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Abstract 

The environment impacts human health in profound ways, yet few theories define the 

form of the relationship between human physiology and the environment. Under current 

epidemiological constructs of causation, it is assumed that two complex systems 

(environment and humans) can transfer information directly. This is the underlying 

structure of the relationship when studies examine, for example, air pollution and brain 

health. In marked contrast, we conjecture that complex systems cannot interact directly, 

but rather such interaction requires the formation of an “interface”. Further, we contend 

that this dynamic, process-based interface incorporates components from all the 

interacting systems but exhibits operational independence. This property has many 

consequences, the foremost being that characteristics of the interface cannot be fully 

resolved by only studying the systems involved in the interaction. The interface itself 

must be the subject of inquiry. Without refocusing our attention on biodynamic 

interfaces, we cannot discern how our environment impacts health.  
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Introduction 

The interaction between human physiology and the environment is key to deciphering 

the origins of health and disease. When examining the health consequences of 

individual agents or mixtures of environmental factors, studies at all layers of 

organization from human populations to controlled laboratory experiments, are often 

conceptualized as a mono-directional causative process with the environment impacting 

some physiologically relevant, measurable end point.  In Figure 1a, we depict the 

general formulation of such a research thesis. Examples include the impact of lead 

exposure on intelligence quotient (IQ) or social stress exposure and cortisol levels in a 

biological matrix [1], [2]. Positive environmental influences are also conceptualized in 

this manner, for example access to green space is associated with better measures of 

cardiovascular function [3].  

 

More recently, with the realization that the relationship between the environment and 

human physiology is bi-directional, the arrows visualized in Figure 1A can now also 

point from humans to the environment, as shown in Figure 1B. The scenario depicted in 

Figure 1B represents a shift from a simple one-directional perturbation to circular 

feedback causation within and across levels [4], [5]. A simple example of this is the 

relationship between human industrial activity and air-pollution; our industrial processes 

increases air-pollution and the increased environmental air-pollution in turn impacts 

human health [6]. The nature of this relationship has important consequences in how 

these systems will evolve over time; in a positive feedback cycle, for instance, 
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increasing exposures will cause more deleterious health effects, which will in turn lead 

to increased exposures.  

 

In both Figures 1A and 1B, the often-overlooked aspect is the actual form and physical 

nature that the interaction between the environment and human physiology can take. 

Specifically, the underlying assumption in Figures 1A and 1B is that two complex 

systems (i.e., humans and the environment) can transfer influence directly to one 

another. In contrast to this, here, we conjecture that complex systems cannot interact 

directly. We propose that the interaction between two or more complex systems 

requires the formation of an “interface” (as represented in Figure 1C). Further, we 

contend that the interface is dynamic process-based in nature (Figure 1D). This 

interface incorporates components from all the interacting systems but exhibits 

operational independence. This property has many consequences, the foremost being 
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Figure 1. The Biodynamic Interface conjecture. Interactions between the environment and human 
physiology have been conceptualized as unidirectional (A) and bidirectional (B). We conjecture that 
complex systems cannot interact directly but do so via one or more interfaces which are composed 
of components from both the environment and human physiology, but are operationally independent 
(C). Such interfaces are dynamic (D). 
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that the characteristics of the interface cannot be fully resolved by only studying the 

systems involved in the interaction. The interface must itself be the subject of inquiry. 

This conjecture would require a shift in the practice of environmental health studies that 

currently use statistical methods to correlate the variance in one or more environmental 

measures with the variance in some physiological measures, or some comparable form.  

 

Of importance is the interpretation of direct interaction in the aforementioned conjecture. 

From a computational perspective, the direct influence of one system on another implies 

that all the variation in the input/exposure measure relates to the variance in the 

output/health measure, even if it is partitioned through other measured variables. This is 

the form that many regression models take when studying the relationship of an 

environmental exposure on a health outcome and adjust for covariates. In observational 

studies, researchers are generally and appropriately cautious in interpreting such 

associations through the lens of a causal analysis, but the ubiquitous application of this 

framework nonetheless focuses inquiry at the level of reductionist connections between 

disparate systems. In contrast, we argue that one or more processes contributing to the 

interface between systems serves to constrain (or in more general terms, assign a 

“meaning” to) what is transmitted to the other interacting system/s. The biodynamic 

interface, thus, places limits on both what attributes and how much of the signals are 

transferred between interacting systems. This happens in both directions; from 

environment to human, and human to environment. The presence and biological 

relevance of such intermediary processes may be evident in the time-varying dynamics 

that link environmental and biological systems, which may not be apparent in direct 
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associative studies that seek to link discrete measurements of environmental inputs, 

often in the form of single measures of concentration, and biological responses. 

 

Evidence for the Existence of Biodynamic Interfaces in Complex System 

Interactions 

The general premise of what we propose here is pertinent to ideas that exist in other 

domains of science. In engineering, during the origins of semi-automated control 

mechanisms between the 17th and 19th centuries, which saw the advent of proportional–

integral–derivative (PID) controllers, the underlying assumptions took a similar form to 

what we have proposed here [7]. Specifically, the underlying logic of the processes that 

were developed did not take the form of input à control, rather the general form was 

input à state à output. Here, the “state” is what decides the transmission of necessary 

information from the input to the output. Another example is that of a simple mechanical 

light switch. The action of pressing the button (the input) depends on the current state of 

the system; if the light is off, then the input would result in it coming on, and vice versa. 

Although the transmission of the entire variance is an idealized scenario, in a more 

realistic situation that includes the presence of noise, the constraints imposed by the 

interface do not blur the underlying correlation but impose a discrete tessellation on the 

state space into ‘permissive’ (where the correlation holds) and ‘non permissive’ (where 

correlation does not hold) dynamics. 

Next, we provide examples from human physiology supporting the conjecture we 

propose in contexts of basic and clinical research, extending from the level of 

individuals to molecular interactions to show that dynamic interfaces are not limited to 
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any spatial scale or level of observation. At the level of an individual, interfaces emerge 

in the integration of endogenous organs and systems, and the modulation of these 

processes by environmental inputs. This is particularly apparent in the interpretation and 

analysis of human physiology from a clinical perspective. In cardiovascular disease, for 

example, decades of research has aimed at identifying signatures of healthy and 

dysregulated function. The cardiac rhythm serves as the final common path for multiple 

neural systems, including both the endogenous pacemakers which mediate and 

maintain cardiac rhythm as well as the outputs of the sympathetic and para-sympathetic 

nervous systems [8], [9]. These so-called “fight or flight” and “rest and digest” systems, 

respectively, can be elicited in response to external stimuli, for example the reflexive 

avoidance of a collision; or, in response to our own activity, as more or less strenuous 

exercise requires necessary resource recruitment. The confluence of internally and 

externally generated inputs are superimposed on the common path of the cardiac 

system where the cardiac rhythm acts as an interface comprised of multiple integrated 

processes. Outside the context of a controlled environment, where various inputs can 

be isolated, it becomes impossible to determine if a given cardiac rhythm is being driven 

by the properties of endogenous pacemakers and associated musculature, or by 

responsiveness to external stimuli. For that reason, assessments of cardiac health are 

generally conducted under controlled conditions, where a “resting” heart rate can be 

assessed and contrasted against “stressful” conditions, without intervening activation 

driven by external inputs [10]. In contrast, in routine non-clinical conditions, where both 

internally recruited and externally elicited inputs are active, the cardiac rhythm is an 

interface that constrains the vast amount of information from internal and external 
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environment inputs. This essential integration in a relatively well-characterized system 

would appear elementary to any physiologist; and yet, the essential form of this 

perspective, which follows the form outlined in Figure 1D, is routinely rejected in 

epidemiological study designs. Instead the focus of inquiry is a reductionist linkage as 

illustrated in Figure 1A, sometimes with insertions of molecular intermediates: 

environmental input à molecular marker à clinical measure of cardiovascular health.  

 

The constraints on information transfer exerted by dynamic interfaces are also evident 

in human-to-human interaction. There have been several studies examining the transfer 

of information between individuals during common tasks that would be encountered in 

daily routines [11], [12]. For example, in observational studies on individuals 

participating in unscripted conversations, aspects of language, facial expressions, eye 

gaze, gestures, posture, and many other attributes may be transferred between the 

participants. However, what has been repeatedly observed, with different measurement 

tools, is that while there is clear synchronization in linguistic and physical expression 

between participants, it only includes a small subset of the measured parameters [11]. 

In other words, a set of intervening processes constrain what is transferred and 

synchronized between individuals. 

 

In our own work on molecular networks, we have studied exposure to essential nutrient 

elements and toxic metals during prenatal and early childhood development and risk of 

autism spectrum disorder (ASD) diagnosis later in life [13], [14]. In early studies we 

investigated these relationships through traditional frameworks, essentially akin to Fig. 
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1A, wherein we created a statistical model to characterize the association between the 

intensity of metal exposure and the ASD phenotype. From this perspective, we found 

that the relationship between metals concentrations and ASD phenotype was weak and 

could not be readily replicated in other populations [13]. More recently, however, we 

shifted the focus of our studies to examine the dynamics underlying metal assimilation; 

rather than examine the intensity of exposure alone, we characterized the complexity of 

cyclical dynamics involved in metal metabolism [14]. Critically, this level of inquiry at the 

biodynamic interface carries information about both biological and environmental 

systems; and, as such, possesses emergent properties that may not be evident in either 

system considered alone. In support of our thesis, of the existence of a dynamic 

interface, when we considered the biodynamics of elemental assimilation (rhythmicity, 

for example), we saw consistent and strong associations between elemental exposure 

and autism phenotype across markedly different populations in three different countries 

[14]. These examples support that there exists an intermediary process (or set of 

processes) between environmental exposures and the aspect of human physiology 

under study, in this case the neurobehavioral phenotype which is disrupted in autism.  
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To further illustrate our point, in Figure 2 below, we show a graph based on the well-

established dynamics of zinc in human blood (zinc dynamics were consistently related 

to autism phenotype in our studies). The blood levels of zinc reach their peak (of 

approximately 100 to 110 µg/dL) in the morning and are lowest in the evening (at round 

60 to 70 µg/dL) [15]. Thus, the interface between environmental (i.e. dietary) zinc 

exposure and the assimilation of zinc into our biological systems, including the 

neurological processes impacted in autism spectrum disorder, applies clear constrains 

on complex environmental inputs during its interaction with human physiology and 

regulates not only the concentration but also the time-dependent change as it is 

assimilated into our physiology.  

 
 

The emergence of dynamic interfaces does not appear to be solely a property of high-

level interactions among complex systems, such as social groups, whole organisms, or 

metabolic networks. On the contrary, even at the levels of organization of two 

molecules, where the structure and function of proteins drive intracellular organization 

and intercellular signaling, the ubiquity of dynamic processes is equally evident. As aptly 

Figure 2.  Zinc dynamics over the day as an example of an interface mediating the interaction 
between environmental inputs (zinc from diet, for example) and physiological systems 
(neurodevelopment, for example). This biodynamic interface constrains the amount of zinc 
assimilated from the environment and also how much is made available to the various 
physiological systems but does so in a time-dependent manner. 
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stated by Frauenfelder and Wolynes, for example, protein structure is the place where 

“the physics of complexity and simplicity meet” [16]. Typifying this, while the 

intermolecular forces involved in protein folding are perfectly known, the capacity to 

predict the actual fold of a protein molecule remains elusive. Similarly, the functional 

efficacy of a given protein is not easily deduced from a purely structural model of either 

the protein itself or the environmental substrate; rather, one needs to understand as well 

the dynamics that modulate state-dependent functionality.  

 

The functional complexity that emerges from the structural properties of the proteome is 

clearly evident in the so-called ‘allosteric effect’. Allostery is a neologism modeled upon 

Greek language, which has to do with the ability of proteins to transmit a signal from 

one site to another in response to environmental stimuli. Of particular relevance to the 

notion of a dynamic, state-dependent interface, allosteric regulatory mechanisms 

modulate the efficacy of a given enzyme, either increasing or decreasing the activity 

associated with a given protein. Although distinct from the effector site at which a given 

protein directly binds to and acts upon environmental substrates, the activation of 

allosteric sites can act to alter the functionality of the binding site to modulate the 

specificity of the enzyme. In this way allosteric modulation provides an essential 

interface that constrains the functionality of a given protein; one cannot, accordingly, 

predict the efficacy of a given enzyme according to its structural properties alone, or by 

its interaction with the environment at its binding site; rather, predicting a given protein’s 

function requires an understanding of its allosteric regulatory state at a given moment. 
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Contrasting the Dynamic Interfaces Paradigm from the Current Approaches for 

Uncovering Mechanisms 

Due to the many advances in technology that have allowed us to study human 

physiology at ever finer spatial scales of analysis, the focus on mechanism has often 

taken a reductionist approach, tunneling deeper to discover molecular markers in the 

expectation that molecules would explain complex phenomenon at all levels of 

observation, including at societal levels. As a consequence, in studies examining the 

interaction of the environment and human physiology, the search for mechanisms has 

taken the form of identifying 

molecules that may be up- or 

down-regulated along a 

pathway diagram. We 

provide an analogy here to 

convey why this approach 

has had limited success in 

providing consequential 

understanding of human-

environment interactions. In 

Figure 3 we show two 

systems interacting—System 

A is a human hand that will 

be transferring information to 

System B, a piece of paper. 

Figure 3. Reductionist approaches that ignore 
process-based interfaces are unable to uncover key 
components of system-to-system interactions. Here, 
analyzing the molecular structure of two systems 
(hand and paper) cannot reveal the form of the 
interaction—the handwriting style or the meaning of 
what is written. Only studying the dynamic interface 
(the process of writing) can achieve that.  
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Under a reductionist approach, System A would be examined in ever smaller spatial 

scales, from organ to tissue to cellular to the genetic level and, similarly, System B 

would be examined down to the molecular and ionic levels. However, neither analysis 

can predict the style of handwriting. To have an accurate measure it is necessary to 

examine the process-based (and therefore, dynamic) interface that connects the two 

systems, which is the process of writing. This does not mean that all that is ever written 

on the piece of paper is necessary. Rather, a small piece of handwriting can be used to 

deduce the style or pattern of handwriting produced by a person with remarkable detail, 

as is the case in forensic analysis.  

 This seemingly mundane detail is important because during any scientific 

experiment examining system-to-system interactions, the whole set of information is 

never available but rather the wider set is deduced from a small finite collection of data 

(i.e. the experimental data).  

 

Implications for Environmental Health Sciences 

If this conjecture holds true, the implication for environmental health sciences are 

profound. It would shift the current focus from efforts in measuring more and more 

exposures at lower and lower concentrations to identifying dynamic processes that 

assimilate exposures into human physiology. It will also require a shift from trying to 

identify which exposures impact human health to identifying which attributes of the 

environmental exposures under study are relevant to human health. Alas, we can 

continue with the current paradigm driven by an genomic era-driven emphasis of 

digging deeper to smaller spatial scales, and study the finger and the light bulb down to 
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their molecular constituents, but we will never establish an accurate relationship 

between the two unless we examine the state of the interface (whether the system is 

“on” or “off”).  

 

To realize the full potential of the biodynamic interface conjecture, or to prove that it is 

incorrect, environmental health science must refocus the examination of the interaction 

of environment and health from an emphasis on measuring physiological “moments”, 

(i.e. static measures of environmental factors, infrequent anthropometry, momentary 

health indicators) to studying dynamic human-environment interfaces, physiologic states 

and the processes that constrain to those states. To this end, we provide a set of 

endeavors that must be undertaken to capitalize on the biodynamic interface paradigm:   

 

1. To focus our scientific inquiry on interfaces which connect biological and 

environmental systems. An important consequence of the conjecture we propose is 

that studying the input and output systems will not permit complete characterization 

of the interface. The interface is not a derivative of either system and must be 

studied directly. Given that the interface may exhibit complexity independent of the 

systems contributing to its emergence, we must focus on the characteristic emergent 

complexity, self-organization, state-dependency, and sensitivity to initial conditions. 

 

2. To develop theoretical frameworks that focus on the identification and interpretation 

of constraints in biological-environmental interfaces. The constraints acting upon a 

given interface will ultimately determine the organization of the interface, its 
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response to perturbation and subsequently the phenotypic ‘output’ signal. Analyzing 

correlations between different measures of the environment and human physiology 

without characterizing the constrains will not yield a fully explanatory model.  

 
3. To develop laboratory, clinical, and epidemiological methods to relate the complexity 

characterized at the level of biodynamic interfaces to human health, particularly with 

regard to the interfaces of processes that unite humans and their environments. We 

need to measure processes with better specificity in the dimensions of space and 

time. Explicitly, this requires the rejection of epidemiologic study designs that ignore 

processes and measure the environment and human physiology as static entities.  

At a conceptual level, we must reject a purely structural reductionist perspective. 

 

Conclusion 

We are taught that an atom is made of electrons moving around a nucleus containing 

protons and neutrons. What is overlooked is that one of the most important components 

of an atom is the seemingly empty space between the electrons and the nucleus. 

Without this space, matter as we know it would cease to exist. The importance of that 

space is not that it separates the atom’s electrons from its nucleus, but that it is where 

so much happens—that space is where electrons interact with the nucleus of their own 

atom. When an atom is perturbed (by the ingress of energy in the form of X rays during 

fluorescence, for example), it is this space where electrons rearrange themselves to 

achieve a stable configuration. It is also this seemingly empty space where electrons 

from one atom interact with those of other atoms, and thus chemical reactions, including 

those that gave rise to life, begin. The same is true at much larger spatial scales—
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between all the planets, moons and stars and other heavenly bodies, there is the 

essential space that facilitates gravity, radiation, and the evolution of our physical 

universe. Why should it be any different for human-environment interactions?  

 

It is also pertinent that we place our thesis in context of the important work of others that 

reject homeostasis in favor of homeodynamics [17], that extend relativistic concepts 

from physics to biology [4], [5], that accept the ever-changing nature of our biology and 

argue for the existence of critical windows of susceptibility [18], and those that study 

human biology as a network of systems [19]. Many of these scientific theories and 

methods rely on the existence of levels, scales and states defined by their properties, 

and compartments defined by their structures and/or functions. Because of this, the 

direction of interaction across levels has been, and rightly so, the focus of much 

scientific debate [4], [5]. These levels, scales and compartments are necessary, but let 

us not forget that equally necessary is what exists between them. Here, we have turned 

our gaze to this seemingly empty and undefined space, and in doing so, we have 

presented an argument, not about the direction of interaction or causality between 

systems and their components, but where the interaction between systems exists, and 

what makes causal linkages possible—dynamic interfaces. 
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