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ABSTRACT
Protein–energy malnutrition affects one in nine people worldwide and is 
most prevalent among children aged less than � ve years in low-income 
countries. Early childhood malnutrition can have damaging neurode-
velopmental effects, with signi� cant increases in cognitive, neurologi-
cal and mental health problems over the lifespan, outcomes which can 
also extend to the next generation. This article describes a research 
collaboration involving scientists from � ve centers in Barbados, China, 
Cuba and the USA. It builds on longer-term joint work between the 
Barbados Nutrition Study (which, over a 45-year span, has extensively 
documented nutritional, health, behavioral, social and economic out-
comes of individuals who experienced protein–energy malnutrition in 
the � rst year of life and healthy controls from the same classrooms and 
neighborhoods) and the Cuban Neuroscience Center (which has devel-
oped low-cost brain imaging methods that can be readily used in low 
income settings to identify biomarkers for early detection and treatment 
of adverse consequences of childhood malnutrition). 

This collaboration, which involved Barbadian, Cuban and US scien-
tists began in the 1970s, when quantitative EEG techniques were 

applied to EEG data collected in 1977–78, at which time study par-
ticipants were aged 5–11 years. These EEG records were never fully 
analyzed but were stored in New York and made available to this 
project in 2016. These data have now been processed and analyzed, 
comparing EEG � ndings in previously malnourished and control chil-
dren, and have led to the identi� cation of early biomarkers of long-
term effects of early childhood protein–energy malnutrition. The next 
stage of the project will involve extending earlier work by collecting 
EEG recordings in the same individuals at ages 45–51 years, 40 years 
later, and comparing � ndings to earlier data and to these individuals’ 
behavioral and cognitive outcomes. Quantitative EEG biomarkers of 
the effects of protein–energy malnutrition may help identify children at 
greatest risk for early malnutrition’s adverse neurodevelopmental ef-
fects and inform development of targeted interventions to mitigate the 
long-term adverse effects of protein–energy malnutrition in developing 
countries. 
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INTRODUCTION
Protein–energy malnutrition (PEM) is caused by insuf� cient 
protein and calorie consumption, resulting in impaired protein 
synthesis. Its most severe clinical forms are marasmus and 
kwashiorkor. Marasmus is characterized by markedly low weight 
for age, dehydration, chronic diarrhea and stomach shrinkage. 
Kwashiorkor is characterized by � uid retention, extended 
abdomen, irritability, and failure to grow and gain weight.[1]

Globally, malnutrition continues to impact large numbers of children 
aged less than � ve years in low-resource settings. While low 
weight-for-age levels have been reduced to 22.9% over the past 
decade, 155 million children aged <5 years have low stature for 
age, and 52 million have low weight for age, with more than half of 
these children living in South Asia.[2] PEM not only causes physical 
and metabolic changes, it also causes long-term cognitive and 
behavioral problems that can persist over the lifespan and across 
generations. Thus, it is important to study its effects on the central 
nervous system using the latest technologies and to develop 
targeted interventions that can reverse or reduce these adverse 
consequences.

PROBLEM AND SCOPE
For more than four decades, the Barbados Nutrition Study (BNS) 
has followed individuals who suffered from PEM in their � rst year 
of life and a control group matched by age, sex and handedness, 
to examine the consequences of infant PEM for health status, 
cognition and behavior over the lifespan.[3–5] Malnutrition studies, 
including BNS, suggest that early childhood malnutrition can have 
lifelong impacts, even affecting subsequent generations.[6–9] 
Improved public health measures have helped increase the number 
of childhood survivors of PEM, but resulting health, cognitive and 
behavioral problems often persist. For example, diabetes and 
attention de� cit disorders are four times more common in people 
who suffered from malnutrition as infants.[6]

Early biomarker identi� cation of children at greater risk of 
impaired health, cognition and behavior following PEM can 
facilitate effectiveness of interventions to prevent such adverse 
outcomes. While two modern neuroimaging techniques—MRI and 
positron emission tomography—can be employed, both are costly 
and not easily attained in countries with limited economic resources.
[10] In contrast, EEG is a portable, noninvasive and relatively 
inexpensive technique that can potentially be used for this purpose. 

Quantitative EEG (qEEG) is based on the spectrum of signals 
obtained from electrodes placed on the scalp and may detect 
abnormalities by comparing signals from the EEG logarithmic 
spectrum to reference data, through statistical parametric 
mapping, using covariates such as age.[11] The development 
of electrophysiological source imaging allows for a tomographic 
version of the qEEG with good tridimensional resolution. The 
Cuban Neuroscience Center (CNEURO) has developed hardware 
and software to advance qEEG use in a wide range of settings.[12]

IMPORTANCE This 45-year study—ongoing—was made 
possible by collaboration among Barbadian, Cuban and US 
scientists. It is the � rst to use quantitative EEG to assess 
early childhood malnutrition’s long-term neurocognitive 
effects and identify biomarkers of increased risk for related 
sequelae, supporting improved targeting of preventive 
efforts. Since EEG is relatively inexpensive and available, 
this is particularly promising for developing countries.
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COLLABORATION
This paper describes a collaboration that began in 2016 to 
identify brain biomarkers of early childhood malnutrition and their 
association with impaired cognitive and behavioral outcomes. 
Scienti� c partners in this research effort are CNEURO, the Chester 
M. Pierce MD Division of Global Psychiatry at the Massachusetts 
General Hospital (MGH), the Center on the Developing Child at 
Harvard University, the Barbados Nutrition Study, and the Joint 
China–Cuba Lab of the University of Electronic Science and 
Technology of China.

Objectives The main purpose of the current study is to identify 
neural markers of early childhood malnutrition using qEEG and to 
apply a model of disease progression or accumulated risk of brain 
damage to test qEEG predictive capacity. Using archival BNS data, 
our model will include data on several childhood adversities that 
commonly co-occur—malnutrition, poverty, maternal depression 
and child maltreatment. We will also collect qEEG data in BNS 
study participants who are now aged 45–51 years and will 
compare these � ndings with qEEG data from 1977–78, when 
participants were aged 5–11 years. Cuban MEDICID neurometric 
equipment will be utilized in Barbados for this purpose.

Our research to date has identi� ed two candidate biomarkers: 
increased delta and theta activity and decreased alpha-
wave on EEG, an electrophysiological pattern we observed 
in children with histories of PEM but not in controls with 
healthy neurodevelopment. These EEG � ndings contribute 
to an analytical framework that includes measures of clinical, 
cognitive and behavioral outcomes assessed in childhood and 
subsequently over a span of four decades in  the same cohort. In 
order to re� ne neural markers identi� ed by qEEG and deepen our 
understanding of childhood malnutrition’s long-term effects, we 
also plan to incorporate MRI to detect structural brain changes 
and near-infrared spectroscopy to gain additional information 
about brain function and dynamics.

Lastly, the project includes plans to use qEEG in other low 
resource settings where our research team has established 
collaborations.

JUSTIFICATION
This collaboration began in the early 1970’s with BNS and 
members of the New York University Brain Lab, led by Professor 
E. Roy John. Lab members, including Drs Pedro Valdés Sosa, 
Leslie Prichep and others, published an article on computer-
assisted neurometrics in Science in 1977[13] and a subsequent 
Science report [14] using BNS control-group data from 1977–78. 
However, a comparison of these data in both PEM and control 
groups has not yet been published. 

Janina R. Galler cofounded the BNS (with Sir Frank C. Ramsey) 
and has studied its participants (some of whom are now in 
their sixth decade) and their 2nd- and 3rd-generation offspring 
continuously since the early 1970’s. Her link with Cuba dates to 
1973 when her collaboration with Prof. John began. From 1976, 
Dr Galler served as a UNDP advisor to the Cuban Ministry of 
Public Health, and in 1985, she was a keynote speaker at the 
� rst Pan American Pediatric Congress in Havana. More recently, 
CNEURO and BNS have come together in a joint mission 
to enable improved multidisciplinary nutrition studies in the 

Caribbean (centered in Barbados and Cuba) and pave the way 
for similar studies elsewhere in the Americas and in Africa, with 
potential bene� ts for population and health strategies. CNEURO 
will be setting up a qEEG laboratory in BNS over the next several 
months to further these efforts.

PARTICIPANTS
Participating institutions in the initiative are CNEURO, BNS, 
MGH, Harvard University’s Center on the Developing Child, and 
the Joint China–Cuba Lab for Frontiers Research in Translational 
Neurotechnology at the University of Electronic Science and 
Technology of China.

BNS This study was established to document the effects of early 
childhood malnutrition in Barbadian children born between 1967 and 
1973, when severe malnutrition was a major public health problem 
on the island (no longer the case). In 1977, the BNS selected 129 
children with clinically diagnosed moderate to severe marasmus 
(PEM marasmus group) who were aged 3 months to 1 year and 
met the following inclusion criteria: birth weight >2500 g, no pre- or 
postnatal complications, no brain injuries, and Apgar score >8.[3–5] 
The children were included in a national intervention program that 
followed all malnourished children in Barbados from birth to age 12 
years and provided routine medical care, subsidized food, home 
visitation, nutrition education for their primary caretakers and twice-
weekly preschool education.[15] None of the children in the PEM 
group experienced a further episode of malnutrition. 

For each child in the PEM (marasmus) group, the study recruited 
a classmate of the same age, sex and handedness who met the 
same inclusion criteria but did not have a history of malnutrition 
(control group). In 1984, a third group of children with documented 
kwashiorkor during the � rst year of life was incorporated into the 
study (PEM kwashiorkor group).

Over the past 45 years, the BNS has collected medical, epigenetic, 
neuropsychological, behavioral, academic performance and 
social data.[3–9]  Since 1973, systematic followup has been 
conducted on all study participants (generation 1), their parents 
(generation 0), and their immediate descendants (generation 
2).[16] Household standard of living, maternal depression, 
child maltreatment and other adverse conditions were also 
documented.[17,18] 

BNS has continued to actively study 56% of the original group 
of participants recruited in 1973–76, and 75% of eligible 
participants who still reside in Barbados have been in seven 
waves of data collection over 45–51 years. Currently 206 
immediate descendants of the original cohort (now aged 6–30 
years) are being studied. This research has been supplemented 
with multidisciplinary studies in animal models of protein–energy 
malnutrition.[19] For these reasons, BNS is a unique longitudinal 
study of individuals with histories of early childhood malnutrition. 
For a detailed description of the several waves of data collection 
see Figure 1. 

Between 1977 and 1978, EEGs were recorded in participants 
from control and PEM (marasmus) groups, but only results 
from the controls were published as part of a normative, 
cross-cultural study of childhood qEEG. The effects of early 
malnutrition on qEEG from this study have not yet been 
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published, nor has the possibility of identifying biomarkers 
been fully explored. 

MGH The original and largest teaching hospital of Harvard Medical 
School, MGH is considered one of the top � ve hospitals in the 
USA. The Chester M. Pierce MD Division of Global Psychiatry 
is one of the � rst US programs for global mental health and 
serves as a site for global mental health expertise and a source of 
collaboration in international efforts aimed at reducing the global 
burden of mental illness. 

Center on the Developing Child at Harvard University The 
Center focuses on the development of children who have 
experienced adverse conditions early in life. Its areas of work are 
childhood nutrition, global health, early toxic stress, and brain 
development. The Center seeks transformational improvements 
in lifelong learning, behavior and both physical and mental 
health among children facing adversity.

CNEURO Valdés-Sosa and other founders of CNEURO were 
the � rst in Cuba to conduct computer-assisted assessment of 
brain disorders, using a computer donated by US scientists in 
1969. By 1970, they developed the � rst Cuban computer for 
EEG analysis. In the early 1990s, Cuba was the � rst country 
to systematically introduce qEEG into its public health system.
[20] Few research centers in the world have been as in� uential 
as CNEURO in quantitative analysis of electrical activity in the 
brain.[21,22]

In Cuba, CNEURO coordinates the neuroscience programs of 
the Ministry of Science, Technology and the Environment, which 

includes other research centers, universities (including the two 
with which the Cuban authors of this paper are associated), 
hospitals and health centers. This leadership extends beyond 
Cuba to other parts of the Caribbean, Latin America and Asia.
[23] CNEURO has developed successful national programs 
for hierarchical screening in Cuba and Ecuador to identify and 
treat problems related to brain functioning.[10]

Joint China–Cuba Lab for Frontier Research in Translational 
Neurotechnology Currently PAVS directs the laboratory at the 
University of Electronic Science and Technology of China, which 
has developed program packets for preprocessing and analysis 
of EEG data obtained from BNS (both control and PEM groups) 
in 1977–78. The lab continues to develop qEEG tomographic 
tools for this purpose.

Financing The collaboration’s initial activities were � nanced 
by participating institutions, as detailed in memoranda of 
understanding. Subsequently, the Nestlé Foundation for the 
Study of Problems of Nutrition in the World, headquartered 
in Lausanne, Switzerland, provided funding. NIH funding 
supports the ongoing BNS intergenerational study of childhood 
malnutrition, which includes collection of epigenetic, health, 
neuropsychological and behavioral data.

ACTIVITIES
The aims of this new collaborative study are to collect EEG 
data in adults aged 45–51 years who were tested 45 years 
earlier (1977 –1978) and to con� rm the predictive value of 
the qEEG for malnutrition effects over the lifespan and across 

Figure 1: Barbados Nutrition Study data collection waves

CON: controls       G1: generation 1      G2: generation 2        NIRS: near-infrared spectroscopy        PEM: protein–energy malnutrition
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generations by identifying biomarkers, a unique opportunity 
provided by BNS.

Table 1 summarizes the initiative’s main activities. Activities 
1–4 are nearly complete. Activities 5–7 are ongoing and will be 
partially � nanced by a grant from the Nestlé Foundation. 

Recognizing that childhood malnutrition occurs in the context 
of poverty and other adversities, we propose to employ a model 
of progressive brain damage that could reveal the independent 
and combined effects of accumulated risk from exposure to 
a variety of childhood adversities, including malnutrition, poverty, 
maternal depression and child maltreatment. Finally, comparisons 
of EEG data collected four decades ago in childhood with more 
recent adult data in the same cohort will facilitate identi� cation of 
neural markers of early childhood malnutrition and its long-term 
and intergenerational effects on brain, cognition and behavior.

Estimates of power spectral density at frequencies between 
0.78 Hz and 19.14 Hz, with a 0.39 Hz frequency-step, as part 
of quantitative analysis were applied to the preprocessed 
information. Statistical analysis, was conducted, correcting for 
multiple comparisons using permutations. Signi� cant differences 
were found between groups, using ANCOVA speci� c to the 
channel and frequency curve (19·48), according to regression by 
age. Differences were demonstrated between EEG data of PEM 
and control participants, which can predict functional differences 
between PEM and control participants. In this � rst analysis of 
qEEG, biomarkers are present as bands in the low frequencies 
(delta and theta) of the EEG and are speci� c to the group that 
experienced PEM in the � rst year of life.

The current study will recruit a subgroup of original research 
participants (50 PEM and 50 controls) to undergo repeat testing, 
including EEGs, at ages 45–51 years. BNS has proven experience 
in recruiting and tracking participants, and in performing 
behavioral, cognitive and health assessments. CNEURO staff 
has vast experience in � eld work, EEG recordings, and analysis 
of electrophysiological data, which will facilitate our goal of 
identifying neural biomarkers of early malnutrition. 

As part of this collaboration, 137 EEG records (54 PEM and 83 
controls) were located out of a total of 258 (129 PEM and 129 
controls) obtained in 1977–1978 in Barbados. Following review 
by two specialists (who recommended discarding records with 
evidence of sleep during testing), a total of 108 valid EEG records 
(46 PEM and 62 controls) remained, with 19 derivations from 
the 10–20 international system, sampled at 100 Hz. EEG data 
were preprocessed to automatically reduce electromyographic 
and electrooculograpic artifacts, using independent component 
analysis.

Articles describing new � ndings and newly identi� ed biomarkers 
will be published at all stages of this initiative to facilitate 
development of targeted interventions for children suffering from 
early childhood malnutrition. The � rst article is being prepared for 
submission in 2018.

Ethics Written informed consent was provided by all BNS 
participants under the oversight of the MGH IRB (IRB Protocol 
2015P000329/MGH). All BNS research was approved by the 
Barbados Ministry of Health. MGH participants were compensated 
for travel and time taken off from work. Future data collection 
and research will follow similar ethical guidelines, as established 
by the Declaration of Helsinki and International Committee of 
Medical Journal Editors guidelines.[24,25]

RESULTS AND BENEFITS
A report on the results of analyses of childhood EEGs from 1977–
78 is currently in preparation. Software packages have been used 
to prepare qEEG data for preprocessing and analysis. A model of 
disease progression or accumulated risk of brain damage is being 
developed to identify the mechanisms whereby PEM during the 
� rst year of life may affect neurodevelopment and impair cognition 
and behavior over the life span and across generations. 

During the project, participating centers will bene� t from training 
in electrophysiological methodologies, � eld methods, longitudinal 
data collection, and technology transfer and staff training. As 
translational research, it will ultimately bene� t public health 
systems where the � ndings obtained here are applied.

Table 1: Barbados Nutrition Study collaborative activities, 2017 forward
Activity Year Location Products/Comments
1. Locate and transfer 1977–78 childhood EEG 
    recordings 2017 USA EEG database (raw)

2. Recover EEG data: change format, preprocessing,    
    preliminary analyses 2017 Cuba, China EEG (preprocessed) database, MATLAB programs

3. Statistical analyses comparing PEM and CON using 
    qEEG, search for biomarkers 2017 Cuba, China

Toolboxes in MATLAB to process EEG data
Article submitted to Frontiers in Neuroscience special issue, Energy 
Ef� cient Neural Code in Individual Neurons and Brain Circuits

4. De� ne accumulated risk model 2017 Cuba Model in discussion
5. Create facilities for adult EEG recording and analysis 2018 Barbados Infrastructure, BNS staff training, G1 subject recruitment
6. Record EEGs and NIRS in PEM and CON adults 2018 Barbados Creation of new longitudinal and multimodal database
7. Analysis of qEEG (comparing 1977–78 and 2018 
    recordings) 2018 Cuba Article published

8. Recruit participants (PEM and CON) and conduct  
    MRI, cognitive and behavioral tests — — Multimodal databases 

9. Re� ne qEEG biomarkers — — Biomarkers re� ned, article published
10. Field tests — Africa Health recommendations, article published

BNS:Barbados Nutrition Study        CON: control group        G1: generation 1     NIRS: near-infrared spectroscopy        PEM: protein–energy malnutrition group      
qEEG: qualitative electroencephalography
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As the project evolves, biomarkers will be re� ned with data from 
near-infrared spectroscopy and magnetic resonance imaging that 
will also be collected in selected study participants. Lastly, � eld 
testing can be extended to other low-resource settings, such as 
African countries with high malnutrition prevalence and with which 
scienti� c collaboration already exists.

 This is the � rst time that qEEG has been used to evaluate the 
effects of early childhood malnutrition on the central nervous 
system and to identify biomarkers to objectively assess children 
at greatest risk for neurodevelopmental delays and disabilities in 

developing countries and to assist in the development of targeted 
interventions for high-risk children in these settings. 
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