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ARTICLE INFO ABSTRACT

Keywords: Background: Systemic inflammation has been associated with lower neurobehavioral performance in diverse
Inflammation populations, yet the evidence in adolescents remains lacking. Cytokines can alter neural network activity to
Neurobehavior

induce neurocognitive changes. This work seeks to investigate the association between inflammation and neu-
robehavior in adolescents living in a rural region of Ecuador.

Methods: We examined 535 adolescents in rural communities of Ecuador (ESPINA study), 508 of which had
neurobehavioral assessments (NEPSY-II) and circulating plasma levels of inflammatory markers (CRP, IL-6, TNF-
a, SICAM-1, sVCAM-1, SAA, and sCD14). Associations between inflammatory biomarker concentrations and
neurobehavioral scores were examined using adjusted bivariate semi-parametric models with generalized esti-
mating equations. A partial least squares regression approach was used to create composite variables from
multiple inflammation biomarkers and model their association with cognitive outcomes.

Results: Higher sCD14 and TNF-a concentrations were significantly associated with lower social perception
scores, by —0.465 units (95% CI: —0.80, —0.13) and —0.418 units (—0.72, —0.12) for every 50% increase in
inflammatory marker concentration, respectively. Similarly, every 50% increase in the inflammation summary
score was associated with a significantly lower Social Perception score by —0.112 units (—0.19, —0.03). A greater

Adolescents
Latin America

inflammatory composite variable from seven markers was associated with lower scores in language (p = —0.11,
p = 0.043), visuospatial processing (f = —0.15, p = 0.086), and social perception (p = —0.22, p = 0.005)
domains.

Conclusions: Higher levels of inflammation were associated with lower neurobehavioral performance in ado-
lescents, especially with social perception. In addition, using a robust analytic method to examine an association
between a composite inflammatory variable integrating seven markers led to additional findings, including the
domains of language and visuospatial processing. A longitudinal follow-up of such investigations could unveil
potential changes in inflammation-neurobehavior performance links through developmental stages and inter-
vention opportunities.

Abbreviations: CRP, C-Reactive Protein; IL-6, Interleukin-6; TNF-a, Tumor Necrosis Factor Alpha; sICAM-1, soluble Intracellular Cell Adhesion Molecule-1;
sVCAM-1, soluble Vascular Cell Adhesion Molecule-1; SAA, Serum Amyloid A; CD14, Cluster of Differentiation 14.
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B. Amdemicael et al.
1. Introduction

Associations have been shown between greater levels of systemic
inflammatory biomarkers and lower neurobehavioral performance or
cognitive outcomes in diverse populations, including older adults with
mild cognitive impairment and those with serious mental illness (Hope
et al., 2015; Kipinoinen et al., 2022; Shen et al., 2019; Zheng et al.,
2019). In patients diagnosed with schizophrenia, increased blood levels
of tumor necrosis factor alpha (TNF-a) were found to be significantly
associated with reduced neurocognitive performances in processing
speed, visual learning, and reasoning and problem solving (Kogan et al.,
2018). Similar findings in patients undergoing cardiopulmonary bypass
further reinforce these findings, as an increase in C-reactive protein
(CRP) and other proinflammatory cytokines were associated with neu-
rocognitive decline in patients (Ramlawi et al., 2006). Recently,
inflammation predicted neurobehavioral performance in Corona Virus
Disease (2019) (COVID-19) pneumonia survivors such that systemic
inflammation, along with age, negatively correlated with performances
in verbal memory, verbal fluency, speed of information processing and
psychomotor coordination (Mazza et al., 2021).

Understanding the underlying pathogenesis of the association be-
tween peripheral inflammation and cognition is of great interest to many
investigators. Inflammatory cytokines, such as interleukin-1 (IL-1),
interleukin-6 (IL-6) and tumor necrosis factor alpha (TNF-a) have been
shown to alter the activity of neurotransmitter networks to induce
neurobehavioral changes (Berthold-Losleben and Himmerich, 2008).
Furthermore, elevated systemic levels of inflammatory biomarkers such
as TNF-q, interleukins and interferons increase the expression of intra-
cellular cell adhesion molecule 1 (ICAM-1) and vascular cell adhesion
molecule 1 (VCAM-1) through upregulating gene transcription
(Dietrich, 2002). ICAM-1, which is expressed on endothelial cells of the
forebrain’s grey and white matter, as well as astrocytes and microglial
cells, plays a crucial role in the blood brain barrier (BBB) (Miiller, 2019).
Proteolytic cleavage of ICAM-1 can transform the transmembrane
glycoprotein into a soluble ICAM-1 (sICAM-1), whose levels have been
associated with changes in permeability of the BBB, facilitating
increased communication between the central nervous system (CNS)
immune glial cells and the peripheral immune system (Miiller, 2019;
Ramos et al., 2014). In an acute inflammatory state, ICAM-1 associated
astrocytes and microglia, which heavily surround the capillary endo-
thelial cells of the BBB, allow for the passage of peripheral immune cells,
such as leukocytes, into the CNS parenchyma through astrocytic tight
junctions and small vessel endothelia (Benveniste, 1992). This
congruous process of increased peripheral and CNS immune activation
has been shown to cause neuroinflammation and subsequent decline in
neurocognition (Subramaniyan and Terrando, 2019). Additionally,
blood levels of immune activation markers such as soluble cluster of
differentiation 14 (sCD14) have been found to increase monocytic in-
flammatory processes in the CNS implicated in cognitive declines
(Kamat et al., 2012; Lyons et al., 2011). Though details of the underlying
mechanisms have not been elucidated, high levels of plasma and cere-
brospinal fluid sCD14 have been shown to have a significant association
with markers of inflammation and axonal damage, further implicating
sCD14 and monocytic activation in the pathogenesis of neurobehavioral
decline (Jespersen et al., 2016). Notably, most findings characterizing
this relationship between inflammation and neurobehavior have come
from studies with predominantly adult populations and those with
chronic pathology.

Despite the growing evidence in support of the association between
inflammatory biomarkers levels and neurobehavior and cognitive out-
comes, there are little data to substantiate the same association in ad-
olescents. One of the few studies in young adults (18-24 years) included
participants living with Human Immuno-Deficiency Virus (HIV) infec-
tion, among whom elevated plasma levels of sCD14, and sICAM-1 were
negatively associated with visuospatial and verbal memory, respectively
(Kim-Chang et al., 2019). Adolescence is a period of important
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neurodevelopment during which even a subtle change in neuro-
behavioral outcomes may indicate potentially long-term impact. Thus,
the aim of our study was to investigate the association between bio-
markers of inflammation (CRP, IL-6, TNF-a, SICAM-1, sVCAM-1, serum
amyloid A (SAA), and sCD14) and neurobehavioral performance in
Ecuadorian adolescents. Based on prior findings, we hypothesize that
higher levels of inflammation biomarkers will be associated with lower
neurobehavioral performance.

2. Methods
2.1. Participants

The study of Secondary Exposures to Pesticides among Children and
Adolescents (ESPINA - Exposicion Secundaria a Plaguicidas en Ninos y
Adolescentes [Spanish]) is a prospective cohort focused on under-
standing the effects of pesticide exposure on the development of chil-
dren and adolescents residing in the agricultural county of Pedro
Moncayo, Pichincha Province, Ecuador. The ESPINA study was estab-
lished in 2008 and examined 313 boys and girls of ages 4-9 years.
Participants (73%) were recruited through community announcements
for their participation in the “2004 Survey of Access and Demand of
Health Services in Pedro Moncayo County,” a representative survey of
Pedro Moncayo County collected by Fundacién Cimas del Ecuador in
conjunction with the communities of Pedro Moncayo County. Details
about participant recruitment in 2008 have been described previously
(Suarez-Lopez et al., 2012). In 2016 we expanded the cohort and con-
ducted two examinations: in April, we examined 330 participants and in
July-October we examined 535 participants for a combined total of 554
participants examined in 2016 (311 participants were examined at both
time periods). Participants in 2016 were 12-17 years of age and
included 238 participants examined in 2008 and 316 new volunteers.
New participants in 2016 were invited to participate using the System of
Local and Community Information (SILC) developed by Fundacion
Cimas del Ecuador, which included information of the 2016 Community
Health Survey of Pedro Moncayo County (Formerly the Survey of Access
and Demand of Health Services in Pedro Moncayo). In 2008 and 2016,
none of the participants reported working in agriculture. Additional
details of the participant recruitment in 2016 have been published
(Espinosa da Silva et al., 2022).

To maximize the number of participants included in our analyses, we
imputed missing data for parental education in 2016 (n = 10), as well as
residential distance to the nearest flower plantation in 2008 (n = 3).
Among the children who were examined in 2008 but were missing
parental education data in 2016 (n = 5), data for parental education
were imputed using the 2008 data for maternal and paternal education.
For participants with missing paternal and maternal education data in
2008 and missing parental education in 2016 (n = 5), a random impu-
tation was conducted for each variable based on a normal distribution of
the variable during the respective examination period. Since a small
number of participants reported being White (n = 2), we grouped these 2
participants in the mestizo (mix of White and Indigenous) category to
improve model stability when adjusting for race.

The 2016 examination of the ESPINA study was approved by the
Institutional Review Boards of the University of California San Diego
(UCSD), Universidad San Francisco de Quito and the Ministry of Public
Health of Ecuador and endorsed by the Commonwealth of Rural Parishes
of Pedro Moncayo County. We collected informed consent from adult
participants (aged 18 years or older) and parents, as well as parental
permission of participation and informed assent of child participants.

3. Data collection
3.1. Examination and survey

In 2016, children were examined in 7 schools when they were out of
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session: first in April and again between July and October. The exam-
iners were unaware of the participants’ potential exposures. Home in-
terviews with parents and adult residents were conducted to gather
socio-economic and demographic information.

3.2. Anthropometric measures

The height of the children was assessed using a height board
following recommended guidelines, and the weight was measured using
a digital scale (Tanita model 0108 MC; Tanita Corporation of America,
Arlington Heights, IL, USA). We calculated z-scores for height-for-age
(Z-height-for-age) and body mass index-for-age (Z-BMI-for-age) using
the World Health Organization (WHO) growth standards (World Health
Organization, 2006).

3.2.1. Neurobehavioral assessments

Neurobehavioral performance was measured using the NEPSY-II test
(NCS Pearson, San Antonio, TX) (Kemp and Korkman, 2010). Neuro-
behavioral assessments were conducted in seven schools in Pedro
Moncayo County. During the examinations of July-August 2008 and
July-October 2016, trained psychologists blinded to participant expo-
sure status assessed participants in 13 subtests across five domains: 1)
Attention and Inhibitory Control (also known as Attention and Executive
Functioning, subtests: Auditory Attention & Response Set, Inhibition);
2) Language (Comprehension of Instructions, Speeded Naming); 3)
Memory and Learning (Immediate and Delayed Memory for Faces); 4)
Visuospatial Processing (Design Copying, Geometric Puzzles); and 5)
Social Perception (Affect Recognition). Two subtests required trans-
lation into Spanish using terminology appropriate for the local popula-
tion (auditory attention and response set and comprehension of
instructions). The translation was approved by NCS Pearson. Partici-
pants were examined alone and in a quiet room by the examiner. Par-
ticipants who were also examined in the April 2016 examination
completed 2 subtests at that time: Attention & Inhibitory Control and
Inhibition. For this reason, it was necessary for us to adjust for learning
effect associated with re-testing when analyzing these subtests (see
Statistical Analysis).

We used the NEPSY-II scaled scores for each subtest to assess per-
formance, which are age-standardized values based on a national sample
of children in the United States (Korkman et al., 2007). Scaled scores for
the NEPSY-II subtest were calculated using the NEPSY-II scoring assis-
tant software (NCS Pearson, Inc., San Antonio, TX) and higher scores
indicate better performance. A detailed description of subtest scoring
has been published elsewhere (Kemp and Korkman, 2010; Suarez-Lopez
et al., 2013, 2017). Domain scores were used as measures of neuro-
behavioral performance and were calculated by averaging one primary
scaled score from all subtests within each domain. For subtests that
included either correct and error components (i.e. auditory attention
and response set) or time and error components (i.e. inhibition, speeded
naming, visuomotor precision), the combined scaled scores representing
the combination of both components were used as primary scaled scores.
Affect recognition was the only subtest in the Social Perception domain
and, as such, the Social Perception domain is equivalent to the affect
recognition scaled score. In this analysis, the sample sizes varied across
domains because the NEPSY-II subtests were developed for different age
ranges and were implemented only among participants in the appro-
priate age ranges.

3.3. Biospecimen analysis

3.3.1. Plasma inflammatory markers

Venipuncture of the median cubital or cephalic veins (arm) were
conducted by a phlebotomist following standard guidelines (Clinical and
Laboratory Standards Institute and Ernst, 2007). Participants were not
asked to fast prior to the venipuncture. Blood samples were centrifuged
and aliquoted on site and transported on dry ice to Quito for storage at
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—80 °C. Samples were then shipped to the University of California San
Diego (UCSD) frozen using an overnight courier. Samples were stored at
—80 °C at UCSD until they were analyzed for inflammation marker
quantification at the UCSD Integrative Health Mind-Body Biomarker
Core. Multiplex assay kits were used to measure plasma levels of TNF-«
and IL-6 to assess overall inflammatory states (V-PLEX immunoassay
proinflammatory kit) and CRP, SAA, sICAM-1, and sVCAM-1to estimate
vascular inflammatory states (V-PLEX immunoassay vascular injury kit),
using the 2400 SECTOR Imager reader (Meso Scale Discovery, Rockville,
Maryland). Circulating levels of cellular adhesion molecule can also
reflect activation of endothelial cells, which can be implicated in
impaired endothelium barrier functions including blood brain barrier
(Sheikh et al., 2020). Levels of sCD-14 were measured to assess mono-
cyte activation which has been observed being associated with neuro-
psychological domains as described in the introduction, using
quantikine ELISA kits using R& D Systems (Minneapolis, MN). The intra-
and inter-assay coefficients of variation of those markers were below
10%.

Acetylcholinesterase (AChE) activity and hemoglobin concentration
were measured in fresh finger-stick blood samples using the Environ-
mental Quality Management (EQM)-Test-mate Cholinesterase (ChE)
Test System 400 during the examination (EQM Research Inc., Cincin-
nati, OH, USA), and were collected in the April and July-October ex-
aminations. Lower concentrations of AChE activity reflect greater
exposures to cholinesterase inhibitor pesticides (Skomal et al., 2022).

The present analysis includes 508 participants examined in the
July-October 2016, who had all covariates of interest: 8 observations
were excluded due to missing neurobehavioral data and 19 due to
missing covariate data.

3.3.2. Statistical analysis

Participant characteristics. Descriptive sample characteristics include
means and standard deviations (SD) for continuous variables and
percent distributions for categorical variables, stratified by tertiles of the
inflammation summary score (Table 1). The inflammation summary
score was calculated by averaging the z-scores of all log-transformed
inflammatory markers. We calculated the crude associations of the
inflammation summary score and participant characteristics using linear
regression for continuous characteristic variables and binomial

Table 1
Participant characteristics.

Total (N Inflammation Summary Score
=508) Q1 (N = Q2 (N = Q3 (N = P-
169) 169) 170) Value
Age (years) 145 + 149 + 14.5 + 14.1 + <
1.75 1.79 1.71 1.68 0.001
Gender, % 49% 49% 47% 50% 0.86
Female
Race, % Mestizo 79% 80% 80% 77% 0.65
Height-for-Age -1.48 + -1.52 + -1.48 + -1.43 + 0.40
Z-Score, SD 0.89 0.82 0.89 0.97
Parental 8.10 + 8.03 + 8.04 + 8.24 + 0.41
Education, years 3.49 3.57 3.62 3.28
sCD14, ng/mL 1580 + 1190 + 1550 + 2010 + <
385 147 92.3 273 0.01
CRP, pg/mL 2.69 + 233 + 2.64 £ 3.09 + <0.01
9.74 9.75 11.80 7.08
IL-6, pg/mL 1.24 + 1.07 £ 1.16 + 1.49 + <
1.42 0.635 0.939 2.17 0.01
SAA, pg/mL 7.5+40.6  4.40 + 6.97 + 11.1 + 0.03
19.4 43.7 51.4
sICAM-1, ng/mL 758 + 499 780 + 726 + 767 + 0.57
519 450 528
sVCAM-1, ng/mL 973 +567 968 + 958 + 993 + 0.86
516 562 620
TNF-a, pg/mL 211 + 1.97 + 2.08 + 2.30 £ <
0.68 0.52 0.50 0.91 0.01

Displayed values are mean + standard deviation or percent.
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regression for categorical characteristics.

Individual associations of inflammatory biomarkers with neurobehavior
domains. Skewed variables, including the inflammatory biomarkers and
inflammation summary score, were natural log-transformed (Hair et
al.), to fulfill the linear mixed model assumption criteria. Associations
between the naturally log-transformed inflammatory biomarker con-
centrations and Inflammation summary score with neurobehavior
assessment scores were assessed using adjusted Dbivariate
semi-parametric model with generalized estimating equation (GEE)
model. The B estimates were multiplied by log(1.5) to describe the
change of neurobehavioral assessment score per a 50% increase in the
inflammatory biomarker concentration or inflammation summary score.

Covariates were included for the following potential confounders:
age, gender, race, BMI-for-age z-score, height-for-age z-score, parental
education level, AChE: hemoglobin ratio, creatinine, smokers at home
(yes/no), and prior assessment (necessary only for Attention & Inhibi-
tory Control Domain to control for test-retest performance differences,
as a select number of participants were evaluated in this domain during
both the April 2016 and July-October 2016 examinations). Covariates
that were included in the final adjustment model were selected using
backwards elimination and kept if they were statistically significant (p
< 0.05). The following covariates were kept: age, race, height-for-age z-
score, parental education level, and prior assessment the latter, only for
the outcome of attention and inhibitory control. Although gender was
not statistically significant, it was still included in the next iteration as
this was a co-variate defined a-priori and neurobehavioral performance
differences have been observed between boys and girls within the
ESPINA study (Suarez-Lopez et al., 2013).

Inflammation mixture modeling and neurobehavioral performance. We
created composite variables from multiple inflammation biomarkers to
improve power when modeling their associations with cognitive out-
comes. As the biomarkers serve as the independent variables in our
analysis, we opted for the partial least squares (PLS) regression
approach, rather than the principal component analysis (PCA) and fac-
tor analysis (FA). Like PCA and FA, PLS also create composite variables
that are linear combinations of the original variables (biomarkers in the
current context). However, unlike PCA and FA, PLS creates composite
variables by also taking into account the relationship with the depen-
dent variable. Specifically, the first composite has the maximum corre-
lation with the dependent variable, followed by the second and so on.
Hence, if interest lies in finding a subset of the original explanatory
variables in the linear model that explains the most variability in the
response as in our context, PLS composite variables are more effective
than PCA or FA. The loadings of the composite variables represent the
differential contributions by each independent variable, in this case each
inflammation biomarker. A positive direction of the loading of a
biomarker indicates that the biomarker has the same direction as the
composite when interpreting the association of the biomarker with the
dependent outcome in the regression analysis (see Fig. 1a). In addition
to p-values, the effect size, adjusted R-squared, is also used to determine
if it is important to include a composite variable in the regression model,
which is especially helpful if the effect size of the composite is not large
(Fig. 1). The inflammation biomarker concentrations were normally
standardized for PLS regression to eliminate the scale differences be-
tween them. Particularly for this study, a residualization procedure was
adopted as adjustment for covariates, which means the outcome vari-
able corresponding to each cognitive outcome was the residual we got
from a linear model fitted with the original outcome and the covariates.
All analyses were conducted using R Version 4.2.2.

4. Results
4.1. Participant characteristics

The mean (SD) age of participants was 14.5 years (1.75), and 49% of
the participants were female, with 79% of participants being Mestizo.
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The mean (SD) years of parental education was 8.10 years (3.49), and
participants were on average 1.48 SD (0.89) shorter (height-for-age z-
score) than the WHO normative sample. The average participant scores
in all neurobehavioral domains were lower than the NEPSY-II normative
sample mean score of 10 (Table S1). Age was negatively associated with
the inflammation summary score (p < 0.001, Table 1). Levels of all in-
flammatory biomarkers were significantly higher in the higher inflam-
mation summary score groups (p < 0.001) as expected, except for
SICAM-1 and sVCAM-1.

4.2. Independent associations between inflammatory markers and
neurobehavior domains

Higher sCD14 and TNF-a concentrations were significantly associ-
ated with lower social perception scores, by —0.465 units (95% CL:
—0.80, —0.13) and —0.418 units (—0.72, —0.12) for every 50% increase
in inflammatory marker concentration, respectively (Table 2). Similarly,
every 50% increase in the inflammation summary score was associated
with a significantly lower Social Perception score by —0.112 units
(—0.19, —0.03) and a borderline non-significant association Visuospa-
tial Processing score by —0.054 units (—0.13, 0.02). No other significant
associations were found between the remaining five inflammatory bio-
markers and neurobehavioral domain scores. Yet, most inflammation-
neurobehavior associations shown in Table 2 were also negative for
the domains of Language, Memory & Learning, Visuospatial Processing
and Social Perception. We did not observe evidence of effect modifica-
tion by gender or age.

4.3. Composite inflammatory marker associations with neurobehavior
domains using PLS regression

We applied PLS to construct inflammation composite variables from
all available inflammatory biomarkers (sCD14, CRP, IL-6, SAA, sICAM-
1, sVCAM-1 and TNF-a), and modeled the associations of extracted
composite variables with neurobehavioral domains using linear regres-
sion, controlling for covariates. Our final models include only the first
PLS composite variable, as sequentially added second and third com-
posites resulted in minimal improvements in the adjusted R-square for
the model compared to the first composite variable only (Table 3).

As expected, the loadings of each inflammation marker on each of
the components differed across neurobehavioral outcomes. First, shown
in Fig. la are loadings of each inflammatory marker on the first
inflammation PLS composite variable; loadings shown in red indicate
that the biomarker contributed positively to the first PLS composite
variable, whereas loadings shown in blue indicate negative contribu-
tions. Furthermore, as shown in Fig. 1b, the first inflammation PLS
component was negatively associated with language (p coefficient
[difference in neurobehavioral score per 50% increase in inflammation
PLS composite 1] = —0.11, p = 0.043), visuospatial processing (p =
—0.15, p = 0.086), and social perception (f = —0.22, p = 0.005; Fig. 1b,
Table 3) domains. As indicated by the positive loadings of inflammatory
markers on PLS component 1, a greater inflammatory state, as reflected
by greater levels of sCD14, CRP, SAA, sICAM-1, sVCAM-1 and TNF-a,
was associated with lower scores in Language, Visuospatial Processing
and Social Perception in this cohort of adolescents. Only IL-6 showed
negative loadings on the first PLS components but to a minimal degree
and did not contribute to neurobehavioral performance outcomes.

5. Discussion

Our study revealed certain associations of interest between circu-
lating inflammatory molecules and neurobehavioral performance in an
Ecuadorian adolescent population. As hypothesized, greater levels of
circulating inflammatory markers were associated with lower neuro-
behavioral performance. A series of regression analyses assessing inde-
pendent associations for each inflammatory biomarker led to the finding
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A)
Attention and Language Memory and Visuospatial Social
Inhibitory Control Learning Processing Perception

Loadings of PLS Component 1
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Inflammatory Marker
B) . . . .
Attention and Language Memory and Visuospatial Social
Inhibitory Control Learning Processing Perception

Outcome

Estimate: -0.146 Estimate: -0.113 Estimate: 0.170 Estimate: -0.150 Estimate: -0.223

-101 p-value: 0.152 p-value: 0.043 p-value: 0.086 p-value: 0.033 p-value: 0.005
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=2 0 2 -2 0 2 -2 0 2 =2 0 2 -2 0 2

PLS Component 1

Fig. 1. A) Loadings of the PLS Inflammation Component 1; B) associations of PLS Inflammation Component 1 with neurobehavioral domain scores in adolescent
participants of the ESPINA study. N = 508.

Analyses were conducted using PLS regression. Estimate is the difference in neurobehavioral score per unit increase in PLS composite 1). Models adjusted for age,
gender, race, height-for-age z-score and parental education.

Attention and Inhibitory Control Residuals~ (-0.023*std_ CD14) + (0.061*std CRP) + (0.01*std IL 6) + (0.027*std SAA) + (-0.07*std sICAM_1) +
(-0.084*std_sVCAM_1) + (-0.11*std_TNFa).

Language Residuals ~ (-0.006*std_ CD14) + (-0.057*std_CRP) + (-0.024*std_IL_6) + (-0.052*std_SAA) + (-0.062*std_sSICAM_1) + (-0.065*std_sVCAM_1) +
(-0.03*std_TNFa).

Memory Residuals ~ (0.086*std_ CD14) + (0.05*std CRP) + (0.139*std_IL 6) + (0.054*std_ SAA) + (0.062*std sSICAM_ 1) + (0.062*std sVCAM_ 1) -+
(-0.016*std_TNFa).

Social Perception Residuals ~ (-0.104*std_CD14) + (-0.075*std_CRP) + (0.012*std_IL_6) + (-0.065*std_SAA) + (-0.099*std_sICAM_1) + (-0.108*std_sVCAM_1) +
(-0.126*std_TNFa).

Visuospatial Processing Residuals ~ (-0.056*std_CD14) + (-0.064*std_CRP) + (0.011*std_IL_6) + (-0.055*std_SAA) + (-0.085*std_sICAM_1) + (-0.09*std_sVCAM_1)
+ (-0.073*std_TNFa).



B. Amdemicael et al.

Table 2
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Associations between inflammatory biomarker level and neurobehavioral performance in adolescents of the ESPINA study. N = 508.

Neurobehavioral Domain

Attention & Inhibitory Control Language

Memory & Learning Visuospatial Processing Social Perception

sCD14 0.01 (-0.30, 0.32) 0.06 (-0.23, 0.35) 0.17 (-0.17, 0.50) —0.22 (-0.52, 0.08) —0.47 (-0.80, -0.13)
CRP —0.01 (-0.06, 0.05) 0.01 (-0.04, 0.06) 0.03 (-0.03, 0.08) —0.03 (-0.09, 0.02) 0.00 (-0.06, 0.06)
1L-6 —0.01 (-0.15, 0.13) —0.12 (-0.24, 0.01) —0.04 (-0.19, 0.12) 0.00 (—0.16, 0.16) —0.10 (-0.27, 0.07)
SAA —0.01 (-0.06, 0.04) —0.01 (-0.07, 0.05) 0.02 (-0.04, 0.08) —0.04 (-0.10, 0.02) 0.01 (—0.06, 0.08)
sICAM-1 —0.00 (-0.13, 0.12) 0.01 (-0.12, 0.15) 0.02 (-0.13, 0.17) —0.06 (—0.21, 0.08) —0.03 (-0.18, 0.12)
sVCAM-1 —0.00 (-0.14, 0.13) —0.03 (-0.17, 0.12) —0.01 (-0.17, 0.14) —0.08 (-0.24, 0.08) —0.09 (-0.26, 0.07)
TNFx 0.01 (-0.26, 0.28) —0.10 (-0.38, 0.19) —0.09 (—0.39, 0.20) —0.09 (-0.44, 0.26) —0.42

(-0.72, -0.12)
Inflammation summary score 0.00 (—0.07, 0.08) 0.02 (—0.06, 0.09) 0.04 (—0.04, 0.12) —0.05 (-0.13, 0.02) —0.11

(-0.19, -0.03)

Analyses were conducted using GEE models. Displayed values are score differences in NEPSY-II scores in relation to a 50% increase in inflammatory biomarker level
(95% confidence interval), and were calculated by multiplying the coefficient by log(1.5).

Models adjusted for age, gender, race, height-for-age z-score, and parental education. Associations with Attention & Inhibitory Control were also adjusted for recent
prior assessment in April 2016 (test-retest). Bolded text indicates statistical significance for the 95% confidence interval.

Table 3

Associations between PLS Inflammation Components and Neurobehavioral Performance in adolescent participants of the ESPINA study. N = 508.

Neurobehavioral Domain Total Rﬁdj

PLS Inflammation Component

1 2 3
Attention & Inhibitory Control —0.0081 —0.15, —0.09, —0.02,
95% CI: [-0.35, 0.05], 95% CI: [-0.32, 0.14], 95% CI: [-0.15, 0.12],
R34 = 0.002 R34 = 0.001 R34 = —0.001
Language 0.0005 —0.11, —0.105, —0.18,
95% CI: [-0.22, -0.004], 95% CI: [-0.28, 0.07], 95% CI: [-0.52, 0.15],
R34 = 0.006 R34 = 0.007 R34 = 0.007
Memory & Learning —0.0060 -0.17, —0.05, —0.05,
95% CI: [-0.36, 0.02], 95% CI: [-0.19, 0.09], 95% CI: [-0.28, 0.17],
R %4 = 0.004 R %4 = 0.003 R34 = 0.001
Visuospatial Processing —0.0026 —0.15, —0.08, —0.04,
95% CI: [-0.29, -0.01], 95% CI: [-0.23, 0.08], 95% CI: [-0.33, 0.24],
RZ4 = 0.007 R34 = 0.007 R%,4 = 0.005
Social perception 0.0052 —0.22, —0.08, —0.10,
95% CI: [-0.38, -0.071, 95% CI: [-0.22, 0.06], 95% CI: [-0.49, 0.28],
R%(agj = 0.013 R%,q = 0.014 R%,qj = 0.012

Analyses were conducted using PLS regression. Displayed values are f coefficient (difference in neurobehavioral score per unit increase in PLS composite 1). The
outcomes (neurobehavioral scores) are residualized by the following covariates: age, gender, race, height-for-age z-score, and parental education. Estimates corre-
sponding to the 3 components are calculated with additive models respectively (PLS 1, PLS 1+2, PLS 1+2 + 3) Bold indicates statistical significance by the 95%

confidence interval.

that an overall inflammation score, sCD14 and TNF-a concentrations
were negatively associated with scores of Social Perception domain. This
finding was replicated in a more integrated examination using PLS
regression, in which the effect of a composite of inflammatory markers
was investigated. The PLS regression approach yielded findings in which
higher composites of various inflammatory markers (PLS component 1)
were associated with lower Language, Visuospatial Processing, and So-
cial Perception scores. The most consistent contributors to the PLS
component 1 for each of the neurobehavioral domains were sICAM-1
and sVCAM-1, followed by CRP, SAA and TNFa. In addition, TNFa
and sCD14 were important contributors to PLS component 1 in its as-
sociation with visuospatial processing and social perception, suggesting
a potential role of monocytes in these associations as well as hepatocytes
as another source of sCD14 in circulation (Su et al., 1999). Our findings
suggest that a more comprehensive and integrated approach that con-
siders multiple inflammatory markers is a more robust approach to
scrutinize the link between inflammation and neurocognition.

Our findings agree with those from prior studies showing inverse
associations of sCD14 with neurocognitive outcomes. Among in-
dividuals living with HIV who experienced neurocognitive decline, pe-
ripheral immune activation characterized by increased blood levels of
sCD14 and activation of glial cells resulting in neuroinflammation and

neuronal injury, were correlated with CNS inflammation and HIV-
associated neurocognitive disorders (Ancuta et al., 2008; Gannon
et al., 2011). Higher plasma levels of sCD14 were also associated with a
global decline in the domains of attention and learning in participants
with and without HIV associated neurocognitive disorder, including
visuospatial memory (Lyons et al., 2011; Kim-Chang et al., 2019). Of
note, the average circulating levels of sCD14 found in our study were
comparable to those (1468.04 + 420.66 ng/mL) reported in young
adults living with HIV and treated with antiretroviral treatment reported
in the study by Kim-Chang and colleagues (Kim-Chang et al., 2019).
Similarly, a study in East Africa found chronic inflammation and
elevated CD-14 levels were shown to be associated with lower neuro-
behavioral performance in participants, regardless of HIV status
(Munoz-Nevarez et al., 2020). These findings of the sCD14-cogntion
association indicate an important role of monocytic inflammatory pro-
cesses in the CNS outcomes (Lyons et al., 2011). More specifically, the
cortical and limbic pathways, home to an abundance of chemo-
attractants with a preference for monocytic recruitment, are thought to
be involved in this pathophysiology. (Lyons et al., 2011; Adler and
Rogers, 2005; Gras and Kaul, 2010). Once recruited to the CNS, acti-
vated monocytes/macrophages contribute to a neuroinflammatory state
and altered neurobehavior as indicated by the association between
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greater cerebrospinal fluid levels of sCD14 and impaired neuro-
behavioral performance (Kamat et al., 2012). To our knowledge, there is
paucity of evidence specifically indicating monocyte activation or
inflammation underlying social perception, especially among adoles-
cents. Given that social perception is a critical function from a neuro-
developmental perspective, the role of monocyte activation and
validation of its markers is of significance (PELPHREY and CARTER,
2008).

Our results also show associations between other inflammatory
markers and neurobehavioral functions, including language and visuo-
spatial processing. These findings are corroborated in a population
based Finish prospective cohort study, which found that elevated TNF-a
and IL-6 independently predicted poorer neurocognition, specifically in
verbal fluency and word list learning, suggesting they are reliable pre-
dictors of cognitive decline (Kipinoinen et al., 2022). Within the CNS,
cytokines released by activated microglia in response to elevated sys-
temic inflammation can bind neuronal receptors and lead to changes in
cognition, as well as mood and behavior (Khandaker et al., 2015). In-
flammatory molecules such as TNF-a and CRP, play an important role in
maintaining an equilibrium between synaptogenesis and neuro-
degeneration, which is crucial for cognition (Kogan et al., 2018; Park
and Bowers, 2010). Inflammatory disturbance of this equilibrium and
subsequent axonal CNS injury have been proposed as a likely mecha-
nism of neurocognitive deficit (Ramlawi et al., 2006; Park and Bowers,
2010).

Notably, the impact of vascular endothelial inflammation should be
highlighted in cognitive and behavioral outcomes. In adult populations,
studies have shown that increased levels of circulating cellular adhesion
molecules, such as sSICAM-1, have been associated with lower cognitive
function, while sVCAM-1 has been associated with older age and in-
flammatory microglial activation leading to diminished cognition and
neurogenesis (Boiko et al., 2023; Meixensberger et al., 2021; Yoon et al.,
2017). Our findings in adolescents are in agreement with and extend
beyond the existing literature in adult populations. Increased sICAM-1
and sVCAM-1 levels are indicative of vascular endothelial dysfunction
(Mauliute et al., 2020). Endothelial injury and repair are affected by age
such that endothelial injury increases with advancing age, while endo-
thelial repair decreases with age as shown in a study including healthy
children, adults, and children with familial hypercholesterolemia
(Fabbri-Arrigoni et al., 2012). The findings of our study are consistent
with the aforementioned studies, despite participants’ young age and
lack of vascular endothelial pathology.

In children with pulmonary arterial hypertension, pressure-induced
endothelial damage was associated with activation of endothelial cells
and subsequent increase in expression of cell adhesion molecules SICAM-
1 (Yildirim et al., 2014). This may be a contributing pathophysiological
pathway behind lower neurobehavioral scores observed among children
with primary hypertension compared to normotensive counterparts.
(Lande et al., 2013, 2017). An endothelial damage-associated increase in
soluble CAMs was associated with worse short-term memory, speed of
processing, and executive function in adults (Yoon et al., 2017).
Furthermore, elevated levels of sVCAM-1 were found to be associated
with increased cerebrovascular resistance and higher levels of cognitive
impairment in verbal memory in elderly participants (Tchalla et al.,
2017). Similarly, increased sVCAM-1 levels were found to be associated
with worse baseline cognition in patients with primary progressive
multiple sclerosis, with each 100 ng/mL increase of sVGCAM-1 carrying a
30% increase in odds of cognitive deterioration (Yong et al., 2024).A
separate study in elderly adults report that high levels of SICAM-1 are
independently associated with greater cognitive impairment (Gregory
et al., 2019). While these findings are consistent with ours, it’s
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important to recognize that they were in adults of mid to older age. It is
probable that vascular inflammation affects differing neurocognitive
subdomains across the life course, and more studies are needed from
childhood to young adulthood of diverse sociodemographic, geographic,
culture, and environmental background.

Our study includes strengths such as a large sample size and inclu-
sion of under-represented adolescent individuals, and multidimensional
neurobehavior examination. Additionally, this is a population-based
study that includes mostly healthy participants, which increases the
generalizability of the study findings to other adolescent populations.
Also, participants were examined during a relatively short amount of
time (between July-October 2016), which reduces the role of seasonal
variations on the independent and dependent variables evaluated.
Meanwhile, some limitations are noted such as inflammatory markers
that were assessed only in blood, leading to a challenge in deciphering
mechanistic pathways. At the same time, reliable biomarkers that can be
measured in blood with relative ease, representing consistent implica-
tions for functional outcomes have high utility. Given the link between
peripheral and neuro-inflammation as aforementioned, concurrent ex-
aminations of markers of inflammation in blood and CNS would offer
more direct mechanistic insight, although currently available methods
to assess neuroinflammation in vivo such as positron emission tomog-
raphy (PET) imaging are often costly and inaccessible. There remain
needs for non-invasive and cost-effective methods to assess markers of
neuroinflammation and interrogate the peripheral and CNS inflamma-
tion interactions. Additionally, our findings are based on a cross-
sectional examination which limits the interpretation of the direction-
ality of the associations and its developmental impact. Future longitu-
dinal studies that enable examinations of inflammation and
neurocognition from childhood to adulthood will offer valuable
knowledge and inform prevention and intervention strategies as
necessary.

Lastly, this study population is located in an agricultural area where
many classes of pesticides are used, and we previously found that
pesticide exposures were associated with adverse neurobehavioral out-
comes in this population (Suarez-Lopez et al., 2013, 2017). The findings
of this study on the role of inflammatory markers in neurobehavioral
performance provide a foundation for future research to further explore
the connections between pesticide exposure, inflammation, and neuro-
behavioral outcomes.

6. Conclusion

Our study provides novel insights into the associations between in-
flammatory markers and neurobehavioral performance in a population
that is under-represented in this area of research. We found that higher
levels of inflammation were associated with lower neurobehavioral
performance in adolescents residing in a rural region of Ecuador. Inde-
pendent associations of TNF-a and sCD14 with lower scores in social
perception were found. An integrated examination incorporating all
inflammation biomarkers using a PLS regression approach led to a
finding that an overall greater systemic inflammatory state is associated
with lower performance in the domains of language, visuospatial pro-
cessing, and social perception in adolescents. Our findings also point to a
few potentially promising vascular inflammatory markers in relation to
those domains, although a closer examination in a longitudinal study is
warranted. These are among the first findings to characterize these as-
sociations in adolescents, which help to elucidate the intricate rela-
tionship between inflammation and neurocognition during a
neurodevelopmental period.
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Key Points

little data to substantiate this association in adolescents.

suospatial Processing and Social Perception.

e Studies in adults have shown that greater levels of systemic inflammation are associated with lower neurobehavioral performance. There are

o Higher levels of inflammation were associated with lower neurobehavioral performance in adolescents.
e TNF-a and sCD14 were independently associated with lower scores in social perception.
e A composite of inflammation (component 1) was statistically significantly associated with lower scores in the domains of Language, Vi-

Relevance

adolescent health.

o These findings contribute to the limited research on the associations of inflammation with neurobehavior in adolescents. These findings may
inform future research efforts, guide targeted prevention strategies, and shape interventions to mitigate the impact of inflammation on
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