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1  | INTRODUC TION

Executive functioning (EF) domains are separable but related high-
er-order cognitive processes involved in the control of goal-di-
rected behavior (Pennington & Ozonoff,  1996) and regulated by 
fronto-striato-parietal networks (e.g. Hart, Radua, Nakao, Mataix-
Cols, & Rubia, 2013). Major domains of EF, which include cognitive 
flexibility and response inhibition (Miyake et  al.,  2000), reliably 

predict individual differences in child socioemotional, behavioral, 
and academic development (e.g. Clark, Prior, & Kinsella,  2002; 
Diamantopoulou, Rydell, Thorell, & Bohlin, 2007). Moreover EF defi-
cits are implicated in the etiology of multiple neurodevelopmental 
disorders including attention-deficit/hyperactivity disorder (ADHD), 
autism spectrum disorder, and schizophrenia (McGrath et al., 2015; 
Willcutt, Doyle, Nigg, Faraone, & Pennington, 2005). Given the broad 
role of EF in child outcomes, EF may be a critical target for prevention 
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Abstract
This prospective longitudinal study evaluated multiple maternal biomarkers from the 
preconception and prenatal periods as time-sensitive predictors of child executive 
functioning (EF) in 100 mother–child dyads. Maternal glycated hemoglobin (HbA1C), 
C-reactive protein (CRP), and blood pressure (BP) were assayed before pregnancy 
and during the second and third trimesters. Subsequently, children were followed 
from birth and assessed for EF (i.e. cognitive flexibility, response inhibition) at ages 
4–6 years. Perinatal data were also extracted from neonatal records. Higher maternal 
CRP, but not maternal HbA1C or BP, uniquely predicted poorer child cognitive flexibil-
ity, even with control of maternal HbA1C and BP, relevant demographic factors, and 
multiple prenatal/perinatal covariates (i.e. preconception maternal body mass index, 
maternal depression, maternal age at birth, child birth weight, child birth order, child 
gestational age, and child birth/neonatal complications). Predictions from maternal 
CRP were specific to the third trimester, and third trimester maternal CRP robustly 
predicted child cognitive flexibility independently of preconception and second tri-
mester CRP. Child response inhibition was unrelated to maternal biomarkers from all 
time points. These findings provide novel, prospective evidence that maternal inflam-
mation uniquely predicts child cognitive flexibility deficits, and that these associa-
tions depend on the timing of exposure before or during pregnancy.
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studies to promote healthy child development. Additionally, various 
programs and activities (e.g. cognitive training, school-based curric-
ula, exercise) may improve EF development in young children who 
are already exhibiting early deficits (Diamond,  2012; Diamond & 
Lee, 2011), suggesting that EF may be a modifiable risk factor. Thus, 
improved understanding of well-defined predictors of individual 
differences in EF would critically inform prevention efforts across 
major domains of psychopathology and psychosocial functioning.

Maternal physical health during pregnancy is crucial to offspring 
neurodevelopment. In particular, there is growing evidence that 
prenatal exposure to maternal inflammation is a biologically plau-
sible risk factor for EF deficits. In addition to predicting offspring 
cognitive impairments more broadly (van der Burg et  al.,  2016; 
Jonakait, 2007), prenatal maternal inflammation is associated with 
specific EF dimensions (Brown et  al.,  2009; Graham et  al.,  2018; 
Rudolph et al., 2018). For example, higher maternal concentrations of 
the pro-inflammatory cytokine interleukin-6 during pregnancy pro-
spectively predicted poorer child impulse control at age 24 months 
(Graham et al., 2018). Additionally, exposure to maternal infections 
during pregnancy predicted poorer cognitive flexibility in adults with 
schizophrenia (Brown et al., 2009). Prenatal maternal inflammation 
is also associated with neurodevelopmental disorders that are char-
acterized by EF deficits, such as autism and schizophrenia (Brown 
et al., 2014; van der Burg et al., 2016; Canetta et al., 2014). Notably, 
the association of prenatal maternal inflammation and offspring EF 
includes exposure to both acute inflammation (e.g. maternal infec-
tions; e.g. Brown et al., 2009; Meyer, 2014) and chronic, low-grade 
inflammation such as persistently elevated pro-inflammatory cyto-
kine and C-reactive protein (CRP) levels associated with maternal 
obesity (e.g. Brown et al., 2014). Finally, experimental evidence sug-
gests that causal effects of prenatal inflammation on child EF are 
biologically plausible. For example, in non-human primates, in utero 
exposure to maternal pro-inflammatory response induced postna-
tal structural abnormalities in brain regions that modulate EF (i.e. 
prefrontal cortex; Short et al., 2010). Thus, given growing evidence 
for biologically plausible and potentially causal associations between 
prenatal exposure to maternal inflammation and child EF, maternal 
inflammation is a likely precursor to individual differences in child EF.

Prenatal exposure to adverse maternal metabolic conditions 
including gestational diabetes and hypertension is also associated 
with broad cognitive deficits in children (e.g. lower IQ; e.g. Adane, 
et  al.,  2016; Krakowiak et  al.,  2012; Tuovinen, Eriksson, Kajantie, 
& Räikkönen,  2014). Moreover there is preliminary evidence that 
maternal gestational diabetes and hypertension specifically pre-
dict child EF deficits (Bolanos, Matute, Ramirez-Duenas Mde, & 
Zarabozo, 2015; Wade & Jenkins, 2016). For example, in a commu-
nity sample recruited immediately after the birth of the child, retro-
spectively reported prenatal hypertension negatively predicted an 
EF composite calculated from cognitive flexibility and response inhi-
bition in preschool-aged children (Wade & Jenkins, 2016). Although 
not fully understood, maternal hyperglycemia and inflammation as 
well as fetal hypoxia and oxidative stress, among other factors, are 
plausible mechanisms underlying the effects of gestational diabetes 

and hypertension on child outcomes (Adane, et  al.,  2016; Ornoy, 
Reece, Pavlinkova, Kappen, & Miller,  2015; Tuovinen et  al.,  2014). 
Thus, in addition to maternal inflammation, maternal diabetes and 
hypertension during pregnancy are potential precursors to individ-
ual differences in child EF.

Despite growing evidence for prenatal metabolic conditions and 
inflammation as precursors to child EF development, critical aspects 
of these associations require clarification. First, because gestational 
diabetes, hypertension, and inflammation may be intercorrelated (e.g. 
Hedderson & Ferrara, 2008; Qiu, Sorensen, Luthy, & Williams, 2004; 
Smith et al., 2005), it is unclear which maternal physiological factors 
most affect child neurodevelopment. It is also unclear if these maternal 
factors predict child cognitive deficits specifically or are sensitive to 
child cognitive deficits via shared variance with potential confounds or 
correlates including pre-pregnancy maternal obesity (Adane, Mishra, 
& Tooth, 2016; van der Burg et al., 2016; Christian & Porter, 2014; 
Mina et al., 2016), prenatal maternal depression (e.g. Deave, Heron, 
Evans, & Emond, 2008; Kozhimannil, Pereira, & Harlow, 2014), ma-
ternal demographic factors (e.g. socioeconomic status; e.g. Hackman, 
Farah, & Meaney,  2010), parity (e.g. Baker et  al.,  2008), preterm 
birth (e.g. Aarnoudse-Moens, Weisglas-Kuperus, van Goudoever, & 
Oosterlaan, 2009; Sibai et al., 2000), low birth weight (e.g. Burnett 
et al., 2015; Camerota, Willoughby, Cox, & Greenberg, 2015; Valero 
De Bernabé et al., 2004), and birth and neonatal complications (e.g. 
emergency cesarean sections; Scholl, Sowers, Chen, & Lenders, 2001; 
Wiggs, Elmore, Nigg, & Nikolas, 2016). Second, rather than employing 
multiple assays of metabolic or pro-inflammatory biomarkers across 
pregnancy, prior studies typically relied on retrospective report or 
medical record review of specific maternal diagnoses, which obscures 
inferences about when during pregnancy particular fetal exposures 
are most detrimental. Moreover pre-pregnancy maternal health is 
also associated with offspring cognitive outcomes (e.g. preconcep-
tion diabetes; Adane et al., 2016; Adane, et al., 2016), yet no stud-
ies have directly compared preconception versus prenatal maternal 
health factors in prediction of child cognitive functioning. Identifying 
potential “sensitive periods” could critically inform the timing of inter-
ventions to promote maternal health directly and indirectly improve 
child neurodevelopment. Thus, to meaningfully clarify the specificity 
of maternal metabolic conditions and inflammation to child neurode-
velopment, predictive models must simultaneously evaluate multiple 
maternal biomarkers with stringent control of prenatal/perinatal risk 
factors, and directly compare the relative influence of maternal bio-
markers from preconception and across pregnancy.

1.1 | Aims

To review, whereas exposure to maternal metabolic conditions and 
inflammation are biologically plausible risk factors for child EF defi-
cits, their unique associations with child EF are unknown. Moreover 
it is also unclear if the timing of these risk factors (i.e. before, early, 
or later in pregnancy) differentially affect offspring development. 
The current study combined intensive prospective measurement of 
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maternal health before and during pregnancy with longitudinal follow-
up of offspring from birth through early childhood. Metabolic and pro-
inflammatory indicators were assayed before and during pregnancy, 
including maternal glycated hemoglobin (HbA1C), CRP, and blood pres-
sure (BP). Child EF was assessed at ages 4–6 years, when major EF 
domains may begin to differentiate as well as advance rapidly across 
childhood and adolescence (for review see Best & Miller, 2010; Zelazo 
et al., 2013). To improve knowledge on the development of EF deficits 
from maternal metabolic conditions and inflammation, we evaluated 
multiple metabolic and pro-inflammatory indicators (i.e. HbA1C, CRP, 
BP) in prediction of major domains of child EF with rigorous control of 
potential confounds. We also compared these factors prior to preg-
nancy and across multiple prenatal time points to ascertain if their as-
sociations with EF were temporally specific.

2  | METHODS

2.1 | Participants

Participants were 100 children aged 4 to 6  years (M age  =  4.61, 
SD  =  0.65; 59% female; 52% Latino or Hispanic White, 26% 

non-Hispanic White, 18% African-American/Black, and 4% 
Multiracial) whose mothers were followed prospectively before 
and during pregnancy as part of the Community Child Health 
Network (CCHN), a multi-site research network funded by the 
Eunice Kennedy Shriver National Institute of Child Health and 
Human Development to investigate disparities in maternal and 
child health and improve the health of families (Ramey et al., 2015). 
Recruitment procedures and criteria as well as maternal de-
mographics are described in detail elsewhere (Dunkel Schetter 
et  al.,  2013; Ramey et  al.,  2015). Briefly, mothers were recruited 
across five study sites with predominantly low-income recruitment 
areas in Washington, DC, Baltimore, MD, Los Angeles County, CA, 
Lake County, IL, and eastern North Carolina immediately after the 
birth of an index child (i.e. the older siblings of the children included 
in the present study). CCHN mothers completed up to five study 
visits between 6 months and 2 years after the birth of the index 
child (n  =  2,089). At three of the study sites (i.e. North Carolina, 
Washington, DC, and Lake County, IL), mothers who reported they 
were pregnant with a subsequent child during this 2-year follow-
up period (n = 416) were invited to participate in additional study 
visits. Three hundred and forty-three mothers consented to con-
tinued follow-up and completed at least one study visit during or 

TA B L E  1   Sample demographics and descriptive statistics (N = 100)

% of sample M (SD), range

Child sex (female) 59 Child birth order 1.62 (0.76), 1–4

Child race-ethnicity: Maternal age at child birth 28.67 (5.66), 19–43

African-American/Black 18 Maternal education, years 12.67, (3.40), 6–20

Non-Hispanic White 26 Preconception maternal BMI 29.76 (7.58), 16.66–56.22

Latino or Hispanic White 52 Preconception HbA1C, % 5.36 (0.49), 4.10–6.20

Multiracial 4 Second trimester HbA1C, % 4.83 (0.54), 3.80–6.50

Child language (Spanish) 21 Third trimester HbA1C, % 5.06 (0.68), 3.60–6.60

Study site: Preconception CRP, mg/L 4.48 (4.06), 0.20–14.80

North Carolina 8 Second trimester CRP, mg/L 8.01 (4.83), 0.70–24.40

Washington, DC 17 Third trimester CRP, mg/L 6.94 (4.25), 0.10–20.10

Lake County, IL 75 Preconception systolic BP, mmHg 110.19 (9.67), 79–142

Marital status (married) 48 Second trimester systolic BP, mmHg 107.39 (10.13), 87–135

Birth/neonatal complications 17 Third trimester systolic BP, mmHg 110.64 (9.89), 89–133

M (SD), range Preconception diastolic BP, mmHg 69.69 (8.47), 52–89

Child age, years 5.15 (0.48), 
4.31–6.26

Second trimester diastolic BP, mmHg 65.30 (8.46), 48–83

Household income, $ 66,363 (63,027), 
265–350,000

Third trimester diastolic BP, mmHg 66.40 (8.29), 49–87

Child birth weight, grams 3249.06 (533.94), 
1247–4564

Preconception maternal EPDS 4.75 (4.32), 0–18

Child gestational age, weeks 38.73 (1.99), 28–42 Second trimester maternal CESD 16.63 (4.55), 10–22

Cognitive Flexibility T-score 50.14 (10.55), 15–71 Third trimester maternal CESD 16.85 (5.36), 10–35

Response Inhibition T-score 51.52 (9.52), 14–74

Note: Median household income = $41,600; BMI = body mass index; HbA1C = glycated hemoglobin; CRP = C-reactive protein; BP = blood pressure; 
EPDS = total score on the Edinburgh Postnatal Depression Scale; CESD = total score on the Center for Epidemiological Studies Depression Inventory.
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shortly after the subsequent pregnancy. Next, these mothers were 
invited to participate with their subsequent child in a longitudinal 
child development study. One hundred and 25 children were en-
rolled and completed a study visit at ages 3–5 years. Of these, 100 
children completed a second study visit at ages 4–6 years that in-
cluded evaluation of EF. Complete demographic data and descrip-
tive statistics for the current sample of 100 children are presented 
in Table  1. The Institutional Review Boards of all collaborating 
study sites approved all study procedures.

2.2 | Procedures

Complete CCHN study procedures are described in detail elsewhere 
(e.g. Ramey et al., 2015; Shalowitz et al., 2019). The present study 
used maternal health data collected during three CCHN study vis-
its: (a) prior to maternal pregnancy with the study child (i.e. precon-
ception), (b) during approximately the second trimester of prenatal 
development, and (c) during approximately the third trimester of 
prenatal development. Perinatal data were extracted from neonatal 
records, and child EF data were collected at the age 4–6 year study 
visit. See Figure 1 for an outline of the data collection time points 
used in the present study and the key variables assessed at each of 
these visits. All study visits were conducted in participants’ homes 
by community research staff trained in the study protocol, with at-
tempts to match interviewer and participant ethnicity.

Because mothers became pregnant with the study children 
at different times during the 2-year CCHN follow-up phase, each 
individual mother's most recent CCHN visit prior to conception 
of the study child was designated as the preconception visit for 
the current study. The mean length of time in months between 
the identified preconception visit and the date of study child con-
ception was 5.93  months (SD  =  6.07, range  =  0–29.54). The first 
prenatal study visit occurred primarily during the second trimester 
(M weeks gestation  =  20.25, SD  =  4.54, range  =  6.71–26.57), al-
though due to participant availability, study visits occurred during 
weeks 6–13 of the pregnancy for a small number of mothers (n = 3). 
The second prenatal study visit occurred largely during the third 
trimester (M weeks gestation = 32.85, SD = 3.26, range = 26.71–
40.28), with three mothers completing the second prenatal study 
visit during weeks 26–27. Importantly, although there was vari-
ation in the length of time between the preconception visit and 
conception of the study child, results of the current analyses 
were unchanged when preconception data collected more than 
12 months before the date of conception were excluded (results 
available upon request). Similarly, the results of the current analy-
ses were unchanged when prenatal data collected outside of strict, 
non-overlapping trimester cutoffs were excluded (results available 
upon request). Thus, all analyses described hereafter used all avail-
able data from the identified preconception visit, first prenatal 
visit, and second prenatal visit, and the respective results are in-
terpreted as reflecting the preconception period, second trimester, 
and third trimester.

2.3 | Measures

2.3.1 | Maternal metabolic and pro-
inflammatory factors

Biomarkers of maternal metabolic conditions and inflamma-
tion were collected during the preconception, second trimes-
ter, and third trimester visits, and included: (a) HbA1C (%) with a 
clinical cutoff of 5.7% reflecting pre-diabetes (American Diabetes 
Association,  2017); (b) high-sensitivity CRP (hsCRP, referred to 
hereafter as CRP; mg/L), with a pro-inflammatory state defined 
as >3.0 mg/L (Pearson et al., 2003); and (c) systolic and diastolic 
BP (mmHg), with clinical cutoffs of 120 for systolic BP and 80 for 
diastolic BP reflecting prehypertension (WHO criteria). Systolic 
and diastolic BPs were each recorded three times while mothers 
were seated during the home visit using an OMRON HEM-711DLX 
or HEM-907XL Pro standardized digital sphygmomanometer 
(OMRON Global); the three readings of each type of BP were av-
eraged to create composite measures of systolic and diastolic BP. 
Whole blood spots on Guthrie paper were collected by finger prick 
with a 14-gauge spring-loaded lancet and dried. Blood specimens 
were analyzed by ZRT laboratory (Portland, OR). See Shalowitz 
et  al.  (2019) for additional details regarding biomarker collection 
and processing procedures.

HbA1c is a diagnostic indictor of diabetes that reflects long-term 
glucose concentrations over the prior 60–90 days, and is therefore 
a highly reliable marker of glycemic control (Goldstein et al., 2003). 
CRP is a well-characterized marker of inflammation in the body, and 
is the only pro-inflammatory marker with established clinical cut-
offs (Pearson et al., 2003); its production in the liver is stimulated 
by pro-inflammatory cytokines (i.e. tumor necrosis factor, interleu-
kin-1, interleukin-6) in response to infection, tissue damage, and 
other harmful stimuli. BP is a diagnostic indicator of hypertension. 
Although cutoffs are provided above to aide interpretation, maternal 
biomarkers were evaluated as continuous variables in all analyses 
for the current study. Maternal biomarkers were modestly to mod-
erately correlated across the preconception, second trimester, and 
third trimester visits: HbA1C (rs = .43–55, p < .05), CRP (rs = .39–51, 
p < .05), and BP (rs = .48–58, p < .01). Pre-pregnancy maternal body 
mass index (BMI) was also extracted from the preconception visit 

F I G U R E  1   Outline of key study variables and data collection 
time points used in the present study. Note: HbA1C = glycated 
hemoglobin; BP = blood pressure; CRP = C-reactive protein; 
BMI = body mass index
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data and used as a covariate in the present analyses. BMI was calcu-
lated as weight (kg) divided by height squared (meters), with BMIs of 
30.0 or greater reflecting obesity.

Epidemiological studies of systemic inflammation in non-preg-
nant individuals have typically excluded those with CRP values 
greater than 10 mg/L because higher values may reflect acute in-
flammation secondary to infection or injury (Ridker, 2003). However, 
based on the substantial evidence for the negative impact of both 
chronic low-grade and acute maternal inflammation on child neu-
rodevelopment (e.g. Brown et al., 2014; Brown et al., 2009; van der 
Burg et al., 2016; Meyer, Feldon, & Dammann, 2011), and because 
CRP levels may increase during pregnancy (Hwang, Kwon, Kim, Park, 
& Kim, 2007), excluding participants with CRP values greater than 
10 mg/L would likely diminish meaningful variance in prediction of 
child EF. Therefore, we used sample-specific criteria to classify and 
exclude outliers, whereby CRP values greater than three standard 
deviations from the sample mean were excluded. This resulted in 
exclusion of second trimester CRP data for only one mother with a 
value of 24.4 mg/L, whereas all CRP values from the preconception 
and third trimester time points were within three standard devia-
tions of the mean for those time points.

2.3.2 | Maternal depression

Maternal depression was assessed at the preconception, second 
trimester, and third trimester visits and included as a covariate in 
tests of the biomarkers from each of the respective time points. 
Because mothers were recruited immediately after the birth of a 
child, the 10-item Edinburgh Postnatal Depression Scale (EPDS; 
Cox, Holden, & Sagovsky, 1987) was used to measure maternal de-
pression during these initial study visits (i.e. during the preconcep-
tion period for the purposes of the present study). Mothers rated 
the severity of their symptoms experienced in the past 7 days on 
a 4-point scale, and a total score was summed (α = 0.83). At the 
two prenatal visits, maternal depression was assessed with the 
short form of the Center for Epidemiological Studies Depression 
Inventory (CES-D; Santor & Coyne,  1997), a 9-item measure of 
depression with excellent psychometric properties that has been 
validated specifically in pregnant women (Marcus, Flynn, Blow, 
& Barry, 2005). Mothers rated the severity of their symptoms in 
terms of days per week on a 4-point scale, and a total score was 
summed (second trimester α = 0.80; third trimester α = 0.76). In the 
present sample, the preconception EPDS scores were correlated 
as expected with the second and third trimester CES-D scores (re-
spectively, rs = .43, p = .001; rs = .48, p < .001).

2.3.3 | Perinatal factors

Factors relevant to child cognitive functioning were extracted 
from medical records and included as covariates in analyses: birth 
weight (grams), gestational age (weeks), and birth or neonatal 

health complications (combined into a single variable coded yes/
no). Examples of birth/neonatal health complications in the current 
sample included emergency cesarean section, jaundice, respiratory 
problems, and hypoplastic left heart syndrome.

2.3.4 | Child EF

Child EF domains were assessed with the Early Childhood ver-
sion of the NIH Toolbox Cognition Battery (NIHTB-CB; Gershon 
et al., 2013). The NIHTB-CB was developed through a large multi-
site initiative to design state-of-the-art, standardized, and easily-
administered measures of cognitive functioning across the lifespan, 
in addition to other health domains, with funding from the NIH 
Blueprint for Neuroscience Research (Gershon et  al.,  2013). The 
Early Childhood version of the NIHTB-CB was specifically de-
signed for children aged 3–6 years, and included age-appropriate 
computerized measures of cognitive flexibility and inhibitory con-
trol (Zelazo et al., 2013). Cognitive flexibility, which refers to the 
ability to switch fluidly between two separate tasks or mental sets 
(Miyake et al., 2000), was assessed using the Dimensional Change 
Card Sort Task (DCCS). The DCCS required children to sort a series 
of pictorial stimuli according to one dimension (i.e. shape or color) 
and then according to the other dimension across four different 
test condition blocks. Response inhibition, or the ability to inhibit 
inappropriate or automatic responses (Miyake et al., 2000), was as-
sessed via the Flanker Inhibitory Control and Attention Test. For 
the Flanker, children indicated the orientation of a centrally pre-
sented stimulus while inhibiting their attention to other surround-
ing stimuli (i.e. the flankers) across three test blocks. Both tasks 
have administration times of approximately 3–4  min. See Zelazo 
et  al.  (2013) for additional details regarding task administration. 
As described in Zelazo et  al.  (2013), these specific measures of 
cognitive flexibility and response inhibition were selected for the 
NIHTB-CB based on their availability in the public domain and abil-
ity to be modified to meet key NIH Toolbox usability objectives 
(e.g. brief, computer-administered, suitable for participants aged 
3–85 years). The Early Childhood NIHTB-CB has extensively-val-
idated English- and Spanish-language versions with excellent psy-
chometrics (Akshoomoff et al., 2014; Casaletto et al., 2015, 2016; 
Mungas et al., 2013; Zelazo et al., 2013).

The NIHTB-CB was administered to the study children in their 
primary language, English (n  =  79; 79%) or Spanish (n  =  21; 21%). 
Because DCCS and Flanker scores did not differ between English- 
and Spanish-speaking children in the current sample (respectively, 
t(94) = −0.28, p = .71; t(94) = −0.25, p = .81), EF data were collapsed 
across languages. As recommended by the NIHTB-CB developers, 
we used T-scores for each EF domain that were adjusted for child 
age, sex, race-ethnicity, and maternal education level (Casaletto 
et al., 2015, 2016). Children with DCCS and Flanker T-scores more 
than three standard deviations from the mean (n = 1 for both mea-
sures) were designated missing. DCCS and Flanker T-scores were 
moderately correlated (r = .31, p < .01).
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2.4 | Statistical analysis

2.4.1 | Missing data

All 100 children had maternal biomarker data from at least one of 
the three time points (i.e. preconception, second trimester, third 
trimester), 74 (74%) had biomarker data at two time points, and 36 
(36%) had biomarker data at all three time points. The number of 
children with available maternal biomarker data at each time point 
was as follows: preconception (n  =  75; 75%), second trimester 
(n = 56; 56%), third trimester (n = 75; 75%). Additionally, 97 chil-
dren (97%) had usable EF data. Given the missing data secondary 
to the longitudinal follow-up, we used full information maximum 
likelihood (FIML) estimation to maximize sample size for all analy-
ses. FIML optimally remediates missing data when the amount of 
missingness per variable is up to 50% and data are missing at ran-
dom or missing completely at random (MCAR; Schlomer, Bauman, 
& Card, 2010). Little's MCAR test (Little, 1988) indicated that the 
study data were indeed MCAR (χ2 (1,188) = 603.05, p = .99). Thus, 
all analyses described below were conducted on the full sample of 
100 children using FIML estimation.

2.4.2 | Hypothesis testing

We first constructed separate regression models predicting child 
cognitive flexibility (i.e. DCCS T-scores) as follows: (a) simultane-
ously evaluating preconception maternal HbA1C, CRP, and BP; (b) 
simultaneously evaluating second trimester maternal HbA1C, CRP, 
and BP; and (c) simultaneously evaluating third trimester maternal 
HbA1C, CRP, and BP. Each model employed robust standard errors 
and controlled for both the study site where the child was assessed 
and the language used to administer the cognitive battery; these co-
variates were selected because DCCS data from both English- and 
Spanish-language versions were included in analyses and because 
DCCS scores from the Lake County, IL study site were lower than 
those from the two other sites (t(95) = 2.11, p = .04). The DCCS T-
scores were also already adjusted for child age, sex, race-ethnicity, 
and maternal education level.1  To rigorously control for potential 
prenatal/perinatal correlates associated with maternal metabolic 
and pro-inflammatory factors and/or child cognitive functioning 
outcomes in prior studies, the following covariates were added at 
Step 2: maternal depression from the respective measurement time 
point, maternal preconception BMI, maternal age, maternal marital 
status, household income, child birth order, child birth weight, child 
gestational age, and child birth/neonatal complications. Next, for 
any biomarker that predicted child cognitive flexibility, we analyzed 
whether the association was temporally specific. That is, we con-
structed an additional model that simultaneously evaluated meas-
ures of that biomarker from preconception, second trimester, and 
third trimester as predictors of child cognitive flexibility. The same 
analytic strategy was then repeated but in prediction of child re-
sponse inhibition (i.e. Flanker T-scores).

3  | RESULTS

3.1 | Prediction of child cognitive flexibility from 
maternal biomarkers

Bivariate correlations among key study variables are pre-
sented in Table  2. We first evaluated whether preconception (i.e. 
M = 5.93 months prior to the date of conception) maternal HbA1C, 
CRP, and BP uniquely predicted child cognitive flexibility (i.e. DCCS 
T-scores). To facilitate interpretation, standardized regression coef-
ficient values (β) are reported after the unstandardized regression 
parameter values (B and SE). Covarying for study site and cogni-
tive battery language (T-scores were also adjusted for child age, 
sex, race-ethnicity, and maternal education level), none of the pre-
conception biomarkers predicted child cognitive flexibility: CRP 
(B = −0.20, SE = 0.32, p = .52; β = −0.08), HbA1C (B = −2.65, SE = 2.26, 
p = .24, β = −0.13), BP (B = 1.17, SE = 8.47, p = .89, β = 0.02). Thus, 
no further preconception analyses were conducted in prediction of 
child cognitive flexibility.

Second, we evaluated whether second trimester maternal HbA1C, 
CRP, and BP uniquely predicted child cognitive flexibility. Covarying 
for study site and cognitive battery language, none of the second 
trimester biomarkers predicted child cognitive flexibility: CRP 
(B = −0.10, SE = 0.34, p = .76; β = −0.04), HbA1C (B = −4.59, SE = 3.00, 
p = .13, β = −0.25), BP (B = 3.85, SE = 7.47, p = .61, β = 0.07). Thus, no 
further second trimester analyses were conducted in prediction of 
child cognitive flexibility.

Third, we evaluated whether third trimester maternal HbA1C, 
CRP, and BP uniquely predicted child cognitive flexibility. Controlling 
for study site and cognitive battery language, third trimester ma-
ternal CRP inversely predicted child cognitive flexibility (B = −0.67, 
SE = 0.27, p = .01; β = −0.29); neither third trimester maternal HbA1C 
(B = −0.16, SE = 1.42, p =  .99, β = −0.001) nor third trimester ma-
ternal BP (B = −0.72, SE = 6.68, p = .92, β = −0.01) was associated 
with child cognitive flexibility. When the prenatal/perinatal covari-
ates were added to the model (i.e. third trimester maternal depres-
sion, preconception maternal BMI, maternal age, maternal marital 
status, household income, child birth order, child birth weight, child 
gestational age, and child birth/neonatal complications), third tri-
mester maternal CRP continued to predict child cognitive flexibility 
(B = −0.92, SE = 0.35, p =  .01, β = −0.39; standardized regression 
coefficients for the fully saturated model are presented in Table 3). 
Thus, higher maternal CRP during the third trimester of pregnancy 
uniquely and robustly predicted poorer child cognitive flexibility at 
ages 4–6 years.

3.2 | Temporal specificity of CRP to child cognitive 
flexibility

To further clarify that the observed association between maternal 
CRP and child cognitive flexibility was specific to exposure during 
the third trimester only, we simultaneously evaluated preconception, 
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second trimester, and third trimester maternal CRP in prediction of 
child cognitive flexibility. Consistent with the model comparing all 
biomarkers from the third trimester above, third trimester mater-
nal CRP also inversely predicted child cognitive flexibility over and 
above preconception and second trimester maternal CRP (B = −1.22, 

SE = 0.40, p < .01; β = −0.54). Consistent with the prior models test-
ing all preconception and second trimester biomarkers, neither pre-
conception CRP (B = 0.13, SE = 0.28, p = .65, β = 0.05) nor second 
trimester CRP (B = 0.52, SE = 0.46, p = .26, β = 0.23) was associated 
with child cognitive flexibility over and above third trimester CRP. 

TA B L E  2   Bivariate associations of child executive functions and maternal biomarkers with all study variables

  1. 2. 3. 4. 5. 6. 7. 8. 9. 10 11

1. Cognitive 
flexibility

—                    

2. Response 
Inhibition

0.30* —                  

3. Preconception 
HbA1C

−0.05 0.05 —                

4. Second trimester 
HbA1C

−0.24 −0.16 0.47* —              

5. Third trimester 
HbA1C

−0.01 0.06 0.43** 0.55** —            

6. Preconception 
CRP

−0.07 0.09 −0.01 0.42* 0.14 —          

7. Second trimester 
CRP

−0.14 0.01 0.13 0.35* 0.35* 0.51** —        

8. Third trimester 
CRP

−0.28* 0.08 −0.24 0.15 0.04 0.41* 0.39* —      

9. Preconception 
systolic BP

−0.01 −0.09 0.09 −0.10 0.09 −0.43* −0.30* −0.11 —    

10. Second trimester 
systolic BP

−0.08 −0.01 0.25 0.17 0.17 −0.16 0.17 0.02 0.48** —  

11. Third trimester 
systolic BP

−0.11 0.06 −0.03 −0.11 −0.02 −0.11 0.16 0.11 0.58** 0.52** —

12. Preconception 
maternal EPDS

−0.07 −0.10 0.13 0.18 −0.01 −0.20 0.02 0.09 0.24* 0.30* 0.06

13. Second trimester 
maternal CESD

0.06 −0.01 0.29 0.19 0.15 −0.01 0.02 0.05 0.19 0.07 0.07

14. Third trimester 
maternal CESD

0.12 −0.04 −0.09 −0.26 −0.17 −0.24 −0.16 −0.08 0.06 −0.06 0.01

15. Preconception 
maternal BMI

−0.10 0.03 −0.03 0.45* 0.20 0.63** 0.47* 0.22 −0.37* −0.24 −0.10

16. Maternal age at 
child birth

−0.04 0.14 −0.05 0.16 0.10 −0.05 0.04 −0.05 0.15* −0.06 −0.01

17. Marital status 
(married)

−0.03 0.02 −0.27* −0.25 −0.01 0.10 −0.10 −0.17 −0.09 −0.03 −0.08

18. Family income 0.11 0.04 −0.19 −0.08 −0.04 −0.06 −0.07 −0.01 0.03 0.07 0.08

19. Child birth order −0.10 −0.14 0.04 −0.01 −0.02 0.26* 0.35* 0.08 0.01 0.31* 0.17

20. Child birth weight 0.03 −0.16 −0.06 0.03 0.08 0.05 0.01 0.20 −0.28* −0.08 −0.03

21. Child gestational 
age

0.21 −0.14 −0.02 −0.11 −0.06 −0.10 −0.39* −0.03 −0.12 −0.20 −0.21

22. Birth/neonatal 
complications

−0.04 −0.08 0.04 0.14 −0.10 0.21 0.21 −0.10 −0.03 0.22 −0.01

Note: Spearman and point biserial correlation coefficients were calculated for continuous and dichotomous variable, respectively; HbA1C = glycated 
hemoglobin; CRP = C-reactive protein, BP = blood pressure; EPDS = total score on the Edinburgh Postnatal Depression Scale; CESD = total score on 
the Center for Epidemiological Studies Depression Inventory; BMI = body mass index.
*p < .01; 
**p < .001. 



8  |     MORGAN et al.

Thus, higher maternal CRP specifically during the third trimester 
predicted poorer child cognitive flexibility at ages 4–6 years.

3.3 | Prediction of child response inhibition from 
maternal biomarkers

We then repeated the regression models for each time point (i.e. ma-
ternal biomarkers from preconception, second trimester, and third 
trimester) but in prediction of child response inhibition (i.e. Flanker 
T-scores). Covarying for study site and cognitive battery language, 
maternal HbA1C, CRP, and BP from all time points were unrelated to 
child response inhibition. Thus, no further analyses were conducted 
in prediction of child response inhibition.

4  | DISCUSSION

We evaluated multiple maternal metabolic and pro-inflammatory 
factors (i.e. HbA1C, CRP, and BP) as unique predictors of child EF 
(i.e. cognitive flexibility, response inhibition) in an intensive, prospec-
tive longitudinal study of prenatal health and child development. 
Multiple maternal biomarkers were assayed at preconception, sec-
ond trimester, and third trimester time points, allowing for tempo-
rally specific comparisons in prediction of child EF. Higher maternal 
CRP during the third trimester of pregnancy, but not third trimester 
HbA1C and BP, uniquely predicted poorer child cognitive flexibility at 
ages 4–6 years, even with stringent control of relevant demographic 

factors, concurrent third trimester maternal HbA1C and BP, and mul-
tiple prenatal/perinatal covariates (i.e. preconception maternal BMI, 
third trimester maternal depression, maternal age, maternal marital 
status, household income, child birth order, child birth weight, child 
gestational age, and child birth/neonatal complications). Predictions 
from maternal CRP were specific to the third trimester only, and 
third trimester CRP robustly predicted child cognitive flexibility over 
and above preconception and second trimester CRP. None of the 
preconception or second trimester maternal biomarkers predicted 
child cognitive flexibility, and child response inhibition was unre-
lated to maternal biomarkers from all time points. These findings re-
flect prospective evidence that exposure to maternal inflammation 
uniquely predicts cognitive flexibility deficits in children, and that 
this association is dependent on the timing of the exposure before 
or during pregnancy.

That maternal CRP specifically from the third trimester uniquely 
and robustly predicted child cognitive flexibility converges with 
a large literature implicating maternal inflammation in offspring 
neurodevelopment and individual differences in offspring EF (e.g. 
Brown et al., 2009; van der Burg et al., 2016; Jonakait, 2007; Ross, 
Graham, Money, & Stanwood, 2015; Rudolph et al., 2018). However, 
to our knowledge, this is the first study to observe an association of 
maternal CRP with child EF. Because this association was adjusted 
for maternal BMI, HbA1C, and BP, maternal CRP likely reflected 
inflammation secondary to infection and/or other non-metabolic 
triggers of pro-inflammatory response. Likewise, the effect size for 
the observed association was relatively small, suggesting that clin-
ically meaningful decreases in child cognitive flexibility required 

TA B L E  3   Regression model predicting 
child cognitive flexibility from third 
trimester maternal HbA1C, CRP, and BPIndependent variables

Child cognitive flexibility

β SE p 95% CI

Cognitive battery language (Spanish) 0.14 0.11 .19 —

Study Site (North Carolina) 0.13 0.14 .34 —

Study Site (Washington, DC) 0.09 0.14 .51 —

Maternal age at child birth −0.06 0.16 .71 —

Marital status (married) −0.19 0.17 .26 —

Family income 0.47 0.20 .02* 0.08, 0.86

Child birth order 0.13 0.10 .20 —

Child birth weight 0.13 0.15 .40 —

Child gestational age at birth 0.10 0.12 .45 —

Child birth or neonatal complications −0.11 0.13 .40 —

Preconception maternal BMI 0.02 0.15 .91 —

Third trimester maternal depression 0.05 0.12 .69 —

Third trimester maternal HbA1C −0.02 0.11 .88 —

Third trimester maternal BP −0.08 0.12 .54 —

Third trimester maternal CRP −0.39 0.14 .01** −0.68, −0.11

Note: β = standardized coefficient; reference group for Study Site = “Lake Country, IL”; 
BMI = body mass index; HbA1C = glycated hemoglobin; BP = blood pressure (systolic/diastolic); 
CRP = C-reactive protein.
*p < .05; 
**p < .01. 
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substantial elevations in maternal CRP, such as those resulting from 
infectious processes. Although there is a substantial human and 
non-human animal literature supporting the role of prenatal mater-
nal infection in offspring neurodevelopment (Brown et  al.,  2009; 
Kundakovic,  2017; Madore et  al.,  2016; Meyer,  2014; Meyer 
et al., 2006; Short et al., 2010), there is also growing evidence that 
inflammation may mediate associations of prenatal maternal met-
abolic conditions (i.e. diabetes, hypertension, obesity) with subse-
quent child cognitive outcomes (e.g. van der Burg et  al.,  2016). In 
fact, based on reliable associations between maternal CRP, mater-
nal metabolic conditions, and adverse birth outcomes (e.g. prema-
turity and delivery complications) in prior studies (e.g. Christian & 
Porter, 2014; Elovitz et al., 2011; Qiu et al., 2004; Smith et al., 2005), 
child EF predictions from CRP may either mediate or be mediated 
by these correlated factors. Notably, however, in the present study, 
third trimester maternal CRP uniquely predicted child cognitive flexi-
bility, even with control of concurrent HbA1C and BP as well as other 
prenatal/perinatal correlates (e.g. preconception maternal BMI, child 
gestational age, birth/neonatal complications). Moreover, none of 
these covariates significantly predicted cognitive flexibility over and 
above third trimester CRP. Although this does not rule out mediated 
effects of maternal CRP from metabolic conditions or through peri-
natal complications per se, if replicated, these findings may comple-
ment experimental evidence in non-human animals suggesting that 
maternal inflammation is highly proximal to offspring neurodevelop-
ment. For example, maternal pro-inflammatory factors not only alter 
placental functioning, but also transfer to amniotic fluid and enter 
fetal circulation (Urakubo, Jarskog, Lieberman, & Gilmore, 2001). In 
turn, this can trigger a pro-inflammatory response in the fetus that 
may permeate the blood–brain barrier (Meyer et  al.,  2006). Thus, 
maternal inflammation may rapidly influence fetal brain develop-
ment through various biologically plausible mechanisms, such as 
inhibition of fetal neurotrophic factors (Golan, Lev, Hallak, Sorokin, 
& Huleihel, 2005) and neurotransmitter levels (Vuillermot, Weber, 
Feldon, & Meyer, 2010).

Because child cognitive flexibility was predicted specifically from 
third trimester maternal CRP, and not preconception or second tri-
mester CRP, it is important to note that the prefrontal cortex contin-
ues to develop substantially during the third trimester of pregnancy 
(as well as postnatally; Monk, Webb, & Nelson, 2001); it therefore 
remains susceptible to adverse prenatal environments like maternal 
pro-inflammatory state. For example, in rhesus monkeys, maternal 
infection during the third trimester elicited postnatal structural ab-
normalities in offspring prefrontal cortex and other brain regions 
relevant to EF (Short et al., 2010). The third trimester may in fact 
distinctively reflect a time of particular neurodevelopmental suscep-
tibility to maternal inflammation, as exposure to maternal infection 
during late pregnancy, but not mid-pregnancy, induced elevations in 
cytokine gene expression in fetal mouse brain (Meyer et al., 2006). 
Collectively, therefore, the non-human animal literature suggests 
that exposure to maternal inflammation (as reflected by elevated ma-
ternal CRP) during the third trimester might initiate a causal chain of 
events that hinders healthy development of brain regions regulating 

EF. Although our correlational human findings complement these 
non-human animal studies, further research is needed to identify 
proximal mechanisms that may mediate third trimester maternal in-
flammation and child EF specifically in humans. If the third trimester 
further proves to be a sensitive period for maternal inflammation 
and offspring cognitive flexibility (or EF more generally), this would 
inform the timing of prenatal interventions and preventive strategies 
to promote maternal and fetal health.

Whereas maternal CRP robustly predicted child cognitive flex-
ibility, we did not observe predictions of child cognitive flexibility 
from other maternal biomarkers (i.e. HbA1C and BP), or predictions 
of child response inhibition from any biomarker (i.e. CRP, HbA1C, 
and BP). These null findings diverge somewhat from prior research 
suggesting that preconception maternal diabetes, gestational dia-
betes, and gestational hypertension are associated with broad cog-
nitive deficits in children such as lower IQ (e.g. Adane, et al., 2016; 
Krakowiak et al., 2012; Tuovinen et al., 2014), and one study show-
ing that prenatal maternal inflammation predicted poorer child im-
pulse control (Graham et al., 2018). However, the current findings 
are consistent with a prior study in which gestational diabetes was 
unrelated to child cognitive flexibility (Bolanos et al., 2015).2  Given 
the stringent control of multiple potential confounds in the present 
study, including concurrent HbA1C and BP, one plausible interpre-
tation of the present findings is that maternal inflammation is more 
detrimental to child neurodevelopment than maternal hyperglyce-
mia or hypertension. Alternatively, methodological differences may 
also contribute to differing results. For example, whereas Graham 
et  al.  (2018) found an association between maternal inflammation 
and child impulse control, their measure of impulse control did not 
differentiate between child response inhibition (the EF domain as-
sessed in the present study) and other related processes (i.e. moti-
vation and reactivity). Additionally, whereas previous studies relied 
on retrospective reports of specific diagnoses to assess maternal 
metabolic conditions, the intensive and prospective nature of the 
current study, including direct assay of maternal biomarkers across 
multiple time points, may have yielded more accurate measurements 
of maternal health before and across pregnancy.

Several key limitations should be noted. First, despite the use 
of reliable measures and an intensive, prospective longitudinal re-
search design to maximize statistical power, the analyses were lim-
ited by the modest sample size. Second, although we controlled for 
a range of pertinent perinatal factors, which was a unique strength 
of the present study, other potential confounds beyond the scope 
of the present study are plausible. For example, we did not ac-
count for postnatal factors (e.g. postnatal depression, maternal 
caregiving style), maternal cognitive functioning, or other domains 
of child cognitive functioning (e.g. IQ), all of which are correlated 
with child EF development (e.g. Bernier, Carlson, & Whipple, 2010; 
Friedman et al., 2008). In particular, it is plausible that the observed 
association of third trimester maternal inflammation and child cog-
nitive flexibility also reflects associations with children's general 
cognitive abilities. Third, because prenatal data from the first tri-
mester were not available for the current study, we were unable to 
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examine first trimester maternal biomarkers as predictors of child 
EF. Fourth, there was a higher percentage of missing data from the 
second trimester compared to data from the preconception and 
third trimester periods. Thus, although power was maximized in all 
analyses using FIML estimation to address missing data, we cannot 
rule out that missing data impacted the present second trimester 
results. Fifth, although response inhibition and cognitive flexibility 
begin to develop early in life and are definitely present at ages 
4–6  years, they advance substantially across middle childhood 
(e.g. Best & Miller, 2010). Thus, it will be important to replicate the 
present findings not only in larger samples but also in prospective 
longitudinal studies of youth across development. For example, 
predictions of child response inhibition from maternal biomark-
ers, although not observed in the present study, may be evident 
in older children once response inhibition is more fully developed. 
Similarly, although maternal HbA1C and BP at preconception and 
prenatally were unrelated to child cognitive flexibility here, these 
factors may predict later child EF outcomes. It is also important to 
consider why maternal CRP was specifically associated with child 
cognitive flexibility, but not response inhibition. Notably, there is 
replicated evidence from rodent models that in utero exposure to 
maternal immune activation results in poorer offspring cognitive 
flexibility (Meyer,  2014), but these effects have not been exam-
ined with respect to response inhibition. Thus, further research is 
needed to clarify if maternal inflammation predicts cognitive flex-
ibility specifically, or EF more generally. Another logical extension 
of the present findings is to examine whether the observed effect 
of maternal CRP on child cognitive flexibility also extends to neu-
rodevelopmental disorders that are associated with poor cognitive 
flexibility (e.g. ADHD).

We observed individual differences in third trimester maternal 
CRP as a temporally-specific and unique predictor of child cognitive 
flexibility. To the best of our knowledge, this study was the first to 
employ multiple assays of maternal metabolic and pro-inflamma-
tory factors over time, directly compare preconception and pre-
natal exposures, and control for numerous potential confounds in 
prediction of child EF. Future studies must aim to characterize the 
proximal mechanisms that mediate third trimester maternal CRP 
and child cognitive flexibility. Identification of biologically plausible 
mechanisms underlying EF development will be critical to informing 
prevention and intervention efforts across major domains of child 
psychopathology and psychosocial functioning.
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	1	 The pattern of results was unchanged when models were conducted 

without the initial study site and battery language covariates and 
when age-adjusted (vs. fully-adjusted) DCCS and Flanker T-scores 
were used (results available upon request), alleviating concerns that 
the present results were hindered by Type II error secondary to overly 
stringent models. 

	2	 Gestational diabetes did predict child working memory, a dimension 
of child EF not assessed in the present study, in Bolanos et al. (2015). 
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