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Abstract: Tissue engineering is a powerful tool with which to systematically identify the determinants
of biological functions. Applied to the design and fabrication of biomimetic brains, tissue engineering
serves to disentangle the complex anatomy of neural circuits and pathways by recapitulating structure-
function relationships in simplified model systems. The complex neuroanatomy of the cerebral cortex,
with its enigmatic columnar and stratified cytoarchitectonic organization, represents a major challenge
toward isolating the minimal set of elements that are required to assemble neural tissues with
cognitive functions. Whereas considerable efforts have highlighted important genetic and physical
correlates of early cortical tissue patterning, no substantive attempt to identify the determinants of
how the cortices acquire their relatively conserved, narrow range of numbered layers is evident in the
literature. Similarly, it is not yet clear whether cortical columns and laminae are functionally relevant
or epiphenomena of embryonic neurodevelopment. Here, we demonstrate that spatial frequencies
(m−1) derived from the width-to-height ratios of cerebral cortical columns predict sinusoids with a
narrow range of spatial cycles over the average cortical thickness. The resulting periodicities, denoted
by theoretical wavenumbers, reflect the number of observed cortical layers among humans and across
several other species as revealed by a comparative anatomy approach. We present a hypothesis that
cortical columns and their periodic layers are emergent of the intrinsic spatial dimensions of neurons
and their nested, self-similar aggregate structures including minicolumns. Finally, we discuss the
implications of periodic tissue patterns in the context of neural tissue engineering.

Keywords: cortical column; tissue patterning; spatial frequency; self-similarity; lamination; neural
tissue engineering

1. Introduction

The anatomy of an organism, including its cellular composition and tissue architecture,
serves as a scaffold and the foundational material upon which structural adaptations within
the species are built. While the integration of many traits can be attributed to the process
of natural selection, others are thought to persist within the species as byproducts of
adaptation [1]. Just like the spandrels of an archway, which can be supportive, but are
often dispensable or merely decorative, some biological structures may provide supportive
materials that bear the marks of adaptation and the patterns of tissue organization but
are effectively functionless [2]. This question, of whether or not a particular structure is
necessary to an organism’s function, is central to many of the goals of biological engineering.
Indeed, as tissue engineers become increasingly capable of designing and building artificial
organs in the laboratory, it is worth distinguishing between the structures which must be
incorporated to recapitulate the functions of the natural organs and those which can be
replaced or omitted without compromising function. Fundamental to bioengineering is the
assumption that there should be a minimal set of factors or conditions which, together, are
sufficient to generate the desired biological function.
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Neural tissue engineering represents one of the most exciting and challenging frontier
areas of bioengineering. Investigators are now building brains to model disease [3–6],
accelerate the discovery of life-saving therapies [7] and even display minimal features of
cognition [8]; however, the inordinate complexity of brain structure-function continues to
bottleneck progress. In particular, recapitulating the functional anatomy of the cerebral
cortex—one of the most conspicuous structural neural correlates of cognition—represents a
uniquely daunting task. The extreme interconnectedness of its microcircuitry represents
as much of a challenge to the anatomist [9] as the problem of how mind emerges from
matter represents to the physicist [10]. Ultimately, bioengineers will need to grapple
with these and similar challenges to successfully build artificial brains with higher-order
cognitive functions, which is to say, brains that can think, behave, and experience [11].
However, before significant progress can be achieved, the dependence or independence of
neural function on particular neural structures should be elucidated. Toward engineering a
comprehensively biomimetic brain, it may be necessary to identify the essential building
blocks of the cerebral cortex and, on the bases of quantifiable patterns therein, to delineate
the principles that determine cortical form and function. Further, the same principles
could potentially inspire the design of synthetic brains in silico, thus contributing to the
development of novel neuromorphic computers, artificial intelligences, and synthetic
biological intelligences. What is the minimal set of neuroanatomical features that must be
recapitulated in vitro to successfully enable higher-order function?

Unfortunately, it is not yet clear which patterns are functionally relevant. Indeed,
sensory processing and mapping functions were largely unaffected by a lack of cortical
layering in a mutant reeler mouse model [12,13]. On the other hand, there are examples such
as FMR1 knockout mice that display both altered cortical cytoarchitecture and behavioral
patterns consistent with Fragile X Syndrome [14]. Is there any indication that lamination
is essential to cortical function? Or is laminar organization an anatomical remnant of
cell migration and other tissue patterning events associated with embryogenesis? If the
latter is true, it may be possible to recapitulate cortical functions in bioengineered models
of the central nervous system without laminar cytoarchitecture. Such a demonstration
would support the related functionalist concepts of multiple realizability and substrate
independence, indicating that cognitive function may be achieved by very different means.
In pursuit of an accurate, functional model of the cerebral cortex, it will be necessary to
determine its most essential tissue elements or “building blocks”.

2. The Cortical Column Conundrum

In search of a fundamental unit of the cerebral cortex, investigators have historically
focused on the cortical column. Cortical columns, which are also known as “macrocolumns”
or “hypercolumns”, are modular subunits of the cerebral cortex (Figure 1). They are com-
prised of 1000 to 10,000 cells on average [15] organized into highly-interconnected vertical
assemblies. Though cells within cortical columns respond to common stimulations within
the spatial domains of their shared receptive fields, a review [16] of the famously contradic-
tory literature on cortical columns [17] suggested these microanatomical assemblies could
be structures without functions. If columns do play a role in the transmission, integra-
tion, coding, or storage of neural information, existing models do not accommodate their
functional significance. However, with recent advances in neural biophysics including
the possible identification of optical channels in the brain [18], the discovery of ephaptic
coupling [19], and a renewed interest in brain biophotons [20], recondite functions may
soon be identified.

Columns are organized into inconsistent patches, bands, and blobs that are found
within both motor and sensory regions of the cortex [21]. Some clusters are symmetrically
patterned across the cerebral hemispheres while others display reliable asymmetry [22].
Some columns are only transiently expressed during brain development while others
persist into adulthood [23]. To complicate matters further, cortical columns appear to be
macro-scale structures that are formed by many “minicolumns” that are bound together
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by short horizontal connections [24] (Figure 1). Interestingly, connections within and
between cortical columns are not haphazard—they are periodic and display predictable
structural features [25]. Disorders including Autism [26,27], Alzheimer’s Disease [28],
and Dyslexia [29] have been linked to pathological minicolumnar anatomy. Indeed, the
number of columns, spaces between columns, and their internal cytoarchitecture can be
significantly distorted in diseased and developmentally disordered brains [26]. However,
no clear genetic determinant of columnar organization including periodicity has yet been
identified [16,23]. How then are cortical columns formed? How are they related to laminar
organization and other periodic features of the cortex? Finally, what is the function of a
cortical column?
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Figure 1. The columnar and stratified organization of the cerebral cortex. Cerebral cortical tissues
display repeated, column-like patterning with nested, self-similar minicolumns at finer scales. Cells
within minicolumns are distributed by cell type into distinct layers (laminae). This figure was created
with BioRender.com (accessed on 19 May 2023).

Here, we present an analysis of the dimensions of cortical columns, their self-similar
properties within the cortices, and we discuss their potential role with tissue patterning
periodicities. Specifically, we observe a relationship between the width-to-height ratio of
cortical columns and the observed range of cytoarchitectonically distinct tissue layers, or
laminae, within the cerebral cortices. The quantitative relationships between nested levels
of cortical cells, minicolumns, macrocolumns, and laminar tissues suggest a pattern of
self-similarity within the cortex. Just as the spatial configuration of atoms within bulk or
lattice materials express alternative physical properties despite identical, homogeneous
atomic constituents, the morphological properties and resultant functional consequences
of the cerebral cortices could be determined by similar organizational principles and
constraints. Consistent with many previous observations of the fractal-like organization of
brain structure [30–33], we will present a hypothesis that positions the cortical column as
a periodic and self-similar structure that emerges spontaneously from spatial frequencies
intrinsic to neural tissue patterning.

3. The Dimensions of Columns

A review of the structure of cortical columns was performed to instruct our analysis.
Mountcastle’s (1957) original observations in feline brains suggested the upper limit for
the width of a cortical column was approximately 500 µm and the vertical dimension
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was defined by cortical thickness [34]. However, subsequent measurements would reveal
that the dimensions of cortical columns are non-uniform within brains and across species.
In Rhesus monkeys (Macaca mulatta), the widths of columns also vary by age, ranging
from as low as 230 µm in infants to as high as 1.2 mm in adults [35] and cortical thickness
(vertical axis) is approximately 2.37 ± 0.19 mm when averaged across brain regions [36].
However, cortical thickness is also region-dependent, averaging 3.55 mm in the frontal-
temporal regions and 1.73 mm in the parieto-occipital regions of M. mulatta [32]. In squirrel
monkeys (Saimiri sciureus), widths are less variable, ranging from 330 µm to 830 µm (median
of ~550 µm) with vertical dimensions of approximately 1.42 mm ± 0.12 mm on average in
the foveal region of the striate cortex [37]. Wistar rat (Mus Musculus) pups display column
widths ranging from 170 µm to 435 µm (mean of 310 µm) [38], with vertical dimensions of
approximately 735–900 µm (from pia to layer 4/5 boundary) [39]. Unfortunately, methods
for measuring the dimensions of columns are inconsistent across the literature, which
complicates interpretation. For the purposes of developing the present hypothesis, we have
focused on representative averages as reported in the literature.

Birds and fish also display columnar organization within their structural-functional
equivalent of the cerebral cortex: the pallium. For example, the weakly electric fish Apterono-
tus leptorhynchus expresses 104 µm-wide (±31.2 µm) pallial columns which overlap and
are less distinct than the barrel columns of rodents, extending vertically for approximately
300 µm across three ~60–100 µm layers of cells [40]. In chicks (Gallus gallus), the caudal
mesopallium and three subnuclei of Field L also display columns with a cryptic layered
organization (width: 300 µm to 500 µm; length: 1.28 mm ± 322 µm) [41]. Table 1 presents
the dimensions of cortical columns of several species.

Table 1. Species-specific ranges of cortical column widths, heights, and wavenumbers predicting
spatially periodic laminae.

Species

Column Dimensions (µm)
Predicted

Wavenumbers
ReferencesWidth Height

Min Max Min Max

Rhesus monkey
(M. mulatta) 380 1190 1990 2750 1.67–7.24 [35,36]

Squirrel monkey
(S. sciureus) 330 830 1176 1664 1.42–5.04 [35]

Wistar rat
(M. musculus) 170 435 735 900 1.69–5.29 [38,39]

Electric fish
(A. leptorhynchus) 41.6 166.4 300 300 1.80–7.21 [40]

Chick
(G. gallus) 300 500 640 1928 1.28–6.43 [41]

Predicted wavenumbers reflect cycles per species-specific cortical dimensions for representative (averaged) brain
regions. Column dimensions reflect reported min-max ranges; if ranges were not reported, means ± 2 standard
deviations were used to compute conservative estimates.

One of the few constants of columnar organization within cortices and pallia is that
the vertical axes are longer than the horizontal axes. For example, human cortical columns
are generally 5 to 6 times as long as they are wide [42]. And while cortical surface area can
vary by many orders of magnitude across species, thickness is relatively constant where
mice, macaques, and humans display vertical axes of approximately 2 to 4 mm on average
from pia to white matter [22]. Indeed, there is more variability of cortical thickness within
individual animal brains than between the aforementioned species. In the following section,
quantifications will be based upon typical values which are characteristic of mammalian
cortical dimensions to derive spatial relationships.
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4. Spatial Periodicities within Columns Predict Observed Laminar Organization

To better understand the significance of the cortical column’s structure, we performed
a quantitative analysis of its intrinsic spatial periodicities. Spatial frequency in cycles per
unit of length (1 m−1), analogous to temporal frequency, can be thought of as a measure
of periodicity over positions in space. Spatial frequencies, represented by wavenumbers,
indicate how frequent the sinusoidal peak-to-peak component of the structure repeats over
a length (cycles per meter). The wavenumber is given by the formula

ξ = 1 λ−1 (1)

where spatial frequency (ξ) is equivalent to the quotient of 1 over a wavelength (λ) in meters.
Inputting wavelengths, wavenumbers can be computed within the spatial boundaries
of the cerebral cortices. Assuming an average cortical column width of 500 µm [30], a
wavenumber of 2 cycles per mm is achieved. When the average column’s wavenumber
is multiplied over the average human neocortical thickness of 2.69 mm [43], the result is
5.38 cycles per average cortical thickness (Figure 2A). This spatial frequency is predictive of
the stratification of the neocortex, which expresses 6 layers. It should be noted that layer I
does not contain cell bodies and may represent a boundary that is distinct from the other
5 layers (II–VI). In summary, the width of a column tends to repeat over its own length as
periodic layers with a spatial frequency that is proportional to the horizontal and vertical
dimensions of the macrocolumn.

Anatomia 2023, 2, FOR PEER REVIEW 5 
 

 

vary by many orders of magnitude across species, thickness is relatively constant where 

mice, macaques, and humans display vertical axes of approximately 2 to 4 mm on average 

from pia to white matter [22]. Indeed, there is more variability of cortical thickness within 

individual animal brains than between the aforementioned species. In the following sec-

tion, quantifications will be based upon typical values which are characteristic of mam-

malian cortical dimensions to derive spatial relationships. 

4. Spatial Periodicities within Columns Predict Observed Laminar Organization 

To better understand the significance of the cortical column’s structure, we per-

formed a quantitative analysis of its intrinsic spatial periodicities. Spatial frequency in cy-

cles per unit of length (1 m−1), analogous to temporal frequency, can be thought of as a 

measure of periodicity over positions in space. Spatial frequencies, represented by wave-

numbers, indicate how frequent the sinusoidal peak-to-peak component of the structure 

repeats over a length (cycles per meter). The wavenumber is given by the formula 

ξ = 1 λ−1 (1) 

where spatial frequency (ξ) is equivalent to the quotient of 1 over a wavelength (λ) in 

meters. Inputting wavelengths, wavenumbers can be computed within the spatial bound-

aries of the cerebral cortices. Assuming an average cortical column width of 500 µm [30], 

a wavenumber of 2 cycles per mm is achieved. When the average column’s wavenumber 

is multiplied over the average human neocortical thickness of 2.69 mm [43], the result is 

5.38 cycles per average cortical thickness (Figure 2A). This spatial frequency is predictive 

of the stratification of the neocortex, which expresses 6 layers. It should be noted that layer 

I does not contain cell bodies and may represent a boundary that is distinct from the other 

5 layers (II–VI). In summary, the width of a column tends to repeat over its own length as 

periodic layers with a spatial frequency that is proportional to the horizontal and vertical 

dimensions of the macrocolumn. 

 

Figure 2. Spatial frequency of lamination and the dimensions of cortical columns. (A) Width (W), 

height (H) and spatial frequency (1 m−1) plotted along a macrocolumn. Plotting column dimension 

values for M. mulatta, S. sciureus, M. Musculus, A. leptorhynchus and G. gallus revealed slope values 

of (B) 1.62, (C) 6.56, and (D) 2.92 for three types of columns: Short and wide columns (Low H, High 

W), long and thin columns (High H, Low W), and average columns (Average H, W). R2 values are 

also reported. This figure was partly created with BioRender.com, accessed on 19 May 2023. 

Figure 2. Spatial frequency of lamination and the dimensions of cortical columns. (A) Width (W),
height (H) and spatial frequency (1 m−1) plotted along a macrocolumn. Plotting column dimension
values for M. mulatta, S. sciureus, M. Musculus, A. leptorhynchus and G. gallus revealed slope values of
(B) 1.62, (C) 6.56, and (D) 2.92 for three types of columns: Short and wide columns (Low H, High W),
long and thin columns (High H, Low W), and average columns (Average H, W). R2 values are also
reported. This figure was partly created with BioRender.com, accessed on 19 May 2023.

Concerning spatial frequency as a determinant of cerebral cortical stratification, the
precise width and height values of cortical columns are less relevant than is the ratio
between them. The width-to-height ratios necessary to generate 1, 2, 3, 4, 5, and 6 layers
based upon spatial frequency (m−1) alone are 1, 0.5, 0.33, 0.25, 0.20, and 0.17 respectively.
In other words, dividing the length of the cortex into equal spatial increments necessarily
requires that the length of each increment must be equal fractions of the total length.
For example, dividing an arbitrary length (1 mm) into 6 equal parts yields increments of
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approximately 0.17 mm. Similarly, dividing the empirically derived average human cortical
thickness of 2.69 mm into 6 equal parts yields increments of approximately 0.45 mm or
448 µm to be precise—a value that is typically observed and convergent with empirical
reports of average macrocolumn width. In both cases, the ratio between the periodic spatial
increment (width) and the total spatial increment (length) is 0.17. Table 1 reports predicted
wavenumbers within a conserved range across several species. Based upon the minimum
and maximum wavenumbers presented in Table 1, the average periodic range was 1.57–6.24.
Figure 2B–D plots cortical column width (W) by height (H) for the aforementioned species,
with reported slopes for three column morphologies based upon minima, maxima, and
average dimensions: Short and wide (Low H, High W, slope = 1.62), Long and thin (High
H, Low W, slope = 6.56), and average (Average H, W, slope = 2.92). This analysis supports
the restricted range of lamination that is observed in the cerebrocortical tissues of animals.

The neocortex (6 layers), paleocortex (4–5 layers), and archicortex (3 layers) are ac-
commodated by the possible range of observable values. Similar to neocortical regions,
the archicortical regions of the subiculum and hippocampus display columnar organiza-
tion [44]. While we are not aware of any published width values associated with column
structures within the archicortex, it is clear that cortical thickness decreases upon transition
from the entorhinal region to the subiculum-CA1 hippocampal region to approximately
1.8 mm [45]. Assuming a standard 500 µm-wide column, the predicted periodicity within
the subiculum would be 3.6 (layers) over 1.8 mm, which reflects the transition from the
6-layered parahippocampal cortex to the 3-layered hippocampal cortex.

If cortical columns expressed widths within the range of a single cell (10 µm) or
several cells (100 µm), the model would predict tens or hundreds of cortical layers. No
such macrocolumn or example of macrocolumnar hyperlamination has yet been identified.
However, similar periodicities may be reflected at microscopic scales within the column
in sub-laminar space. Indeed, the typical diameter of a minicolumn is within the range
of 20 µm to 60 µm [24,46], which across 2.69 mm (the typical length of a minicolumn),
would generate wavenumbers between approximately 45 (minimum) and 135 (maximum)
cycles per column. It may be relevant to note that there are approximately 60 to 80
periodically spaced minicolumns within each macrocolumn, which converges with the
predicted periodicity [47]. Interestingly, each minicolumn contains approximately 100 cells,
which is also within the range of units predicted by the spatial periodicity of a single
neuron (10–100 µm) over the length of a minicolumn. These repeating and self-similar
quantitative patterns suggest a conserved and scale-invariant cytoarchitectonic principle
underlying the organization of cortical subunits. It should be noted that self-similarity is
observed throughout the nervous system. Indeed, it is a known feature of the dendritic
arborization patterns of neurons [48], which define their receptive fields, and in turn, the
widths of columns.

5. A Hypothesis of Cytoarchitectonic Self-Similarity and Periodicity

Based upon our calculations, we hypothesize that cortical columns are self-similar
subunits of the cerebral cortex that are emergent of the intrinsic spatial dimensions of
neurons and their aggregate structures including minicolumns. Our analysis predicts
a periodic spatial relationship between the dimensions of cortical columns and macro-
scale cortical laminae with a conserved range of approximately 3-to-6 cycles per column
on average—a prediction that converges with the observed 3-to-6 layers of cells within
cortices and pallia across species. This model, though based upon averages, does not
require the assumption of a direct genetic determinant of cortical layering. Whereas strata
are proximally determined by neural migration and the antecedent underlying genetic
mechanisms, the ultimate explanation for the number of layers expressed within the cortices
might be geometrically constrained by the spatial range of cortical columnar width and
the widths of neuronal receptive fields, in turn. From this perspective, the cortical column
could represent either a spatial determinant of cortical stratification or a byproduct of
neuroembryonic tissue patterning.



Anatomia 2023, 2 228

Tissue-patterning within the cerebral cortices may be guided by geometrical fac-
tors and their physical influences. In recent years, it has become evident that the struc-
ture of the brain is at least partially determined by non-molecular factors. Most notably,
Tallinen et al. (2016) demonstrated that gyri and sulci—the characteristic hills and valleys
that constitute the cerebral convolutions—likely emerge as a function of the mechanical
interaction between the growing fetal brain and skull [49]. Whereas genes and downstream
molecules provide some instruction, it seems that constructing the brain’s shape involves
information not found within any individual cell. Rather, the brain’s structure is a product
of an interaction between programmed tissue patterning (genetic factors) and cues, forces,
or constraints found outside cells, tissues, and organs (non-genetic factors). Scale-invariant
relationships between cortical microanatomy and spatial frequency have been reported
previously [50]; however, our analysis suggests that the formation of columns and laminae
in the cerebral cortex may be related by organizational rules of self-similarity across the
dimensions of cells, their receptive fields, and their distributions in brain-space.

6. Implications for Neural Tissue Engineering

From a bioengineering perspective, the identification and quantification of patterns
and principles underlying cortical structure-function relationships is more likely to in-
struct the design of artificial tissues than is the isolation of highly specific, substrate-
dependent mechanisms. Designing and building in vitro brain tissues with the capacity
to process information such that the signal patterns are indistinguishable from human
brain measurements would provide a path to understanding the fundamental neural basis
of cognition [11]. Existing neural tissue models of autism [51,52], and Alzheimer’s dis-
ease [4,53]—both of which have been linked to columnar abnormalities [26,54]—could
benefit from an informed patterning approach that emphasizes the organization of the
cytoarchitecture of the cortex.

The hypothesis we have presented may represent one of potentially many structural
“rules” or tissue patterning “guides” underlying the cytoarchitecture of the cerebral cortex.
This interpretation is consistent with the discovery that models of cortical composition pre-
dict scaling laws associated with white-to-gray matter volume ratios and gyrification [55].
If structure dictates function, it may be fruitful to recapitulate the specific microstructures of
the cortex in pursuit of artificial, biomimetic brain tissues. With techniques such as bioprint-
ing and biomaterial scaffolding [56,57], the recapitulation of cortical column architecture is
now within the realm of possibility. Designing unique neural architectures and examining
emergent patterning phenomena as well as their functional correlates could reveal unique
relationships. Indeed, in our recent reviews of advances in neural tissue engineering tech-
nologies [58] and their application as tools to explore cognition in vitro [11], we predicted
that iterative brain tissues with alternative cytoarchitectures could represent toolkits to
uncover mechanisms underlying learning, memory, decision-making, and consciousness.

A scientific framework to evaluate the current hypothesis would involve designing
tissues with tightly controlled spatial parameters and observing emergent, self-organizing
features. According to the hypothesis presented here, we should expect to observe increased
laminar subdivisions as columnar widths and lengths decrease or increase respectively—
parameters that can now be systematically manipulated using tissue engineering techniques.
In other words, long, thin bioengineered columns are expected to self-organize into periodic,
multi-layered structures (shorter, wider columns are predicted to be less periodic). By
controlling the way neurons aggregate into clustered units or arborize, it should be possible
to modify the number of laminae which develop assuming other relevant factors are
held constant.
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