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A relationship between brain responses at birth and later emerging lan- 
guage and reading skills have been shown, but questions remain 
whether changes in brain responses after birth continue to predict the 
mastery of language-related skills such as reading development. To 
determine whether developmental changes in the brain-based percep- 
tual skills are systematically related to differences in word-level reading 
proficiency at age 8 years, brain event-related potentials (ERPs) to 
speech and nonspeech stimuli were recorded annually at the ages of 1 
through 8 years in a sample of 109 typically developing children. Two 
measures of word-level reading (one that requires decoding of real 
words and one of pseudowords) were administered at age 8 years. 
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Growth curve analysis, using the hierarchical linear models, related 
reading performance (average versus low) to the longitudinal matura- 
tion in the ERP waveform peak and latencies. Maturational changes 
(e.g., slope, acceleration, and cubic growth) in N1 amplitude from ages 
1 to 4 were related to proficiency in decoding pseudoword stimuli only, 
with children who were less proficient in decoding pseudowords evi- 
dencing more steeply negative declines in amplitude with age, particu- 
larly at the frontal and parietal recording sites in response to both 
speech and nonspeech stimuli. In contrast, proficiency in decoding real 
words was related to developmental changes in N2 amplitudes from 
ages 4 to 8 only at the parietal recording site, and only in response to 
nonspeech stimuli. The early development of biologically based differ- 
ences in the perception and processing of auditory information con- 
tributes to later group differences in reading proficiencies at school age. 

It now widely recognized that phonological processes provide 
an important  basis for the development  of reading skills. 
Phonological processing refers to the ability to discriminate pho- 
netic contrasts, and includes discrimination of speech sounds 
and categorical perception (voice-onset-time, place of articula- 
tion) as well as the ability to segment and manipulate phonemes 
and larger units. Phonological skills important for analyzing the 
sound patterns in spoken words are present at or near birth and 
others develop in early infancy. For example, young infants can 
discriminate between speech sounds of their native language en- 
vironment and those of other languages (Eilers, 1977; Eilers, 
Wilson, & Moore, 1977; Eimas, Siqueland, Jusczyk, & Vigorito, 
1971; Molfese & Molfese, 1979a, 1979b, 1980, 1985). This sensi- 
tivity changes in later infancy toward an increasing sensitivity to 
contrasts unique to the infant's language environment, a change 
that appears to facilitate language acquisition. Use of these 
phonological contrasts provides one foundation for the rapid 
rise in the proficiency of language expression that is initiated at 
the beginning of the first year where the child learns to match 
expressive sounds to phonological templates (e.g., Huttenlocher, 
Haight, Bryk, Seltzer, & Lyons, 19911). With further development, 
preschool children can segment spoken monosyllable words into 
onsets and rimes, and thus play nursery rhyme games (Vellutino 
& Scanlon, 1987). As they continue to develop, children learn to 
segment polysyllabic words into syllables as they approach 
kindergarten age and monosyllabic words into phonemes 
around first grade (Denton & West, 2002; Liberman, Cooper, 
Shankweiler, & Studdert-Kennedy, 1967). Over the past decade, 
a consensus of findings has emerged among researchers that 
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phonological processing skills are fundamental to language de- 
velopment and to subsequent reading abilities (Brady, 1991; 
Fletcher, Foorman,  Shaywitz,  & Shaywitz ,  1999; Wagner, 
Torgesen, & Rashotte, 1994). 

Although behavioral studies support the validity of phono- 
logical processing among other cognitive skills as important 
skills in the development of reading, what remains unclear are 
the precise mechanisms that underlie the proficient use of 
phonological processing skills in reading. Molfese and Molfese 
(Molfese, Molfese, Key, Modglin, Kelley, & Terrell, 2002; Molfese 
& Molfese, 2002) have postulated that reading and other lan- 
guage proficiencies have a foundation in neurally based speech 
perception abilities. These basic abilities are present from birth 
to a degree, and provide the basis for subsequent language de- 
velopment including phonological and phonemic processing. 
Specifically, at birth, infant perceptual abilities discriminate 
among sound-based variation in the environment (Molfese & 
Molfese, 1979b). For most infants, basic perceptual abilities are 
similar, readily enabling discrimination of speech elements 
within the environment in effective ways. However, for some 
infants, variations in how their brains quickly and efficiently 
detect and process environmental speech-related information, 
as evidenced by differences in auditory event-related potentials 
(ERPs), may disadvantage them in the acquisition of more com- 
plex language-related abilities during subsequent development. 
For these children, such perceptual differences may ultimately 
lead to language delays and/or  faulty or slower processing of 
speech-related information (Kraus et al., 1996; Merzenich et al., 
1996; Molfese and Molfese, 1985, 1997; Tallal et al., 1996), and 
subsequently impact the development of reading skills. 

In this regard, Molfese and Molfese have demonstrated, 
with a longitudinal sample of children, that newborn infants 
can discriminate phonological contrasts such as place of articu- 
lation (e.g., Molfese & Molfese, I979b, 1985), evidenced by dif- 
ferent ERP waveform characteristics reflected in both left 
hemisphere and bilateral hemisphere responses to specific con- 
sonant sounds. By the age of 2 months, infants discriminate be- 
tween voicing contrasts (Molfese & Molfese, 1979a). There are 
cont inued age differences in these abili t ies that stabil ize 
between age 3 and 4 years (Molfese & Molfese, 1988). Further, 
Molfese and Molfese (1985) found that certain components of 
the ERP collected within 2 days of birth to specific consonant 
sounds and their nonspeech analogues predicted language 
performance at age 3 years. Group differences (high versus low 
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language scores) were reflected in a large initial negative peak, 
N1 (peak latency -- 220 ms). A second negative peak, N2 (peak 
latency = 630 ms), also discriminated between these two groups 
of children although it accounted for less variance. These same 
ERP regions also discriminated between different Stanford- 
Binet verbal scores at 5 years of age (Molfese & Molfese, 1997). 
Finally, differences in neonatal ERP waveforms were related to 
reading scores on the WRAT-R at age 8 years in normally devel- 
oping children and children with reading disabilities (Molfese, 
2000; Molfese, Molfese, & Modglin, 2001). The N1 peak latency 
at the right temporal recording site and N1 peak latency at the 
left frontal site for the speech sy l l ab le /g i /  were related to the 
WRAT-R reading subtest score. In hierarchical discriminant 
function models, newborn ERP components accounted for 
nearly 10% of the variance in WRAT-R Reading subtest scores at 
age 8 years, and successfully discriminated between poor and 
normal reading groups. The same right temporal N1 latency to 
/ g i /  was previously identified at 5 years as predictive of the 
Stanford-Binet verbal scores at age 5 (Molfese & Molfese, 1997). 

These findings demonstrated potent relations between new- 
born ERP waveforms, particularly that of the latency of the early 
negative going wave N1, and later language and reading profi- 
ciencies. However, few studies have investigated the develop- 
mental trajectory of ERPs longitudinally. There is evidence of 
maturation of the ERP waveform throughout childhood (Espy, 
Molfese, Simos, & Modglin, 2003), with dramatic changes in ERP 
peak amplitudes and peak latencies, particularly in the preschool 
period. Therefore, individual differences in the developmental 
trajectories of ERP waveforms after birth also might relate system- 
atically to reading skills later in development. Recent advances in 
the analysis of longitudinal data now permit better specification 
of the actual form of the developmental trajectory, particularly in 
the case where the dependent variable truly is on a ratio scale, as 
is the case with both ERP amplitude (lJV) and latency (msec). The 
techniques, known as growth curve analysis or hierarchical linear 
modeling (Willett, 1988; Raudenbush & Bryk, 2002), take advan- 
tage of the nested nature of repeated measurements within a sub- 
ject to yield information s imul taneously  about individual  
differences in growth parameters and systematic group differ- 
ences. For example, such techniques have been utilized success- 
fully to understand outcome following traumatic brain injury in 
children (e.g., Yeates et al., 1997; Francis, Fletcher, Steubing, 
Davidson, & Thompson, 1991), developmental growth in reading 
skills (e.g., Francis, Shaywitz, Stuebing, Shaywitz, & Fletcher, 
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1996), and neurobehavioral development in neonates exposed to 
cocaine prenatally (Espy, Francis, & Riese, 2000; Espy, Riese, & 
Francis, 1997). This approach is particularly useful in the context 
of an extended longitudinal study as subjects with some missing 
data can be included, thereby maximizing the number of children 
who can be studied and expanding the resulting generalizability 
of the findings. 

Evidence from developmental trajectories of ERP wave- 
forms show that individual differences in the development of 
brain-based perceptual skills may be related to subsequent ver- 
bal proficiencies. In typically developing children, Molfese, 
Molfese, and Espy (1999) found that reductions in ERP latency 
of the early, negative waveforms were of smaller magnitude in 
8-year-old children who scored < 95 on the WISC-III Verbal 
Comprehension Index (M = -7.7 msec/year) than in those chil- 
dren who scored > 95 (M -- -12.6 msec/year). Developmental 
changes in the later, positive and negative waveform latencies 
were unrelated to verbal skills at this age. However, peak am- 
plitudes were not investigated, and differential brain ERP re- 
sponses between recording sites and stimulus conditions also 
were not examined to determine whether it was specific speech 
processing or more nonspecific linguistic discriminations that 
differentiated verbal skill proficiency. 

Such findings provide an impetus to investigate broader de- 
velopmental changes in brain-based perceptual skills and to de- 
termine the extent to which developmental trajectories of ERPs 
are related to individual differences in language-related profi- 
ciencies such as reading. Reported here are the results of two dif- 
ferent approaches to the assessment of reading skills: WRAT-R 
Reading subtest (Jastak & Wilkinson, 1984) and the Word Attack 
subtest from the Woodcock-Johnson Psycho-Educational Test 
Battery-Revised (WJ-R) (Woodcock & Johnson, 1989). WRAT-R 
Reading scores are used frequently in studies of word-level 
reading skills, but may not be the best instrument to reveal spe- 
cific relations between perceptual skills and the phonological 
processes that underlie reading. The WRAT-R Reading subtest 
involves the decoding of both regular single words (with simple 
correspondence between grapheme and phonemes) and irregu- 
lar single words (that do not follow grapheme to phoneme 
rules). However, familiarity confounds processing demands on 
the WRAT-R Reading subtest as children may use sight-based or 
whole-word recognition strategies to decode words that are fa- 
miliar, and rely on phonological strategies only on unfamiliar 
words (Share, 1995). Because familiarity is determined in part by 
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proficiency and, at a minimum, differs among individual chil- 
dren, relations between specific brain activity and WRAT-R 
Reading subtest performance may be attenuated. In contrast, the 
WJ-R Word Attack subtest was designed to specifically assess 
single word decoding by using nonsense pseudoword stimuli 
that vary systematically in phonetic difficulty. These nonsense 
pseudoword stimuli should be unfamiliar to all children, pre- 
cluding children from relying on sight-based recognition strate- 
gies. Therefore, using both WRAT-R Reading and WJ-R Word 
Attack subtests enables comparison between how brain-based 
perceptual skills that discriminate between speech and non- 
speech sounds thought to underlie reading abilities (as mea- 
sured by ERPs) are related to performance on these different 
reading tasks. In this study, the developmental trajectory of ERP 
waveform peak amplitudes and latencies from ages 1 through 8 
years were compared in poor and average readers, defined ei- 
ther by using WRAT-R Reading subtest scores or by the WJ-R 
Word Attack subtest scores. The development of ERP wave- 
forms, specifically changes in the N1 peak amplitudes and laten- 
cies, were hypothesized to be related to reading proficiency at 
age 8 years, with a stronger relation for those ERPs recorded to 
speech stimuli compared to nonspeech stimuli. Furthermore, the 
development of ERP waveforms were posited to be related more 
consistently to reading proficiency assessed by the WJ-R Word 
Attack subtest than by the WRAT-R Reading subtest because of 
the more primary engagement of specific phonological process- 
ing skills necessary to subserve reading on the WJ-R Word 
Attack subtest. 

METHODS 

PARTICIPANTS 
ERPs were collected annually from a longitudinal sample of 109 
children (48 males and 61 females), within two weeks of their 
birthday, at ages 1 through 8 years. These 109 children were se- 
lected for study inclusion from the total sample of children who 
participated in the study due to the availability of ERP data col- 
lected on at least three test occasions between the ages of 1 and 8 
years, and for whom reading scores were available at age 8 years. 
ERP data collected at ages 1 through 8 years are included here to 
specifically test whether the development of perceptual skills be- 
yond the newborn period were related to subsequent reading 
abilities, as relations to newborn recordings have been reported 
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elsewhere (e.g., Molfese & Molfese, 2000). All children were full- 
term at birth (M birth gestational age -- 39.42 weeks; SD = 1.95), 
with a mean birth weight of 3417.45 grams (SD -- 654.31). Socio- 
demographically at age 4 years, mean maternal education was 
14.4 years (SD -- 1.0) with an approximate average annual family 
income of $33,000, consistent with families of the surrounding re- 
gion. Handedness measures also were obtained from the children 
using the 10-item short version of the Edinburgh Handedness  
Battery (Oldfield, 1971) at age 7 years, with scores ranging from 
+1.0, indicating a strong right hand preference to -1.0, indicating 
a strong left-hand preference. The mean laterality quotient for 
these 109 children was +0.72 (SD -- 0.46), indicat ing that the 
group as a whole was moderately right handed. 

STIMULI 

Four auditory stimuli that were a subset of the sounds employed 
by Cut t ing (1974), and subsequent ly  by Molfese (Molfese & 
Molfese, 1979a, 1985) were  p resen ted  to each child. Two 3- 
formant speech stimuli were used / b i /  and / g i /  (with band- 
w i d t h s  of 60, 90, and  120 Hz for f o r m a n t s  1, 2, and  3, 
respectively), where  differences in the initial second formant  
transition identified the different consonant s o u n d s , / b / v e r s u s  
/ g / .  Two nonspeech sounds were composed of pure tones (i.e., 
having a bandwid th  of 1 Hz), where  the formants were com- 
puted numerically to exactly match the central frequencies of the 
formants in the speech stimuli, including the initial transitions 
and peak intensity. Because the purpose of this study was to ex- 
amine the relation be tween brain-based perceptual  skills for 
speech versus nonspeech sounds and later reading abilities, dif- 
ferences in ERP waveforms in response to specific consonant 
contrasts such as t h e / b i / a n d / g i / s p e e c h  sounds were not ana- 
lyzed, but rather were collapsed into a single speech stimuli con- 
dition, and the matched nonspeech sounds also were collapsed 
into a single nonspeech stimuli condition. Twenty-five repeti- 
tions of each of the four stimuli were presented in a blocked ran- 
dom order such that they were presented first in one random 
order of four sounds, and then by a different random ordering of 
these four sounds, and so on. Random time intervals that varied 
from 2.5 to 4.0 sec were inserted between each stimulus. 

Following human subject's approval, informed consent was 
obtained from the parent and assent from the child. Six silver 
cup electrodes were placed on the child's scalp using the 10-20 
system (Jasper, 1958), with 1 electrodes placed over the left (T3) 
and right (T4) temporal areas, at the midpoint  between the left 
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or right external auditory meatus and Fz (FL and FR, respec- 
tively), and at the midpoint  between the left or right external 
auditory meatus and Pz (PL and PR, respectively). These elec- 
trodes were referred to electrodes placed on each earlobe and 
linked together (A1, A2). Artifacts related to eye movements  
were moni tored  by means  of supraorbital  and canthal elec- 
trodes placed in relation to the right eye. All pre-test and post- 
test  sca lp  e l e c t r o d e  i m p e d a n c e s  w e r e  < 5 k O h m ,  and  
impedances between scalp sites and the linked-ear references 
varied no more than 1 kOhm in order to maintain the average 
of the two ear references as a true average reference. The aver- 
age impedances obtained prior to testing did not exceed 1.5, 
and post-impedances taken immediately following the test ses- 
sion did not exceed 1.6. 

ERP PROCEDURE 

Digitized values of the ERPs elicited from each child in re- 
sponse to the auditory stimuli were stored online dur ing the 
recording session and subsequently analyzed by the EPACS © 
software package (Molfese, 1988). All ERPs were digitized at 5 
ms intervals for a period of 700 ms post stimulus onset, based 
on earlier work indicating that most of the stimulus relevant 
variability in the ERP signal elicited by these speech and non- 
speech sounds ended at 700 ms following the onset of the stim- 
ulus (Molfese & Molfese, 1979b, 1980, 1985). Artifact rejection, 
defined as peak voltage shifts greater than +/-40 laV for single 
trial responses ,  was  conduc ted  on ERPs ob ta ined  from all 
recording channels to remove ERP data contaminated by myo- 
genic and ocular artifacts. Rejection rates were comparable  
across all children within each age group for each of the stimu- 
lus conditions, with mean artifact rejection rates ranging from 
3% (SD = 4.70) to 13% (SD -- 7.74). Following the artifact reject- 
ing procedure, the single trial data were averaged separately for 
each of the six electrode sites and four stimulus conditions. In 
all, 48,456 averaged ERPs were obtained from the 109 children 
at each age from 1 through 8 years. Finally, ERP voltage values 
were baseline adjusted (separately for each averaged wave- 
form) with respect to average voltage during the 75-ms prestim- 
ulus period prior to calculation of subsequent measures. 

Baseline-to-peak analyses were carried out on all the aver- 
aged waveforms for the 109 children within each age group, 
where a separate grand average ERP first was created for each 
age group (1, 2, 3, 4, 5, 6, 7, and 8 years) by averaging together 
all of the ERPs obtained from the children at that age. These 



EVENT-RELATED POTENTIALS 17 

centroids served as visual guides for two researchers to inde- 
penden t ly  identify the common  peaks at each age across all 
ch i ldren .  In t e r r a t ed  re l iabi l i ty  for peak  iden t i f i ca t ion  was  
greater than .90 for all peak measures. Three peaks, which were 
readily identifiable in both the group average and in all the in- 
dividual subject waveforms, were selected for analyses: the first 
reliable large negative peak deflection (N1) that varied from the 
prest imulus baseline after the onset of the stimulus, the large 
positive peak deflection (P2) that occurred immediately follow- 
ing this negativity, and the next negative peak (N2) that fol- 
l owed  direct ly after the positivity. These peaks  occur red  at 
approximately 200 ms for N1,350 ms for P2, and 475 ms for N2 
across the 3- to 5-year-old groups. The average midpoint  peak 
latencies for the 6- to 8-year-age groups were approximately 150 
ms (N1), 300 ms (P2), and 450 (N2). Based on these latencies, the 
two negative most points and one most positive point were se- 
lected from each individual child's data previously averaged by 
condi t ion and electrode site. The latencies for each of these 
peaks varied across electrode sites and between subjects. The 
maximum amount  of variability al lowed was 50 ms on either 
side of each peak p rede te rmined  in the centroid. Ampl i tude  
and latency values were recorded for each of these three peaks. 

Reading Tests. At age 8 years, children were administered 
two reading tests during yearly testing sessions as part of the lon- 
g i tudina l  study. The Word Attack subtest  of the Woodcock- 
Johnson Psycho-Educa t iona l  Bat tery-Revised (Woodcock & 
Johnson, 1989) was administered to assess nonsense word decod- 
ing, unconfounded by familiarity. In the word attack subtest, chil- 
dren decode single nonsense words, some of which are irregular 
and some of which can be sounded out by regular phonetic rules. 
Normative data are available by age and grade level, where age 
level normative data was used to transform the raw score into the 
resultant s tandard score for grouping participants. The Wide 
Range Achievement Test-Revised (WRAT-R) (Jastak & Wilkinson, 
1984) Reading subtest also was administered to assess real word 
decod ing  abilities. This ins t rument  provides  a t ime-efficient 
index of single word reading. Children are presented with an 
array of 42 words and are instructed to read one word at a time. 
The number  of words read correctly is scored. Normative data is 
available by age and grade level, where age level normative data 
was used to transform the raw score into a standard score for the 
purpose of parsing participants into groups. 

As a group, the sample scored in the average range on both 
ins t ruments  wi th  a mean  WJ-R Word Attack score of 103.60 
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(SD = 19.79) and mean  WRAT-R Reading score of 98.22 (SD = 
14.49). The g r o u p  was  of average  in te l lec tual  abil i ty w i th  a 
mean  verbal composi te  IQ on the Wechsler Intelligence Scale for 
Children-III (Wechsler, 1991) of 108.51 (SD = 11.71). 

A categorical g rouping  scheme was used  to facilitate ease of 
compar isons  of g rowth  trajectories be tween children of differ- 
ent reading abilities. Participants were d iv ided  into groups  by 
their WJ-R Word Attack scores at age 8 years, where  those wi th  
average scores (WA-AVG group) were def ined as those w h o  ob- 
tained a s tandard  score >_ 90, and  chi ldren in the low scoring 
group  (WA-LOW group)  were def ined as those who  scored _< 
89. There were 96 children in the WA-AVG group (M = 106.48, 
SD = 11.80; Range 90-137) and 13 in the WA-LOW group  (M -- 
82.31; SD = 7.17; Range 62-89). The verbal composi te  IQ for the 
WA-AVG group was 109.76 (SD = 9.60) and for the WA-LOW 
group was 97.45 (SD = 11.31). When  the WRAT-R reading stan- 
da rd  scores were  u s e d  to create g roups  us ing  the same  cut- 
score, there were 79 children in the R-AVG group (M = 104.79, 
SD = 9.92, Range 91-126) and 30 in the WR-LOW group  (M = 
80.67, SD -- 8.67; Range 61-89). Mean verbal composi te  IQs for 
the WR-AVG and WR-LOW groups  were  110.02 (SD -- 11.49) 
and 104.60 (SD = 11.56), respectively. 

In these 109 children, a total of 673 ERP recording sessions 
were conduc ted  across the eight-year period.  On average, chil- 
dren were assessed 6.2 times (SD = 1.41) across the observat ion 
per iod from age 1 th rough  8 years ( M a g  e = 4 90 years, S D  a e - -  ~ • g 

2.21), wi th  the average age at the first evaluat ion of 1.78 years 
(SD = 1.00) and at the last evaluat ion of 7.87 years (SD = 0.59). 
There were 8 children wi th  three evaluations,  4 wi th  four eval- 
uat ions,  17 wi th  five evaluat ions,  29 wi th  six evaluat ions,  30 
wi th  seven  eva lua t ions ,  and  20 ch i ld ren  w h o  c o m p l e t e d  all 
eight ERP recording sessions. Correspondingly ,  there were  57 
par t ic ipants  wi th  ERP recordings at 1 year  of age, 61 2-year- 
olds, 82 3-years-olds, 92 4-year-olds, 88 5-year-olds, 91 6-year- 
o l d s ,  100 7 - y e a r - o l d s ,  a n d  102 8 - y e a r - o l d s .  T h e r e  w e r e  
somewha t  fewer 1 and 2 year assessments  because it was more  
c o m m o n  for children this y o u n g  to be less tolerant of the elec- 
t rode p lacement  procedures.  

Not surprisingly, the number  of ERP sessions completed, F (1, 
128) = 31.69, p < .0001, and the age at final session, F (1,128) = 
107.98, p < .0001, differed between the study sample and the 21 chil- 
dren for w h o m  WJ-R Word Attack and WRAT-R Reading scores 
were unavailable at age 8 years (Mnumber of evaluations 4.38; SDnumber 
of evaluations = 1 .28 ;  M a g  e at final evaluation = 5 . 8 6 ,  S D a g  e at final evaluation = 
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1.53). Dropout by age 8 years was relatively uniform across the 
observation period, two children at age 3 years, two at age 4, four 
at age 5, five at age 6, five at age 7, and three at age 8. The groups, 
however, were comparable in the age at first evaluation (missing 
group M = 1.52, SD = 0.75; F [1,128] = 1.23, p > .26) and sex (12 M, 
9 F, X 2 [1, N = 130] -- .03, p > .86). Furthermore, there were no dif- 
ferences in the grand average ERP amplitudes F (1, 55078) = 0.02, 
p > .89 or latencies, F (1, 55078) = 1.40, p > .23 between the study 
sample and the 21 children with missing WJ-R word attack and 
WRAT-R reading scores. In terms of background characteristics, 
the 109 study participants and the 21 children for whom cognitive 
test data was unavailable did not differ in sex, X 2 (1, N = 130) = 
1.97, p > .16, birth weight F (1, 128) = 0.16, p > .69; maternal educa- 
tion F (1,126) = 0.44, p > .51 or family income F (1,122) = 0.01, p > 
.98. Therefore, the missing data mechanism was treated as consis- 
tent with missing at random for the purposes of the subsequent 
analyses (Little & Rubin, 1987; Schafer, 1997). 

A N A L Y S I S  

Growth curve analysis using hierarchical linear model ing was 
utilized to analyze the longitudinal data, with a mixed model  
design and restricted max imum likelihood estimation, using 
SAS PROC MIXED, version 8.2. In order to estimate the indi- 
vidual model  parameters,  individual  growth curves were cal- 
c u l a t e d  by  r e g r e s s i n g  the p e r t i n e n t  ERP w a v e f o r m  p e a k  
ampli tude and latency on child age at evaluation. Two sets of 
models  were fit, uncondit ional models  to determine the shape 
of the developmenta l  trajectories of the ERP waveforms,  and 
condit ional  models  where  the predictors of interest (reading 
group) were related to the growth parameters derived from the 
uncondit ional  models. In these models,  the intercept represents 
the ERP ampli tude or latency at the centered age (age 4 years) 
where  the linear slope parameter  quantified the change in per- 
tinent peak ampli tude or latency per year of child age, also at 
the centered age. The quadratic term represented the extent to 
which the slope of the line tangent to the growth curve trajec- 
tory at 4 years of age increased (i.e., positive in sign) or de- 
creased (i.e., negative in sign), where the cubic term described 
the extent to which this change in the slope of the line tangent 
was at tenuated or amplified. To determine the specific form of 
individual  growth in the uncondit ional  models,  plots of the in- 
d iv idua l  and averaged  g rowth  trajectories were  examined ,  
mean  g rowth  p a r a m e t e r  es t imates  and the var iance  in the 
pa r ame te r  es t imates  were  tested against  a zero value,  and 



20 ESPY, MOLFESE, MOLFESE, AND MODGLIN 

competing covariance structures (unstructured versus autore- 
gressive) were contrasted. 

The unconditional models derived in Espy et al. (2003) were 
used here as they were thought to best represent the growth tra- 
jectories of ERP development across the age range studied. For 
the ampli tude of the two negative peaks--N1 and N2-- the  
growth rates in the early period (from ages 1 through 4 years), 
differed from those observed in the later period (ages 4 through 
8 years). Therefore, for these peaks, the growth was specified 
using a piece-wise coding scheme (Raudenbush & Bryk, 2002) 
that allowed for different growth trajectories and corresponding 
estimated parameters in each of these two periods. Growth was 
described best by a cubic function between ages 1 through 4 
years, with a quadratic form between ages 4 through 8 years. 
Interestingly, the growth in P2 amplitude oscillated around a 
constant; therefore, an intercept-only model best described 
change in P2 amplitude. For ERP latencies, a cubic model best 
described change from ages 1 through 8 years for the N1 peak, 
whereas a quadratic model best fit for the P2 and N2 wave- 
forms. There was evidence of different rates of growth in the 
peak latencies during the early period (ages 1 to 4 years) and 
the later (ages 4 through 8 years). All analyses were centered at 
age 4 years, the transition between the two growth rates for the 
N1 and N2 peak amplitudes. The specific parameter estimates 
of the final unconditional model are available from the first au- 
thor by request. 

Using these baseline developmental growth trajectories, the 
respective predictors of interest, WJ-R Word Attack group and 
WRAT-R Reading group, were included in separate growth 
models as correlates of the maturational change in ERP wave- 
forms. Separate models were run for each grouping (WJ-R Word 
Attack versus WRAT-R Reading) and for each peak amplitude 
and latency, yielding six growth trajectories of interest for each 
grouping. Because Espy et al. (2003) found specific growth dif- 
ferences between electrode sites and speech versus nonspeech 
stimuli conditions, follow-up analyses were run to determine 
whether  there were specific relations between WJ-R Word 
Attack grouping or WRAT-R Reading grouping, and electrode 
recording site by speech versus nonspeech stimuli condition. 
Although hemisphere differences can be noted in the ERP 
waveforms across ages (figures 1 and 2), hemisphere was not 
included as predictor here since ERP differences between hemi- 
spheres did not appear to change across development in Espy et 
al. (2003). In order to minimize spurious findings, these follow- 
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Figure 1. Group averaged auditory ERPs recorded from six scalp 
electrodes, over left and right frontal, temporal, and .pari- 
etal regzons of 1- through 4-year-old infants and chzldren 
in response to speech (solid line) and nonspeech (dashed 
line) syllables. ERPs are averaged across consonant 
sounds. Waveform duration includes an initial 75 ms 
prestimulus baseline period followed by the 925 ms ERP. 
Time calibration markers occur at 50 ms interwTls. 
Central calibration marker is 2.5 I~V. 
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Figure 2. Group averaged auditory ERPs recorded from six scalp 
electrodes, over left. and right frontal, temporal, and p .ari- 
etal regions of chddren from 5 through 8 years of age m 
response to speech (solid line) and nonspeech (dashed line) 
syllables. ERPs are. averaged across consonant sounds 
Waveform duration includes an initial 75 ms prestimulus 
baseline period followed by the 925 ms ERP. Time calibra- 
tion markers occur at 50 ms intervals. Central calibration 
marker is 2.5 I~V. 
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up analyses were conducted only on the effects that were signif- 
icant in the conditional models (e.g., if there were differences in 
the change in N1, but not N2, amplitude with age, specific anal- 
yses of the reading group differences at each recording site for 
speech and nonspeech stimuli conditions were conducted only 
for N1 amplitude). 

RESULTS 

The group averaged  ERPs for each age tes ted from ages 1 
through 8 years that were elicited by the speech and nonspeech 
syllables are presented in figures 1 and 2, respectively. The aver- 
aged ERPs are averaged across the different consonant sounds 
because the effects highlighted in this paper focus on the speech 
versus nonspeech conditions. 

The relations of WJ-R Word Attack and WRAT-R Reading 
groups to the growth parameters that describe the ERP devel- 
opment between ages 1 through 8 years are contained in tables I 
and II, respectively. For WJ-R Word Attack, some growth pa- 
rameters describing development of the ERP N1 and N2 peaks 
differed as a function of group. For the following results, all F 
values reflect those at the centered age of 4 years. For the ERP 
peak N1, the linear slope (F [1, 15634] -- 6.06, p < .02), quadratic 
acceleration (F [1, 15634] = 8.62, p < .003), and cubic (F [1, 15634] 
= 9.13, p < .002) parameters representing change in amplitude 
only during the early observation period from ages 1 through 4 
years differed be tween the Word Attack-average (WA-AVG) 
and Word Attack-low (WA-LOW) groups. Specifically relative 
to the WA-AVG group, the linear rate of change in N1 ampli- 
tude at age 4 years for the WA-LOW group was more steeply 
negative (a rate difference of-7.41 laV), as were the both the 
quadratic acceleration (-8.80 ~V) and cubic (-2.171~V) terms, av- 
eraged across electrode recording sites, stimuli condition, and 
hemisphere. There were no group-related differences in N1 am- 
plitude growth in the later observation period, nor in the rates 
of maturation of P2 or N2 amplitudes. Furthermore, the growth 
trajectories in ERP latencies for the N1, P2, or N2 waveforms 
were comparable between the WA-AVG and WA-LOW. 

As these noted differences were averaged across electrode 
recording site, hemisphere, and stimuli condition, follow-up anal- 
yses were conducted on the growth of N1 and N2 amplitudes to 
determine whether  the specific developmental  trajectories for 
each electrode recording site and speech versus nonspeech stimuli 
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TABLE I. 

Parameter 

Results of the Conditional Models--WJ-R Word Attack Groups. 

Average (_> 90) Low (_< 89) 
WJ-R Word Attack WJ-R Word Attack 

Group (n = 96) Group (n = 13) 

M SE M SE 

N1 - Ampl i tude  
Intercept -12.77**** 0.39 -12.73**** 1.17 

Slope 
Early* -11.52**** 1.00 -18.93"*** 3.01 
Later 0.15 0.31 -0.12 0.92 

Acceleration 
Early** -7.07**** 1.01 -15.87"*** 3.00 
Later 0.10 0.07 0.23* 0.20 

Cubic Early** -1.31 **** 0.25 -3.48**** 0.72 

N1 - Latency 
Intercept 222.75**** 1.83 224.64**** 4.77 
Slope -10.98"*** 0.92 -10.20"** 2.37 
Acceleration -1.26**** 0.32 -0.75 0.83 
Cubic 0.22* 0.10 0.22 0.27 

P2 - Ampl i tude  
Intercept 7.38**** 0.19 7.61"*** 0.48 

P2 - Latency 
Intercept 376.34**** 3.08 376.19"*** 7.83 
Slope -6.75**** 0.83 -4.36*** 2.10 
Acceleration -2.19"*** 0.37 -1.75" 0.93 

N2 - Ampl i tude  
Intercept -6.20**** 0.25 -7.64**** 0.35 
Slope 

Early -5.06**** 0.71 -7.96**** 0.76 
Later 0.29 0.23 1.32"* 0.59 

Acceleration 
Early -3.01"*** 0.69 -4.76**** 0.69 
Later -0.09 0.05 -0.22 0.14 

Cubic Early -0.48* 0.19 -0.79 0.49 

N2 - Latency 
Intercept 522.50**** 3.82 521.68**** 9.73 
Slope -2.11 1.31 -2.72 3.21 
Acceleration -2.64**** 0.54 -1.16 1.37 

Note. Early = ages I through 4 years, Later = ages 4 through 8 years. All ex- 
pected values of growth parameters  at centered age (4 years). 

*p < .05, **p < .01, ***p < .001; ****p < .0001. 
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TABLE II. 

Parameter 

Results of the Conditional Models- -WRAT-R Reading Groups. 

Average (>_ 90) Low (_< 89) 
WRAT-R Reading WRAT-R Reading 

Group (n = 79) Group (n = 30) 

M SE M SE 

Peak 1 - A m p l i t u d e  
Intercept  -212.40 . . . .  0.29 -213.29**** 0.54 
Slope 

Early -212.38 . . . .  1.04 --211.78"*** 2.00 
Later 0.04 0.17 0.19 0.33 

Accelerat ion 
Early -28.24 . . . .  1.14 -27.54**** 2.35 
Later 0.12" 0.06 0.12* 0.06 

Cubic Early -21.61 **** 0.28 -21.44**** 0.58 

Peak 1 - Latency 
Intercept  221.68 . . . .  1.96 226.88**** 3.80 
Slope -210.36**** 0.99 -212.28**** 1.91 
Accelerat ion -21.05 . . . .  0.34 -21.58**** 0.67 

Cubic 0.14 0.11 0.44 0.21 

Peak 2 - A m p l i t u d e  
Intercept  7.23 . . . .  0.20 7.92**** 0.39 

Peak 2 - Latency 
Intercept 376.80 . . . .  3.32 375.07**** 6.35 
Slope -26.41 . . . .  0.90 -26.28**** 1.72 
Accelerat ion -22.40**** 0.40 -23.40*** 0.75 

Peak 3 - A m p l i t u d e  
Intercept** -26.09**** 0.20 -27.21"*** 0.39 
Slope 

Early -25.52 . . . .  0.76 -25.82**** 1.56 
Later** 0.25 0.I3 0.97"** 0.26 

Accelerat ion 
Early -23.49**** 0.82 -23.21"*** 1.72 
Later* -20.08** 0.03 -20.20*** 0.06 

Cubic Early -20.59*** 0.20 -20.50 0.40 

Peak 3 - Latency 
Intercept  519.49 . . . .  4.09 530.17**** 7.82 
Slope -21.62 1.41 -23.88 2.70 
Accelerat ion -22.39**** 0.59 -2.43** 1.12 

Note.  Early = ages 1 through 4 years,  Later = ages 4 th rough  8 years. All ex- 
pected va lues  of g rowth  parameters  at centered age (4 years). 

*p < .05, **p < .01, ***p < .001; ****p < .0001. 
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conditions were related specifically to WJ-R Word Attack groups. 
Analyses were conducted only on those variables that were signif- 
icant in the averaged analyses in order to reduce the likelihood of 
spurious findings, given the number of comparisons that could be 
conducted six for each of three-peak amplitude and latency mea- 
sures). The growth parameters that were related to WJ-R Word 
Attack group are presented in table II. Significant group differ- 
ences are depicted graphically in figures 3 through 6. 

There were specific relations of the early change in N1 ampli- 
tudes in those ERPs recorded to speech sounds at the frontal, 
temporal, and parietal sites. For the frontal (F [1, 2174] = 3.83, 
p < .05) and parietal (F [1, 2174] -- 6.34, p < .01) recording sites, the 
linear change in N1 amplitudes to speech sounds at age 4 years 
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Top: N1 amplitude by W]-R word attack groups for 
frontal recording site, speech stimuli condition. Bottom: 
N1 amplitude by WJ-R Word Attack groups for frontal 
recording site, nonspeech stimuli condition. 
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Figure 4. Top: N1 amplitude by WJ-R Word Attack groups for tem- 
poral recording site, speech stimuli condition. Bottom: N1 
amplitude by, WJ-R Word Attack groups for temporal 
recording sih, nonspeech stimuli condition. 

were more steeply negative in the WA-LOW group relative to the 
WA-AVG group only in the age 1- to 4-year period. The differ- 
ence in the linear slope at age 4 years at the frontal and parietal 
recording sites for speech sound stimuli for the WA-AVG and 
WA-LOW groups was -12.60 and -10.47 lJV, respectively. For the 
frontal recording site, differences in the trajectories of change in 
N1 amplitude between the WA-AVG and WA-LOW groups also 
were evident in the quadratic acceleration and cubic growth pa- 
rameters, both in the speech and the nonspeech stimuli condi- 
tions. In response to speech stimuli, the acceleration (F [1, 2174] -- 
5.72, p < .02) and cubic (F [1, 21741 -- 5.51, p < .02) terms were 
more steeply negative, with respective differences in amplitude 
of -12.55 lJV and -3.01 lJV. A similar pattern of group differences 
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Figure 5. Top: N1 amplitude by WJ-R Word Attack groups for pari- 
etal recording site, speech stimuli condition. Bottom: N1 
amplitude by WJ-R Word Attack groups for parietal 
recording site, nonspeech stimuli condition. 

were observed at the frontal recording site in response to non- 
speech sounds, again where the acceleration (F [1, 2174] -- 3.90, 
p < .05) and cubic (F [1, 2174] -- 4.82, p < .03) terms were more 
steeply negative, by -9.65 laV and -2.49 tJV, respectively. 

For the parietal  recording site, the quadrat ic  acceleration 
(F [1, 2174] -- 8.05, p < .005) and cubic change (F [1, 2174] -- 8.89, 
p < .003) in N1 amplitude during the early observation period also 
differed between the WA-AVG and WA-LOW groups, but only for 
the speech sound stimuli condition. Again, the magnitude of the 
effects for the quadratic and cubic change in N1 amplitude during 
the period from 1 through 4 years were more steeply negative 
with the group difference in quadratic acceleration and cubic 
growth parameters of -10.47 ~V and --2.85 laV, respectively. 
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Top: N2 amplitude by WRAT-R Reading groups for pari- 
etal recording site, speech stimuli condition. Bottom: N2 
amplitude by WRAT-R Reading groups for parietal 
recording site, nonspeech stimuli condition. 

Interestingly, for the temporal recording sites, the WJ-R 
word attack groups differed in the development of the N1 am- 
plitude, only in the nonspeech stimuli condition. The linear 
change in N1 amplitude in response to nonspeech sounds at the 
temporal recording sites for the WA-LOW group was more 
steeply negative (-6.78 pV), than those for the WA-AVG group, 
F (1, 2174) = 4.92, p < .03, where this difference was apparent 
only for the early developmental period between ages 1 and 4 
years. Furthermore, the quadratic acceleration, F (1, 2174) = 
6.13, p < .02, and cubic, F (1, 2174) = 6.30, p < .02, parameters for 
N1 amplitude growth were more negative for the WA-LOW 
group, relative to the WA-AVG group, again only for the early 
period by -7.53 t~V and 1.82 laV, respectively. 
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Figures 3, 4, and 5 depict the growth curves for the N1 
waveform for the frontal, temporal and parietal recording sites, 
respectively. In figure 3, differences in the growth parameters as 
a function of WJ-R Word Attack groups are evident. The N1 am- 
plitude recorded at the frontal leads in response to speech stim- 
uli were more negative during the early observation period 
with steeper changes in amplitude, particularly between ages 2 
and 3, and 3 and 4 years. Such a consistent pattern between 
groups also is evident for the nonspeech stimuli depicted in the 
bottom half of figure 3, although the group differences in the 
magnitude of the developmental changes are attenuated. A pat- 
tern similar to that observed at the frontal recording sites is evi- 
den t  in f igure 5 for the par ie ta l  sites,  where  there are 
pronounced differences in N1 amplitudes recorded in response 
to speech sounds between the WA-AVG and WA-LOW groups 
in the early observation period, with steeper changes in ERP 
growth in the WA-LOW group for the speech condition and 
more attenuated changes for the nonspeech condition. 

In contrast, for the temporal recording sites depicted in fig- 
ure 4, the difference in the developmental trajectories between 
the WA-AVG and WA-LOW group was evident only for the 
nonspeech stimuli conditions. In response to speech stimuli, the 
growth trajectories of N1 amplitudes are similar between the 
WA-AVG and WA-LOW groups. For nonspeech sounds, change 
in N1 ampli tudes for children in the WA-LOW group was 
steeper during the early observation period than for children in 
the WA-AVG group. 

For WRAT-R reading groups, the group-related differences 
in the trajectories of ERP development differed substantially rel- 
ative to results for the groups formed using WJ-R Word Attack. 
In table II, growth parameters describing development of the 
N2 peak amplitude as a function of group are shown. For peak 
N2, the expected ampl i tude  at age 4 years,  l inear  slope, 
quadratic acceleration in amplitude during the later observation 
period from ages 4 through 8 years only differed between the 
WRAT-R average (WR-AVG) and WRAT-R low (WR-LOW) 
groups. Specifically relative to the WR-AVG group, the ex- 
pected amplitude at age 4 years was more negative for the WR- 
LOW group by -1.12 pV, F (1, 15634) = 7.93, p < .005. The linear 
rate of change in N2 amplitude at age 4 years for the WR-LOW 
group was more steeply positive, F (1, 15634) -- 7.71, p < .006, 
relative to that of the WR-LOW group. Interestingly, the differ- 
ence in the quadratic acceleration of N2 amplitude growth also 
was steeper in the WR-LOW group in comparison to that of the 
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WR-AVG; however ,  here, accelerat ion was  more  negative;  that 
is, a greater  a t tenuat ion  in the more  posit ive slope wi th  advanc-  
ing age, F (1, 15634) = 3.87, p < .05. These group-re la ted  differ- 
ences in N2 g rowth  were  ev ident  only  for the later observat ion 
pe r i od ;  tha t  is, f r o m  age  4 t h r o u g h  8 years .  The re  w e r e  no 
group-re la ted  differences in N2 ampl i tude  g rowth  in the early 
observa t ion  per iod,  nor  in the ma tu ra t i on  of N1 or P2 ampli-  
tudes.  Finally, WRAT-R reading groups  were  comparable  in the 
trajectories of ERP g rowth  for the N1, P2, and N2 latencies. 

Table III contains the group-related differences in N2 ampli- 
tude  growth,  broken d o w n  by electrode recording site and stimuli 
condition. Group  related differences were  apparen t  only  in the 
nonspeech st imulus condition at the parietal recording site. The 
linear slope of N2 ampl i tude  growth  dur ing  the later observation 
period for the WR-LOW group was 1.81 laV more  than the WR- 
AVG group at age 4 years, F (1, 2174) = 5.05, p < .03. Acceleration 
also was more  steeply negative in the WR-AVG group dur ing  the 
same period, F (1, 2174) --- 3.81, p < .05 relative to the WR-AVG 
group for the nonspeech stimuli condition at the parietal record- 
ing site only. There  were  no g roup- re la ted  di f ferences  in ERP 

TABLE III. Significant Group Differences in ERP Peak Amplitudes by 
Recording Site and Stimuli Conditions (n = 109) at centered age (4 years). 

Predictor Frontal Temporal Parietal 

N1Amplitude 
Speech 

Nonspeech 

WJ-R Word Attack Grouping 

ES, -12.60" None ES, -10.47" 
EA, -12.55" EA, -11.55"* 
EC, -3.01 * EC, -2.85"* 

ES, -6.78* 
EA, -9.65* EA, --7.53* 
EC, -2.49* EC, -1.82" 

WRAT-R Reading Grouping 

N2 Amplitude 

Speech None None 

Nonspeech None None 
I, -2.12"* 

LS, 1.81" 

LA, -0.38* 
Note. All expected values of growth parameters at centered age (4 years). ES 

= Early Slope, ages 1 through 4 years, EA = Early Acceleration, ages 1 through 4 
years, EC = Early Cubic, ages 1 through 4 years, I = Intercept; LS = Later Slope, 
ages 4 through 8 years; LA = Later Acceleration, ages 4 through 8 years. 

*p < .05, **p < .01.Correlates of ERP Growth 
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growth (slope, acceleration, or cubic parameters) at the frontal or 
temporal recording sites, regardless of the stimuli condition, nor 
at the parietal site for the speech conditions. There was a differ- 
ence in expected amplitude at age 4 years between the WR-LOW 
and WR-AVG groups of-2.12 gV, F (1, 2174) = 7.11, p < .008 for the 
speech condition at the parietal site only. 

The group-related differences in the trajectory of develop- 
ment of the N2 amplitude at the parietal recording site for the 
WRAT-R reading groups are depicted in figure 6. In the non- 
speech condition (bottom of figure 6), the more positive rate of 
change in amplitude in the later observation period from ages 4 
through 8 years is apparent where the difference between the 
WR-LOW and WR-AVG groups attenuates over time. For the 
speech condition, there is a consistent difference in N2 ampli- 
tude that is apparent across nearly all ages, with no significant 
differences in the shape of the trajectory, indicating linear 
slopes, acceleration and cubic parameters of similar magnitude. 

DISCUSSION 

The purpose of the study was to examine changes in the develop- 
ment of ERP waveforms, specifically changes in the peak ampli- 
tudes and latencies of ERP waveforms to speech and nonspeech 
stimuli for a systematic relation to differences in reading profi- 
ciency at age 8 years. The development of ERP waveforms were 
posited to be more consistently related to reading proficiency as- 
sessed by the WJ-R Word Attack subtest than by the WRAT-R 
Reading subtest due to stronger reliance on phonological skills to 
decode pseudowords on the WJ-R Word Attack that are not con- 
founded by familiarity as in the WRAT-R Reading subtest. 

As predicted,  and similar to earlier work reported by 
Molfese and Molfese, the relations between ERP responses to 
speech stimuli and reading scores was most evident for the 
early processing component, the N1 ERP waveform. The N1 
waveform that was related to nonsense single pseudoword 
reading here is consistent with previously observed relations 
between the N1 waveform from newborn ERPs and language 
abilities at age 3 and 5 years (Molfese & Molfese, 2000), and the 
identification of reading in disabled readers at age 8 (Molfese, 
2000; Molfese, Molfese, & Modglin, 2001). The present findings 
suggest that it is not just biologically based differences in the 
processing auditory information in the newborn brain that un- 
derlie later cognitive proficiencies. In addition, it is the early de- 
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velopment (between the ages of 1 and 4 years) of these brain- 
based perceptual skills, manifested by changes in ERP N1 am- 
pl i tudes ,  that  provides  a dynamic  pla t form for the later 
development of language related abilities such as reading skills. 

The change in amplitude in the N1 waveform from ages 1 
through 4 differed between average and poorer readers defined 
by the WJ-R Word Attack subtest. In this early developmental 
period, the changes in N1 amplitude also were most dramatic, 
relative to age 4 years and beyond. Given the basic and funda- 
mental nature of perception, it is not surprising that only early 
changes in perceptual abilities are related to subsequent non- 
sense pseudoword reading proficiency. The observed differences 
in the development of these basic neurally based perceptual abil- 
ities may underlie the faulty processing of speech-related infor- 
mation postulated by other researchers as under ly ing  the 
development of reading skills (Kraus, et al., 1996; Merzenich, et 
al., 1996; Tallal, et al., 1996; LeppSnen, et al., 2002). 

The nature of these individual differences in the N1 ERP 
waveform is important. The present study clearly indicates that 
variations in the development of N1 amplitudes after birth are 
related to subsequent reading proficiency. In less proficient read- 
ers, the N1 amplitudes were consistently more negative with a 
more rapid rate of change in the early observation period. 
Because ERPs likely reflect the maturation of neuronal activation 
patterns in the auditory cortex, both in neuronal circuitry (i.e., 
anatomy) as well as neuronal signaling (i.e., function) (Nunez, 
1981; Molfese, Molfese, & Kelly, 2001), these amplitude differ- 
ences suggest that less proficient readers recruit greater cortical 
surface or volume than average readers to perceive auditory in- 
formation that is critical for reading. Support for this hypothesis 
is provided by recent findings using high density array ERP 
techniques in which greater amplitude responses distributed 
over broader brain regions is observed in dyslexic/poor readers 
compared to average readers (Molfese, et al., 2003). 

Unlike Molfese, Molfese, and Modglin (2001) who related 
newborn N1 amplitudes and latencies to the decoding of regular 
and irregular words in disabled readers, only differences in rates 
of maturation change in N1 amplitude were related specifically 
to nonsense pseudoword reading proficiency at age 8 years in 
the present study. Taken in combination with the preliminary ev- 
idence of the relation between N1 latency changes and verbal in- 
telligence at age 8 years (Molfese, Molfese, & Espy, 1999), the 
amplitude differences may reflect more specific relations be- 
tween brain efficiencies in auditory perceptual processing, 
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whereas latency changes may be more associated with general 
intellectual differences. Leppanen and Lyytinen (1997) have sug- 
gested that N1 amplitude differences between average and poor 
readers reflect both attention and "tuning" of the auditory sys- 
tem, where ERP latency differences may be related to a common 
timing deficit. Alternatively, variation in ERP latencies in the 
newborn period (Molfese, 2000) may be related to later language 
proficiencies, which could be investigated systematically in the 
future with a larger and more diverse sample of children with 
lower intelligence and/or  language scores. 

Our hypothesis that the early developmental trajectories of 
ERPs recorded in response to speech sounds are related more 
strongly to later reading proficiency was supported partially, at 
the frontal and parietal recording sites. Differences in the early 
development of ERPs to nonspeech stimuli also were related to 
subsequent nonsense pseudoword reading abilities at the tem- 
poral and frontal recording sites. These findings suggest that 
perceptual mechanisms to the full sound spectrum, both speech 
and nonspeech sounds, are important in later reading ability. 
Kuhl, Andruski ,  Christovich, and Christovich (1997) have 
shown that sensitivity to native and non-native language con- 
trasts change during infancy, as the infant gradually loses sensi- 
tivity to the non-native language sounds as enculturation in the 
native language context and environment progresses. Infants 
whose language context differs, for example, within a bilingual 
environment, have a different pattern of change in sensitivity. 

For reading, individual differences in the development of gen- 
eral perceptual abilities, which include neural responsivity to both 
speech and nonspeech sounds, are related to later nonsense word 
reading. Although there were reading group-related differences 
for speech and nonspeech stimuli by recording site, the localiza- 
tion of the source of the ERP within the brain is not isomorphic 
with the recording location due to the signal propagation patterns 
across brain tissue of different densities and skull. Therefore, scalp 
ERP recordings and voltage shifts across the scalp are not neces- 
sarily immediately adjacent to the underlying neural mechanisms 
that generate these voltages. In order to determine the spatial dis- 
tribution within the brain of such neural generators of the specific 
ERP signals, source analyses (e.g., BESA) (Scherg & Berg, 1996) 
need to be used that require recordings from a much larger num- 
ber of electrodes in a high density array. 

Finally, group-related differences in ERP development were 
more consistent when groups were selected according to WJ-R 
Word Attack subtest performance than when WRAT-R Reading 
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scores were used. Although N1 waveforms collected at birth 
have been related to WRAT-R performance in Molfese, Molfese, 
and Modglin (2001), in that study, the focus was on group dif- 
ferences in reading abilities. When the WRAT-R was used to se- 
lect reading groups in the present  study, ERP waveform 
differences also were evident; however, it was in the amplitudes 
of the second negative peak, N2, and only at later observation 
period from ages 4 through 8 years. Group differences were re- 
stricted further to the parietal recording site and differences in 
the change in amplitude were evident only for the nonspeech 
condition. These group related differences were not nearly as 
robust as those when reading groups were defined using the 
WJ-R Word Attack subtest, presumably related to the different, 
nonphonologically based cognitive processes that can be em- 
ployed on the WRAT-R when some of the words are familiar. 
Behaviorally, p seudoword  reading is considered to more 
strongly engage phonological processing abilities. The findings 
confirm this supposition by demonstrating greater specificity in 
the relation of developing brain-based measures of auditory 
perception and pseudoword reading. 

These findings must be considered in the context of study 
limitations. Although a large sample of children were studied, 
relatively few of this general population of children obtained 
scores of < 90 on the WJ-R Word Attack subtest. Although the 
growth parameter estimates for these children are likely quite 
stable, as children were followed longitudinally for such a long 
period of time and were assessed an average of six times during 
the observation period, sample variation may have contributed 
to these results. Because relatively fewer children scored at 
these low levels, reading groups were formed on the basis of 
performance cut-offs that are higher than those that might be 
used with a population with more variability in performance 
scores to examine differences in brain-based perceptual skills, as 
manifested by ERP development and later reading proficiency. 
A larger sample that included more children with very poor 
WJ-R Word Attack scores would be useful to further test the 
nature of the observed relations. Because ERPs discriminated 
between readers across such a narrow range of reading levels, 
discriminabilty might be further enhanced if children with a 
broader range of skills were tested. Nonetheless, one important 
aspect of the present design is the use of hierarchical linear 
models that specify the developmental processes of ERP change 
to speech and nonspeech sounds in chi ldren from ages 1 
through 8 years. These models offer a powerful approach to 
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better understand the true developmental trajectories of basic 
perceptual skills and cognitive abilities, and highlight the indi- 
vidual variation among children that may be an important de- 
terminant of later academic success. 
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