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Purpose: Cognitive development during adolescence affects health long term. We investigated whether
level of and change in language-based cognition during adolescence are associated with cognitive per-
formance in midlife.

Methods: Participants were enrolled in the Child Health and Development Study and followed during
midlife (47—52 years). Adolescent cognition was measured with the Peabody Picture Vocabulary Test at

Iéewa’fds" ages 9—11 years (PPVT-9) and 15—17 years (PPVT-15). We examined PPVT-9, as well as a PPVT change
AZ%TEISCOEILCE score (derived using the standardized regression-based method) in relation to midlife cognition mea-

sures of Wechsler Test of Adult Reading, Verbal Fluency, and Digit Symbol tests. Linear regression models
were adjusted for childhood socioeconomic status, age, sex, race, and midlife marital status, education,
and occupational score.

Results: In 357 participants (52.1% female, 25.6% African American), both PPVT-9 (B [95% confidence
interval [CI] = 0.26 [0.18, 0.34]) and PPVT change score (8 [95% CI] = 2.03 [1.27, 2.80]) were associated
with Wechsler Test of Adult Reading at midlife. PPVT-9 was associated with midlife Verbal Fluency (B
[95% CI] = 0.18 [0.10, 0.25]), whereas PPVT change score was not (B [95% CI] = —0.01 [-0.68, 0.67]).
Neither PPVT-9 nor PPVT change score was associated with midlife Digit Symbol.

Conclusions: Both level of and change in language-based cognition during adolescence were associated
with midlife vocabulary and language function, even after controlling for midlife occupation and
education.
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© 2019 Elsevier Inc. All rights reserved.

Introduction

Adolescence marks a period of major brain development [1-3],
when neurophysiological changes and crucial maturation of the
cognitive system take place [1,4,5]. Large longitudinal studies
across Europe and the United States find that adolescent cognition
is related to cognitive outcomes at older ages [6—8], as well as
overall and all-cause mortality risk [9,10] and cardiovascular dis-
ease risk [11—13]. However, relatively few studies have examined
the impact of adolescent cognition on cognitive function at midlife
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as opposed to older ages. The observation that dementia has a long
preclinical period has led to calls for the study of risk factors and
cognitive outcomes many years before the clinical diagnosis of
disease [14,15]. Furthermore, prior studies have not examined
whether the amount of cognitive change during adolescence,
independently of the level of cognition measured at one time point,
impacts cognitive function in midlife. The degree of increase, sta-
bility, or decrease in cognition during adolescence has been shown
to be linked with brain maturation that demonstrates increased
neurophysiological dynamics compared with earlier periods of
brain growth [5]. Thus, the degree of change or lack of change in
cognition in this period may be reflective of maturational de-
railments, which may be difficult to remediate, thus setting the
course for poor cognitive functioning at midlife and beyond.

We examined whether language-based cognition, measured by
the Peabody Picture Vocabulary Test (PPVT) in early adolescence
(aged 9—11 years) is associated with various measures of cognitive
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function assessed at midlife, including the Wechsler Test of Adult
Reading (WTAR), Verbal Fluency (VF) test, and the Wechsler Adult
Intelligence Scale-Revised Digit Symbol (DS) test. We hypothesize
that the language-based adolescent cognition measures in this study
will most strongly be associated with midlife measures of cognition
that capture vocabulary and verbal function, namely WTAR and VF
(while controlling for measures of fluid cognition at midlife). In
addition, we examined whether change in PPVT scores between
early (age 9—11 years) and late (age 15—17 years) adolescence is
associated with cognitive performance in midlife, independent of
language-based cognitive performance at age 9—11 years.

Methods
Study population

Participants in this study were the adult offspring of mothers
who were originally recruited as part of the Child Health and
Development Studies (CHDS). Briefly, all pregnant women
receiving prenatal care between 1959 and 1967 from the Kaiser
Foundation Health Plan in Oakland, CA, were invited to participate,
with a total of 19,044 live births among participating women [16].
In-person interviews and medical records provided extensive de-
mographic, behavioral, and clinical information on pregnant
women and their offspring. Follow-up examinations of offspring
and interviews with their primary caregivers (predominantly
mothers) were subsequently conducted at offspring ages 5, 9—11,
and 15—17 years for subsets of the cohort. Recruitment procedures
for the midlife CHDS Disparities (DISPAR) study are presented in
detail in the study by Link et al [17]. Briefly, a subset of 1633
offspring was identified for potential inclusion at approximate age
of 50 years (further details in supplement) [17]. Of the 1633 eligible
for DISPAR, 985 were successfully contacted, of which 605 were
successfully enrolled to make up the CHDS DISPAR study sample
[17]. Human subjects approval was obtained from the Institutional
Review Board at Columbia University and the Public Health Insti-
tute, Oakland CA [17]. From the 510 participants who completed the
home visit, 31 participants were excluded because of missing in-
formation on midlife cognitive variables, and a further 122 were
excluded because of missing information on one or both of the
adolescent PPVT variables (i.e., either age 9—11 or 15—17 years),
resulting in a final sample size of 357 for the current longitudinal
analyses. Those included in the analyses (n = 357) versus excluded
(n = 248) were more likely to be white or married (Table 1).

Table 1
Characteristics of the Child Health and Development Study (CHDS) DISPAR partici-
pants included in this study (n = 357) versus those excluded (n = 248)

Characteristics Included Excluded
Midlife age, mean (SD) 495 (1.0) 49.3 (1.5)
Female, n (%) 186 (52.1) 116 (46.7)
Race

White, n (%) 232 (65.3) 76 (30.7)

African American, n (%) 91 (25.6) 153 (61.7)

Other, n (%) 32 (9.0) 19 (7.7)
Midlife marital status

Married/living with partner, n (%) 246 (69.0) 129 (52.0)

Single, n (%) 67 (18.8) 72 (29.0)

Divorced/separated/widowed, n (%) 44 (12.3) 47 (19.0)
Years of education at midlife, mean (SD) 14.9 (0.14) 14.5 (0.15)
Occupational score at midlife, mean (SD) 57.5(1.4) 53.6 (1.6)
Self-rated health at midlife

Excellent/very good/good, n (%) 269 (83.8) 127 (80.9)

Fair, n (%) 40 (12.5) 26 (16.6)

Poor, n (%) 12 (3.7) 4(2.3)

Total n for some variables may not sum to 357 due to missing values.
n = 32 missing for race, 36 missing for self-rated health at midlife.

Measures of adolescent cognitive function

The PPVT, a test of receptive vocabulary and language process-
ing, was administered to participants both at the age 9—11 and
15—17 years examinations. Participants are shown a series of
sheets, each with four pictures displayed. The examiner says a
target word aloud, and the participant is asked to indicate which of
the four pictures best represents the said word [18] (details in
Supplement).

The Raven Colored Progressive Matrices (RCPM) [19] test was
administered in its complete form but only at the age 9—11 years
examination. The test represents a test of logical reasoning and
consists of series of items each containing a matrix display of 12
graphical patterns from which one element is missing. The partic-
ipants are provided with six alternative patterns and must choose
which best fits the missing element (details in Supplement).

Measures of midlife cognitive function

The cognitive tests were administered during home visits.
WTAR captures crystallized intelligence, which relies on long-term
memory and reflects the ability to use experience and knowledge
(e.g., vocabulary). Conversely, VF and Wechsler Adult Intelligence
Scale-Revised DS Substitution Test (DS or DSST) capture fluid in-
telligence, which refers to the capacity to process complex infor-
mation involved in reasoning and problem-solving tasks [20].

For the WTAR [21], the participant is presented with a list of 50
phonetically incorrect words and asked to pronounce each. The raw
score is obtained by summing the number of correctly pronounced
words, ranging from 0 to 50.

The VF test [22,23]| was conducted by asking participants to
name as many animals as possible within 1 minute. Raw scores are
obtained by tallying the number of correct responses (excluding
any repeats or errors). The administration of WTAR and VF were
taped and scored independently by two research staff, with
excellent reliability (intraclass correlation = 0.989).

For the DSST [24,25], each participant is presented with a sheet
with a number-to-symbol key at the top, along with a grid of
numbers and corresponding blank boxes. In this 90-second test, the
participant is required to write down as many correct corre-
sponding symbols underneath each number. The score is the count
of numbers correctly translated to symbols, with a possible range of
0—133.

Additional variables

Race/ethnicity was based on participant self-identification at
midlife and categorized as non-Hispanic White, Black, and other
race/ethnicity. A composite childhood socioeconomic status (SES)
index, described in the study by Link et al., [17] was developed by
combining assessments of maternal education at birth, and
paternal occupation and family income at birth, 9—11, and
15—17 years follow-ups. Similarly, a midlife occupational standing
score, which takes into account the average yearly income and
minimum level of education for a given occupation, was created
using data from the (2010) U.S. Bureau of Labor Statistics (details in
Supplementary Methods). Midlife education was measured as the
highest grade of school completed and analyzed continuously as
years of education. Midlife marital status was categorized as single,
married or living with partner, and separated, divorced, or wid-
owed. Parental divorce or separation during adolescence was
defined as a change of parental marital status from being married at
the age of 9—11 years examination to divorced or separated at
adolescent age 15—17 years exam. Age 9—11 years school progress
was categorized as normal or skipped a grade versus held back a
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grade (these last two variables are included as descriptive variables
but not included in multivariable models).

Statistical analyses

We used PPVT-9 as a measure of cognition level at baseline and
derived a change score using the standardized regression-based
approach as a measure of change in cognition between age 9—11
and 15—17 years [26,27]. This PPVT change score was created as
follows: (1) a regression equation, with PPVT-15 as the dependent
variable and PPVT-9, age, and sex as independent variables (model
adjusted R-squared = 0.54), was used to derive predicted PPVT-15
scores; (2) the change score was then created as (actual PPVT-15
score minus predicted PPVT score) divided by the standard error
of the estimate (=10.76) from the prediction regression equation.
Thus, the change score provides a measure of what the observed
level of age 15—17 years cognition was in comparison to what
would be predicted based on age 9—11 years cognition and related
factors. The change score derived with the standardized regression-
based method has been shown to be an accurate and reliable
method for capturing both normal cognitive change as well as
diagnostic change [26,28].

Linear regression models assessed associations of PPVT-9 and
PPVT change score, with each of the midlife cognitive test scores.
Models were initially adjusted for childhood SES index, age at
midlife assessment, sex, race, and midlife marital status, followed
by adjustment for age-9 Raven test scores (RCPM-9) to account for
other components of cognitive ability (i.e., fluid cognition) that are
not captured by PPVT. Given the evidence that one-way early life
cognition can influence later health and cognition is through
educational attainment [10,29—31], we further adjusted for midlife
education and occupational standing in final models to determine
whether any association between adolescent cognitive develop-
ment and midlife cognition would remain after such adjustment.

Multiple imputation by chained equations was used to impute
missing values for race (n = 2 missing), midlife education (n = 1
missing), and midlife occupational score (n = 19 missing) in linear
regression models. Analyses were conducted in R (Version 3.3.1, R
Foundation for Statistical Computing, Vienna, Austria).

In sensitivity analyses, we used standardized PPVT-9 and PPVT-
15 scores instead of raw test scores (details in Supplementary
Methods) to conduct the previously mentioned analyses. In addi-
tional sensitivity analyses, we used a PPVT difference score (PPVT-
15 —PPVT-9) as a measure of change instead of the PPVT change
score to evaluate whether results obtained with a simple difference
measure were in agreement with that observed using our derived
change score.

Results

The 357 participants had a mean (SD) age of 49.5 (1.0) years at
midlife, 52% were women, 26% African American, and 69% were
either married or living with a partner at midlife. Subjective health
ratings in midlife indicate that most sample (83.8%) was in good
health (Table 1).

Mean (range) PPVT-9 and PPVT-15 scores were 81.9 (58—128)
and 114.6 (69—146), respectively, and the Pearson correlation be-
tween PPVY-9 and PPVT-15 was 0.71. The PPVT change score ranged
from a minimum of —3.3 to a maximum of +2.5, meaning that an
individual with a change score of —3.3, for example, had an
observed PPVT-15 score 3.3 points lower than what was predicted
based on his/her PPVT-9 score. Whites and those categorized as
“Other race” had positive and higher PPVT change scores in com-
parison to African Americans. Similarly, those who had normal
school progress or skipped a grade during adolescence, as well as

those who did not experience a parental divorce during the course
of adolescence, had positive and higher change scores, in compar-
ison to those who were held back a grade and those who experi-
enced parental divorce during adolescence. Finally, those with
higher education and occupational score in midlife had positive and
higher change scores in comparison to those with lower midlife
education and occupational scores (Table 2).

Both PPVT-9 and PPVT change score were associated with
midlife WTAR, after initial adjustment for age, sex, race, childhood
SES index, and midlife marital status (B [95% confidence interval
(CI)] = 0.40 [0.31, 0.48] per unit increase in PPVT-9 score and 3.33
[2.45, 4.21] per unit increase in PPVT change score, Tables 3 and 4,
respectively), as well as final adjustment for RCPM-9, midlife ed-
ucation, and midlife occupational score (8 [95% CI] = 0.26 [0.18,
0.34] per unit increase in PPVT-9 score and 2.03 [1.27, 2.80] per unit
increase in PPVT change score, Tables 3 and 4, respectively). In
contrast, PPVT-9 but not PPVT change score was associated with
midlife VF in fully adjusted models (B [95% CI] = 0.18 [0.10, 0.25] per
unit increase in PPVT-9 score and —0.01 [-0.68, 0.67] per unit in-
crease in PPVT change score. Neither PPVT-9 nor PPVT change score
was associated with midlife DS in any of the multivariable-adjusted
models, Tables 3 and 4, respectively).

To facilitate comparison of the magnitude of the effect of
adolescent cognition on the three different midlife cognition out-
comes, we additionally conducted the previously mentioned ana-
lyses after standardizing the midlife cognition variables

Table 2
Adolescent Peabody Picture Vocabulary Test (PPVT) change score” according to
factors in early life, adolescence, and midlife (n = 357)

Characteristics n (%) PPVT change score
Mean (SD) P'trend
Race
White 232 (65.0) 0.17(1.0)  <.001
Other 32(9.0) 0.15 (0.9)
African American 91 (25.5) -0.5(1.0)
Childhood SES index
Tertile 1 119(33.3)  —0.01(1.1) 88
Tertile 2 119 (33.3) 0.01 (0.9)
Tertile 3 119 (33.3) 0.00 (1.0)
School progress at age 9—11y
Normal or skipped a grade 318 (89.1) 0.02 (1.0) .03
Held back a grade 20(5.6) —0.48 (0.9)
Parental divorce during adolescence
Yes 21(5.9) ~0.57 (1.0) 01
No 318(89.1) 0.02 (1.0)
Marital status at midlife
Married/living with partner 246 (69.0) 0.05 (1.0) .07
Divorced/separated/widowed 67 (18.8) -0.19 (0.9)
Single 44 (123) 0.02 (1.1)
Education at midlife
Postgraduate 62 (17.4) 0.45 (0.7) <.001
College degree 106 (29.7) 0.14 (1.1)
Some college 91 (25.5) —0.11 (1.0)
<12y 97 (27.2)  —034(1.0)
Midlife occupation score
Tertile 1 112 (31.4) -0.21(09)  <.001
Tertile 2 113 (31.7) 0.06 (1.0)
Tertile 3 113 (31.7) 0.20 (0.9)

Total n for some variables may not sum to 357 due to missing values—n missing = 2
for race, 19 for age 9 school progress, = 18 for parental divorce, one for education, 19
for occupation score.

" Change score was generated in two steps: (1) a prediction regression equation,
with PPVT age 15 as dependent variable and PPVT age 9, midlife age, and sex as
predictors, was used to derive predicted PPVT-15 scores; (2) the change score is
created as (actual PPVT-15 score minus predicted PPVT score) divided by the
standard error of the estimate from the prediction regression equation.

T P calculated using tests for linear trend in means or difference in means with ¢
test procedure.
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Table 3

Association of Peabody Picture Vocabulary Test age 9—11 (PPVT-9) with midlife
Wechsler Test of Adult Reading (WTAR), Verbal Fluency test (VF), and Digit Symbol
test (DS)

Characteristics Adjusted for age, sex, Further adjusted
race, marital status, for age 9 raven
childhood SES index test scores

Further adjusted
for education and
occupation

B (95% Cls) from linear regression models

WTAR 0.40 (031, 0.48) 0.29(0.2,0.38)  0.26 (0.18, 0.34)
VE 0.22 (0.16, 0.29) 0.18 (0.11,025)  0.18 (0.1, 0.25)
DS 0.19 (-0.01, 0.39) 0.11(-0.11,0.33) 0.06 (—0.15, 0.28)

Possible range for each the midlife cognition scores are as follows: WTAR: 0—50; VF:
no pre-defined range; DS: 0—133.

(Supplementary Tables 1 and 2). Finally, results were not altered
when all analyses were conducted using standardized PPVT-9 and
PPVT-15 scores (Supplementary Tables 3 and 4) as opposed to when
using the raw scores. In addition, patterns of association were the
same when using PPVT difference score (i.e., PPVT-15 — PPVT-9) as
a measure of change instead of using the PPVT change score
(Supplementary Table 5).

Discussion
Summary and implications

As measures of adolescent language-based cognition, both
PPVT-9 and PPVT change score were associated with midlife WTAR,
a cognitive test that primarily assesses an individual's semantic
vocabulary and language function. However, PPVT-9 but not PPVT
change score was associated with midlife VF, a cognitive test that
mainly captures an individual's executive functioning and pro-
cessing speed but also requires language processing for successful
performance on the test [32]. Finally, neither PPVT-9 nor PPVT
change score was associated with DS, a cognitive test that more
exclusively measures processing speed and executive function and
does not have a language component. All associations were robust
to adjustment for fluid cognitive performance at age 9—11 years
(i.e., RCPM-9), sociodemographic factors in early life and midlife, as
well as midlife education and occupational score. Together, these
patterns of associations suggest that not only language-based
cognitive levels but also cognitive change during the course of
adolescence (a critical developmental period) maintain their
impact and importance all the way to language-based cognitive

Table 4

Association of Peabody Picture Vocabulary Test (PPVT) change score with midlife
Wechsler Test of Adult Reading (WTAR), Verbal Fluency test (VF), and Digit Symbol
test (DS)

Characteristics Adjusted' for race, Further adjusted
marital status, for age 9 RCPM
childhood SES index test scores

Further adjusted
for education
and occupation

B (95% Cls) from linear regression models

WTAR 3.33 (245, 4.21) 264 (1.84,344)  2.03(1.27, 2.80)
VE 046 (-021,1.13)  0.12(-0.53,0.78) —0.01 (~0.68, 0.67)
DS 1.40(-057,337)  0.87(-1.11,2.86) 0.0 (—1.98, 1.98)

" Change score was generated in two steps: (1) a prediction regression equation,
with PPVT age 15 y as dependent variable and PPVT age 9 y, midlife age, and sex as
predictors, was used to derive predicted PPVT-15 scores; (2) the change score is
created as (actual PPVT-15 score minus predicted PPVT score) divided by the
standard error of the estimate from the prediction regression equation.

 Age and sex were adjusted for in the prediction equation for deriving the change
score; thus, they were not additionally adjusted for in this initial regression model to
avoid double adjustment.

functioning in midlife and cannot be compensated for by eventually
attained educational level or occupational settings.

It is also worth mentioning that in this study sample, we
observed notable differences in adolescent cognitive change when
comparing Blacks and Whites (Table 2 of Results), with a higher,
positive change seen among Whites and a lower, negative change
seen among Blacks. Similarly, we observed differences in cognitive
change according to occurrence of parental divorce during
adolescence. There is evidence that children and adolescents who
experience parental divorce have higher levels of externalizing
behaviors or internalizing problems as well as lower academic
achievement [33].

In the context of prior findings

Studies in the Scottish Mental Health Survey and the Lothian
Birth cohorts reported age 11 Terman-Merrill Binet Test and Moray
House Test scores to be strongly correlated with National Adult
Reading Test, perceptual reasoning, VF, and logical memory at age
70years and beyond [6,7,34]. In growth curve models accounting for
age, social class, years of education, and smoking status, age 11 years
Moray House Test performance was the strongest single predictor of
overall IQ between age 79—87 years the Lothian Birth Cohorts [7].

Rarely have studies examined adolescent cognition in relation to
midlife cognition. One exception is a 1946 birth cohort study in
Great Britain, which found that age 15—17 years measures of verbal
and reading comprehension were associated with a 10-year decline
in memory (measured via a word list) and search speed and con-
centration (measured via timed letter search) at midlife [8], both of
which are cognitive measures that mainly assess fluid intelligence.
Our study is similar to this study to some extent, in that our
exposure was adolescent cognition measured as verbal and lan-
guage function. However, the British study did not assess cognitive
change during adolescence as an exposure nor did it assess mea-
sures of language-based cognition (i.e., crystallized intelligence) at
midlife as an outcome. Thus, our study extends on their findings.
Overall, our study is unique, in that it highlights the impact of
cognitive change during adolescence on midlife. As opposed to a
one-time static measure of cognition, understanding the impact of
cognitive change in adolescence is a better reflection of the un-
derlying neurophysiological development taking (or not taking)
place during adolescence.

Mechanisms

Early life cognition is proposed to influence later health and
cognition largely through educational attainment [10,29—31]. In
analyses based on observational data from three birth cohorts,
Clouston et al [29]. reported that a university education had a
robust impact on adulthood fluid cognition after adjustment for
adolescent (age 15—17 years) cognition and concluded that differ-
ences in adulthood cognition derive in large part from educational
experiences after adolescence. In our study, we had two measures
of cognition during adolescence and were thus able to assess both
level of and change in adolescent cognition in relation to not only
fluid but also crystallized measures of midlife cognition. Our find-
ings of no associations between adolescent cognition and fluid
midlife cognition are similar to Clouston et al.’s. However, we did
observe that level of and change in adolescent cognition were
strongly associated with crystallized cognition at midlife and were
only modestly attenuated after adjustment for midlife education
and occupational score. It is generally recognized that it is difficult
to disentangle the independent effect of education and cognition
on health and function [10,31]. However, our finding of a robust
effect of language-based change during adolescence on midlife
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verbal ability, independent of initial cognition levels (both fluid and
crystallized), highlights the importance of cognitive change during
adolescence.

Limitations and strengths

Given that the RCPM test (which measures fluid cognition) was
only administered in early adolescence, we could not assess change
in fluid cognition during adolescence. However, compared with
many prior studies that have measured adolescent cognition at one
time point only, and predominantly in European populations, this
study of language-based cognitive change during adolescence in a
U.S. sample [17] serves as a meaningful and unique addition to the
literature. Nevertheless, selection of participants into the original
CHDS study was based on those pregnant women who were
receiving prenatal care from the Kaiser Foundation Health Plan, and
furthermore, selection of participants (i.e., offspring of the pregnant
women) into the DISPAR study at midlife (n = 605) was limited to
those who continued to live in California at midlife. These criteria
may have served as sources of selection bias. In addition, our
findings may not be generalizable to ethnicities and minority
groups not well represented in the study. However, as previously
reported, there was little evidence of bias when comparing various
sociodemographic factors in potential participants who moved out
of California versus those who stayed on, and additionally when
comparing those who were contacted to participate in the DISPAR
Study and did so versus those contacted who did not [17]. Differ-
ences between those included in these analyses (n = 357 of 605
DISPAR study participants) versus those excluded (n = 248 of 605
DISPAR study participants) may bias estimates of association
observed. Those excluded were more likely to be divorced or single
or African American. Given that these subgroups were more likely
to have lower or negative adolescent change scores, it is more likely
that any selection bias would be in a direction away from the null;
thus, our current results potentially be underestimating the true
association between adolescent cognitive development and midlife
cognitive performance.

Conclusion

Cognition is recognized as an essential component of health and
well-being across the life course. Our findings highlight the impact
of the developmental trajectory of cognition during adolescence
and show that support for adolescent language-based cognitive
development may have long-lasting benefits into adulthood.
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Appendix. Supplementary methods

Additional details on eligibility and selection criteria for the CHDS
DISPAR sample

For a subset of the CHDS, follow-up examinations and in-person
interviews were conducted among offspring and mothers of
offspring at offspring ages 5, 9—11, and 15—17 years. The adolescent
study includes participants with the maximum number of time
points with available data from birth to adolescent age 15—17 years.
To create the CHDS DISPAR sample (i.e., CHDS offspring now in mid-
adulthood), an eligibility pool of 3196 was created that comprised
of (1) a 50% random sample of non-Black male and female partic-
ipants in the CHDS Adolescent Study; (2) 100% of Black male and
female participants in the CHDS Adolescent Study; and (3) a sup-
plementary sample of 100% of Black male and female participants
in CHDS follow-up studies at age 5 or ages 9—11 years. Eligibility
requirements were expanded beyond the Adolescent Study for
Blacks to meet sampling targets. As an additional eligibility crite-
rion, participants had to be California residents at the time of
recruitment due to difficulty and cost of conducting home visits
across the entire United States.

Measures of adolescent cognitive function

The Peabody Picture Vocabulary Test (PPVT was administered to
participants both at the age 9—11 and 15—17 years examinations.
The PPVT is a test of receptive vocabulary and language processing,
suitable for assessing language-based cognition or crystallized in-
telligence. Participants are shown a series of sheets, each with four
pictures displayed. The examiner says a target word aloud, and the
participant is asked to indicate which of the four pictures best
represents the said word. The entire PPVT test includes a graduated
series of 150 sheets (with ascending difficulty); however, the test is
administered only over a critical range of sheets determined for
each participant (according to participant's calendar age); thus, the
test is usually completed within 10—15 minutes. The critical range
for each participant is determined by establishing a basal (starting
point) and ceiling (end point); and the participant is only presented
with sheets within this range. The raw score is then obtained as the
number of sheets preceding the basal in addition to the number of
correctly answered sheets tested within the critical range [1].
Standardized PPVT scores were derived based on instructions and
conversion tables provided in the 1965 manual [1]. Briefly, the raw
scores were converted to standardized scores based on standard
score norms provided for prespecified age groups. Thus, the stan-
dardized score for a given person provides an index of performance
in comparison with individuals within the same age group, giving
an indication how a person compared with others his/her own age.

In addition to PPVT, the Raven Coloured Progressive Matrices
(RCPM) [2] test was administered but only at the age 9—11 years

Supplementary Table 1

examination. The Raven test was given in its complete form ac-
cording to instructions in the manual for the book form of the
test. The test consists of series of items, each containing a matrix
display of 12 graphical patterns from which one element is
missing. The participants are provided with six alternative pat-
terns and must choose which of the six best fits the missing
element. The items gradually increase in difficulty. The raw score
is obtained by tallying the number of correctly completed
matrices across all items. The Raven test measures logical and
perceptual reasoning and is typically used to assess fluid
intelligence.

Childhood SES

A composite Childhood socioeconomic status (SES) index has
been previously introduced and described for this population by
Link et al [3]. and combines assessments of maternal education at
birth and paternal occupation and family income at birth, 9—11,
and 15—17 years follow-ups. This measure was constructed to
vary continuously between 0 and 3, equally weighting maternal
education at birth (0 = less than high school; 1 = high school
graduate; 2 = some college; 3 = college or more), paternal
occupation averaged across the three time points (0 = service
and laborer; 1.5 = sales and skilled labor; 3 = professional,
technical, and managerial), and family income averaged
across the three time points (0 = lowest average income;
3 = highest average income; all others arrayed proportionally
between 0 and 3).

Midlife occupational standing

A midlife occupational standing score (OSS) was created using
data from the 2010 U.S. Bureau of Labor Statistics. Each participant's
0SS reflects the average yearly income and the minimum education
of people in the category corresponding to his or her occupation
category. OSSs are a census-based occupational measure of SES and
were computed for participants' current or most recent job based
on the Nam-Powers-Boyd OSS calculations [4]. In brief, OSS are
calculated using data gathered from the U.S. Bureau of Labor Sta-
tistics on the average yearly income and minimum education level
for various occupations. For a given occupation, OSS reflect both the
number of people who have an income less than the average in-
come for that occupation and the number of people who have an
education level less than the minimum required for employment
into that occupation; scores are calculated by taking the average of
these two components. Once OSS are created, participant self-
reported occupation is matched as closely as possible to the
detailed occupation list in the USBLS database and participants are
assigned the OSS for that occupation. Scores range from 0 to 100
(low to high) and can be used as a socioeconomic dimension of
occupation.

Association of Peabody Picture Vocabulary Test age 9 (PPVT-9) with z-scored versions of midlife Wechsler Test of Adult Reading (WTAR), Verbal Fluency test (VF), and Digit

Symbol test (DS)

Midlife cognitive
measures index

Adjusted for age, sex, race, marital status, childhood SES Further adjusted for age 9 raven test
scores

Further adjusted for education and
occupation

B (95% CIs) from linear regression models

WTAR 0.040 (0.032, 0.049)
VE 0.036 (0.025, 0.046)
DS 0.010 (~0.001, 0.021)

0.029 (0.02, 0.038)
0.029 (0.018, 0.041)
0.006 (—0.006, 0.018)

0.026 (0.018, 0.035)
0.028 (0.017, 0.04)
0.003 (—0.008, 0.015)
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Supplementary Table 2
Association of Peabody Picture Vocabulary Test (PPVT) change score” with z-scored versions of midlife Wechsler Test of Adult Reading (WTAR), Verbal Fluency test (VF), and
Digit Symbol test (DS)

Midlife cognitive Adjusted’ for race, marital status, childhood SES Further adjusted for age 9 raven test Further adjusted for education and
measures index scores occupation

B (95% Cls) from linear regression models

WTAR 0.342 (0.252, 0.432) 0.271 (0.189, 0.353) 0.209 (0.130, 0.288)
VF 0.075 (—0.033, 0.182) 0.020 (—0.085, 0.125) —0.001 (-0.109, 0.107)
DS 0.075 (—0.030, 0.181) 0.047 (—0.059, 0.153) 0.000 (—0.107, 0.106)

" Change score was generated in two steps: (1) a prediction regression equation, with PPVT age 15 y as dependent variable and PPVT age 9 y, midlife age, and sex as
predictors, was used to derive predicted PPVT-15 scores; (2) the change score is created as (actual PPVT-15 score minus predicted PPVT score) divided by the standard error of
the estimate from the prediction regression equation.

 Age and sex were adjusted for in the prediction equation for deriving the change score; thus, they were not additionally adjusted for in this initial regression model to
avoid double adjustment.

Supplementary Table 3

Association of standardized Peabody Picture Vocabulary Test age 9 with midlife Wechsler Test of Adult Reading (WTAR), Verbal Fluency test (VF), and Digit Symbol test (DS)
Midlife cognitive Adjusted for age, sex, race, marital status, childhood SES Further adjusted for age 9 raven test Further adjusted for education and
measures index scores occupation

B (95% Cls) from linear regression models

WTAR 0.28 (0.23, 0.34) 0.22 (0.17, 0.28) 0.20 (0.14, 0.25)

VF 0.15(0.11, 0.19) 0.12 (0.08, 0.17) 0.12 (0.07, 0.17)

DS 0.17 (0.04, 0.31) 0.14 (-0.00, 0.28) 0.09 (-0.05, 0.23)
Supplementary Table 4

Association of Peabody Picture Vocabulary Test (PPVT) change score” (created using standardized PPVT measures) with midlife Wechsler Test of Adult Reading (WTAR), Verbal
Fluency test (VF), and Digit Symbol test (DS)

Midlife cognitive Adjusted’ for race, marital status, childhood SES Further adjusted for age 9 raven test Further adjusted for education and
measures index scores occupation

B (95% CIs) from linear regression models

WTAR 2.79 (1.84, 3.74) 1.84 (0.96, 2.73) 1.41 (058, 2.23)
VF 0.37 (~0.34, 1.08) ~0.10 (~0.80, 0.61) ~0.18 (—0.89, 0.53)
DS 0.68 (~1.41, 2.77) ~0.07 (~2.20, 2.05) —0.61 (~2.69, 1.48)

" Change score was generated in two steps: (1) a prediction regression equation, with PPVT age 15 y as dependent variable and PPVT age 9 y, midlife age, and sex as
predictors, was used to derive predicted PPVT-15 scores; (2) the change score is created as (actual PPVT-15 score minus predicted PPVT score) divided by the standard error of
the estimate from the prediction regression equation.

T Age and sex were adjusted for in the prediction equation for deriving the change score; thus, they were not additionally adjusted for in this initial regression model to
avoid double adjustment.

Supplementary Table 5
Association of adolescent PPVT difference score (PPVT-15 — PPVT-9) with midlife Wechsler Test of Adult Reading (WTAR), Verbal Fluency test (VF), and Digit Symbol test (DS)

Midlife cognitive measures  Adjusted for age, sex, race, marital status, Further adjusted for age 9 raven test scores  Further adjusted for education and occupation
childhood SES index, PPVT-9

B (95% Cls) from linear regression models

WTAR 0.38 (0.32, 0.45) 0.35 (0.29, 0.42) 0.31 (0.24, 0.37)

VF 0.07 (0.01,0.13) 0.05 (—-0.01, 0.11) 0.05 (-0.02, 0.11)

DS 0.18 (0.00, 0.36) 0.15 (~0.04, 0.34) 0.05 (~0.15, 0.24)
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