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Mannino and Bressler [1] discuss foundational issues related to understating causality in a complex system such
as the brain. We largely agree with their main point that standard versions of causality, such as those espoused in
classical physics, provide an inadequate basis to support the understanding of complex systems. In a nutshell, instead
of thinking that one event causes another, it is more fruitful to think that the occurrence of one event changes the
probability of occurrence of other events. Such probabilistic notion of causation is, we believe, an important step in
attempting to unravel the workings of the brain.

Although we strongly support the approach advocated by Mannino and Bressler, we would prefer referring to it as
“complex system causality” instead of “probabilistic causality.” This is because, even though a probabilistic account
should still be used, neutral terminology could help fend off inevitable counter reactions related to the “inherent”
nature of the brain. As Mannino and Bressler state, their formalism is agnostic with respect to the question of whether
the brain operates deterministically or stochastically. In any case, below, we briefly discuss our views on understanding
causality in the brain.

1. Causation

To a great extent, the mission of neuroscience is to understand the nature of signals observed in different parts of
the brain, and to attempt to disentangle the potential contributions to those signals. But here lies the problem, too. The
problem can be illustrated by considering a type of reasoning prevalent in neuroscience, what can be called the billiard
ball causal model (Fig. 1A). In this model, force applied to a ball leads to its movement on the table until it hits the
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Fig. 1. Schematic representation of causal frameworks. (A) Billiard ball scheme. Complex system scheme with two (B) or many “particles” (C). In
complex systems like the brain, standard causation conceptualizations fail to capture the interdependent nature of signals across regions.

target ball. In this case, the reason the target ball moves is obvious: the first ball hits it, and via the force applied to the
target ball, the target ball moves. But this mode of thinking, which has been very productive in the history of science,
is too impoverished when complex systems — the brain for one — are considered.

To illustrate why, consider two brain “systems,” such as emotion and cognition. One possibility is that these systems
are decomposable. Emotion processes (and brain circuits) operate separately from cognitive processes (and brain
circuits). The separation may be partial; for example, anatomical connections may link the two. But the overall system
with emotion and cognition is decomposable in that each subsystem operates according to its own intrinsic principles,
independently of the other [2]. A second scenario can be called nondecomposable, because the interrelatedness in the
brain of the subsystems (via extensive anatomical connectivity) is such that they are no longer isolable — interfering
with one, will influence the other, and vice versa. Of course, in between these two extremes lies a continuum of
possible organizations [3].

The contention that we make is that brain “systems” are not isolable from one another. This is not to say that
the associated mental processes are so interrelated as to become one and the same thing. But when systems are
not isolable, understanding the interrelatedness between “subsystems” means that we should consider interactions
between systems and integration of signals as the central elements to be unraveled [3].

This is where standard frameworks of causation do not provide useful intuition. Let’s return to the billiard-ball
model discussed above. Its simplicity lies in the existence of two spatially separate billiard balls that make simple
contact with each other. We can think here of typical diagrams seen in neuroscience papers that place mental processes
in separate boxes (like billiard balls) that can affect each other in direct, simple ways (like a ball hitting another), as
diagrammed by arrows connecting the boxes. But this analogy will not be helpful in nondecomposable systems — like
the brain. Whereas thinking of causation in complex systems is much more challenging, consider the modification
illustrated in Fig. 1B. Here, the two balls are connected by a spring, and the goal of explanation is not to explain
where ball 2 ends up. Instead, when the initial force is applied to ball 1, the goal is to understand the evolution of the
ball;—ball; system as the two balls interact with each other. More generally, a series of springs with different coupling
properties links the multiple elements in the system, and we are interested in understanding the evolution of a large
“multi-particle” system (Fig. 1C).

2. Dynamic brain networks

The upshot is that simple ways of reasoning about causation are inadequate when unraveling the workings of a
complex system such as the brain. Therefore, we suggest that, instead of focusing on causation as the inherent goal
of explanations in neuroscience, a fruitful research avenue is to develop formal tools that describe the multivariate
covariance structure of brain data. In other words, we are interested in describing the joint state of a set of brain
regions, and how this joint state evolves through time. Consider the set of activation strengths for a set of brain
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