebanov et al., 1994; Taylor,
lems (Lorenz et al., 1998). Cohorts of children within theZOOOb)

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)

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,
VLBW cohorts also have higher rates of educational dlf-ﬁ'several considerations lead to expectations for age-related

;:ulltlehs_idbeha\ﬁorIfllstorldelrgéghg hialth_pzolalle;ngsgztshfilrn Clor]hcreases in these sequelae. The high rate of neonatal brain
rto (I: |19r§g( 3\(/: ia " - éa Ta”e 3" t: a¥ %insults in VLBW children, including periventricular hem-
etal., a). Wea Nesses in attention and executive un(t‘firrhagicinfarction, periventricular leukomalacia, and asso-
tion, perceptual motor skills, verbal list learning, and mathCiated 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-
Reprint requests to: H. Gerry Taylor, Ph.D., Department of Pediatrics

Rainbow Babies & Children’s Hospital, 11100 Euclid Avenue, Cleveland,‘tibi“ty' of YLBW children tp frontal—striatal pathology, in )
OH 44106-6038. E-mail: hgt2@po.cwru.edu combination with the continued development of these brain
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regions through puberty (Huttenlocher & Dabholkar, 1997),during later childhood have not been examined in this
new or more severe manifestations of early insults maymanner.
emerge as children reach adolescence. Persisting, or evenThe major objective of this study was to investigate
worsening, sequelae of VLBW with advancing age wouldchanges in the neuropsychological sequelae of VLBW dur-
also be consistent with the poor cognitive recovery showring the school-age years and to explore factors related to
by young children with traumatic brain injuries, and with these changes. Our first hypothesis was that children with
the slowed rates of growth in cognitive and achievemen¥LBW would have poorer neuropsychological outcomes
skills exhibited by children with more severe forms of men-than term controls throughout a follow-up interval extend-
ingitis (V. Anderson et al., 2000; Levin et al., 2000; Taylor ing from mean age 7 to 14 years. In view of past demon-
et al., 2000d; Thompson et al., 1994). strations of poorer outcomes in children with more extreme

However, studies examining outcomes of VLBW during VLBW, we anticipated that sequelae would be more marked
the school-age years have yielded mixed results. Some inA children with <750 g birth weight than in those with
vestigations suggest a trend toward increasing problems ov&50-1499 g birth weight. Given evidence for specific cog-
time continuing into adolescence (Botting et al., 1998; Carnitive deficits, we further anticipated that group differences
ran et al., 1989; Cohen et al., 1996; Monset-Couchard et alin some abilities, would remain even when controlling for
1996; O’Callaghan et al., 1996; Taylor et al., 2000b; Zelkow-IQ or when excluding children with low IQ or neurosensory
itz et al., 1995), while others indicate relatively stable de-disorder. Based on findings from previous longitudinal stud-
velopmental sequelae (Breslau et al., 2001; Powls et alies of children with early neurological insults, our second
1995; Richards et al., 1988; Schothorst & van Engelandhypothesis was that repeated assessments of cognitive abil-
1996; Stevenson et al., 1999). One recent study even founitles across follow-up would reveal slower rates of devel-
increasingly age-appropriate scores on tests of receptivepment in the children with VLBW than in the controls,
vocabulary and 1Q in a VLBW cohort followed from 3 to 8 leading to increasing or later-emerging sequelae. In view of
years of age (Ment et al., 2003). These inconsistencies magvidence that environmental factors have strongest effects
be explained by variations in study methodology. Manyon children at greatest biologic risk (Landry et al., 1997,
studies, for example, have failed to enroll an appropriatel998), our third hypothesis was that slowed rates of skill
control group, assessed outcomes at only a single point iacquisition associated with VLBW would be most evident
time, or used a limited set of outcome measures. Differin children from less advantaged environments.
ences in sample characteristics, including sociodemo-
graphic status and the proportion of children with extremely
low birth weights or more severe neonatal complicationsMETHODS
may also account for variable results.

A further reason for inconsistency in study findings is Sample Recruitment and Follow-Up
that investigators have rarely used growth modeling tech-
niques to analyze age-related changes in outcomes anihe original sample, which included a regional cohort of
the effects of environmental influences on these changeshildren with <750 g birth weight, a 750-1499 g birth-
(Burchinal et al., 1994). Growth modeling is especially well weight group, and a group of children born at term with
suited for analysis of longitudinal follow-up data, as it avoidsnormal birth weight, was initially assessed between Novem-
unwarranted statistical assumptions required by more tradber, 1990 and January, 1993. TH&50 g group comprised
tional analytic approaches and is more sensitive to individa majority of the survivors (6&3 = 93%) of a cohort of
ual variation in growth rates or factors that predict change243 <750 g infants admitted to the three tertiary neonatal
(Francis et al., 1991). In one of the few VLBW studies intensive care units in Region V of Ohio between July 1,
employing growth modeling, Landry et al. (1997, 1998) 1982 and December 31, 1986. The five surviving non-
and Miller et al. (1995) followed children with birth weight participants were similar to the children recruited in birth
<1600 g and gestational age36 weeks, together with weight and neonatal medical complications. The 750—
full-term controls, over a follow-up period extending from 1499 g group consisted of the next-born children from the
6 to 40 months of age. Growth modeling methods revealedame hospital as the children with750 g birth weight and
slower gains in cognitive and social skills in the VLBW matched to these children on race and gender. The term
group than in controls. Group differences, moreover, wergroup was formed by selecting children from the same
moderated by parenting characteristics. For example, Larschools as the children witht750 g birth weight, of the
dry et al. (1998) demonstrated that higher levels of matersame race and gender, and with birth dates within 3 months.
nal efforts to maintain children’s attention predicted steepeChildren with congenital malformations unrelated to pre-
increases in initiating behaviors, but that this relationshipmaturity were excluded from the VLBW groups, and no
was stronger for children with VLBW than for controls. term child was reported to have such a condition. Because
They also found that maternal sensitivity was more stronglyof recruitment difficulties, the 750-1499 g and term groups
related to increases in children’s initiating behaviors forcomprised slightly fewer children than tke750 g group.
children with VLBW who had more severe neonatal com- A follow-up phase of the study began a mean of 4.35
plications. To our knowledge, changes in VLBW sequelaeyears SD= .72, range= 3.18-8.63) after the initial assess-
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ment and involved four additional annual follow-ups. Early did not differ significantly in mean age at any of the four
in this phase, we were able to enroll one of the survivingfollow-ups, or in the total number of assessments. Attrition
<750 g children who did not participate in the initial as- was defined as the number of children who dropped out
sessment. We also recruited six term matches for slots thatrior to each follow-up due to family moves or unwilling-
were previously unfilled, and we replaced 9 of the originalness to continue. Although attrition rates were relatively
term children who had dropped out with matched controldow initially, 67 children (34% of sample) dropped out prior
who were subsequently followed. The rationale for addingto the final follow-up. Rates of drop out did not differ by
these new participants was to maximize sample size fogroup, race, or gender. However, socioeconomic status
study of developmental change. We excluded tht@80g  (SES), as measured by the Four Factor Index of Social Sta-
children from the original sample who were severely dis-tus (Hollingshead, 1975) was lower in the children who
abled and untestable. dropped out compared to those who remained in follow-up
(M at first follow-up of 32.18,SD = 10.77 for the drop-
outs, compared tM of 36.86,SD= 13.92 for children who
Sample Characteristics and Attrition remained in the studyt(= 2.38,df = 110.79,p < .05).

Table 1 . d hi d tal ch ¢ Although the first estimated 1Q obtained by the child, as
aple 1 summarizes demographic and neonatal Characterige, e 4 pelow, was also lower in the children who dropped

tics for the total samp!e. The groups were similar in terrnsout, this difference was not significant when SES was taken

of race, sex, age, family composition, and maternal educqhto account

tion. Comparisons of the two VLBW groups on measures '

of neonatal course revealed that ti@50 g children had

longer hospitalizations and higher rates of septicemia angbygcedures and Measures

chronic lung disease than the 750-1499 g group. More of

the <750 g children were also small for gestational age.Although only neuropsychological testing and measures of

Children with neurosensory deficits included 9 (13%) inthe family environment are considered in this report, assess-

the <750 g group (4 with cerebral palsy, 2 with hearing ments also included tests of academic achievement and

loss, and 3 with severe visual impairment) and 5 (8%) inparent- and teacher-based ratings of behavior and school

the 750-1499 g group (3 with cerebral palsy, 2 with hearingperformance. The assessments were completed in single

loss, and 1 with severe visual impairmengf[1,N = 131)= half-day sessions after obtaining informed consent. Child

0.57,p > .1]. None of the term children had these deficits. tests were given in counterbalanced order across children,
Table 2 presents information on sample composition aand examiners were not informed prior to testing of chil-

each assessment and attrition across follow-up. The groughen’s birth weight or group membership.

Table 1. Sample characteristics

Group
<750g 750-1499¢g Term
Variable (n=67) (n=64) (n=67)
No. of males (%) 22 (33%) 21 (33%) 23 (34%)
No. of whites (%) 33 (49%) 33 (52%) 33 (49%)
No. of mothers with educatior high school (%) 58 (87%) 49 (77%) 56 (84%)
Mean birth weight in grams3D)** 670 (66) 1179 (212) 3355 (610)
Mean gestational age in weekS)** 26 (2) 30 (2) Term
Mean length of hospitalization in daySD)** 128 (73) 57 (37)
No. small for gestational age** 34 (51%) 9 (14%)
Neonatal complications (%):
Grade I-Il IVH 17 (26%) 7 (13%)
Grade IlI-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 differencep < .05.

**Significant group differencep < .01.

Note. SD= standard deviation; IVH= intraventricular hemorrhage. Jaundice is defined as maximal indirect serum bilirtitiin
mg/dL (171 per nyL). Chronic lung disease is defined as oxygen dependence36rweeks 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 2. Sample characteristics at each assessment and attrition
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Group

Assessment <7504¢ 750-1499 g Term Total Sample
Recruitment:

N 66 64 52 182

Mean age in yearsSD) 6.7 (0.9) 6.9 (0.9) 7.0 (1.0) 6.9 (0.9)
First follow-up/continued recruitment:

N 62 54 64 180

Mean age in yearsSD) 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 yearsSD) 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 years3D) 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 years3D) 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 (0 = 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 lists neuropsychological outcome measures andlas administered to age-eligible children at the time of
the assessments at which they were administered. The rerecruitment and first follow-up. This test provided an initial
ommended tetrad short form of the Kaufman Assessmerdssessment of global cognitive ability but was subsequently
Battery for Children (K-ABC, Kaufman & Applegate, 1988) discontinued because of its restricted age range. Subtests of

Table 3. Neuropsychological outcome measures

Domain Measure Assessments
(@) 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-IIl = Wechsler Intelligence Scale for Children, 3rd Edition; CELF=FClinical Evaluation of Language Fundamentals—Revised; #MI

Developmental Test of Visual-Motor Integration; ROEGFRey-Osterrieth Complex Figure; CVLT—€ California Verbal Learning Test—Children’s

Version. Assessment= initial assessmeritecruitment; Assessments 2=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 incidedtal parts

for organization. The Contingency Naming Test efficiency score is calculated according to the formula given by P. Anderson et al. (2000) bassd on the f
three subtests. The total score on the Verbal Cancellation Test is the siimavbssed 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—Revisedmating model effects. A further virtue of this approach is
(WISC-III; Wechsler, 1991) were given to evaluate changeshat predictor factors that change over time can be included
in IQ subtests during the follow-up phase. Additional neuro-as time-varying covariates, allowing assessment of the con-
psychological tests were given to assess language skillsurrent influences of these factors on outcomes.
perceptual-motor abilities, memory, and attention and ex- Data from this study were analyzed using SAS Proc Mixed
ecutive function. Previous research supports the validity ofSinger, 1998). In our primary analyses, age (linear change)
the test battery in evaluating the sequelae of VLBW andand agé (quadratic change) were modeled as random ef-
confirms its sensitivity to distinct cognitive functions (Tay- fects. Age differences in test performance were assessed by
lor et al., 2000b, 2000d, 2002). including terms for the separate and combined effects of
Information on the family environment was collected from linear and quadratic change. Birthweight group (repre-
caregivers while the children were being testing. The vassented by contrasts of each VLBW group to the term group),
majority of caregivers were custodial mothers or grandmo+ace, and sex were categorical predictors. The family fac-
thers (e.g., 95% at first follow-up). Consideration of multi- tors (SES, stressors, resources) served as time-varying
ple measures of the family environment was warranted byovariates. Group differences in change were tested by in-
evidence that child outcomes are associated with multipleluding interactions of group with the age factors. Moder-
risk factors (Bendersky & Lewis, 1994; Bradley et al., 1994, ating effects of family factors on group differences in change
Burchinal et al., 2000; Hauser-Cram et al., 2001; Taylorwere tested by including triple interactions of group, the
et al., 1998b). The distal family environment was definedage factors, and the family factors. Interactions of Graup
by SES, and the proximal environment by measures of famRace X Sex were also entered to determine if the latter
ily stressors and resources obtained from the Life Stressoffactors moderated group differences. Gender differences in
and Social Resources Inventory—Adult Form (LISRES—A;rates of developmental change prompted us to consider in-
Moos & Moos, 1994). Parent responses to the LISRES—Aeractions of Sex GroupXx Age (Kowaleski-Jones & Dun-
fall into several domains. The Health scale is a self-ratingcan, 1999; Roberts et al., 1999). To identify the most
of health problems and health-related stress, and the Negparsimonious models, reduce risks of over-fitting, and op-
tive and Positive Life Events scales are based on tallies dimize statistical power, initial models were trimmed by
these events. Scores on other scales are based on ratingsetiminating non-significant interaction terms.
stress angor support associated with interpersonal relation- SES was the only family factor considered in the initial
ships. The stressors score was the mean of the T-scores forodels. Following trimming, stressors and interactions of
six stressors scales (Health, Work, Spouse, Extended Famtressors with group and the age factors were added to ex-
ily, Friends, and Negative Life Events), with higher scoresamine these effects. Models involving stressors were in turn
reflecting more stressful environments. The resources scotemmed, and the effects of resources then examined in a
was the mean of the T-scores for five resources scales (Workjmilar manner. Main effects for group, race, sex, and SES
Spouse, Extended Family, Friends, and Positive Life Events)yvere included in all models. Main effects for stressors and
with higher scores representing more supportive environresources were retained if these factors interacted with group
ments. Only scales pertinent to the respondent were iner the age factors, or if they predicted outcomes indepen-
cluded in computing these scores. The birthweight groupslently of SES. The purpose of this approach was to identify
did not differ on any of the three family measures at any offinal models that considered all family factors, while pre-
the assessments. Relationships between these measuresextving statistical power for tests of effects involving each
the initial assessment were as follows: SES with stressonsdividual factor.
[r(178)= —.13,p < .01]; SES with resourceg (178) = Because drop-out was related to SES and this factor was
.33,p < .01]; stressors with resourceg178)= —.28,p<  taken into account in the analysis, these data are considered
.01]. Similar relationships were found at each assessmenignorable 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-ugé€sor no).
General linear mixed model analysis, also referred to aJo assess bias, we re-ran the final models with both the
hierarchical linear or growth modeling, was employed tomain effect of drop-out and interactions of this factor with
examine child outcomes longitudinally (Burchinal et al., group, age and ageand Groupx Age X Age?. Absence of
1994; Francis et al., 1991). The mixed model approach hakias in our estimates of group differences was supported by
several advantages over more traditional repeated measurdee fact that drop-out rates were similar across groups and
analysis of variance or multivariate analysis of varianceby lack of evidence for either main effects of drop-out or
This approach incorporates estimates of intraindividual coreffects of this variable on age-related change.
relations across repeated assessments and is thus a sensitivBecause of our interestin modeling developmental change,
method for assessing change, as well as group effects. Adnalyses were conducted on raw scores rather than on age-
ditional advantages are that assessments do not have to sindardized scores. Analysis of raw scores is more sensitive
equally spaced, and that maximum likelihood methods altoindividual differencesin change, as heterogeneity in change
low incomplete longitudinal data to be considered in esti-is obscured by norm-based transformations. To evaluate

Data Analysis
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statistical significance, child outcomes were grouped by theRESULTS

domains listed in Table 3 and Bonferroni adjustments were

made using a domain-wise alpha levepof .05. To deter-  Total Sample

mine the source of interactions involving any of the three

environmental factors, low and high levels for each factorGroup differences that were not moderated

were defined in terms of values that fell, respectively, 1 stanby other model variables

dard c_ie_vlatlc_m below and above the sample mean. AlphafoT’able 4 summarizes results from the final models that re-

exam_lnlng_5|mple effects was _sel;caK -05. vealed group main effects, but not interactions of group
To identify neuropsychol_oglcz_il sequelae_of V_LBW that with other factors. Detailed results from the final models

were not related to generalized intellectual impairment, W€, .o available from the first author. Estimated means and

added_ estimated IQ. t_o.the final models as a time-varying;hdard errors are given at age 12 years to illustrate out-
covariate. For the initial assessment, estlmateq IQ WaRomes in the middle stage of follow-up. Simple effects tests
based on the K-ABC Mental Erocessmg _Compos!te, O OMeyealed that the<750 g group had poorer outcomes than

WISC-IIl prorated IQ for children recruited during the term controls on all measures listed in Table 4, and that the

follow-up phase who exceeded the age range for the K'ABC’750—1499 g group had poorer outcomes than controls on

Estm:jated\;\(lg fﬁr Il CC'ldeI'tIh se(\:lﬁ_rlz V'SuaL problems \tNa?the Bruininks-Oseretsky Test of Motor Proficiency and Rey-
ased on Wechsler Verbal 1Q. Children who were untest, sterrieth Complex Figure (ROCF) recall. As shown in

afle on thT: K'ﬁ‘]BC were _a55|gned a stapd?;d sc?_re (:f 53able 4, effect sizes for the differences betweentfi®0 g
(4 cases). For the remaining assessments, the estimate w up and controls were large for all measures listed,

defme_d by prorated.WISC—III IQ, based on all Sut)tQStSbut much smaller for 750-1499 g growersuscontrol
administered at a given follow-up. 1Q subtests were not, :

. X . pmparisons.
considered as dependent variables in these analyses. Esti-
mated 1QX 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¥QGroup  Table 5 lists effects from the final models that documented
interactions were also examined, and these effects includegtoup differences in change. The two-way interactions of
where significant. As a further means for examining theGroup X Age or Age were consistent with hypothesized
specificity of sequelae, we repeated the primary analysigroup differences in change. Specifically, #1&50 g group
after excluding the 26 children with an initial estimated 1Q made slower gains than the term group on the Develop-
<70 or neurosensory disorder. mental Test of Visual Motor Integration (VMI), Purdue

Group differences in developmental change

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

Estimated meansSE) at age 12 years Effect sizes
<750g 750-1499 ¢ Term <7509 750-1499 g
Outcome domaifmeasure group group group F(df) vs.term  vs.term
IQ
WISC-IIl Object Assembly 23.58 (0.96) 27.50 (1.00) 29.69 (.92) 11.26(27127)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).73 0.23
Word Fluency Test 21.69 (1.04) 25.31(1.11) 27.24(1.01) 7.50(2%2272)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 @230).26 0.57
ROCF, copy 71.90 (1.58) 83.49 (1.67) 83.55(1.52) 18.28 (2,267) 1.01 0.01
Memory
ROCEF, recall 50.57 (1.85) 62.06 (1.95) 68.59 (1.77) 25.17 (22863) 1.30 0.47
Attention & executive function
Verbal Cancellation Test 78.05 (2.04) 88.97 (2.16) 87.01(1.96) 8.05 (%270)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. SE= standard error; WISC—IH#Wechsler Intelligence Scale for Children, 3rd ed.; CELF=Rlinical Evaluation of Language Fundamentals—
Revised, ROCF= Rey-Osterrieth Complex Figure. AH's are significant ap < .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 dnesleast-squ
estimates. The effect sizes are analogous to Colte(@ohen, 1988) and represent the difference in standard deviation units between groups in mean
intercepts.
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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 GRP< AGE/AGE? X RES 4.47 (4,254)**
WISC-III Similarities GRPx AGE/AGE? X RES 3.65 (4,116)*
WISC-III Block Design GRPX AGE/AGE? X SES 3.41 (4,253)*
Language
CELF-R Oral Directions GRR AGE/AGE? X STR 3.41 (4,240)*
Perceptual Motor Skills
VMI GRP X AGE/AGE? 6.76 (4,256)**
Purdue Pegboard Test GRPAGE/AGE? 4.49 (4,251)**
Attention and executive function
Contingency Naming Test GRPRAGE/AGE? 4.18 (4,355)**

*p < .05, Bonferroni adjusted.

**p < .01, Bonferroni adjusted.

Note.GRP= group effect; AGE, AGE = age effects; SES effect of socioeconomic status; STR
stressors effect; RES resources effect; WISC—IH Wechsler Intelligence Scale for Children, 3rd ed.;
CELF-R = Clinical Evaluation of Language Fundamentals—Revised, #MDevelopmental Test of
Visual-Motor Integration. AGEAGE? effects take both AGE and AGENto account.

Pegboard Test, and Contingency Naming Test. This patteranvironments were not the same as the group differences
of findings is illustrated in Figure 1, which shows group for children from less advantaged circumstances. A Gpoup
differences in developmental change on the VMI. SimilarStressors interaction was found for the CVLT-F%2,263)=
group differences in change were found for the other two4.92,p < .05]. Follow-up of this interaction indicated that
measures. Simple effects tests for group differences at eathe <750 g group obtained lower scores than the term group
age (7-14 years) revealed significantly lower scores for that both high and low levels of stressors, but these differ-
<750 g group than for controls at each age for all threeences were greater at a low level of stressors.

measures. As shown in Table 5, environmental factors also moder-

ated group differences in growth rates for several of the
Moderating effects of environmental factors outcome measures. Inspection of the latter three-way inter-
on group differences actions revealed two patterns of group difference in change,

each of which was evident under specific environmental
Group differences in other outcomes were moderated byonditions. The first pattern entailed slower increases in
environmental factors. These mOderating effects indicateq']ree test scores for children with VLBW than for term
that group differences for children from more advantagectontrols, but only under conditions of environmental advan-

tage. Specifically, at a high level of SES, th&50 g group

progressed more slowly than controls on Block Design; at a

40 7 ——<750 g group low level of stressors, thez750 g group progressed more
= 35| ——750-1499 g group slowly than controls on Oral Directions; and at a high level
«;3 - - - Term group e T of resources, the 750-1499 g group made slower gains than
@ 30 - ’ controls on Vocabulary. To illustrate this pattern, Figures 2a
$ 25- and 2b plot group differences in change on Block Design at
3 20 | low and high levels of SES, respectively.
§ Under above-noted conditions of environmental advan-
=z 154 tage, differences between the750 g and term groups in
-é 10 - Block Design and Oral Directions were significant across
© s follow-up, whereas differences between the 750-1499 ¢

and term groups in Vocabulary were significant only at age
14 years. The<750 g group also scored significantly less
Age (years) well than controls on Block Design at a low level of SES,

Fig. 1. Model estimates of group means in raw scores across ag@nd on Oral Directions at a_hlgh level OT stressors. The
for the Developmental Test of Visual-Motor Integration (VMI). latter differences, however, did not vary with age.

Follow-up of a significant Age Factot Group contrast effect (see  1he second pattern involved faster increases in four test
Table 5) revealed less rapid age-related gains intfi80 g group ~ scores for the 750-1499 g group than for controls, but only
than in the term-born groud[(2,256)= 11.93,p < .01]. under conditions of relative environmental disadvantage.
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Fig. 2. Model estimates of group means in raw scores across age for the Block Design subtest of the Wechsler
Intelligence Scale for Children,3Edition (WISC—IIl). The means graphed in 2a and 2b represent performance at a
low and high level of socioeconomic status (SES), as defined by val\&d3 Helow and above the sample mean,
respectively. The age FactarGroup 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 ¢1i#50 g group made slower age-related gains than the
term-born groupF(2,262)= 3.64,p < .05]. Analysis of these interactions was justified by a significant age Factor

GroupX SES interaction (see Table 5).

This pattern, which suggests partial “catch-up” with age in  Under the above-noted conditions of environmental dis-
the 750-1499 g group, was evident on Block Design at advantage, differences between the 750-1499 g group and
low level of SES, Vocabulary and Similarities at a low level controls, all favoring the controls, were significant only
of resources, and Oral Directions at a high level of stressprior to age 14 years (Block Design at ages 12 and 13,
ors. Figure 3a shows this group’s catch-up growth in Vo-Vocabulary at age 11, Similarities at age 12, Oral Direc-
cabulary at a low level of resources. As illustrated intions at age 7). Under conditions of environmental advan-
Figure 3b, catch-up growth was not observed at a high leveiage, differences between the 750-1499 g and control groups
of resources. In fact, as mentioned above, the 750-1499 ig Block Design and Oral Directions were not significant at
group made slower progress in Vocabulary than controls irany age, and differences between these groups in Similari-
this condition.

—
Q
N

(b)

ties were significant only at age 14 years.
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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 valuesSD 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 groupF[(2,254) = 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 E{2{281$)E 3.40,

p < .05]. Analysis of these interactions was justified by a significant Age Fact@roup X SES interaction (see

Table 5).
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Additional predictors of outcome sures with published norms, including prorated WISC-III
subtests and prorated WISC-III 1Q, the CELF-R subtests,

Main effects other thaq group included age or ‘ageex, VVMI, Bruininks-Oseretsky, and CVLT-C (table available
race, and the three family factors. Advancing age was aSSQom first author). For the<750 g group, most of these

ciated with better scores on all tests. Consistent with previg, ranged from borderline deficient (scores 70-79) to
ous findings indicating better performances of girls than

b tests of verbal list | ) q h tor effi low average (scores 80—89). Although the 750-1499 g group
0ys onDes 3 N Vngaff'S eazrggnzg. i'n | pSyc 109r3$ or ('al "scored consistently less well than the term group on these

g'g tr;(i:r)l/esj r(w)ighgsscorez trfrl]aar?,boys c;n tﬁep?:r\rl]l,_T C a);]gl\r/eerESts’ both groups scored within 1 standard deviation of the

bal Cancellation Test. Gender was additionally related tonormatlve means.

rates of change in scores on the Bruininks-Oseretsky and

Purdug Pegboard. In accord with' research on sex differn|scuyssioON

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; SUPPOrt for Hypotheses

Pungello et al., 1996)’ lower scores on severe_ll measurgg support of the hypothesized persistence of VLBW se-
were associated with lower SES or resources, higher Stresahelae the<750 g group scored less well than term-born

ors, or minority status. Finally, as demonstrated by PreVIcontrols on every test and across all follow-ups. These find-

ous research (Breslau et al., 2001; Burchinal et al., 2000; . : :
Carta et al., 2001: Espy et al., 2001; Ment et al., 2003)l‘ngs, along with those of other recent studies (Botting et al.,

. tal advant dicted id qai '1998; Breslau et al., 2001; Rickards et al., 2001; Saigal
environmental acvantages predicted more rapid gains og, al., 2000), suggest that sparing of function does not occur

\?VOTE tests.i I? élhi/?/i tsr;[urgy’r h|rghei(; SEiﬁ airrl1dvlowebr f’t:essr?(ﬁr many children with VLBW, at least in terms of attain-
ere assoclate ore rapid gains ocabuiary anGnant of normative levels of ability. Neural reorganization

Block Design, respectively. takes place after early brain insults and permits a limited
Group differences remaining when controlling form of plasticity in cases of localized lesions (Bates &

. Roe, 2001; Carlsson & Hugdahl, 2000; Kolb & Gibb, 2001;
for estimated 1Q Stiles, 2000). Unfortunately, the brain insults sustained by
Even when controlling for the effects of estimated I1Q, thechildren with VLBW are either too diffuse or too disruptive
<750 g group performed less well than controls on theto neurogenesis to permit fully normal development.
CELF-R Oral Directions and Recalling Sentences subtests, As anticipated based on a gradient of VLBW effects
Bruininks-Oseretsky, Purdue Pegboard, CVLT-C, and ROCKBreslau et al., 1996; Klebanov et al., 1994), deficits rela-
copy and recall. These analyses also continued to revedlve to term-born children were less pronounced for the
catch-up growth on Oral Directions in the 750—1499 g group’50-1499 g group than for the750 g group. Whereas the
relative to controls at a high level of stressors. However,750-1499 g group did not differ from term controls on
other group differences in change were no longer significantmost outcome measures, this group had overall weaknesses
on tests of motor and spatial-constructional skills. A
Subsample of Children Without few other weaknesses were also found,_ but were evident

only at younger ages for children from disadvantaged en-

Neurqs_ensory I?lsorder or Global vironments, and at later ages for those from advantaged
Cognitive Impairment environments.

As further evidence for the selective effects of VLBW, find-  Most of the differences between the750 g group and
ings from the final models were similar when children with the controls remained significant in analyses that excluded
a low initial estimated 1Q or neurosensory disorder werechildren with low estimated 1Q or neurosensory disorders.
excluded from analysis. All group main effects listed in Even when estimated IQ was included as a covariate, the
Table 4 remained significant. Several of the interactions<750 g group scored less well than controls on tests of
reported in Table 5 were no longer significant, but patterndanguage processing and verbal working memory skills,
of group differences were similar and in many cases marverbal list learning, and perceptual-motor and spatial—
ginally significant. The interactions reported in Table 5 thatorganizational abilities. These results confirm previous evi-
remained significant included those for WISC—III Similar- dence of selective cognitive sequelae and suggest that
ities, CELF—R Oral Directions, and VMI. Patterns of group children in the<750 g group sustained greater damage to
differences and age-related changes on these measures we@gne brain regions than others (Frisk & Whyte, 1994; Lu-
the same as those found in the primary analyses. 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—
For descriptive purposes, age-standardized means and statriatal circuits, one would expect the above-noted skills to
dard deviations were computed at each assessment for mdae especially liable to impairment (Salmon et al., 2001).

Age-Standardized Scores
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Consistent with hypothesized effects of VLBW on ratesgency Naming Test stem from greater efficiency rather than
of skill acquisition, the<750 g group made slower age- from increasing task demands. A more feasible interpreta-
related gains on tests requiring perceptual-motor planningjon of the group differences in these tests is that the chil-
attention shifting, and speed of processing (see Figure 1Hdren with<<750 g birth weight, like others with neurological
These findings stand in contrast to the failure of severatlisorders early in life, have brain-based deficiencies in pro-
previous studies to find differences between VLBW groupscesses underlying skill acquisition (Carr, 1992; Dennis et al.,
and term-born controls in age-related changes in 1Q scorek991; Hodapp et al., 1990; Rourke, 1988; Taylor et al.,
(Botting et al., 1998; Breslau et al., 2001; Saigal et al.,2000d). These children either acquire skills more slowly
2000) and to a recent report of positive gains in receptivehroughout childhood or have later-emerging deficits. Fac-
vocabulary and 1Q over time in a cohort of children with tors potentially associated with the presence of a develop-
600-1200 g birth weight (Ment et al., 2003). The discrep-mental disability, including the cumulative effects of poor
ancy may be accounted for by the fact that we assessedmaotivation and lack of educational support, also may con-
range of cognitive skills as opposed to a composite IQ meatribute to group differences in growth rates (Zelkowitz et al.,
sure, the large number of children with extremely low birth 1995).
weight in our cohort, or our analytic approach. Given that early brain insults were sufficient to slow the

The findings of this study failed to support the hypoth- <750 g group’s development on some tests, the lack of
esis that group differences in growth rates would be moresimilar group differences across a wider array of tests is
pronounced in children from less advantaged family envipuzzling. Longitudinal studies of children with other early-
ronments. Environmental factors moderated group differonset neurological disorders have also failed to document
ences in growth rates, but in ways that were unanticipatedpervasive effects of these conditions on skill acquisition
One pattern of environmental moderation consisted of slowefCutting et al., 2002; Klapper & Birch, 1967; Taylor et al.,
progress in the VLBW groups relative to controls on some2000d). Nevertheless, a more general retardation in growth
tests, but only under favorable environmental conditiongates would be predicted based onh£50 g group’s weak-
(Figure 2). These results indicate that some children witmesses on the ROCF, VMI, and Contingency Naming Test.
<750 g birth weight developed more slowly than controlsTo the extent that these tests tap executive functions (P.
across a broad range of tests, and that some children withnderson et al., 2000; Taylor et al., 1996), one would ex-
750-1499 g birth weight were also vulnerable to slowedpect adverse effects on global cognitive development (Schatz
rates of development. A second pattern of environmentagt al., 2000). The lower initial cognitive functioning of the
moderation entailed catch-up growth in the 750-1499 g<750 g group (Taylor et al., 2000b) provides a further ba-
group, but only under less favorable conditions (Figures 3sis for anticipating a pervasive developmental slowing
a and b). The implication of this pattern is that catch-up(Burchinal et al., 1994; Hatton et al., 1997; Keogh et al.,
growth can occur (Ment et al., 2003), but that it is not1997).
ubiquitous and is most likely to be observed in children The neuropathology associated with VLBW may help
with less extreme degrees of VLBW. account for the relatively limited effects ef750 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
Because the raw scores used in analysis were not equaklatively isolated deficits in motor and executive functions
interval measures, group differences in change on the VMIin children with subcortical insults, Denckla and Reiss (1977)
Purdue Pegboard, and Contingency Naming Test may merefyroposed that intellectual development need not be ad-
reflect the poorer overall performance of hi&50 g group.  versely affected so long as the prefrontal cortex is intact.
These differences would be expected if a raw score gain ofn alternative explanation is that damage to white matter
one unit lower on the performance scale indicated a greatdracts compromised the development of perceptual-motor
change in ability than a similar gain higher on the scaleand executive functions more so than other cognitive abil-
Evidence for differential growth would also be artifactual if ities (Booth et al., 2001; Rourke, 1988; Schatz et al., 2000).
performance increases at the lower and higher ends of A third interpretation is that thec750 g children compen-
scale were driven by different cognitive operations (e.g.sated for weaknesses in acquisition processes by develop-
increased graphomotor precision for gains at the lower enthg alternative learning strategies or by receiving extra
of the VMI scale, and improved planning and organizationassistance or stimulation; and these compensatory pro-
for gains at the upper end of the scale). If this were the caseesses were more effective in mediating development in
the slower progress of th€ 750 g group could have been some skill areas than in others. We know too little about the
due to a larger group difference in the latter skill, ratherbrain status, learning styles, and experiential backgrounds
than a group difference in acquisition rate. of the children to distinguish among these interpretations.

However, scaling artifacts seem an unlikely explanationAn additional possibility is that a more pervasive slowing
for all of the group differences in growth rates. Higher lev- of development was present but was too subtle to be de-
els of performance on the Purdue Pegboard and Contirtected or obscured by repeated exposure to the test battery.

Explanations for Group Differences
in Rates of Skill Acquisition
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The absence of pervasive differences in growth rates bepotential reason for this group’s escape from early environ-
tween the<750 g and control groups is especially notablemental risk is an age-related increase in the exposure of
given the sizeable group differences in performance levelshildren with VLBW to other more positive social influ-
between the<750 g and term-born groups. The greaterences, such as supportive peer interactions or participation
effects of <750 g birth weight on level of performance in school and community activities (Rutter, 2000). Another
than on change in performance over time suggests that threason is the later development of self-regulatory abilities
mechanisms underlying interindividual differences in cog-in children with less extreme VLBW that offset their sus-
nitive abilities are distinct from those influencing intraindi- ceptibility to adverse home environments. The lack of
vidual development (Hauser-Cram et al., 2001). Thiscatch-up growth in the children witki750 g birth weight
dissociation also confirms a limited form of sparing in the could then be explained by a lesser ability of children at
<750 g group and is consistent with evidence that childrerhigher biological risk to participate in or profit from social
with early brain lesions make considerable age-related gainsxperiences outside the home, or their more limited self-
in cognitive ability (Bates & Roe, 2001; Eslinger & Biddle, regulatory abilities. A further possibility is that the children
2000; Stiles, 2000). M. Anderson’s (1998) theory of thewith 750-1499 g birth weight were capable of catch-up
minimal cognitive architecture provides a theoretical ac-growth regardless of environmental conditions, but that
count for this dissociation. According to Anderson, centralcatch-up in children from more advantaged circumstances
processing capacities and speed are responsible for betweeaecurred prior to the follow-up period. According to this
child variations in intelligence, whereas maturation of in-interpretation, catch-up growth in disadvantaged children
formation processing modules underlie developmentaWith 750-1499 g birth weight would not be due to escape
change in mental ability. Because the two routes of knowl{from risk, but to a prolongation of the period of catch-up
edge acquisition are independent and subserved by diffedue to environmental adversity. Because our follow-up did
ent brain systems, certain types of brain insults (i.e., thoseot begin until school age, we are unable to examine this
that leave modules intact) may impair the level of cognitivepossibility.
ability without affecting rates of skill acquisition. Although
Anderson does not specify the neural or neuropsychologi-L. L

. : Imitations
cal referents for his constructs, his theory demonstrates how
individual difference and developmental perspectives mighOne of the primary limitations of this study was an attrition
be integrated to account for the longitudinal consequenceate of approximately 30% by the end of follow-up, with
of VLBW. 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-
So far as we are aware, the two patterns of environmentaliencies. Although SES was taken into account in the analy-
moderation on growth rates observed in this study have nais, yielding unbiased estimates of model parameters, caution
been reported previously. For this reason, replication ig§s advised in generalizing results to the broader VLBW
needed and onlpost-hocexplanations can be offered. A population.
tentative interpretation of slowed acquisition rates in chil- Other limitations relate to our measurement methods.
dren with VLBW from more advantaged environments (Fig- Equal-interval test scales would have permitted stronger
ure 2) is that children with early brain insults are constrainedconclusions regarding group differences in age-related
in their maximum capacity to benefit from environmental change; and modeling of changes in cognitive constructs,
stimulation (Wolke & Meyer, 1999). This interpretation is rather than in performance on individual tests, would have
consistent with the above-mentioned possibility of latentclarified the nature of skill development. Assessment of
deficits, which would be most prominent among children atenvironmental influences was likewise limited. We assume
highest biological risk whose development was not otherthat the influence of our three environmental measures on
wise constrained. In support of this explanation, slower ratesognitive development was due to their associations with
of skill acquisition under conditions of environmental ad- parent—child interactions, the degree of support or oppor-
vantage were found primarily in th&750 g group. The tunity to learn, and the availability of cognitive stimulation
finding that differences between th€750 g group and con- (Campbell et al., 2001). However, different environmental
trols on the CVLT—C were greater at higher levels of envi-characteristics may moderate growth in distinct ways, and
ronmental advantage can also be explained in terms of patterns of moderation may vary with the age range across
lesser capacity of the former group to benefit from environ-which children are followed. In contrast to our results,
mental enrichment. Landry et al. (1997, 1998) found that advantaged environ-

To explain the catch-up growth of the 750-1499 g groupments, not disadvantaged ones, were associated with more
on some tests under conditions of environmental disadvarapid development in children with VLBW compared with
tage (Figure 3), we speculate that this group may have ovegontrols, or in high- compared with low-risk VLBW sub-
come or “escaped” the influences of family adversity. Onegroups. The fact that these investigators defined the envi-

Explanations for Moderating Effects
of the Family Environment
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ronment in terms of parent-child interactions and examineatonsequences of brain insults are modified by experience
growth during the preschool years may help account for théHauser-Cram et al., 2001).
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