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Behavioral phenotypes, stochastic processes, 
entropy, evolution, and individual variability: 

Toward a unified field theory for neurodevelopment 
and psychopathology
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Twenty years ago during my postdoctoral research fel-
lowship, I remember my mentor, Nancy Andreasen, tell-
ing me that when they first started neuroimaging studies 
in schizophrenia, their expectation was that they would 
“find the lesion,” identifying the underlying neurobiolo-
gy of schizophrenia. They started with images acquired 
using computer tomography and measured surfaces 
using an overhead projector and would later develop 
computer-based algorithms with data acquired from 
MRI. While they did find group differences between pa-
tients with schizophrenia and controls (1), bringing re-
sults down to the individual has been elusive. So, here, 
we are as neuroimagers, some 40 years after Nancy’s and 
other researchers initial pioneering studies assessing in-
dividuals with psychiatric disorders, reading the recently 
published article by Marek et al. (2) titled “Reproducible 
brain-wide association studies require thousands of in-
dividuals” and wondering what should we be doing 
differently? While there is a room to critique the Malek 
et al. study, for example, the lack of controlling for age, 
sex, and other demographic factors that would have en-
hanced the precision of the relationships and reduced 
bias, the primary issue remains. Whether we discuss the 
need for hundreds versus thousands of individuals is a 
moot point, as we have yet to bring results down to the 
level of the individual.

Large sample sizes are required for population-based 
epidemiological studies, where the goal is to measure 
the influence of potentially small effects at the level of 
the population (3,4). However, when the goal is to un-
derstand the relationships within the context of precision 
medicine, finding small effects with large sample sizes 
is moving us in the opposite direction. Since we know 
that cognition, emotion, and behaviors are inherent in 
the brain, how is it that we have had limited success in 
finding precise links between neuroimaging metrics and 

behavioral and cognitive phenotypes? It is not uncom-
mon to read in the introduction of papers: “prior studies 
evaluating the underlying neurobiology have mixed find-
ings.” The paper by Marek et al. highlights that sample 
size plays a major role in these mixed findings in the lit-
erature. However, the important question is, given the 
severity of brain-based disorders such as autism, schizo-
phrenia, and bipolar affective disorder, why do we not 
see consistent and replicable markers of these disorders 
in the brain? It is this question that dominates my own 
brain activity (or connectivity), and it is this question that 
I believe is the most important to discuss in this editori-
al. In doing so, I will discuss two competing themes, the 
clustering of symptoms consistent with psychopathology 
and, the second, the considerable heterogeneity within 
a disorder.

At the beginning of the 19th century, Emil Kraepelin 
understood that individuals with specific psychopathol-
ogy tended to have symptoms that clustered together 
(5). What Kraepelin termed dementia preacox would 
later be defined as schizophrenia and was defined by 
similarities in symptom profiles. This clustering of symp-
toms would later be expanded in the Diagnostic and 
Statistical Manuals of Mental Disorders, with the fifth edi-
tion being the most recent (6). While all disorders have 
considerable heterogeneity, including differences in the 
type and severity of symptom domains and comorbid 
disorders, classic phenotypes of psychopathology do 
form clusters in the population. These core features are 
brain based and, thus we, as neuroscientists, should be 
able to identify their underlying neurobiology. Although 
the resolution of these features may be at a much finer 
scale than our existing neuroimaging modalities. It is also 
possible that different pathways exist that lead to similar 
behavioral phenotypes. If the latter, then adaptations in 
our image process algorithms or the use of machine or 
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six layers of the cortical sheath. Considering these two 
neurodevelopmental processes, there are not enough 
genes to encode the precise location and connectivity 
patterns of the billions of neurons and trillions of syn-
apses in the brain. Thus, genetic factors initiate and end 
the developmental processes, likely also with specific 
boundary conditions during the process. However, with-
in each process, there is inherent randomness. Brownian 
motion is inherently random and will influence each step 
in the process. Further, rates of diffusion are influenced 
by temperature, and thus environmental factors such as 
maternal infection could also alter neurodevelopmental 
processes. Given the large number of factors that can 
induce variability, it would seem that the most interest-
ing and perplexing question is not why there is so much 
heterogeneity, but rather given the relatively small num-
ber of genes to control a highly complex process such 
as building and maintaining a brain, how is it that typical 
neurodevelopmental trajectories and symptom domains 
actually cluster together. Are there elements within the 
different start, control, and end points that show specif-
ic weaknesses that cause behaviors to cluster together? 
Do certain processes during development infer an evo-
lutionary advantage, resulting in specific domains clus-
tering together? And what role does chance play in this 
process?

When animals are bred to have an identical genet-
ic makeup and the environment is controlled to be as 
identical as possible, the level of individual variability 
continues to play a pronounced role in individual vari-
ability, which Klaus Gärtner labeled a “third component 
influencing development” (9). In fact, is diversity (hetero-
geneity) was so crucial from an evolutionary perspective 
that a genetic “random number generator” exists to 
ensure developmental diversity? Linneweber et al. (10) 
demonstrated clear stochastic processes in the dorsal 
cluster neurons of the visual system in drosophila and in 
humans the detailed patterns of the iris are completely 
random, even in twins. Thus, there exist enough inde-
pendent mechanisms in development (i.e., cell division, 
neuronal migration, and synaptogenesis) in which the 
developmental entropy is adequately controlled, but 
within those borders of control, there are windows for di-
versity (11). Thus, we should not be at all surprised by the 
extent of individual variability, as it is inherently embed-
ded in the processes of neurodevelopment and provides 
a strong evolutionary advantage, especially during times 
of adversity.

To summarize, there are consistent clusters of symp-
toms that are associated with psychopathology. These 
symptoms are brain based and thus we “should” be able 
to identify their underlying mechanisms. However, brains 
are unique to each individual, based on genetic, epigen-
etic, environmental, and random factors. Returning to 
the paper by Marek et al., I believe that increasing sam-
ple sizes are important for finding replicable patterns as-
sociated with specific behavioral phenotypes, for parsing 

deep-learning algorithms could potentially identify sub-
groups who share different pathways. In any case, larger 
sample sizes can potentially provide key information on a 
global scale regarding underlying mechanisms and path-
ways between brain, behavior, emotion, and cognition. 
Thus, one possibility for our lack of success for precision 
medicine using neuroimaging in psychiatry is heteroge-
neity. Specifically, similar symptoms between individuals 
and comorbid symptoms can both have different under-
lying brain mechanisms when using statistical approach-
es that assume similar pathways.

Given all the factors that take place during devel-
opment, including genetic recombination, epigenetic 
processes, and environmental influences, variability be-
tween individuals should not be surprising, especially 
considering the evolutionary challenge of building and 
maintaining something as complex as the human brain. 
By last count, there were just over 21,000 protein-coding 
genes (7), of which 30% to 50% are expressed in the  
brain (8). Thus, these 7,000 to 10,000 genes drive all the 
different neurodevelopmental processes that result in 
the growth and differentiation of the variety of differ-
ent brain tissues. These 7,000 to 10,000 genes encode 
processes that include cell division, neuronal migra-
tion, synaptogenesis, apoptosis, synaptic pruning and 
dendritic arborization, and the orchestration of events 
associated with the neurochemical development of 
the brain. This relatively small number of genes codes 
for the building and maintaining of the approximate  
86 billion neurons and 50 trillion synapses. This is a tre-
mendous engineering feat that is only possible with 
redundancy coupled with tightly controlled feedback 
loops (Figure 1).

Within the context of a developmental feedback 
loop, consider symmetric subdivision along the ven-
tricular zone. The neuronal progenitor cells undergo 
symmetric division along the ventricular zone from ap-
proximately 2 to 6 weeks of fetal life; one cell becomes 
two, the two become four, four become eight, and so 
on. This exponential growth must require a tightly con-
trolled mechanism to regulate the transition to the next 
developmental stage, since each additional cell division 
will result in a doubling in the number of neurons in the 
brain. The period of symmetric subdivision is followed by 
asymmetric subdivision and neuronal migration, which 
occurs between approximately 6 to 24 weeks of fetal 
life. Neuronal migration results in the formation of the 

Fig. 1.  Simple systems theory depiction of developmental feedback loop.
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heterogeneity and that our field should move, similar to 
the field of genetics, to require replication studies when 
possible (12). Further, we should think outside the box 
for approaches different than BWAS to determine links 
between the brain and behavioral phenotypes. Machine 
and deep-learning algorithms may be beneficial in find-
ing patterns that we mere mortals can miss. Another el-
ement not discussed, but that can be gleaned from the 
Marek et al. study, is that neuroimaging studies can pro-
vide important information regarding the level of individ-
ual variability for specific behavioral phenotypes. Some 
developmental processes may have tighter control of en-
tropy than others. Individual variability is both a blessing 
and a curse. The blessing comes in the form of phylogen-
ic and otologic diversity, which includes our evolutionary 
development into a species with emotions, cognitions, 
and behaviors. But there is also the curse of less optimal 
genetic combinations, rare variants, environmental tox-
ins, or just bad luck that can impair function.

There is a beautiful balance in the creation of the 
human brain, driven primarily by genetic processes 
that both create the infrastructure to build different el-
ements of the brain and to control the optimal timing to 
stop the individual building processes and controlling 
environmental and importantly, stochastic processes, or 
entropy gone wild. The balance must continue as well to 
ensure the propensity for further evolution, which also 
could be considered entropic time gone wild, which, 
considering climate change and the war in Ukraine, 
there is pause to wonder whether we on earth are not 
just in a local maximum but rather helping to foster uni-
versal entropy (13).
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