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Abstract

Differences in health outcomes and treatment responses within and between global

populations have been well documented. There is growing recognition of the need to

move beyond simple inventories and descriptions of these differences and our linear

explanations for them, and gain a better understanding of the multifaceted systems

and networks underlying them in order to develop more precise and effective reme-

dies. Typical targets for such integrative research have been common multifactorial

diseases. We propose sickle cell disease, one of the most common monogenic dis-

eases, as an ideal candidate for elucidating the complexity of the influences of endog-

enous and exogenous factors on disease pathophysiology, phenotypic diversity, and

variations in responses to treatments at both the individual and population levels.

We provide data-informed representations of diverse contributors to sickle cell dis-

ease complications that could guide innovative efforts to advance scientific knowl-

edge, clinical practice, and policy formulation related to the disease; help improve

outcomes for people worldwide with sickle cell disease; and inform approaches to

studying and addressing other diseases.
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1 | INTRODUCTION

The moral imperative to improve health and eliminate health ineq-

uities and disparities calls for fundamental changes in how disease

and individual and population health differences are investigated and

addressed.1 Integrative (holistic) research and global health are recur-

ring themes in this discourse and in the burgeoning shift toward trans-

disciplinary, translational, and transformational science.1,2 The United

States (US) Precision Medicine Initiative (PMI) and other similar

country- and continent-wide biomedical efforts have emerged from

this shift, heralding a potential global revolution in research and

healthcare.2-4 However, the capacity of these initiatives to effectively

facilitate optimal health, disease prevention, and health equity will be

largely dependent on their commitment to and embodiment of the

integrative guiding frameworks they espouse.

Advances in biology (eg, genomics) are providing new insights

into the molecular and other endogenous contributors to health and

the etiology, course, and treatment of disease, while epidemiological

and health disparities research have been shedding light on social and

other exogenous dimensions. For example, observed differences in

health and disease indicators within and between countries and

populations have been attributed to factors such as genetic variation,

geographical location, cultural and psychosocial influences, behaviors,

and unequal distributions of power, income, goods, and services.2,5-8

Any breakdown in health represents a nonlinear phenomenon; there-

fore, it is critical to view the disease process not solely as a collection

of individual risk factors, but to model it as a network of relationships

with properties not attributable to individual components.

Despite increased recognition of the need for more integrative

approaches to biomedical research, a substantial portion of research

(including some claiming to be integrative) is still guided by linear,

reductionist heuristics. Furthermore, most of the published studies and

emerging initiatives on genotype-environment interactions (broadly

defined) and multi-level systems science instinctively focus on multifac-

torial or so-called complex diseases and traits. It has long been acknowl-

edged that despite their monogenic etiology, classical Mendelian

diseases, such as cystic fibrosis, phenylketonuria, hemochromatosis,

G6PD deficiency, and the hemoglobinopathies are also complex, gener-

ally having variable phenotypic expression due to interactions among

an array of genetic and non-genetic factors.9,10 Nonetheless, these dis-

orders traditionally have not been targets for systematic genotype-

environment investigations. Monogenic conditions are poised to bring

new dimensions to the study of disease complexity over the life course

and to our understanding of health differences at the individual, family,

and population levels. They provide a unique opportunity to identify

diverse modifiers of risk and resilience as they have uniform etiology,

detailed phenotyping of affected individuals, and familial clustering.9

Naturally, they are also prime candidates for novel genetic tools and

technologies such as gene therapy and somatic cell genome editing (eg,

CRISPR) that are accelerating the quest for cures.11 Overall, monogenic

disorders could serve to model and decode more common and etiologi-

cally complicated health conditions, advancing global efforts to improve

and sustain health.

2 | THE CASE OF SICKLE CELL DISEASE

Sickle cell disease (SCD) is the first disease whose genetic etiology

was defined, and is one of the most common severe monogenic dis-

eases in humans. SCD refers to a group of recessively inherited blood

disorders characterized by the predominance of sickle hemoglobin

(HbS), the result of a single nucleotide change in the structural gene

for the beta unit of hemoglobin (HBB).12,13 The HbS variant is consid-

ered to have originated in Africa and subsequently increased rapidly

in frequency as a result of the substantial protection from severe

malarial infection that it provides to heterozygote carriers (sickle cell

trait; SCT).13,14 The clinical manifestations of SCD result from

increased red cell hemolysis, vaso-occlusion, and accompanying physi-

ologic changes that lead to acute complications, including acute pain-

ful episodes (vaso-occlusive crises; VOC), susceptibility to infection,

acute chest syndrome, and stroke, along with chronic pain and organ

damage to the spleen, kidneys, brain, and lungs.12 These and other

complications extend across the life spectrum and reduce life expec-

tancy of people living with SCD by about 30 years compared to their

healthy peers.13,15,16

SCD affects approximately 20 million people worldwide and is

most prevalent in parts of Africa, the Caribbean, the Mediterranean

basin, the Middle East, India, and South and Central America.13,17

Notwithstanding the diverse populations affected, in some countries,

such as the US, Brazil, and Turkey, SCD has long been misconstrued

as a “black disease” or a disease of racially marginalized groups, and

this racialized notion of the disease is a key element of its distinctive

biocultural story.18-20 Globally, more than 300 000 babies are born

annually with SCD, of which at least 75% are in Africa.13 SCD remains

a leading source of mortality, morbidity, and health disparity, and has

been designated as a major global health problem and priority by the

World Health Organization (WHO) and United Nations (UN).21,22

Recent major national and global initiatives aimed at providing new

financial and other resources for monitoring, researching, treating, and

curing SCD demonstrate increasing attention to the disease.11,23-25

The frequency and severity of SCD complications vary markedly

between patients and at different ages. Both genetic and non-genetic

factors are known to influence SCD severity.10,13,26,27 For example,

high fetal hemoglobin (HbF) levels have long been associated with less

severity11; HbF levels are under genetic control and are amenable to

therapeutic manipulation in SCD.28 Similarly, co-inheritance of

α-thalassemia is protective against some SCD-related complications,

such as hemolysis and stroke.11,13,28 However, most of the viable clin-

ical expression remains unexplained by the genetic markers that have

been examined. Indeed, availability of appropriate medical care, as in

industrialized countries, usually mitigates morbidity and facilitates lon-

ger survival of people with SCD.29 In countries with less resources, on

the other hand, morbidity is high and survival is low due to the com-

bined effect of inadequate care and often severe clinical

complications,30 compounded by other factors such as malnutrition,

poverty, and exposure to pathogens.13,31 Studies have also found that

pain severity is associated with exposures to a variety of climate fac-

tors, including temperature fluctuation, wind speed, humidity, and
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high altitudes, as well as acute air influences such as air pollutants.31-33

Although these social and environmental influences on SCD complica-

tions are known, the exact mechanisms and pathways through which

they influence clinical variability and phenotype are not well under-

stood. Yet, there is limited research on the roles of these and other

exogenous factors in SCD outcomes and even less published empirical

research on the joint impacts of endogenous and exogenous factors.

Major knowledge gaps also exist concerning the characteristics and

effects of some dimensions of biology such as the microbiome and

epigenome.

The scientific and social histories of SCD, coupled with its sub-

stantial individual and population variability, have led to the identifica-

tion of SCD as an ideal model for elucidating mechanisms by which

diverse endogenous and exogenous factors combine to influence

health, disease, and health disparities.10,26,27 Along with spurring new

pharmacological, genomic, and other cellular- or molecular-level inter-

ventions, adequately resourced and well-designed integrative SCD

research could identify structural, social, environmental, and behav-

ioral targets for prediction, prevention, treatment, and management of

SCD complications that are more practical, safe, accessible, and

affordable. Integrative SCD research could also complement and

inform existing and emerging curative efforts such as bone marrow

transplantation, gene therapy, and somatic cell genome editing.

3 | ADVANCING INTEGRATIVE SICKLE
CELL DISEASE RESEARCH

We created an illustration that depicts the confluence of biological,

psychological, clinical, behavioral, sociocultural, structural, and envi-

ronmental factors/domains and SCD outcomes (physician- and

patient-reported) in a global context (Figure 1). This theoretical frame-

work is guided by the Identity Networks, Genome, and Affect as Mod-

ulators of Health (INGAM) model,26 an integrative data-driven model

that attempts to clarify the degree of interdependence between social

ecology and genomic processes. The INGAM model draws on princi-

ples from nonlinear dynamics, delineating major lines of bifurcation, in

an effort to operationalize a multifactorial approach to health and ill-

ness. It facilitates understanding of not only the distal factors contrib-

uting to health conditions, but also the proximal mechanisms by which

disease occurs or health can be restored and maintained. Conse-

quently, INGAM opens the door for the exploration of more effective

preventive and treatment measures, or for engineering new ways of

delivering care to individuals and communities facing a number of

daunting health problems.26

Figure 1 posits that the potential causal influence of a given fac-

tor, or node, in the system is sensitive to the state of the other nodes

in the system. This sensitivity may, for example, take the form of

mediating effects, multiplicative (interactive) effects, or feedback

loops. For each of the seven “antecedent” domains in the framework,

there are selected examples of variables linked in the extant literature

to one or more of the SCD outcomes or to some measure of disease

severity.13,34,35 Furthermore, variables in some of the “antecedent”

domains, such as psychological and behavioral, can themselves be out-

comes of the SCD experience. This reinforces the fluidity and com-

plexity of the associations among and within the domains.

Focusing on pain, the most common complication of SCD, we

constructed a preliminary conceptual model (Figure 2) from our theo-

retical framework. Factors influencing SCD pain were synthesized

from the literature and organized into 4 domain clusters: (1) Biologi-

cal/Clinical,12,13,28-30,34-39 (2) Structural/Environmental,13,27,31-33,40,41

(3) Psychosocial,42,43 and (4) Behavioral.44-46 Double-headed arrows

connecting the clusters indicate that all factors may display inter-

cluster relations. Although not displayed, factors within a cluster may

also interact with one another. For example, nutritional deficiency,

though classified as a behavioral attribute, is highly interlinked with

structural/environmental factors such as residential area and socio-

economic status, biological/clinical factors such as genetics, and other

behavioral factors such as drug use. Conceptualizations and frame-

works of SCD tend to emphasize genetic and clinical contributors to

various disease complications, including pain. Although genetic and

F IGURE 1 SCD theoretical framework. The spherical image
symbolizes the global reach of sickle cell disease. The diverse disease-
related outcomes include both clinician reports and patient reports.
The seven domains of influence—biological, psychological, clinical,
behavioral, sociocultural, structural, and environmental—through their
respective variables, comprise intricate networks that interact with
one another over the life course. The absence of boundaries around
each domain or the outcomes illustrates the interconnections and
nonlinear relationships within and among them and the inherent
challenges in distinguishing causes and effects. This non-exhaustive
representation of sickle cell disease ecology serves as a template for
development and validation of an integrative conceptual model.
Proof-of-concept studies using an array of modern exploratory data
analytic techniques could produce a set of competing conceptual
models that can in turn be tested statistically
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genomic factors can influence the manifestation and experience of

pain, a myriad external factors can modify or interact with an individ-

ual's genomic or clinical attributes, confer protection against

impending pain episodes, or influence the severity and intensity of

pain. While understanding an individual's biological or clinical history

may grant clinicians some understanding of the physiological pro-

cesses underlying pain episodes, it fails to capture the multi-

dimensional nature of SCD. Subsequently, pharmacological treatment

of pain may be a process to be included in a multifactorial manage-

ment design that takes into account a patient's socioeconomic status,

residential area, and mental health. Factors in Figure 2represented by

solid colored arrows represent known contributors to pain or those

that increase the likelihood of worsening pain. Dashed colored lines

signify known mediators which lessen/prevent pain or confer protec-

tive effects. The mechanisms through which these factors act are also

not well known and merit further research. LSD1 inhibitors34 and

BCL11A silencing39 are included as examples of potential therapeutic

mechanisms. A variety of protective factors, including HbF, coping

mechanisms, and some behavioral factors may be critical targets for

integrative research and interventions.

Understanding how factors converge and precipitate or influence

SCD complications longitudinally is critical in modeling the complexity

of SCD and the processes through which phenotypic variations in

outcomes such as pain are expressed.47 Temporal modeling of

gene-environment interactions in disease trajectory can be accom-

plished with tools such as observational data, medical records, and

genomic/transcriptomic analysis.47-49 For SCD pain, modeling could

be done through the creation of a “health timeline” (Figure 3), in

which intensity, duration, and frequency of stressors and protective

factors (see Figure 2) are measured and observed for an individual

experiencing a recorded pain outcome. In this conceptual timeline,

factors that occur before a pain episode would be classified as precipi-

tating factors, whereas factors that occur during an episode would be

considered associative. The frequency and duration of factor co-

occurrence as they correlate with pain events would provide an inno-

vative method of quantifying the nature of co-factor associations as

well as factor/outcome relationships.

We initiated a study to explore and model relationships of

sociodemographic, clinical, genetic, and environmental factors to pain

among adults with SCD from three countries in Africa and the African

Diaspora - Cameroon, Jamaica, and the US. The pilot phase, which uti-

lized existing patient data (N = 5314), was conducted between 2014

and 2016 by an interdisciplinary team of faculty, students, and

research staff from the three countries and various fields such as

medicine, nursing, human and medical genetics, genetic counseling,

African & African American studies, cultural anthropology, global

health, behavioral medicine/health psychology, statistics, epidemiol-

ogy, and bioethics. The sizes and basic demographics of the study

F IGURE 2 Preliminary conceptual model for SCD pain. Solid colored arrows indicate increased likelihood of pain or worsening prognosis.
Dashed colored lines indicate factors that inhibit pain, or are beneficial by decreasing likelihood of pain occurrence. Double-headed arrows
indicate the interaction and interplay between domains (as in the examples of Psychosocial/Behavioral or Biological/Behavioral). Genomics
(Biological/Clinical domain) has both solid colored arrows and dashed colored lines because specific genotypes, haplotypes, or genes are
associated with either increases in severity of pain or reduction/mitigation of pain
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samples were as follows: Cameroon (Yaoundé Central Hospital),

n = 264, median age = 24 years, 53% women; Jamaica (Sickle Cell

Unit-Caribbean Institute for Health Research), n = 4512, median

age = 42 years, 51% women; and US (Duke University Hospital),

n = 538, median age = 38 years, 57% women. The data from Camer-

oon were collected over a 3-year period, while the data from Jamaica

and the US spanned 5 years. Here we share some insights and prelimi-

nary findings from the pilot that could inform global SCD research

agendas and guide future endeavors to develop innovative validated

tools for understanding separate and joint contributions of multiple

factors to phenotypic diversity in SCD.

Both the procedural and scientific aspects of the pilot project pro-

duced successes (eg, invaluable cross-cultural teamwork and interdis-

ciplinary collaboration) and challenges. Accessing and working with

the data were by far the most trying tasks. Each institution had differ-

ent requirements for the use of existing patient data, resulting in dif-

ferent amounts of time and effort for obtaining ethics approval. At

two of the sites, logistical issues such as structure of the original con-

sent prohibited sharing of the genetic data. Additionally, not all sites

had electronic health records, and across sites there were different

procedures for storing, sharing, and accessing data.

Our initial plan included applying accepted techniques for data

harmonization.50,51 After obtaining institutional research ethics

approvals and retrieving the data, it was clear that there would be

substantial barriers to achieving our aim of modeling relationships and

making meaningful comparisons across sites. For example, datasets

from two sites captured information from each separate clinic visit,

while data from the other site were aggregated across clinic visits with

only one summary value per patient for a given variable. Thus, we

could not adequately compare all sites with respect to temporal asso-

ciations among variables. There were also problems regarding poor

standardization of variable names within the dataset at one site.

Ultimately, we elected to abandon any across-site integration and

instead conduct a few simple, largely descriptive analyses within each

dataset. We judged that the data from Jamaica were in a condition

most amenable to a reliable statistical analysis. Using these data, we

estimated the associations between a set of environmental variables

and pain episodes using a multivariable logistic regression model. The

Huber-White sandwich estimator was used to account for multiple

visits per person (ie, within-person clustering). Complete data for the

variables under study were available from 4404 adults collected from

35 431 clinic visits over 5 years. The subsample had a mean age of

38 years, 55% of whom were women. We found that younger age,

colder atmospheric temperature, higher rainfall, lower environmental

zinc, and greater poverty were associated with a higher probability of

a pain episode. There was no evidence that these associations dif-

fered across hemoglobin genotypes. Neither sex, urban vs rural loca-

tion, elevation, nor geographic distance from a clinic exhibited any

appreciable evidence of an association with the probability of a pain

episode. Although several of the positive findings corroborate those

from previous studies and have important implications for pain pre-

vention and management,31-33 we caution that all of the pilot study

findings (positive and negative) should only be interpreted as

preliminary.

The pilot study confirms the importance and urgency of efforts to

streamline policies and procedures for informed consent and the stor-

age, sharing, and use of genomic and other types of data. Our initial

work also underscores the need for comprehensive, valid, and sustain-

able standardization of SCD vocabulary and phenotyping. The SCD

Ontology (SCDO) developed by an international group of SCD experts

is a promising mechanism for meeting this need.52 Tools such as the

SCDO are essential for large cohort studies and surveillance systems,

whether utilizing secondary data or collecting primary data to avert

some of the challenges with data harmonization. Experts in

F IGURE 3 Conceptual health timeline for longitudinal analysis of contributors to pain. Solid blue arrows indicate the overall trajectory of
health measured during a recorded outcome. Solid black arrows underneath mark intensity and duration of pain events. Factors from 4 domain
clusters are represented by vertical dashed arrows under the graph where they drive the worsening or amelioration of pain events. Factors
appearing under a pain event are thought of as associative, whereas factors that appear before an impending pain event signify causal or
precipitative effects
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computational and statistical data sciences who can skillfully apply

and generate novel tools and algorithms for high-dimensional model-

ing and data analysis are vital to the interdisciplinary research teams

needed to implement this potentially transformative work.

Establishment and deployment of a validated integrative model

for SCD research could revolutionize our approaches to SCD and to

health and illness in general, leading to more precise and effective

methods for enhancing quality of life and reducing healthcare costs

for individuals, families, communities, and populations worldwide.

4 | CONCLUSION

The increasing attention to SCD is heartening and sets the stage for

refinement of a common vision for the future of SCD and for global

health. SCD is a natural laboratory for exploring perplexing questions

at the intersection of human history, human variation, human identity,

and human health. It offers a unique opportunity to broaden the rep-

ertoire and impact of precision medicine research and other 21st cen-

tury integrative biomedical undertakings.

From evolution to genome editing, SCD is preeminent in research

on both the origins and eradication of human disease.11,14,53 Whether

the first molecular disease becomes the first to have an approved

molecular cure from CRISPR remains to be seen. In the meantime, we

must continue to scale up efforts to develop new tools and tech-

niques for reducing and preventing complications in the millions of

people worldwide suffering from SCD, most of whom are unlikely to

have immediate access to high-tech cures when they become avail-

able. We note that with SCD unmet needs are prevalent, even in

European and North American countries.

Large national and multinational integrative studies are needed to

better understand SCD globally and catalyze the development, transla-

tion, and implementation of locally-appropriate interventions and poli-

cies. International organizations such as the WHO are best positioned

to incentivize countries to adopt this integrated approach to SCD as a

complex disease, just as the WHO urged countries in 2006 to develop

and implement national programs for the management of SCD and

countries in turn established clinical care guidelines for SCD.21,54-57 The

recent SCD report from the US National Academies of Sciences, Engi-

neering, and Medicine could serve as a comprehensive roadmap for the

WHO and other organizations seeking to encourage or fund ecological

SCD research that will accelerate improved health and healthcare at

local, national, and global levels.58 Although this work is challenging and

requires ample resources, it will yield tremendous rewards for human

knowledge and wellbeing far beyond SCD.
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