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This study modeled relations among maternal background variables, pregnancy-related 
variables, and physical indicators at birth with later offspring cognitive outcomes during 
infancy and childhood in a sample of children of mothers with phenylketonuria (PKU). 
Participants were the 413 children and their mothers from the International Maternal 
PKU Collaborative Study. We used structural equation modeling to estimate effects of 
background variables and sets of mediator variables on offspring mental ability measures 
at 1, 2, 4 and 7 years of offspring age. Mothers had a mean IQ of 85.9, about one SD 
below the population mean, and average education of completion of high school. 
Maternal background variables had hypothesized correlations with pregnancy-related 
variables, but only severity of the mother’s PKU genetic defect had a large effect (β = 
0.50) on the key pregnancy variable, average phenylalanine (PHE) in mother’s blood 
during pregnancy. In turn, average PHE in mother’s blood during pregnancy had large 
direct effects on birth size (length and weight) (β = ‒0.37), birth head circumference (β = 
‒0.54), and child IQ at 1 year (β = ‒0.51), and substantial lagged effects on child IQ at 2 
and 4 years of age (βs = ‒0.32 and ‒0.38, respectively). Average PHE in mother’s blood 
during pregnancy largely mediated effects of maternal background variables on infant 
and childhood cognitive outcomes. The results have implications for our understanding 
of early development of intelligence and for the interplay of genetic and environmental 
factors that influence development. 

1. Introduction   

Children of mothers with phenylketonuria (PKU) offer 
an intriguing look at the interplay of genetic and environ
mental factors that influence the development of intelli
gence. Most simply, PKU has a genetic basis. PKU results 
from mutations on the phenylalanine hydroxylase (PAH) 
gene, mutations that impede the metabolism of phenylala
nine (PHE) into tyrosine. PKU is a recessive trait, so an indi
vidual must be homozygous for mutations on the PAH gene 
to have PKU. Homozygosity means that a person receives 
mutations on the PAH gene from both parents. In contrast, 
heterozygosity, which refers to receiving a PAH gene mu
tation from one parent but a non-problematic PAH gene 
from the other parent, results in an individual being a car
rier of the genetic basis of PKU, but not subject to the ter
atogenic effects associated with PKU, as they will be able to 
metabolize PHE normally. Over 1,500 different mutations 
on the PAH gene have been identified, many of which have 
been assessed for severity of the mutation (see https://data
bases.lovd.nl/shared/genes/PAH). 
Children with PKU appear normal at birth, so their status 

as having PKU is typically identified with the Guthrie test 
(Guthrie, 1961; Kuehn, 2013), a blood test employing a heel 
stick within the first week or two after birth. If a child with 

PKU is on a normal diet, the buildup of PHE in their blood 
leads to brain damage and a mean IQ of about 50 by age 2 
years, a decline in IQ that is not remediable. Conversely, if 
the child with PKU is put on a PHE-restricted diet within 
the first two weeks or so after birth and remains on the diet 
through the developmental period, normal intellectual de
velopment can be expected. Thus, PKU is a “poster child” 
syndrome for the fact that high heritability need not imply 
destiny. That is, prior to development of the Guthrie test, 
heritability of the low-IQ PKU phenotype was extremely 
high; persons with PKU were often identified too late to 
avert the teratogenic effects of high PHE levels in their 
blood, leading to very low levels of IQ. But, with the early 
diagnosis afforded by the Guthrie newborn screening test, 
children with PKU could receive a crucial environmental 
manipulation – being put on a low-PHE diet – very early in 
life. If this were done, the negative effects of their genetic 
mutations could be countered, normal intellectual develop
ment could ensue, and the heritability of the PKU-related 
low-IQ phenotype fell to very low levels in the 1960s. 
Children of mothers with PKU receive a genetic mutation 

on the PAH gene from their mother. But, due to the lack 
of assortative mating for PAH mutation, the vast majority 
of children of mothers with PKU receive a non-problematic 
PAH gene from their fathers, so do not have PKU. However, 
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during gestation, if the pregnant mother is on an unre
stricted diet, the buildup of PHE in her blood passes the 
placental barrier and can harm the developing fetus. In 
an early review of offspring outcomes from 524 untreated 
pregnancies by 155 women with PKU, Lenke and Levy 
(1980) documented negative outcomes in a wide array of 
offspring characteristics if the women were not on a low-
PHE diet during pregnancy. For example, exposure of the 
fetus to high prenatal levels of PHE led to increased risks 
of mental retardation (now termed intellectual disability, or 
ID), microcephaly, congenital heart disease, and low birth 
weight, and the effects of exposure to PHE appeared to fol
low a dose-response function for each outcome variable. 
Thus, 92% of offspring of mothers with high levels of PHE 
(≥ 20 mg/dL, or ≥ 1200 μmol/L)1 met an IQ < 75 cutoff for 
ID, whereas only 21% of offspring of mothers with moder
ate levels of PHE (3 ‒10 mg/dL, or 180 ‒ 600 μmol/L) met 
the same criterion. But this rate of 21% meeting the low IQ 
cutoff for offspring of the least affected mothers with PKU 
still exceeds considerably the 5% of offspring with IQs < 75 
that would occur in a representative sample from the pop
ulation. Hence, even the relatively low levels of exposure to 
PHE for offspring of mothers in the lowest exposure group 
(3 ‒ 10 mg/dL) led to notable increases in rates of low intel
ligence over the rate expected in the population. 
Despite considerable research reporting detrimental ef

fects of prenatal phenylalanine exposure, much remains 
to be determined concerning effects of prenatal exposure 
to PHE on offspring developmental outcomes. One theo
retical concern is the form of the relation between prena
tal PHE exposure and offspring outcomes and the associ
ated safe level of PHE exposure. Safe levels of average PHE 
exposure have been disputed for decades, with some ex
perts arguing for levels of 6 mg/dL or less (360 μmol/L or 
less) (e.g., Adams et al., 2023; Grohmann-Held et al., 2022; 
Nielsen et al., 2023), whereas others found few problems 
with much higher levels (e.g., 18 mg/dl in Lenke & Wais
bren, 1983). Recently, Widaman and Helm (2024) fit lin
ear and two-piece linear spline models to data on maternal 
PHE levels during pregnancy and several infant and child 
intelligence outcome measures. They found that two-piece 
linear spline models were more strongly related to out
comes than were standard linear models. Across a range of 
intellectual, language, and adaptive functioning outcomes, 
the mean threshold for teratogenic effects of PHE exposure 
was between 6 and 7 mg/dL. So, if an infant was exposed 
to less than 6 or 7 mg/dL, on average, during gestation, 
no detrimental effects of PHE exposure were evident. But, 
if the child was exposed to average PHE concentrations 
greater than 6 or 7 mg/dL, the spline model documented an 
approximate 4-point IQ drop for every 1 mg/dL increase in 
average PHE exposure above the threshold point. 

Parental background factors  . Given superior fit of two-
piece linear spline models to represent relations between 
PHE exposure and child outcomes, a further key question 
– and the one motivating the current research – involves 
the relative impact of prenatal exposure to PHE on child 
outcomes when estimated in the context of other relevant 
predictor variables. One obvious predictor of offspring in
telligence is parental intelligence (Sattler, 2001). Effects of 
parental intelligence are easy to justify, as parents con
tribute to their offspring both genetic material and various 
forms of environmental stimulation that presumably affect 
offspring intelligence. Behavior genetic studies often con
clude that over half of the variance of intelligence scores is 
associated with genetic factors, with environmental factors 
explaining much smaller amounts of variance (e.g., McGue 
& Bouchard, 1998). 
Parental socioeconomic status (Bradley & Corwyn, 2002) 

and parental education (Broman et al., 1987) are also strong 
correlates or predictors of offspring intelligence throughout 
infancy, childhood, and adolescence and thus appear to be 
reasonable influences on offspring outcomes. Advocates of 
genetic explanations of intelligence often argue that ef
fects of socioeconomic status and education of the parents 
on childhood outcomes are largely indirect effects of ge
netic sources of variance: parents with more favorable ge
netic endowments not only have higher intelligence, but 
also tend to have higher socioeconomic and education lev
els and provide more stimulating home environments. 
One potentially important background variable – unique 

to the study of offspring of mothers with PKU – is the sever
ity of the mother’s PAH mutation. As explained by Güttler 
et al. (2003), mothers with PKU are classified with regard to 
the severity of their PAH mutation, based on a PHE loading 
test. In such a test, an individual ingests food with a cer
tain amount of PHE, and blood is drawn after a standard 
time interval to determine the level of PHE in the blood. 
The higher the amount of PHE in the blood, the more se
vere the mutation, as less PHE has been metabolized into 
tyrosine. The level of PHE in blood after a test, termed the 
individual’s assigned PHE level, often leads to groupings of: 
(a) classical PKU, with PHE > 20 mg/dL (> 1200 μmol/L); 
(b) moderate PKU, with PHE 15 – 20 mg/dL (900 – 1200 
μmol/L); (c) mild PKU, with PHE 10 – 15 mg/dL (600 – 900 
μmol/L); and (d) mild hyperphenylalaninemia (MHP), with 
PHE 3 – 10 mg/dL (180 – 600 μmol/L). After specific genetic 
mutations were identified, Güttler and Guldberg (2000) de
veloped a numerical system, with higher numbers indicat
ing less severe mutation. Mothers with more severe PAH 
mutations would likely have greater difficulty maintaining 
low blood PHE levels during pregnancy, which would cre
ate a more teratogenic intrauterine environment for the 
developing fetus. But, when predicting offspring birth and 
childhood outcomes, the importance of the severity of the 

When providing phenylalanine levels, we typically present these levels in both mg/dL (or milligrams per deciliter) and μmol/L (or micro
moles per liter). The mg/dL standard is an older one, and it has been supplanted by levels reported in μmol/L in recent publications. 
However, the mg/dL measure offers simpler interpretation of magnitude of effects in statistical modeling of intellectual outcomes, so we 
emphasize results in mg/dL. 
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mother’s PAH mutation has never been established, espe
cially within the context of other important background 
variables such as mother’s IQ, SES, and education. 
Pregnancy variables . In addition to genetic and postna

tal environmental sources of variance in the general pop
ulation, prenatal exposure to PHE is yet another factor 
that may influence offspring cognitive outcomes (Dennis
ton, 1963; Kirkman & Hicks, 1984; Lenke & Levy, 1980; 
Smith, Beasley, et al., 1990). Most research on maternal 
phenylketonuria has attempted to document the relation 
between maternal blood PHE levels during pregnancy and 
child outcomes, but has failed to estimate these effects 
within larger or more inclusive models for child develop
mental outcomes. That is, mothers with higher blood levels 
of PHE during pregnancy may also have lower levels of 
intelligence, SES, and education. Hence, maternal intelli
gence, SES, and/or education may be as important or even 
more important than PHE levels during pregnancy when 
predicting offspring cognitive outcomes. 
Other pregnancy-related variables could also influence 

infant cognitive outcomes. For example, protein is a build
ing block of many organ systems, including the brain. Thus, 
maternal intake of protein during pregnancy may enhance 
the growth and development of the fetus in multiple ways 
(Linderkamp & Linderkamp-Skoruppa, 2021; Rushmore et 
al., 2022; Tonkiss et al., 1993; Zamenhof & van Marthens, 
1974). Weight gain during pregnancy and duration of the 
gestation may also influence infant and child outcomes. 
Low levels of weight gain during pregnancy can lead to 
small-for-gestational-age status, which is negatively re
lated with cognitive test performance from infancy into 
adulthood (e.g., Christian, Murray-Kolb, Tielach, Katz, 
LeClerq, & Khatry, 2014; Eves et al., 2020). Whether length 
of gestation/preterm birth has significant effects on intelli
gence is less clear (e.g., Christian et al., 2014), but length of 
gestation should be assessed for possible effects on infant 
and child functioning. 
Infant birth status  . Infant perinatal status could medi

ate effects of maternal background and pregnancy-related 
variables on infant IQ. The three indices of infant perina
tal status available in the current study were birth weight, 
length, and head circumference. Birth weight and length 
are highly correlated indices of neonatal status, with heav
ier weight and longer length, within limits, indicating phys
ically more robust neonates, and these measures are related 
to intelligence in childhood (Kirkegaard et al., 2020) and 
later (Flensborg-Madsen et al., 2020). Further, low birth
weight has long been associated with negative intellectual 
performance (see reviews by Gu et al., 2017; Shenkin et al., 
2004). 
Birth head circumference is another key predictor of cog

nitive outcomes, with birth head circumference positively 
related to intelligence in childhood (Bach et al., 2020; 
Kirkegaard et al., 2020). Research by Qian, Gao, Yan, Yang, 
Wang, Bai, Ma, and Yang (2021) indicated that birth head 
circumference was a much stronger correlate of later in
telligence than were birth weight and length. Small birth 
head circumference, often indexed as the presence of mi

crocephaly, is a frequent predictor of poor later cognitive 
performance (Leibovitz et al., 2022). 
The present study  . The primary goal of the present 

study was to examine the relative effects of prenatal PHE 
exposure on offspring cognitive outcomes within the con
text of a rich set of alternative potential predictors of those 
outcomes. This set of potential predictors included several 
maternal background variables (maternal SES, education, 
IQ, age, and severity of PKU mutation), pregnancy-related 
variables (weight gain, PHE level, PHE variability, weeks 
gestation, and protein intake), and indicators of perinatal 
status (birth length, weight, and head circumference). The 
current study is an extension of prior work by Widaman and 
Azen (2003), using more complete data and additional indi
cators that were not available for that earlier study. 
A schematic rendition of our modeling project is shown 

in Figure 1, which contains four sets of variables. Set X 
contains five background variables that are hypothesized to 
have effects on the four child intelligence outcomes shown 
as Set Y. In addition to these two sets of variables, two 
sets of potential mediators are shown in Figure 1. The first 
of these, identified as Set M1 includes five pregnancy-re
lated variables, and the second, listed as Set M2 contains 
two birth outcome variables. After demonstrating that Set 
X variables have significant effects on Set Y child outcomes, 
it will be important to determine whether Set X variables 
have effects on the mediators in Sets M1 and M2. Then, we 
will investigate whether the mediators in Sets M1 and M2 
have significant relations with child outcomes in Set Y and 
thereby mediate fully or partially the effects of Set X vari
ables on the outcomes in Set Y. 

2. Method   

2.1. Participants   

The Maternal PKU Collaborative Study began in 1984 as 
a prospective study to evaluate the effects of diet during 
pregnancy on offspring characteristics. Children’s Hospital 
of Los Angeles was the Coordinating Center and was one 
of the four regional Contributing Centers in the United 
States, along with one center in Canada and one in Ger
many, that recruited participants at a total of 78 Participat
ing Centers. Enrollment of participants occurred from 1984 
through 1996 (see Koch et al., 2003, for further details). 
All women with PKU who were known to metabolic clin

ics in the United States, Canada, and Germany were en
rolled in the study when they became pregnant. For women 
with PKU, dietary treatments were employed to keep their 
blood PHE levels during pregnancy between 2 and 6 mg/dL. 
Women with mild hyperphenylalaninemia (MHP), defined 
as blood PHE levels less than 10 mg/dL on a normal diet, 
were also invited to participate in the study, although di
etary treatments were not used with these women. Virtu
ally all pregnant women with PKU or MHP agreed to partic
ipate in the study. 
The final study sample consisted of 572 pregnancies, of 

which 413 resulted in live births. Among the remainder 
were 75 spontaneous abortions, 78 elective abortions, 3 
stillbirths, and 3 others (2 children with PKU, 1 child with 
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Figure 1. Conceptual mediation model showing background characteristics (Set X), prenatal mediators (Set M1),             
birth outcome mediators (Set M2), and child intellectual outcomes (Set Y).            

parental refusal to participate). All pregnancies were mon
itored systematically, with blood PHE levels and dietary in
take assessed weekly, visits to a metabolic center (enabling 
assessment of nutrition status, weight gain, and amino acid 
levels) once each trimester, three ultrasound examinations, 
and regular obstetrical visits. Offspring were assessed at 
birth and then at ages 1, 2, 4, and 7 years of age. 

2.2. Latent Variables and Their Manifest       
Indicators  

Manifest variables for current analyses are listed in Table 
1, with the descriptive statistics of number of participants 
with available scores, mean, SD, and minimum and maxi
mum values. 

2.2.1. Set X: Background Variables      

Five demographic, or background, latent variables on the 
mothers included in the study were specified in structural 
models. The first background latent variable was Socioeco
nomic Status (SES) of the household in which the mother 
resided, which was a single-indicator latent variable. This 
indicator was derived from the Hollingshead two-factor in
dex of SES for the head of the household. Hollingshead 
scores were left in continuous form, ranging from 11 to 
77, with higher scores indicating lower socioeconomic sta
tus. As shown in Table 1, the mean score was 51.30 (SD 
= 14.73), so the average mother resided in a lower mid
dle-class home. Hollingshead scores were then reversed, so 
higher scores reflected higher levels of SES, for ease of in
terpretation in our statistical analyses. 
The second background latent variable, Maternal Educa

tion, had a single indicator, scored on a Likert-scaled con
tinuum, with scale points (after reverse scoring) ranging 
from 1 = “less than eighth grade” to 7 = “post graduate or 
professional degree,” so that higher scores indicated more 

years of education. Participants had a mean score of 4.09 
(SD = 1.09), where 4 = “high school graduate.” 
The third background latent variable was Maternal Intel

ligence, which had two indicators: the Verbal IQ and Per
formance IQ scores from the Wechsler Adult Intelligence 
Scale – Revised (Wechsler, 1981). As shown in Table 1, the 
sample of mothers had mean Verbal and Performance IQs 
of 85.6 and 88.5, respectively; for reference, Table 1 also 
shows that the mothers had a mean Full Scale IQ of 85.9. 
Thus, the sample of mothers fell, on average, about one 
SD below the population mean on intelligence. The rela
tively low mean SES of mothers, reported above, is consis
tent with the relatively low mean IQ of mothers in this sam
ple. 
Maternal Age at conception (in years) was the fourth de

mographic latent variable. As shown in Table 1, maternal 
age at conception ranged from 16 to 36 years, with a mean 
of 24.1 years (SD = 4.06), so mothers in the sample tended 
to have offspring at a relatively early age. 
The fifth background latent variable, Severity of Muta

tion, reflected the severity of the genetic mutation on the 
mother’s PAH gene. Severity of Mutation was assessed by 
two variables: (a) maternal assigned or tested PHE level, 
which is an index of blood PHE level (in mg/dL) after a PHE 
loading test, and (b) a score developed by Güttler and Guld
berg (2000) that represents the severity of the mutation on 
the PAH gene. For the assigned PHE level indicator, higher 
scores indicate higher levels of blood PHE after a PHE load
ing test, which in turn represents a more severe mutation, 
as less phenylalanine is converted into tyrosine. As shown 
in Table 1, the mean assigned PHE level of 22.03 mg/dL (SD 
= 9.18) fell in the classical PKU range (i.e., > 20 mg/dL), 
and there was wide variability in these scores. The Güttler 
score can range from 2 to 16, with higher numbers reflect
ing milder mutations. The sample of mothers had a mean 
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Table 1. Descriptive Statistics on the Full Sample       

Variable N M SD Min Max 

Set X: Background characteristics 

Hollinghead score 389 51.30 14.73 11 77 

Hollinghead score reversed 389 36.70 14.73 11 77 

Mother education 397 3.91 1.08 1 7 

Mother WAIS Verbal IQ 376 85.57 12.74 22 129 

Mother WAIS Performance IQ 378 88.50 14.43 47 132 

Mother WAIS Full Scale IQ 379 85.90 13.65 40 130 

Mother age at conception 413 24.11 4.06 16 36 

Mother tested PHE level (mg/dL) 413 22.03 9.18 3.30 51.10 

Mother tested PHE level (μmol/L) 413 1321.87 550.65 198.00 3066.00 

Güttler score 247 4.00 2.55 2 12 

 

Set M1: Pregnancy-related Variables 

Weight gain (in lbs) 366 28.99 14.13 ‒13 70 

Percent recommended weight gain 373 136.88 88.65 ‒86 455 

Protein intake (gm) 291 74.50 18.58 25.68 204.01 

Pregnancy PHE level (mg/dL) 412 8.23 4.49 1.30 28.30 

Pregnancy PHE level (μmol/L) 412 493.95 269.84 78.00 1698.00 

Pregnancy PHE level > 6 mg/dL 412 2.95 3.81 0.00 22.30 

Week with all later PHE < 10 mg/dL 413 15.06 14.28 0.00 41.7 

SD of pregnancy PHE levels (mg/dL) 408 2.75 1.50 0.10 7.80 

SD of pregnancy PHE levels (μmol/L) 408 164.87 89.90 6.00 468.00 

Weeks gestation 413 39.15 1.85 28.7 43.3 

 

Set M2: Birth outcomes 

Birth weight (gm) 411 3068.20 562.80 1389 4886 

Birth length (cm) 406 48.97 3.08 39.0 56.5 

Birth weight (kg) 411 3.07 0.56 1.39 4.89 

Birth head circumference (cm) 403 32.84 1.95 26.0 38.0 

Birth weight z-score 402 ‒0.62 1.09 ‒4.20 2.70 

Birth length z-score 397 ‒0.32 1.33 ‒3.80 3.20 

Birth head circumference z-score 394 ‒1.02 1.17 ‒4.90 2.70 

 

Set Y: Child intellectual outcomes 

Outcomes at 1 year 

Bayley Mental Development Index 283 100.11 20.26 49 151 

REEL Receptive Language Quotient 136 98.82 22.10 29 169 

REEL Expressive Language Quotient 136 90.86 23.70 0 147 

REEL Overall Language Quotient 136 94.68 21.95 14 147 

Outcomes at 2 years 

Bayley Mental Developmental Index 230 97.30 22.88 49 151 

REEL Receptive Language Quotient 181 97.46 23.85 21 150 

REEL Expressive Language Quotient 181 90.56 24.52 11 150 

REEL Overall Language Quotient 181 94.07 23.41 17 150 

Outcomes at 4 years 

McCarthy General Cognitive Index 276 85.18 21.24 45 132 
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Variable N M SD Min Max 

TOLD Composite Spoken Language 255 86.07 15.84 34 144 

Vineland Communication Domain 228 86.97 17.15 40 120 

Outcomes at 7 years 

WISC Full Scale IQ 284 91.35 23.21 35 139 

WISC Verbal IQ 284 92.06 22.39 40 142 

WISC Performance IQ 285 92.00 21.86 40 133 

Note: Variable Names: Bayley = Bayley Scales of Infant Development; REEL = Receptive-Expressive Emergent Language Test; McCarthy = McCarthy Scales of Children’s Intelligence; 
TOLD = Test Of Language Development; Vineland = Vineland Adaptive Behavior Scales; and WISC = Wechsler Intelligence Scale for Children – Revised. 

Güttler score of 4.0, indicating relatively severe mutational 
status. 

2.2.2. Set M1: Pregnancy-related variables      

Five pregnancy-related latent variables were specified in 
the structural models for this paper. The first was Weight 
Gain during pregnancy, which had two indicators: (a) 
weight gain (in lbs) during pregnancy, and (b) percent of 
recommended weight gain. For both, higher scores indi
cated greater weight gain during pregnancy. The sample of 
mothers gained an average of 29.0 lbs during pregnancy, 
but showed wide variability in weight gain (from –13 to 
70 lbs). Expressed as percent of recommended weight gain, 
mothers gained an average of about 36% more weight than 
recommended, with a wide range of scores (from –86 to 
+455 %). 
The second pregnancy-related variable was protein in

take per day during pregnancy (in gm). On average, mothers 
in the study ingested a moderate amount of protein (M = 
74.5 gm), but considerable individual differences in protein 
intake occurred (SD = 18.6 gm). 
The third pregnancy-related variable was PHE Level, 

which was assessed using two indicators: (a) average PHE 
level, which was the simple average of all levels recorded 
during the pregnancy; and (b) the week during pregnancy 
when all remaining PHE levels were less than 10 mg/dL. 
On both indicators, lower scores indicated better control of 
dietary PHE. On average, mothers maintained fairly good 
control of PHE level (M = 8.23 mg/dL), although the range 
of average PHE levels (from 1.3 to 28.3 mg/dL) showed that 
some mothers had very good, low levels, whereas others 
had average PHE levels far beyond recommended levels. 
Note that we also report average PHE levels in μmol/L units, 
for reference. Widaman and Helm (2024) found that terato
genic effects of PHE exposure begin at PHE levels around 
6 mg/dL, so we created a new variable, identified in Table 
1 as ‘Pregnancy PHE level > 6 mg/dL,’ which is simply the 
number of mg/dL of average PHE over 6 mg/dL. Thus, on 
this variable, all individuals with average PHE levels below 
6 mg/dL would have scores of zero. On the variable index

ing timing of control below a given PHE level, the values 
shown in Table 1 reveal that some mothers were in good 
PHE control prior to conception (i.e., those with values of 
0), whereas others never gained good control of PHE levels 
during pregnancy. 
The fourth pregnancy-related variable was PHE variabil

ity during pregnancy, assessed by the standard deviation 
of PHE levels (SD PHE) for all tests during pregnancy (cf. 
Maillot et al., 2008). The protocol for mothers in the MPKU 
study called for monitoring PHE levels at least every two 
weeks of pregnancy. On average, mothers in the study had 
their PHE levels assessed about 16 times during pregnancy 
and showed moderate fluctuations in their PHE levels (M = 
2.75 mg/dL, SD = 1.50). 
The fifth pregnancy-related variable was Weeks Gesta

tion of the pregnancy, ranging from about 28 to 43 weeks 
(see Table 1). On average, mothers had pregnancies of typ
ical length (M = 39.2 weeks), with modest variability in 
length of pregnancy (SD = 1.9 weeks). 

2.2.3. Set M2: Birth outcome variables       

Two birth-related latent variables were specified in the 
structural models. The first latent variable was Birth Size, 
with two indicators: birth length (in cm), and birth weight 
(in gm). Values shown in Table 1 reveal moderate average 
birth length (M = 49.0 cm) and birth weight (3069 gm), but 
fairly wide variability in both indicators. For analyses, birth 
weight was divided by 1000, to provide birth weight in kg, 
to make the mean and SD of birth weight more similar in 
magnitude to other variables. Statistics for birth weight in 
kg are also shown in Table 1. 
The second latent variable, Birth Head Circumference, 

had a single indicator: birth head circumference (in cm). 
The mean head circumference was 32.8 cm, with moderate 
variability (SD = 1.95 cm) around this value. World Health 
Organization standards for birth head circumference2 yield 
M = 34.2 cm and a value of 33.0 cm as 1 SD below the pop
ulation mean. Thus, the mean head circumference in our 
sample was just over 1 SD below the population mean. But, 
relatively small head circumference is consistent with prior 

World Health Organization standards for head circumference can be found: for girls, https://cdn.who.int/media/docs/default-source/
child-growth/child-growth-standards/indicators/head-circumference-for-age/hcfa_girls_0_13_zscores.pdf?sfvrsn=145d173e_9; for boys: 
https://cdn.who.int/media/docs/default-source/child-growth/child-growth-standards/indicators/head-circumference-for-age/
hcfa_boys_0_13_zscores.pdf?sfvrsn=f177c3fd_7 
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studies of children of mothers with PKU, which often report 
mean head circumference around 33.0 cm (Drogari et al., 
1987; Fiellet et al., 2004; Lee et al., 2003, 2005; Naughten 
& Saul, 1990; Smith, Glossop, et al., 1990). 
In addition to standard measures of birth status, each 

of the three birth measures were converted to z-scores us
ing population norm tables. These transformations yielded 
scores that were more easily interpreted in relation to pop
ulation norms and also contained a correction for gesta
tional status. As shown in Table 1, neonates in the study 
had mean birth lengths that were about one-third SD below 
the population norm (M = –0.32) and mean birth weights 
that were over one-half SD below the population norm (M 
= –0.62). The neonates were even farther below the popula
tion norm on birth head circumference, exhibiting a mean 
that was over 1 SD below the population (M = –1.02). Be
cause these z-score measures were corrected for gestational 
status, the sample of infants in this study showed consid
erable growth retardation at birth, presumably due to the 
detrimental intrauterine environments to which they were 
exposed. 

2.2.4. Set Y: Offspring cognitive outcomes       

The measures of infant intelligence or cognitive status 
used in the present study were obtained at offspring ages 
1, 2, 4, and 7 years of age. At 1 and 2 years of age, three 
manifest variables were obtained at each time of measure
ment: the Mental Development Index (MDI) from the Bay
ley Scales of Infant Development (Bayley, 1993), and the 
Receptive Language Quotient and Expressive Language 
Quotient from the Receptive-Expressive Emergent Lan
guage (REEL) test (Bzoch & League, 1970, 1991). 
At the 4 year assessment, the three manifest indicators 

used in analyses consisted of: the General Cognitive Index 
(GCI) from the McCarthy Scales of Children’s Abilities (Mc
Carthy, 1972), the Composite Spoken Language Quotient 
(CSLQ) from the Test of Language Development (TOLD; 
Newcomer & Hammill, 1991), and the Communication do
main score from the Vineland Adaptive Behavior Scales 
(VABS; Sparrow et al., 1984). Then, at the 7-year assess
ment, the Verbal IQ and Performance IQ scores from the 
Wechsler Intelligence Scale for Children – Revised (WISC-
R; Wechsler, 1974) were the two manifest indicators of in
telligence status. 
Standardized scores were obtained for each of the 11 

manifest indicators using norm tables from the various 
tests. All tests had been normed to yield a mean of 100 and 
SD of 15 in the population. All scores had strong psycho
metric properties, with all reliabilities above .85 and most 
above .92.3 

2.3. Analytic Procedures    

Estimation. When fitting structural equation models to 
data, we used the Mplus program (Muthén & Muthén, 
1998–2017). Due to the presence of missing data, we used 
full information maximum likelihood (FIML) estimation of 
model parameters. FIML estimation involves fitting struc
tural models directly to raw data, with missing values iden
tified using a missing data indicator. FIML estimation has 
been found to be an efficient and unbiased method of es
timation in the presence of missing data when data are 
“missing at random” and is perhaps the best alternative to 
use even if data do not meet the “missing at random” as
sumption. In the present study, missing data occurred for 
several reasons, such as a family moving far from a partic
ipating center. Given reasons for missing data, characteriz
ing the missing data as “missing at random” seems appro
priate, and FIML estimation is highly appropriate for such 
applications. 

Model identification. For all structural models, we iden
tified the scale for each latent variable with multiple indi
cators by fixing the latent variable variance to unity, fixed 
all latent variable means to zero, and estimated all manifest 
variable intercepts. For single-indicator latent variables, we 
fixed the factor loading to unity and fixed the unique factor 
variance to zero. For latent variables with two or more in
dicators, we estimated all factor loadings and unique vari
ances. After arriving at a final, acceptable model, we re
ported rescaled parameter estimates from a standardized 
model in which all latent variables were transformed to 
have unit variance. As is common practice, any parameter 
estimate that, when divided by its standard error (SE), had 
a critical ratio of 2.0 or greater was considered statistically 
significant. 

Assessment of model fit. Model fit was evaluated using 
both the likelihood ratio χ2 goodness of fit statistical test 
and practical fit indices. The traditional χ2 index is a test of 
exact fit of a model to data. With a large sample size, the 
χ2 test of exact fit is often overly sensitive, and thus prone 
to yield a significant test statistic value, even in the pres
ence of minor levels of model misfit. Due to the relatively 
large sample size and the large number of tests computed, 
we used the .01 level when evaluating indices of difference 
in model fit. 
Given oversensitivity of the χ2 test, three other fit in

dices were used. The first practical fit index was the Root 
Mean Squared Error of Approximation (RMSEA). Values of 
the RMSEA below .05 indicate close fit to the data, values 
between .05 and .08 moderate fit, values between .08 and 
.10 poor fit, and values over .10 unacceptable fit. Accompa
nying use of the RMSEA is a 90% CI; if the lower limit of 
the CI is less than .05, close model fit cannot be rejected. 
The second practical fit index was the Tucker-Lewis Index 

The Bayley MDI score at 1 year used in analyses had two outlier values deleted, and the McCarthy GCI at 4 years and WISC VIQ and PIQ 
at 7 years each had one outlier deleted. Details justifying deletion of these outlier values were provided by Widaman and Helm (2024). 
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(TLI; Tucker & Lewis, 1973), which is an index of the pro
portion of explainable off-diagonal covariation explained 
by a model. TLI values over .95 indicate close fit of a model. 
The third fit index was the standardized root mean squared 
residual (SRMR) correlation, with values below .08 pre
ferred. 
When comparing nested models, we report the χ2 dif

ference test, which is the difference in χ2 values for the 
two models (Δχ2), which is distributed approximately as 
χ2 with degrees of freedom equal to the difference in de
grees of freedom (Δdf) for the two models. We report the 
change in the TLI and SRMR measures; negative values of 
the ΔTLI and positive values of the ΔSRMR indicate worse 
fit for the more restricted model. Based on recent work by 
Savalei, Brace, and Fouladi (2024), we also report the RM
SEAD, which is an RMSEA based on the Δχ2 and the Δdf 
for the two models. First proposed by Browne and Du Toit 
(1992), RMSEAD values fall on the same scale as RMSEA 
values, so values lower than .05 indicate close fit of the re
stricted model relative to the more highly parameterized 
model, etc. See Supplemental Material at https://osf.io/
kwtc6/ for more information, including a program to esti
mate RMSEAD and its CI based on Raykov and Penev (1998). 

Analytic strategy. We used a conservative, “less is more” 
model fitting strategy, keeping the number of significance 
tests to a minimum, given the size of the model. We op
erationalized this strategy as follows: When testing effects 
of one set of variables (e.g., Set X) on another set of vari
ables (e.g., Set Y), we compared the fit of two models – 
one model that estimated all possible directed paths from 
latent variables in the first set to latent variables in the 
second set, and a second, nested model in which all direct 
paths between latent variables in the two sets were fixed at 
zero. This allowed a setwise test of the statistical signifi
cance of the entire set of path coefficients using a single χ2 

test. If the model comparison showed no or trivial worsen
ing of fit when fixing all path coefficients to zero, the sec
ond, more restricted model was deemed the better model, 
given its greater parsimony and approximately equal levels 
of fit. If the model comparison revealed an unacceptable 
worsening of model fit, we then altered the more restricted 
model by freeing up directed path coefficients based on a 
priori theory and significance of path coefficients in the less 
restricted model. This modified model was then compared 
with both of the preceding models to determine its relative 
fit to the data. 
Regarding magnitude of effects, we followed Funder and 

Ozer (2019) in interpreting correlations of .10, .20, .30, and 
.40 as small, medium, large, and very large effects, respec
tively. Recent work by Orth, Clark, Donnellan, and Robins 
(2021) suggests that prospective (i.e., across time) stan
dardized lagged regression weights in longitudinal models 

between .10 and .20 in absolute magnitude are relatively 
large, so values above .20 are quite large. 
For two primary reasons, we did not pursue a latent 

growth curve analysis of the intelligence measures, which 
would have taken the form of summarizing intelligence 
measures across ages 1 to 7 years using a latent intercept 
and slope(s), and then predicting the latent intercept and 
slope(s) using sets X, M1, and M2. First, because all intelli
gence measures were normed separately at each age, mean 
changes over time were not expected, making a slope la
tent variable suspect. Second, the content of intellectual 
assessments at 1 or 2 years of age, which is primarily per
ceptual/manual and non-verbal, is extremely different than 
content in intelligence assessments in childhood, which 
is largely verbal, similar to measures in adolescence and 
adulthood. Growth curve methods require the assumption 
that the same measure is obtained across times of measure
ment, which could not be supported in the current analytic 
context. Despite evolving age differences in test content, 
standing on an intelligence measure at one age is the best 
predictor of standing on an intelligence measure at the next 
time of measurement. Therefore, an autoregressive model 
was pursued for the longitudinal measures of intelligence. 

3. Results   

3.1. Correlations among Manifest Variables      

Correlations among the 28 manifest variables included 
in the mediation model are shown in Table 2.4 The first 
seven variables were indicators of the background latent 
variables and had expected patterns of correlation. Mater
nal SES, education, and intelligence measures were all sub
stantially positively correlated, and maternal age at con
ception was modestly positively correlated with these 
variables. The sixth variable, labeled ‘M tested PHE’ which 
was the mother’s PHE level after a PHE loading test, was 
negatively correlated with other background variables, as 
higher scores on this variable indicated more severe PAH 
gene mutation, so mothers with more severe mutations 
tended to have lower SES, education, and intelligence 
scores. 
Variables 8 through 10, from SD PHE through Week < 

10 mg/dL, were pregnancy variables for which higher scores 
were associated with poorer blood PHE control. As a result, 
these variables tended to correlate negatively, as hypoth
esized, with most other variables. Variables 11 through 17 
included remaining pregnancy variables and birth outcome 
variables, and these tended to have modest to moderate 
correlations with other variables in the matrix. 
Of considerable interest are the correlations of back

ground, pregnancy, and birth measures with cognitive out
comes (cognitive outcomes are variables 18 through 28). 

In response to a suggestion by a reviewer concerning statistical significance of the correlations among manifest variables in Table 2, cor
relations among variables tended to be significant, most at p < .001. Underscored correlations in Table 2 were non-significant at p < .05. 
In addition, computer output in Supplemental Material at the website https://osf.io/kwtc6/ provides all correlations, their SEs, and p-val
ues. 
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Table 2. Correlations among Manifest Indicators for the Mediation Model         

Variable 

Variable 1 2 3 4 5 6 7 8 9 10 11 12 13 14 

1. M SES 1.00 

2. M Ed .54a 1.00 

3. M VIQ .39 .46 1.00 

4. M PIQ .34 .46 .76 1.00 

5. M age .25 .28 .09 .12 1.00 

6. M tested PHE ˗.13 ˗.15 -.34 -.32 .15 1.00 

7. Güttler score .18 .15 .35 .38 -.21 -.80 1.00 

8. SD PHE ˗.16 ˗.10 -.30 -.31 .03 .57 -.57 1.00 

9. Mean PHE > 6 ˗.32 ˗.20 -.32 -.31 -.23 .36 -.37 .45 1.00 

10. Week < 10 ˗.30 ˗.19 -.33 -.32 -.21 .39 -.43 .51 .80 1.00 

11. Weight gain .23 .14 .18 .23 -.02 -.17 .18 -.19 -.25 -.22 1.00 

12. Pct wt gain .16 .13 .16 .16 .06 -.13 .12 -.17 -.18 -.13 .78 1.00 

13. Gestation .10 .10 .10 .07 .03 -.15 .12 -.16 -.22 -.11 .10 .14 1.00 

14. Protein intake .10 ˗.07 -.04 -.05 .17 .17 -.13 -.01 -.15 -.12 .06 .08 .11 1.00 

15. Z birth length .26 .15 .20 .18 .22 -.25 .28 -.31 -.41 -.42 .24 .24 .09 .13 

16. Z birth wt .29 .16 .20 .17 .15 -.14 .17 -.22 -.32 -.32 .30 .29 -.04 .17 

17. Z head circ. .29 .11 .20 .17 .22 -.18 .20 -.30 -.53 -.51 .25 .27 .08 .14 

18. MDI 1 year .33 .17 .33 .37 .13 -.27 .29 -.31 -.59 -.52 .31 .28 .22 .15 

19. RQ 1 year .28 .14 .27 .31 .12 -.21 .22 -.19 -.49 -.43 .22 .23 .26 .12 

20. EQ 1 year .30 .15 .35 .33 .07 -.23 .26 -.18 -.49 -.42 .34 .35 .26 .14 

21. MDI 2 year .28 .20 .39 .40 .17 -.32 .31 -.40 -.58 -.53 .32 .27 .23 .13 

22. RQ 2 year .34 .20 .36 .29 .20 -.18 .17 -.25 -.56 -.44 .15 .16 .12 -.03 

23. EQ 2 year .31 .20 .41 .32 .12 -.31 .31 -.31 -.60 -.48 .22 .17 .19 .02 

24. GCI 4 year .34 .23 .39 .34 .23 -.31 .31 -.42 -.68 -.61 .31 .24 .12 .11 

25. CSLQ 4 year .26 .15 .32 .28 .16 -.29 .32 -.36 -.63 -.55 .28 .22 .16 03 

26. Com. 4 year .31 .19 .31 .26 .19 -.30 .31 -.40 -.69 -.62 .30 .22 .15 .07 

27. VIQ 7 year .42 .33 .40 .34 .28 -.26 .23 -.29 -.66 -.56 .30 .23 .13 .09 

28. PIQ 7 year .44 .36 .36 .37 .31 -.22 .23 -.28 -.67 -.55 .30 .27 .17 .11 
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Table 2 (continued)    

Variable 

Variable 15 16 17 18 19 20 21 22 23 24 25 26 27 28 

15. Z birth length 1.00 

16. Z birth wt .68 1.00 

17. Z head circ. .57 .67 1.00 

18. MDI 1 year .32 .26 .41 1.00 

19. RQ 1 year .23 .20 .35 .75 1.00 

20. EQ 1 year .29 .23 36 .75 .83 1.00 

21. MDI 2 year .31 .27 .39 .62 .54 .58 1.00 

22. RQ 2 year .21 .21 .40 .60 .56 .64 .72 1.00 

23. EQ 2 year .26 .26 .39 .58 .58 .65 .76 .87 1.00 

24. GCI 4 year .40 .30 .43 .55 .51 .59 .73 .63 .67 1.00 

25. CSLQ 4 year .32 .22 .37 .49 .43 .51 .67 .57 .66 .79 1.00 

26. Com. 4 year 41 .28 .42 .50 .50 .54 .67 .64 .67 .75 .68 1.00 

27. VIQ 7 year .37 .29 .45 .54 .50 .60 .62 .69 .71 .80 .72 .76 1.00 

28. PIQ 7 year .41 .39 .49 .59 .54 .64 .62 .68 .67 .73 .61 .68 .83 1.00 

Note: Overall N = 413. Tabled values are maximum likelihood estimates of correlations among variables based on FIML estimation. M SES = mother’s SES; M Ed = mother’s education; M VIQ = mother’s WAIS Verbal IQ; M PIQ = mother’s WAIS Performance IQ; M age = 
mother’s age at conception; M tested PHE = mother’s PHE level assessed using a PHE loading test; Güttler score = PHE severity score; SD PHE = SD of PHE levels during pregnancy; Mean PHE > 6 = number of mg/dL in average PHE level during pregnancy greater than 6 mg/
dL; Week < 10 = week of gestation with all later PHE levels below 10 mg/dl; Weight gain = weight gain (lbs) during pregnancy; Pct wt gain = percent of recommended weight gain; Gestation = length of gestation (in weeks); Protein intake = protein intake (in mg); Z birth 
length = standard score of birth length; Z birth wt = standard score for birth weight; Z head circ. = standard score for birth head circumference; MDI = Bayley Mental Development Index; RQ and EQ = REEL Receptive Language and Expressive Language Quotients, respectively; 
GCI = McCarthy General Cognitive Index; CSLQ = TOLD Composite Spoken Language Quotient; VIQ and PIQ = WISC Verbal IQ and Performance IQ, respectively. a Standard errors of correlations varied between .02 and .07, so underscored coefficients were non-significant at 
p < .05. 
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As expected, maternal background variables tended to have 
moderate to strong correlations with cognitive outcomes, 
ranging from about .10 to .45. The indicators of PHE level 
during pregnancy (variables 8, 9, and 10) had rather 
stronger correlations with cognitive outcomes, ranging 
from ‒.18 to ‒.69, with a median of ‒.49. The remaining 
pregnancy variables (variables 11 through 14) tended to 
have more modest correlations with cognitive variables. 
The birth outcome variables (variables 15 through 17) had 
moderate to strong correlations with the cognitive out
comes. Replicating prior research (e.g., Drogari et al., 1987; 
Qian et al., 2021), birth head circumference had stronger 
correlations with cognitive outcomes, ranging from .35 to 
.49, than did birth length or weight. The cognitive variables 
were all strongly mutually correlated. 
Many of the correlations in Table 2 appeared to be rather 

large, particularly correlations between biological variables 
and intelligence outcomes. At the request of a reviewer, 
four scattergrams in Figure 2 demonstrate that the high 
correlations were not positively biased in magnitude from 
undue influence by outliers. Figure 2A shows the relation 
between PHE level > 6 mg/dL and birth head circumference, 
r = ‒.53. A single outlier is notable, with a PHE level of 22.3 
mg/dL, with the next lower PHE level being 15.5 mg/dL. 
Deleting this single outlier left the correlation between the 
two variables virtually unchanged, r = ‒.52. Figure 2B illus
trates the relation between birth head circumference and 
WISC Verbal IQ at 7 years, r = .45. Figure 2C shows the re
lation of PHE level > 6 mg/dL with Verbal IQ at 7 years, r 
= ‒.66. Finally, Figure 2D shows the relation between week 
during pregnancy with all later PHE levels < 10 mg/dL and 
Verbal IQ at 7 years, r = ‒.56. None of the latter three pan
els of Figure 2 contained outliers that were likely to affect 
the magnitude of correlations among variables. Additional 
scattergrams of PHE > 6 mg/dL with each of the cognitive 
outcomes at all age levels are presented in Supplemental 
Material at https://osf.io/kwtc6/ ; none exhibited outliers. 

3.2. Testing Relations of X (Background       
Variables) with Y (Child Outcomes)      

Prior to evaluating effects of proposed mediating vari
ables, the first task was to verify the significance of rela
tions between the initial or background latent variables (Set 
X) on the child outcome latent variables (Set Y). Thus, we 
fit competing models to data using variables from Sets X 
and Y shown in Figure 1. A total of nine latent variables 
were included in these models, five from Set X and four 
from Set Y. The five latent variables from Set X were SES 
of the home in which the mother resided, Maternal Educa
tion, Maternal IQ, Maternal Age at conception, and mater
nal Severity of PKU Mutation. As described above, Maternal 
IQ and Severity of Mutation each had two indicators, and 
the remaining latent variables had single indicators. The 
four latent variables from Set Y were Child Intelligence Sta
tus at 1, 2, 4, and 7 years; all four of these latent variables 
had multiple indicators. 
Indices of fit of models tested in this section are shown 

in Table 3, and differences in model fit are shown in Table 
4. The first model specified, Model 0, was a model with a 

saturated structural model, so allowed correlations among 
all nine latent variables. This model is a useful baseline 
model, and had acceptable fit, with a significant statistical 
index of fit, χ2(101) = 146.84, p = .002, but levels of practical 
fit that indicated close model fit to the data, with RMSEA 
= .033 and TLI = .978. These indicators of close fit of the 
model to the data suggest that the formations of the latent 
variables imposed by the model could not be rejected by 
the data (i.e., the latent variables provided a more parsimo
nious representation of the data as compared to a model 
with only manifest variables). Correlations among the la
tent variables are shown in Table 5. As expected, Maternal 
SES, Education, and IQ were all strongly positively corre
lated, Maternal Age was less highly correlated, and Mater
nal PKU Severity tended to be negatively associated with 
other background variables, especially Maternal IQ. The 
four child outcome variables were strongly intercorrelated 
and exhibited a simplex pattern, with highest correlations 
just off the diagonal and weaker ones further off the di
agonal. Of note, 17 of the 20 correlations of background 
latent variables with child outcome latent variables were 
fairly large, ranging from .24 to .50 in absolute magnitude, 
and significant at p < .001, 2 correlations were significant at 
p < .05, and only a single correlation failed to reach statis
tical significance (p = .07). These correlations are important 
because they represent, individually, the total effect of each 
predictor latent variable on each outcome latent variable, 
and these correlations tended to be relatively large and sta
tistically significant. 
The first substantive model, termed Model 1, was a nine-

factor model with correlations estimated among all five 
background latent variables, a total of 20 directed paths 
from each background latent variable to each outcome la
tent variable, and a first-order autoregressive pattern fit 
among the outcome latent variables. As shown in Table 3, 
Model 1 had very good levels of fit statistically and practi
cally (e.g., RMSEA = .033 and TLI = .979) and fit non-signif
icantly different than Model 0, with Δχ2(3) = 3.05, p = .38, 
and RMSEAD = .006 (see Table 4). Parameter estimates from 
Model 1 are provided in the top half of Table 6, which shows 
that only 10 of the 20 regression paths were significant at p 
< .10. 
To provide a setwise test of significance of the 20 di

rected paths, we next fixed all 20 path coefficients to zero, 
resulting in Model 1.1, which had poor fit to the data (see 
Table 3). Relative to Model 1, Table 4 shows Model 1.1 had 
much worse statistical fit, Δχ2(20) = 180.02, p < .001, and 
poor levels of practical fit (e.g., , RMSEAD = .139, ΔTLI = 
−.059). 
Deleting the 10 paths in Model 1 with p > .10 and re

taining the 10 paths with p < .10 led to Model 1.2, with 
a restricted set of estimated path coefficients. Model 1.2 
led to large improvements over Model 1.1, with Δχ2(10) 
= 167.34, p < .001, and much improved practical fit (e.g., 
ΔTLI = .059). Further, the 10 path coefficients deleted from 
Model 1 led to non-significant worsening of fit in Model 1.2, 
with Δχ2(10) = 12.68, p = .24, and Model 1.2 had practical 
fit essentially identical to the more highly parameterized 
Model 1 (Table 3). 
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Figure 2. Scattergrams, with fitted linear functions, for select pairs of variables. A. Birth head circumference as a                 
function of average PHE > 6 mg/dL. B. WISC Verbal IQ at 7 years as a function of birth head circumference. C.                       
WISC Verbal IQ at 7 years as a function of average PHE > 6 mg/dL. D. WISC Verbal IQ as a function of week during                          
pregnancy with all later PHE levels below 10 mg/dL.          

Results from Model 1.2 are shown in the bottom half of 
Table 6 and also in Figure 3, which provides standardized 
path coefficients with their SEs in parentheses. Of note, 
all 5 background characteristics had significant effects on 
Child Intelligence at 1 Year, with the strongest effects from 
Mother IQ, β = 0.31 (SE = .08), Mother SES, β = 0.28 (SE = 
.07), and mother’s Severity of PKU Mutation, β = −0.21 (SE 
= .07) (all ps < .001). Mother IQ also had a direct effect on 
Child Intelligence at 2 years, β = 0.18 (SE = .06). The re
maining direct effects were relatively small, with effects of 
Mother Age and Severity of PKU Mutation on Child Intelli
gence at 4 years, and effects of Mother SES and Severity of 
PKU Mutation on Child Intelligence at 7 years. 

3.3. Testing Relations of X (Background       
Variables) with M1 (Pregnancy Variables)      

Our next analytic task was to evaluate the paths from Set 
X, containing background characteristics, to Set M1, com
prising prenatal or pregnancy-related mediators. To do so, 
we first fit a model we termed Model 2, which had a satu
rated set of all possible path coefficients. That is, Model 2 
had estimated path coefficients from Set X to Set M1, to Set 

M2, and to Set Y, from Set M1 to Set M2 and to Set Y, and 
from Set M2 to Set Y. As shown in Table 3, Model 2 had a 
significant level of statistical misfit, χ2(236) = 376.33, p < 
.001, but close model fit to the data, with RMSEA = .038, 
and TLI = .958. The 25 path coefficients from Set X latent 
variables to Set M1 latent variables are shown in the top 
half of Table 7, which shows that 14 path coefficients were 
significant at p < .05 and 1 more was significant at p < .10. 
A setwise test of the significance of these 25 path co

efficients was afforded by fixing all 25 coefficients to zero, 
leading to Model 3.1, which had poor fit to the data (see 
Table 3), with significant statistical misfit, χ2(261) = 685.25, 
p < .001, and very poor levels of practical fit, with TLI = .884. 
Model 3.1 fit much worse than Model 2 statistically, Δχ2(25) 
= 308.92, p < .001, and had worsened levels of practical fit 
(e.g., RMSEAD = .166, ΔTLI = −.074). 
Deleting paths in Model 2 with p > .10 and retaining the 

paths with p < .10 led to Model 3.2, with a restricted set of 
estimated path coefficients. Model 3.2 led to large improve
ments over Model 3.1, with Δχ2(12) = 291.42, p < .001, and 
much improved practical fit (e.g., ΔTLI = .072). Further, the 
13 path coefficients deleted from Model 2 led to non-signif
icant worsening of fit in Model 3.2, with Δχ2(13) = 17.50, p 
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Table 3. Indices of Fit of Structural Models       

Model Form of Model χ2 df prob RMSEA [CI] TLI SRMR 

0 Saturated structural model 146.84 101 .002 .033 [.020, .044] .978 .031 

1 Estimate all X to Y paths 149.89 104 .002 .033 [.020, .044] .979 .032 

1.1 Delete all X to Y paths 329.91 124 <.001 .063 [.055, .072] .920 .186 

1.2 Optimal X to Y paths 162.57 114 .002 .032 [.020, .043] .979 .035 

2 Estimate all model paths 376.33 236 <.001 .038 [.031, .045] .958 .039 

3.1 Delete all X to M1 paths 685.25 261 <.001 .063 [.057, .068] .884 .129 

3.2 Optimal X to M1 paths 393.83 249 <.001 .038 [.030, .044] .959 .044 

4.1 Delete all X to M2 paths 399.50 246 <.001 .039 [.032, .046] .956 .042 

4.2 Optimal X to M2 paths 392.90 245 <.001 .038 [.031, .045] .957 .041 

5.1 Delete all M1 to M2 paths 491.48 246 <.001 .049 [.043, .055] .929 .062 

5.2 Optimal M1 to M2 paths 378.39 240 <.001 .037 [.030, .044] .959 .039 

6.1 Delete all M1 to Y paths 515.81 256 <.001 .050 [.043, .056] .928 .071 

6.2 Optimal M1 to Y paths 393.98 251 <.001 .037 [.030, .044] .959 .040 

7.1 Delete all M2 to Y paths 382.66 244 <.001 .037 [.030, .044] .960 .040 

8 Initial final model 456.63 298 <.001 .036 [.029, .042] .962 .048 

8a Final trimmed model 475.22 306 <.001 .037 [.030, .043] .961 .051 

Note: χ2 = chi-square statistical index of fit; df = degrees of freedom; prob = probability of the χ2 test; RMSEA [CI] = root mean square error of approximation and its 90% confidence 
interval in brackets; TLI = Tucker-Lewis index; SRMR = standardized root mean square residual. 

Table 4. Differences in Fit of Nested Structural Equation Models         

Model Parameters Differences in Fit 

Comparison Tested Δχ2 Δdf prob RMSEAD [CI] ΔTLI ΔSRMR 

1 vs 0 Relations among Y variables 3.05 3 .38 .006 [.000, .083] .000 .001 

1 vs 1.1 All X to Y paths 180.02 20 <.001 .139 [.121, .158] ‒.059 .154 

1.2 vs 1.1 Retained X to Y paths 167.34 10 <.001 .195 [.170, .222] .059 ‒.151 

1 vs 1.2 Deleted X to Y paths 12.68 10 .24 .026 [.000, .062] .000 .003 

2 vs 3.1 All X to M1 paths 308.92 25 <.001 .166 [.150, .183] ‒.074 .090 

3.2 vs 3.1 Retained X to M1 paths 291.42 12 <.001 .238 [.215, .262] .072 ‒.077 

2 vs 3.2 Deleted X to M1 paths 17.50 13 .18 .029 [.000, .060] ‒.002 .013 

2 vs 4.1 All X to M2 paths 23.17 10 .01 .057 [.026, .087] ‒.002 .003 

4.2 vs 4.1 Retained X to M2 paths 6.60 1 .01 .117 [.045, .208] .001 ‒.001 

2 vs 4.2 Deleted X to M2 paths 16.57 9 .06 .045 [.000, .079] ‒.001 .002 

2 vs 5.1 All M1 to M2 paths 115.15 10 <.001 .160 [.134, .187] ‒.029 .023 

5.2 vs 5.1 Retained M1 to M2 paths 113.09 6 <.001 .208 [.176, .243] .030 .000 

2 vs 5.2 Deleted M1 to M2 paths 2.06 4 .72 .000 [.000, .054] .001 .000 

2 vs 6.1 All M1 to Y paths 139.48 20 <.001 .120 [.102, .140] ‒.030 .032 

6.2 vs 6.1 Retained M1 to Y paths 121.83 5 <.001 .238 [.203, .276] .031 ‒.031 

2 vs 6.2 Deleted M1 to Y paths 17.65 15 .28 .021 [.000, .053] .001 .001 

2 vs 7.1 All M2 to Y paths 6.33 8 .61 .000 [.000, .049] .002 .001 

2 vs 8a All deleted paths 98.89 70 .002 .032[ .015, .045] .003 .012 

Note: When comparing two nested models, Δχ2 = difference in chi-square; Δdf = difference in df; prob = probability of the Δχ2 test; RMSEAD = root mean square error of approxima
tion for difference in statistical fit with its 90% confidence interval; ΔTLI = change in Tucker-Lewis index; ΔSRMR = change in standardized root mean square residual. 

= .18, and Model 3.2 had practical fit essentially identical to 
the more highly parameterized Model 2 (Table 3). 

Estimated path coefficients and their SEs from Model 3.2 
are shown in the bottom half of Table 7. The SD of PHE lev
els during pregnancy was influenced primarily and strongly 
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Table 5. Correlations among Set X (Background) and Set Y (Child Outcome) Latent Variables             

Latent Set X: Background Variables Set Y: Child Outcomes 

Variable SES Educ Mom IQ Mom age PKU sev 1 Year 2 Years 4 Years 7 Years 

SES 1.00 (----) 

Educ .54 (.04) 1.00 (----) 

Mom IQ .42 (.05) .53 (.04) 1.00 (----) 

Mom age .24 (.05) .27 (.05) .11 (.06) 1.00 (----) 

PKU sev. ‒.17 (.05) ‒.16 (.05) ‒.44 (.05) .20 (.05) 1.00 (----) 

 

1 Year .36 (.06) .18 (.06) .44 (.06) .12 (.06) ‒.33 (.06) 1.00 (----) 

2 Years .36 (.06) .24 (.06) .50 (.05) .16 (.06) ‒.37 (.06) .79 (.04) 1.00 (----) 

4 Years .38 (.05) .28 (.06) .44 (.05) .24 (.06) ‒.38 (.05) .67 (.05) .87 (.03) 1.00 (----) 

7 Years .48 (.05) .38 (.05) .46 (.05) .32 (.05) ‒.27 (.06) .68 (.05) .80 (.04) .92 (.02) 1.00 (----) 

Note: Tabled values are correlations with standard errors in parentheses. Variable names: SES = Socioeconomic status; Educ = Mother’s education; Mom IQ = Mother’s IQ; Mom age = Mother’s age at conception; PKU sev. = Mother’s PKU severity; 1 Year, 2 Years, 4 Years, and 7 
Years = Child Intelligence at 1, 2, 4, and 7 years of age, respectively. Boldfaced coefficients p < .001, underscored coefficients p < .05. 
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Table 6. Models 1 and 1.2: Testing Relations Between Set X (Background) Variables and Set Y (Child Outcome) Variables                  

Dependent Predictor Variable 

Variable SES Educ Mom IQ Mom age PKU sev. 1 Year 2 Years 4 years 

Model 1 

1 Year .28 (.07) ‒.21 (.08) .34 (.09) .10 (.06) ‒.18 (.07) 

2 Years .02 (.08) ‒.01 (.07) .13 (.08) .08 (.06) ‒.11 (.07) .68 (.06) 

4 Years .05 (.06) .05 (.07) ‒.08 (.08) .12 (.05) ‒.12 (.06) .82 (.05) 

7 Years .10 (.05) .05 (.05) .04 (.06) .05 (.04) .09 (.05) .87 (.04) 

 

Model 1.2 

1 Year .28 (.07) ‒.18 (.07) .31 (.08) .13 (.06) ‒.21 (.07) 

2 Years .18 (.06) .72 (.05) 

4 Years .18 (.04) ‒.15 (.05) .79 (.04) 

7 Years .16 (.04) .10 (.04) .91 (.03) 

Note: Tabled values are standardized regression coefficients with standard errors in parentheses. Variable names: SES = Socioeconomic status; Educ = Mother’s education; Mom IQ = Mother’s IQ; Mom age = Mother’s age at conception; PKU sev. = Mother’s PKU severity; 1 
Year = Child Mental Ability at age 1 year; 2 Years = Child Mental Ability at age 2 years; 4 Years = Child Mental Ability at age 4 years; 7 Years = Child Mental Ability at age 7 years. Boldfaced coefficients p < .05; italicized coefficients p < .10. 
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Figure 3. Standardized parameter estimates (with     SEs in parentheses) from Model 1.2, relating background         
characteristics to child intellectual outcomes. (Note: Correlations among background variables were omitted due              
to space constraints; these are reported in        Table 5 ).  

by mother’s Severity of PKU Mutation, β = 0.66 (SE = .04), 
with more severe mutations associated with greater vari
ability in PHE levels. Average PHE Level during pregnancy 
was also most strongly affected by Severity of PKU Muta
tion, β = 0.50 (SE = .05), but also by Maternal Age, β = −0.30 
(SE = .05), and Maternal SES, β = −0.18 (SE = .05), such that 
older mothers and mothers from higher SES tended to have 
lower average PHE levels. Weight Gain was affected posi
tively at rather low levels by Maternal IQ, β = 0.18 (SE = .06), 
and Maternal SES, β = 0.15 (SE = .06), and length of Ges
tation was affected inversely by Severity of PKU Mutation, 
β = −0.15 (SE = .05). Finally, Protein Intake was affected by 
four of the five background variables, with path coefficients 
that were relatively small, although statistically significant, 
ranging from .13 to .18 in absolute magnitude. 

3.4. Testing Relations of X (Background       
Variables) with M2 (Birth Outcomes)      

To evaluate the relations of Set X, background variables, 
with Set M2, birth outcomes, we first examined the 10 path 
coefficients from Model 2 shown in the top half of Table 8. 
Only two of the 10 coefficients met the p < .05 criterion, the 
effects of Maternal SES on Birth Size and Head Circumfer
ence. A setwise test of the 10 path coefficients was obtained 
by setting all 10 coefficients to zero, leading to Model 4.1. 
As seen in Table 4, Model 4.1 fit the data significantly worse 
than Model 2, although the difference in fit was not large, 
Δχ2(10) = 23.17, p = .01, and practical fit indices showed lit
tle difference. 
In Model 4.2, the path from Maternal SES to Birth Size 

was estimated, but the path to Head Circumference was 

no longer significant, so was deleted. The single path esti
mated in Model 4.2 led to a significant improvement in sta
tistical fit relative to Model 4.1, Δχ2(1) = 6.60, p = .01, and 
the nine paths fixed at zero in Model 4.2 led to non-signifi
cant worsening of fit relative to the more highly parameter
ized Model 2, Δχ2(9) = 16.57, p = .06. The single path coef
ficient in Model 4.2 is shown in the bottom half of Table 8, 
which shows that mothers from higher SES tended to have 
offspring larger in size, β = 0.11 (SE = .04), a relation of rel
atively small magnitude. 

3.5. Testing Relations of M1 (Pregnancy       
Variables) with M2 (Birth Outcomes)      

Our next analytic task was to evaluate the relations of 
Set M1, pregnancy variables, with Set M2, birth outcomes. 
The estimates of effects of the five pregnancy latent vari
ables on the two birth outcome latent variables based on 
Model 2 are shown in the top half of Table 8. As can be seen, 
6 of the 10 coefficients were significant at p < .05, and the 
remaining 4 coefficients did not approach statistical signif
icance. 
To obtain a setwise test of significance of the 10 coeffi

cients, we fixed all 10 coefficients to zero, leading to Model 
5.1. Model 5.1 had relatively poor fit to the data (see Table 
3), and the worsening in fit relative to Model 2 was rather 
large statistically, Δχ2(10) = 115.15, p < .001, and practically 
(e.g., RMSEAD = .160, ΔTLI = −.029) (see Table 4). Thus, as a 
set, effects of Set M1 latent variable on Set M2 latent vari
ables departed from zero. 
Retaining estimates of the 6 significant paths in Model 

2, but deleting the 4 paths that were non-significant led 
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Table 7. Models 2 and 3.2: Testing Relations Between Set X (Background) Variables and Set M1 (Pregnancy)                
Variables  

Dependent Predictor Variable 

Variable SES Educ Mom IQ Mom age PKU sev. 

Model 2 

SD PHE ‒.05 (.05) .12 (.06) ‒.10 (.06) .09 (.04) .63 (.05) 

PHE level ‒.20 (.05) .13 (.06) ‒.16 (.07) ‒.30 (.05) .45 (.06) 

Weight gain .18 (.06) ‒.04 (.07) .15 (.08) ‒.04 (.06) ‒.10 (.07) 

Gestation .05 (.06) .05 (.07) ‒.02 (.08) .04 (.05) ‒.16 (.06) 

Protein intake .17 (.07) ‒.20 (.08) .03 (.09) .13 (.06) .17 (.07) 

 

Model 3.2 

SD PHE ‒.09 (.04) .66 (.04) 

PHE level ‒.18 (.05) ‒.30 (.05) .50 (.05) 

Weight gain .15 (.06) .18 (.06) 

Gestation ‒.15 (.05) 

Protein intake .16 (.07) ‒.18 (.07) .13 (.06) .17 (.06) 

Note: Tabled values are standardized regression coefficients with standard errors in parentheses. Variable names: SES = Socioeconomic status; Educ = Mother’s education; Mom IQ = 
Mother’s IQ; Mom age = Mother’s age at conception; PKU sev. = Mother’s PKU severity. Boldfaced coefficients p < .05; italicized coefficients p < .10. 

Table 8. Models 2 and 4.2: Testing Relations Between Set X (Background) Variables and Set M2 (Birth) Outcomes                 

Dependent Predictor Variable 

Variable SES Educ Mom IQ Mom age PKU sev. 

Model 2 

Birth size .15 (.06) ‒.00 (.07) ‒.02 (.08) .10 (.06) ‒.08 (.09) 

Head circumference ‒.13 (.06) ‒.09 (.06) ‒.03 (.07) .08 (.05) .06 (.08) 

 

Model 4.2 

Birth size .11 (.04) 

Head circumference 

Note: Tabled values are standardized regression coefficients with standard errors in parentheses. Variable names: SES = Socioeconomic status; Educ = Mother’s education; Mom IQ = 
Mother’s IQ; Mom age = Mother’s age at conception; PKU sev. = Mother’s PKU severity. Boldfaced coefficients p < .05 

to Model 5.2, with an optimal, restricted set of estimates. 
These path coefficients are shown in the bottom half of 
Table 9. PHE Level had relatively strong effects on both 
Birth Size, β = ‒.27 (SE = .07), and especially on Head Cir
cumference, β = ‒.54 (SE = .06). Weight Gain had positive ef
fects on both Birth Size, β = .24, and Head Circumference, β 
= .13, although these were smaller than the effects of PHE 
Level. Finally, Gestation length, β = ‒.11 (SE = .04). and Pro
tein Intake, β = .14 (SE = .05), both had effects on Birth Size, 
but not on Head Circumference. 

3.6. Testing Relations of M1 (Pregnancy       
Variables) with Y (Child Outcomes)      

Evaluating the strength of relations of Set M1, preg
nancy variables, on Set Y, child outcomes, was the next 
task. The 20 relevant path coefficients from Model 2 are 

shown in the top half of Table 10. Only 5 of the 20 path co
efficients were significant at the p < .05 level. A setwise test 
of the 20 coefficients was accomplished by fitting Model 
6.1, which had all 20 path coefficients fixed at zero. As 
shown in Table 3, Model 6.1 had rather poor fit to the data, 
with TLI = .928. 
Model 6.2 was fit next, a model with freely estimated 

path coefficients for the 5 paths with significant coefficients 
in Model 2, and the remaining 15 path coeffcients fixed at 
zero. Model 6.2 had very good fit to the data, with RMSEA 
(.037) and TLI (.959) that were slightly better than Model 2. 
As shown in Table 4, the difference in fit between Model 2 
and the more restricted Model 6.2 was not significant sta
tistically or practically. 
Estimated path coefficients in Model 6.2 are shown in 

the bottom half of Table 10. The major effects in this model 
were from PHE Level to Child Intelligence Outcomes at 1 
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Table 9. Models 2 and 5.2: Testing Relations Between Set M1 (Pregnancy) Variables and Set M2 (Birth) Outcomes                 

Dependent Predictor Variable 

Variable SD PHE PHE level Weight gain Gestation Protein intake 

Model 2 

Birth size ‒.06 (.07) ‒.26 (.07) .23 (.06) ‒.14 (.05) .15 (.06) 

Head circumference ‒.04 (.06) ‒.53 (.06) .13 (.05) ‒.05 (.04) .02 (.06) 

 

Model 5.2 

Birth size ‒.27 (.07) .24 (.06) ‒.11 (.04) .14 (.05) 

Head circumference ‒.54 (.06) .13 (.05) 

Note: Tabled values are standardized regression coefficients with standard errors in parentheses. Variable names: SES = Socioeconomic status; Educ = Mother’s education; Mom IQ = 
Mother’s IQ; Mom age = Mother’s age at conception; PKU sev. = Mother’s PKU severity. Boldfaced coefficients p < .05 

Table 10. Models 2 and 6.2: Testing Relations Between Set M1 (Pregnancy) Variables and Set Y (Child Outcome)                 
Variables  

Dependent Predictor Variable 

Variable SD PHE PHE level Weight gain Gestation Protein intake 

Model 2 

1 Year .14 (.08) ‒.51 (.09) .14 (.06) .12 (.06) .07 (.06) 

2 Years ‒.07 (.07) ‒.27 (.10) .03 (.06) .00 (.05) -.02 (.07) 

4 Years ‒.02 (.06) ‒.40 (.09) .09 (.05) ‒.06 (.05) -.05 (.06) 

7 Years .10 (.06) .01 (.13) ‒.03 (.05) .02 (.05) .00 (.06) 

 

Model 6.2 

1 Year ‒.48 (.08) .14 (.06) .13 (.05) 

2 Years ‒.28 (.09) 

4 Years ‒.37 (.08) 

7 Years 

Note: Tabled values are standardized regression coefficients with standard errors in parentheses. Variable names: SES = Socioeconomic status; Educ = Mother’s education; Mom IQ = 
Mother’s IQ; Mom age = Mother’s age at conception; PKU sev. = Mother’s PKU severity. Boldfaced coefficients p < .05 

Year, β = ‒.48 (SE = .08), at Year 2, β = ‒.28 (SE = .09), and 
at Year 4, β = ‒.37 (SE = .08). The remaining two significant 
effects were the effects of Weight Gain, β = .14 (SE = .06), 
and Gestation, β = .13 (SE = .05) on Intelligence at 1 Year, 
effects that were relatively small in magnitude. 

3.7. Testing Relations of M2 (Birth Outcomes)        
with Y (Child Outcomes)     

The final set of direct paths to be evaluated were paths 
from the two latent variables in Set M2, birth outcomes, to 
the four latent variables in Set Y, child outcomes. The rele
vant path coefficients from Model 2 are presented in Table 
11. Not one of the path coefficients approached statistical 
significance at p < .05. A setwise test of the 8 coefficients 
was conducted by evaluating Model 7.1, in which all 8 coef
ficients were fixed at zero. As shown in Table 4, Model 7.1 
did not fit significantly worse than Model 2 either statisti
cally, Δχ2(8) = 6.33, p = .61, or practically, with RMSEAD = 

Table 11. Model 2: Relations of Set M2 (Birth        
Outcomes) with Set Y (Child Outcomes)       

Dependent Predictor Variable 

Variable Birth Size 
Head 

Circumference 

Model 2 

1 Year ‒.08 (.10) .12 (.10) 

2 Years ‒.02 (.10) .02 (.09) 

4 Years .06 (.08) ‒.11 (.08) 

7 Years .01 (.08) .08 (.08) 

Note: Tabled values are standardized regression coefficients with standard errors in 
parentheses 

.000. As a result, all 8 coefficients remained fixed at zero in 
the final model. 
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3.8. Final Model    

Collating results across the various comparisons of sets 
of path coefficients, we formulated Model 8, which had 
the initial form dictated by the significant path coefficients 
shown in Tables 6 through 11. This initial final model, 
Model 8, had good fit to the data, with χ2(298) = 456.63, p 
< .0001, but very good RMSEA of .036, 90% CI [.029, .042], 
and TLI of .962. When this model was fit to the data, sev
eral path coefficients were very small and no longer sta
tistically significant. The newly weakened path coefficients 
tended to involve direct effects of Set X variables on out
comes in Set Y. These effects, shown in the bottom half of 
Table 6 had been estimated without accounting for medi
ators in Sets M1 and M2. Now that effects of the media
tors were estimated, direct effects of several Set X variables 
were no longer significant, as the mediators appeared to 
mediate completely their effects on Set Y variables. Delet
ing these eight path coefficients led to the final trimmed 
model, Model 8a, with essentially the same levels of practi
cal fit – RMSEA and TLI – as Model 8, as shown in Table 3. 

Factor loadings. First, we direct attention to Table 12, 
which contains the standardized factor loadings and unique 
variances of the manifest variables in Model 8a. Note that 
single indicator latent variables had factor loadings of 1.0 
and unique variances of 0.0, by definition, to identify the 
structural model. For latent variables with multiple indica
tors, standardized factor loadings were very strong, with 20 
of the 21 loadings falling between .82 and .93 in absolute 
magnitude, and the weakest loading a still strong value of 
.74. As a result, all latent variables were strongly indicated 
by their manifest indicators. 

Path coefficients. The path coefficients in Model 8a are 
shown in Figure 4 along with their SEs. As an aid in in
terpreting results in Figure 4, weaker path coefficients that 
tended to be rather small in magnitude and significant at 
p-levels between .05 and .001 were depicted as dotted ar
rows, whereas path coefficients that tended to be larger in 
magnitude and significant a p < .001 are shown with solid 
arrows. Looking first at effects of background variables in 
Set X on mediators in Set M1, three of the mediator latent 
variables were affected at modest levels by the background 
latent variables. Specifically, Weight Gain (R2 = .08) was af
fected at significant, but low levels by Mother SES, β = .15 
(SE = .06), and Mother IQ, β = .19 (SE = .06); Gestation (R2 

= .02) was affected only by mother’s Severity of PKU Muta
tion, β = ‒.15 (SE = .05); and Protein Intake (R2 = .07) was 
affected by Mother SES, β = .18 (SE = .07), Mother Educa
tion, β = ‒.15 (SE = .07), and mother’s Severity of PKU Mu
tation, β = .21 (SE = .06). The SD of PHE levels during preg
nancy (R2 = .43) was affected strongly by mother’s Severity 
of PKU Mutation, β = .67 (SE = .04), and to a much lesser 
magnitude by Mother’s Age, β = ‒.09 (SE = .04). Finally, PHE 
Level (R2 = .37) was affected by Mother’s SES, β = ‒.19 (SE = 
.04), more strongly by Mother’s Age, β = ‒.30 (SE = .04), and 
more strongly still by mother’s Severity of PKU Mutation, β 
= .49 (SE = .05). These latter results indicated that mothers 
with higher SES levels and older ages at conception tended 
to have better control of average PHE levels during preg

nancy (i.e., lower PHE levels), whereas mothers with more 
severe PKU mutations tended to have worse PHE level con
trol (i.e., higher PHE levels). 
Turning next to predictors of the two mediator latent 

variables in Set M2, Birth Size (R2 = .29) was impacted pri
marily and strongly by PHE Level, β = ‒.37 (SE = .06), and 
Weight Gain, β = .25 (SE = .06), and at much lower levels 
by Gestation, β = ‒.09 (SE = .04), and Mother’s SES, β = 
.11 (SE = .04). Regarding the two strong effects, mothers 
with worse control of PHE levels tended to have smaller 
infants, whereas mothers with higher SES levels tended to 
have larger infants. Head Circumference (R2 = .35) was in
fluenced strongly by PHE Level, β = ‒.54 (SE = .04), and to 
a weaker extend by Weight Gain, β = .14 (SE = .05). The 
stronger effect indicated that higher levels of PHE were as
sociated with smaller head circumferences, attesting to the 
teratogenic effect of PHE Level. 
The final set of path coefficients of interest were effects 

of predictors from Sets X, M1, and M2 on the child outcome 
latent variables in Set Y. As shown in Figure 4, Child Intelli
gence at 1 year was affected strongly by PHE Level, β = ‒.51 
(SE = .06), and to a much lesser extent by Mother’s IQ, β = 
.18 (SE = .06), Weight Gain, β = .18 (SE = .06), and Gestation, 
β = .15 (SE = .05). These path coefficients imply that high 
levels of PHE exposure during gestation had strong nega
tive effects on child intelligence at 1 year of age, whereas 
mother’s intelligence had a positive effect as did the indi
cators of optimal pregnancy, weight gain and length of ges
tation. 
Child Intelligence at 2 Years exhibited a strong first-or

der autoregressive effect from Child Intelligence at 1 Year, 
β = .52 (SE = .07), plus a rather strong direct effect of PHE 
Level during gestation, β = ‒.32 (SE = .07), and a relatively 
small direct effect of Mother’s IQ, β = .15 (SE = .05). Child 
Intelligence at 4 Years was strongly predicted by Child In
telligence at 2 years, β = .61 (SE = .06), and a rather strong 
direct effect of PHE Level during gestation, β = ‒.38 (SE = 
.06). Finally, Child Intelligence at 7 years was strongly af
fected by the autoregressive effect of Child Intelligence at 4 
Years, β = .92 (SE = .03), along with relatively small direct 
effects of Mother’s PKU Mutation, β = .11 (SE = .04), and 
Mother’s SES, β = .16 (SE = .04). 

Indirect effects. In addition to the direct effects just dis
cussed, the final model shown in Figure 4 included a num
ber of notable indirect effects. For example, Mother’s IQ 
had an indirect effect on Child Intelligence at Year 2 
through its effect on Child Intelligence at Year 1, IE = .09 
(SE = .03), p = .007, and on Child Intelligence at Year 4 
through its effect on Child Intelligence at Year 2, IE = .09 
(SE = .03), p = .006. 
Two mother status variables – Mother’s SES and 

Mother’s Age – in Set X had significant indirect effects. 
Thus, Mother’s SES had indirect effects, through its effect 
on PHE Level, on five outcome variables, specifically on 
Birth Size, IE = .07 (SE = .02), p < .001, on Birth Head Cir
cumference, IE = .10 (SE = .03), p < .001, and on Child Intel
ligence at Year 1, IE = .10 (SE = .03), p < .001, Year 2, IE = .06 
(SE = .02), p < .001, and Year 4, IE = .07 (SE = .02), p < .001. 
Mother’s Age had larger indirect effects, through its effect 
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Table 12. Standardized Measurement Model Parameter Estimates from Model 8a         

Latent Variable Manifest Indicator Factor Loading Unique Variance 

SES Hollingshead reversed 1.00 (----) 0.00 (----) 

Maternal Education Maternal education 1.00 (----) 0.00 (----) 

Maternal IQ Verbal IQ 0.87 (.03) 0.22 (.05) 

Performance IQ 0.86 (.03) 0.26 (.04) 

Age at Conception Maternal age 1.00 (----) 0.00 (----) 

PKU Severity Mother PHE on normal diet 0.88 (.02) 0.23 (.04) 

Güttler score ‒0.91 (.02) 0.17 (.04) 

SD PHE SD PHE 1.00 (----) 0.00 (----) 

PHE Level PHE > 6 mg/dL 0.92 (.02) 0.16 (.03) 

Week < 10 mg/dL 0.86 (.02) 0.25 (.03) 

Weight Gain Weight gain 0.91 (.05) 0.17 (.09) 

Pct recommended gain 0.85 (.05) 0.28 (.08) 

Gestation Gestation 1.00 (----) 0.00 (----) 

Protein Intake Protein intake 1.00 (----) 0.00 (----) 

Birth Size Birth length 0.74 (.03) 0.45 (.04) 

Birth weight 0.90 (.03) 0.19 (.05) 

Head Circumference Birth head circumference 1.00 (----) 0.00 (----) 

Child Intelligence Year 1 Bayley MDI 0.85 (.03) 0.28 (.04) 

REEL receptive language 0.89 (.02) 0.22 (.04) 

REEL expressive language 0.92 (.02) 0.16 (.04) 

Child Intelligence Year 2 Bayley MDI 0.87 (.02) 0.24 (.04) 

REEL receptive language 0.82 (.03) 0.33 (.05) 

REEL expressive language 0.86 (.03) 0.26 (.05) 

Child Intelligence Year 4 McCarthy GCI 0.90 (.02) 0.18 (.03) 

TOLD CSLQ 0.82 (.02) 0.33 (.04) 

Vineland Communication 0.84 (.02) 0.30 (.04) 

Child Intelligence Year 7 WISC Verbal IQ 0.93 (.01) 0.13 (.03) 

WISC Performance IQ 0.88 (.02) 0.23 (.03) 

Note: Tabled values are standardized estimates with SEs in parentheses. 

on PHE Level, on the same five outcomes, on Birth Size, IE 
= .11 (SE = .03), p < .001, on Birth Head Circumference, IE = 
.16 (SE = .03), p < .001, and on Child Intelligence at Year 1, 
IE = .15 (SE = .03), p < .001, Year 2, IE = .09 (SE = .03), p < 
.001, and Year 4, IE = .11 (SE = .03), p < .001. 
Mother’s Severity of PKU Mutation had still larger indi

rect effects, through its effect on PHE Level, on the same 
five outcomes, specifically on Birth Size, IE = ‒.18 (SE = .03), 
p < .001, on Birth Head Circumference, IE = ‒.27 (SE = .03), 
p < .001, and on Child Intelligence at Year 1, IE = ‒.25 (SE = 
.04), p < .001, Year 2, IE = ‒.16 (SE = .04), p < .001, and Year 
4, IE = ‒.19 (SE = .04), p < .001. 
Two mediators in Set M1 had relatively small but sig

nificant indirect effects on Child Intelligence at 2 Years 
through their effects on Child Intelligence at 1 Year. These 
included Gestation length, IE = .07 (SE = .03), p = .02, and 
Weight Gain, IE = .09 (SE = .03), p = .007. 
Finally, as noted above, PHE Level had strong direct ef

fects on Child Intelligence at 1, 2, and 4 years of age. In 
addition to these, PHE Level had notable indirect effects 
on intelligence test scores at the last three times of mea

surement. Here, PHE Level had a sizeable indirect effect on 
Child Intelligence at 2 years through its effect on Child In
telligence at 1 year, IE = ‒.27 (SE = .05), p < .001, on Child In
telligence at 4 years through its effect on Child Intelligence 
at 2 years, IE = ‒.19 (SE = .05), p < .001, and on Child Intel
ligence at 7 Years through its effect on Child Intelligence at 
4 Years, IE = ‒.35 (SE = .06), p < .001. 

4. Discussion   

The primary goal of the study was to estimate the effects 
of prenatal exposure to PHE on child intelligence during 
infancy and childhood within the context of a model that 
included an array of maternal background, pregnancy-re
lated, and birth-related variables. The results of this study 
replicated common findings in many prior, independent in
vestigations of variables related to child intellectual out
comes and then extended these results in informative fash
ion based on the fact that the children in this study were 
offspring of mothers with PKU. As is often found, maternal 
SES and IQ were strongly related to child intellectual out
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Figure 4. Standardized parameter estimates (with     SEs in parentheses) from Model 8, the final model relating           
background characteristics, prenatal and birth mediators, and child intellectual outcomes. (Note: Correlations             
among background variables were omitted due to space constraints; these are reported in              Table 5 ). [dashed   
arrows designate paths .05 >      p  > .001; solid arrows designate paths       p  < .001]   

comes at all four age levels, with correlations varying from 
.36 to .50 (see Table 5). Mother’s education and age were 
less highly correlated with child outcomes, but still of mod
erate value. 

4.1. Notable Effects    

Effects of background variables   . In the initial struc
tural model that related maternal background variables to 
offspring intelligence in infancy and childhood (see Figure 
3), all five maternal background variables had significant 
direct effects on Child Intelligence at 1 year. Mother’s IQ 
and Mother’s SES had the strongest direct effects on the 
outcome at 1 year, replicating findings from many studies 
published over the past 50 years. In addition to these direct 
effects on the Year 1 outcome, several of the background 
variables had direct effects on the child outcome latent 
variables at 2, 4, and 7 years. 
However, putative effects of background variables on 

child intelligence must be evaluated within models that 
contain possible mediators of these effects. When preg
nancy and birth outcome mediators were included in the 
structural model, a rather different take on developmental 
processes emerged. Mother Age had significant direct ef
fects on SD PHE and PHE Level, Mother SES had significant 
direct effects on PHE Level and Weight Gain, and Mother IQ 
had a direct effect on Weight Gain. But, neither Mother Age 
nor Mother SES had direct effects on Child Intelligence at 1 
Year, so their effects were indirect only. 
Notably, the severity of the mutation on the mother’s 

PAH gene was the background variable that clearly had the 

strongest influences on pregnancy-related variables, with 
very strong direct effects on both PHE Level and variability 
of maternal PHE levels during pregnancy, as well as smaller, 
but still notable effects on Protein Intake and Gestation 
length. Thus, mothers with more severe mutations had 
higher mean PHE levels during pregnancy and exhibited 
much greater variability in their PHE levels than did moth
ers with less severe mutations. So, mothers with more se
vere mutations on the PAH gene had greater difficulty con
trolling their PHE levels. 
Pregnancy variables . Of the pregnancy-related latent 

variables, only PHE Level had large effects on birth-related 
and offspring cognitive outcome variables. PHE Level had a 
very large effect on Birth Head Circumference, a large ef
fect on Birth Size and then had moderately large to very 
large direct effects on three of the four cognitive outcome 
latent variables. Importantly, PHE Level mediated fully or 
partially many effects of maternal background variables on 
offspring cognitive outcomes. That is, three maternal back
ground variables had significant influences on PHE Level, 
and PHE Level then significantly affected birth-related and 
cognitive outcomes. Moreover, with minor exceptions, the 
maternal background variables had few significant direct 
effects on birth-related and cognitive outcomes once the 
effects of PHE Level on these latent variables were esti
mated, and most of these effects were relatively small. 
Causal dead ends  . Two instances of what might be 

termed causal dead ends are worthy of note. One of these 
concerned PHE variability during pregnancy. In prior re
search, Maillot et al. (2008) found variability in PHE levels, 
or SD PHE, was a relatively strong predictor of later child 
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intelligence. Replicating the finding of correlations of SD 
PHE with outcomes, we documented moderate to strong 
correlations of SD PHE with child cognitive measures (see 
Table 2). But, when estimated alongside PHE Level in pre
dicting child intelligence, SD PHE had no direct effects on 
the child outcomes. SD PHE and PHE Level were rather 
strongly correlated, so the correlations of SD PHE with 
child intelligence scores were indirect only, through its cor
relation with PHE Level. 
The second causal dead end involved Birth Head Circum

ference. Many studies have used birth head circumference 
as a predictor of child intelligence scores. We replicated the 
strength of correlations of birth head circumference with 
child intelligence, with correlations ranging from .35 to .49 
(see Table 2). Prior studies touting the importance of the 
relation of head circumference to child intelligence had a 
measure of the size of the container (i.e., the size of the 
head), but unfortunately no measure of what was going on 
inside the container. Even though the nature of brain dam
age arising from PHE exposure has not been tied down de
finitively, over six decades of research have documented the 
teratogenic effects of PHE exposure on cognitive outcomes. 
PHE Level was an indicator of PHE exposure and thus was 
an indicator of damage happening to the developing brain. 
PHE Level was strongly inversely related to Birth Head Cir
cumference, as predicted. But, when effects of PHE Level 
were estimated on child intellectual outcomes, Birth Head 
Circumference had no significant direct effects on those 
child outcomes. 
Broader implications . One broader implication of the 

results of the present study concerns the need to model po
tential mediators when attempting to characterize devel
opmental processes. Infant and child intellectual outcomes 
were the focus of this study, but our results have implica
tions for developmental research more broadly. Parent and 
child background variables, such as parent intelligence or 
SES, are often used to predict important child outcomes, 
and that is fine, as far as it goes. However, developmental 
science will progress more swiftly and informatively when 
researchers attempt to determine how the background vari
ables have their effects. If mediators are found that mediate 
fully or partially the effects of background variables on 
child outcomes, we gain understanding of the texture of de
velopmental processes, such as how background variables 
affect or influence outcomes through the mediators. 
Another still broader implication of the results of the 

present study pertains to the ways in which we understand 
and model genetic and environmental sources of variation 
regarding their effects on behavioral outcomes. Typical be
havior genetic studies estimate the proportion of variance 
in scores, such as intelligence scores, due to genetic sources 
of variance in the persons whose intelligence is measured. 
The current study reveals a more nuanced picture. Genes 
are important, environments are important, but dividing 
offspring phenotypic variance as due to genetic or environ
mental factors makes no sense. Instead, the genes of one 
organism – the severity of the PAH mutation in the mother 
– that help explain phenotypic variance of another organ
ism – her offspring. Further, genes have no direct effect 

on intellectual outcomes. Instead, the genes of a mother, 
as she interacts or transacts with her environment (i.e., 
principally her diet), provide an intrauterine environment 
that can have very negative effects on the developing fe
tus. Regardless of the severity of the PAH gene mutation, if 
a pregnant woman adheres closely to a low-PHE diet, her 
blood PHE levels will be low, and the intrauterine environ
ment for the fetus will not be problematic. Conversely, if 
the pregnant woman fails to stay on a low-PHE diet, she 
may provide an intrauterine environment for her fetus that 
has severe teratogenic effects. Thus, teratogenic effects are 
of an environmental nature for the developing offspring, 
but arise from maternal genes and the mother’s transac
tions with her diet. Hence, genes and environments are 
both important, and neither appears more prominent than 
the other. 

4.2. Limitations   

Turning to potential limitations of the present study, 
one concern that arises in the use of structural modeling is 
the correct specification of the model. Central to this con
cern is whether the direction of effects was properly speci
fied. MacCallum, Wegener, Uchino, and Fabrigar (1993) de
scribed how equivalent models can often be easily obtained, 
equivalent models with one or more direct paths drawn 
in the opposite direction. These equivalent models have 
equal fit to the data, but interpretations that are necessarily 
different than those consistent with the proffered models. 
However, consistent with arguments made by MacCallum et 
al., one strength of the present study is the time-ordered 
nature of the sets of variables. Direct effects were specified 
only from variables at one time of measurement to vari
ables at later times of measurement, so the direction of 
paths is not an issue for this study. 
A second potential limitation related to modeling is the 

tendency to emphasize method over substance. That is, in 
a study with the form like the present one, some might ar
gue that the modeling enterprise seems a triumph of statis
tics over the substantive implications of the data. We would 
dispute such a claim. Instead, we acknowledge the compli
cated series of steps in our modeling, with multiple back
ground variables, two sets containing multiple mediators, 
and then multiple outcomes. We confront the “method vs. 
substance” issue by arguing that infant and child outcomes 
as important as intelligence deserve to be studied in a com
prehensive fashion, with multiple potential predictors, to 
avoid possible bias in estimating effects of predictor vari
ables. Complexity of the problem dictated the complexity of 
the analytic approach. 
A third potential limitation is the issue of sample size 

and the large number of manifest variables. In any mod
eling study, researchers are encouraged to obtain as large 
a sample of participants as possible. Monte Carlo studies 
of structural modeling have consistently recommended ob
taining samples of at least 150 or 200 participants to have 
power to identify small effects (see Tanaka, 1987 and Mac
Callum et al., 1999, for reviews). Researchers are also en
couraged to examine the ratio of sample size (N) to number 
of variables (p), or N/p; as well as the level of communality 
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for manifest variables that are used to form latent variables 
(MacCallum et al., 1999). General recommendations are to 
have N/p > 10, N > 200 for high (.6 - .8) communality, and 
N > 400 for low (.2-.4) communality. Our sample of over 
400 more than meets the threshold for acceptable sample 
size, and the other criteria were clearly met. Furthermore, 
a number of paths in our final model were identified with 
standardized effects that were about .10 or larger, so it ap
pears we had sufficient power to find rather small effects. 
The unusual nature of the current sample means that ob
taining additional observations would be difficult or im
possible. Finally, despite the sample size, the effect sizes 
should enable readers to inform their interpretations. For 
example, a cautious reader may only emphasize standard
ized effects larger than .30, whereas a more liberal reader 
may find interest in standardized effects larger than .10. 
Given that truth cannot be known for certain, we sought to 
provide useful information for all readers, enabling them to 
draw their own conclusions. 
A fourth potential limitation was the presence of missing 

data on many study variables. Missing data in longitudinal 
studies are very common, so not unique to this study. Also, 
we used appropriate methods of analysis, such as FIML es
timation, that provide efficient and unbiased estimates of 
effects in the presence of missing data. Moreover, there 
were no obvious reasons suggesting that missing data were 
“missing not at random,” and therefore we believe that the 
FIML results provide the most justifiable results. 

5. Summary   

In summary, despite potential limitations, the present 
study supported a model in which the development of in
fant and childhood intelligence was an outcome of interre
lated genetic and environmental processes. Maternal vari
ables, such as her SES and her intelligence, played 
important roles in the rollout of offspring intelligence. The 
most important maternal variable in this process was the 
severity of the mother’s genetic defect. This genetic defect, 
in interaction or transaction with the mother’s environ
ment, then led to an intrauterine environment that was an 
extremely strong predictor of infant and child intellectual 
outcomes. The result is a compelling story of genes, envi
ronments, and the development of intelligence in offspring 
of mothers with PKU. 
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Appendix A. Supplementary data     
Supplementary material for this article can be found on

line at https://osf.io/kwtc6/ 
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