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Abstract

:

There are indications that children born during the period of COVID-19 lockdown have cognitive development issues, without having been affected by the virus. We discuss here the idea that environmental deprivation—and, especially, the lack of appropriate visual stimulation—might be one source of these defects. This thought is in line with previous findings in children brought up in orphanages with poor environmental stimulation, hypothesizing that the minimalist architectural style prevailing for the last several decades is among the potential contributing factors. The process of eliminating organized complexity characteristic of organic forms may prove to be detrimental for humanity’s future, providing suboptimal environmental stimulation and opportunities for interaction during the critical stages of brain development.
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1. Introduction


For most, the following was a surprising finding: a recent American study indicated that children born during the COVID-19 pandemic have significantly reduced motor, verbal, and overall cognitive performance compared to those born before the pandemic [1], with scores showing a significant reduction on the Early Learning Composite (ELC). While the above study is still under review, another supporting study has appeared [2]. These are genetically normal children that had not been infected, so the discussion about adults who have recovered from COVID-19 with their IQ negatively impacted [3] is completely separate. Any effects giving rise to reduced cognitive performance are independent of the virus itself. This is the reason why the physical surrounding environment is a principal suspect.



The purpose of this essay is to encourage directions for future research that medical professionals and researchers from related disciplines will most likely undertake in response to such findings. We should emphasize that this is a synthesis rather than a research study presenting original data by the authors. The central question is how far visual information input shapes human physiology and brain development. Beyond the obvious environmental factors to be investigated, research should not neglect the effects of the visual information (colors and patterns embedded in the walls) and geometry of the environment. Those influences on mood and perception, and cognitive development in particular, have been underestimated if not outright ignored during the past hundred years. This neglect is in large part due to the architectural tradition of the 20th and 21st centuries, in which complex visual information in the surroundings was minimized for stylistic reasons. It has been widely assumed that this was a good thing, hence placing architectural style beyond suspicion when something goes wrong.



Readers need to be reminded that the informational environment is crucial to infant development. Consequently, another result of this investigation exposes a disconnect between two disciplines: architecture and medicine. In private communications to leading architectural academics, one of the authors (N.A.S.) has repeatedly attempted to convey the seriousness of the above results on infant cognitive development. The responses were disappointing, in essence claiming that this topic is “not relevant to architecture”. Based on this history, it is imperative to expose this alarming difference of opinion, which the general public certainly does not suspect.



The present article therefore proposes a paradigm shift in the way that society conceives of and shapes the built environment. Architectural style that contradicts scientific findings is condemned despite its support from the building and design professions. For more than one century, architects and the construction industry have imposed their design preferences on users while ignoring the effects of those buildings on people. Existing results from widely ranging topics in applied science are pulled together here into an argument about how geometry impacts the human brain directly. An unexpected development is that Artificial Intelligence (AI) provides valuable insight—even if it is only through analogy—into how the physical environment shapes an infant’s cognitive abilities.




2. Can Sensory Deprivation Impact Children’s Cognitive Development? Evidence from the Neuroscience of Brain Development


What accounts for this deficit in the measured children’s cognitive development? The pandemic’s unprecedented period of indoor isolation is most likely to have played a key role. Despite the limitations of the two cited studies [1,2], serious questions are raised.



There exist compelling human data from children housed in Romanian orphanages during the reign of the communist dictator Ceaușescu [4,5]. Their life in these institutions was characterized by severe sensory deprivation, as well as social isolation and stress (in such abysmal conditions the architecture of the orphanages probably did not play the major role). The children were eventually adopted at various stages of their development (after the fall of the regime) and were studied as adults, several years later, when comparisons were made with people that had spent a similar period of time in UK orphanages. Despite environmental enrichment in the intervening years spent after being adopted, infant environmental deprivation was associated with lower total brain volume in a dose-dependent way, and also, regionally specific effects were seen. In addition, a lower intelligence quotient and more attention deficit/hyperactivity disorder symptoms were observed in their population.



Donald O. Hebb, the father of modern neuropsychology, already postulated in the 1940s that an environment enriched with ordered complexity enhanced animal (and human) intelligence. A major validation came in the 1960s, when environmental enrichment was observed to lead to structural changes in the brains of animals [6].



It is known that isolation in minimalist, sensory-depriving environments affects cognitive development negatively and can appreciably reduce the size of animals’ brains [7]. In one experiment, the brains of trout bred in informationally distinct environments had markedly different sizes. The smallest trout’s brain was measured for the group of fish raised in minimalist tanks; next larger were those raised in a more naturalistic environment, for example, a tank that included a floor of pebbles; and the largest brain size was for trout caught in the wild that are exposed to a far richer experiential and visual environment. Relative cerebellar size was significantly smaller in the fish raised in minimalist tanks (and similar in the other two groups), with differences also noted in locomotory behavior, which correlates strongly with cerebellar function [8].



In related experiments on mice, a significantly larger number of neurons were found in the hippocampus of those animals raised in an architecturally enriched environment versus those raised in featureless cages [9]. Separate studies found a conspicuously accelerated development of the visual system in the brains of mice raised in architecturally enhanced versus minimalist environments [10].



In general, robust data from animal experiments indicate the effects of visual deprivation at various levels. For example, monocular visual deprivation during development in cats leads to structural and physiological [11,12,13] defects in the visual system that are not fully reversible. Presenting stimuli of one type alone, such as only vertically oriented lines [14], the visual system becomes relatively insensitive to stimuli at the nonexposed orientations. Austin Riesen was a pioneer in these investigations on the functional level, using newborn chimpanzees (our closest relatives), at first raising them in full darkness, and reporting that after two years, the animals were visually impaired, effectively blind though not physically blind, with a difficult and protracted adjustment period to light conditions [15]. In further experiments, animals were raised under a diffuse, unstructured light, and with varying degrees of pattern stimulation, giving different results on sensory handicaps depending on the type of stimulation [16]. Many other investigators have approached this issue in the last several decades [17]; what is relevant here is the direct influence of environmental information on the development of the neural system.



The human infant develops its cognitive abilities, and hence its capacity to comprehend and interpret the world, through establishing and refining new neurological connections. At birth, a baby’s brain is only 25% of its adult size. While the number of neurons does not change substantially, the synapses begin to multiply rapidly. Then, after the age of 2, synaptic pruning starts: some neuronal connections are consolidated, and their synapses preserved and strengthened, while other early synapses are eliminated. This selective pruning is influenced by neuronal activity by way of positive feedback. Sensory input from environmental complexity essentially shapes the synaptic profile: those that are used repeatedly become permanent, and the connections they mediate are strengthened, while those that are not used perish in a process of activity-dependent synaptic remodeling [18,19,20].



In addition, the hippocampus, which is an area related to spatial navigation and episodic memory (among other functions), continues to generate new neurons into adulthood and old age, and there is overwhelming evidence from rodent experiments that environmental enrichment directly influences this process [21,22]. The data available in humans also support the existence of adult hippocampal neurogenesis [23]. Correlation of the extent of this phenomenon with environmental factors is difficult to establish in humans, but parameters have been investigated through non-invasive methods. For example, there are findings of significantly larger hippocampal gray matter in licensed London taxi drivers when compared to control subjects [24] and an increase in un-licensed taxi drivers trained to become licensed [25], which correlates with a spatial navigation expertise and memory of the city.



Another example concerns differences in the hippocampal formation, with higher volumes in adolescents exclusively brought up in rural regions as compared to those exclusively brought up in cities. Moreover, the gray matter volume in the cluster of the left hippocampal formation was positively correlated to performance in a spatial processing task, with those with a rural upbringing scoring higher than those with an urban upbringing [26]. It is possible that this is more an effect of the fact that rural regions offer more opportunities for spatial exploration than of the type of visual stimulation per se that they offer (in keeping with the results from the taxi drivers). Nonetheless, these findings present evidence of a direct correlation between the exposure of the developing individual to environmental complexity and structural and functional changes in the brain. It is noteworthy that differences in the amygdala, a structure with a central role in responses to stressful situations, were also demonstrated in this study, as had been in a previous study of older healthy adults [27]. Even though outside the scope of the present essay, there are obvious implications for maintaining healthy cognitive function in the elderly.



Intelligence in humans and animals emerges from active perception and sensory interaction and integration with the world. Infants are instantly attracted to faces, and within a week after birth, they tend to look longer at attractive faces [28], an effect that generalizes across race, sex, and age by 6 months [29]. This finding is particularly intriguing, as it reveals the early emergence of a capability that is of much higher resolution than simply spotting two eyes and a mouth (an abstract facial pattern). Healthy growth requires an appropriate sensory exposure to a type of organized complexity for which we seem to be tuned. The brain, as we know from observations in adults, interprets visual information using analysis of statistical patterns of spatial frequencies [30]. Furthermore, functional MRI shows that the processing of recursive (fractal) forms recruits different resources from the processing of non-recursive forms and, remarkably, that it enlists the default mode network, a functional brain network known to be involved in the processing of internal information [31,32].



This type of very precisely tuned complex informational input is exactly what applications of aesthetic formalism in design have removed. Therefore, despite assertions to the contrary, the degree of visual complexity and organization of immediate environments is highly relevant to the architecture profession.




3. Architecture That Ignores the Mathematics of Life—And Psychological Health


In recent years, many studies have focused on the potential physiological impact of the visual organization of our surroundings, either natural or artificial [33,34,35,36], with “naturalness” at the center of this attention [37]. Natural surroundings are shown to have beneficial effects on mood and stress [38,39], improving concentration and working memory [40,41,42,43,44], self-perceived health [45], and self-esteem [38,46]. A reduction in self-reported rumination and neural activity in the subgenual prefrontal cortex associated with a self-focused behavioral withdrawal in healthy and depressed individuals is also reported [47]. Other intriguing findings include the association of exposure to natural forms with a reduction in criminal behavior [48,49], with a delay in median age at menopause [50], and even with improved recovery from surgery [51]. Fractals, i.e., complex structures that have components at many different smaller scales down to the details (the opposite of minimalist and smooth), are an important component of these effects but do not represent the full range of connective qualities [52].



We now understand that the visual features responsible for positive emotional responses are to be found not only in nature but also in artificial environments that are known to be directly beneficial [36,53,54,55,56,57]. Industrial-modernist architecture has to be strongly criticized for removing these visual and organizational features from our environment. The problem is all the more acute because this building style enjoys a century-long hegemony by being linked to economic development and technological progress (an example of industry succeeding commercially despite negative consequences) [58]. Contradictions between architectural ideas and models established at the beginning of the 20th century, and a contemporary understanding of human health and wellbeing, create obstacles to research. As many architects are still obsessed with the idea of an “antiseptic” and relentlessly industrial technology, the building profession mostly ignores scientific advances on how humans interact with their immediate surroundings.



For example, architectural academia, the media, practitioners, and professional organizations imprudently ignored a recent worldwide effort at radical reform of architecture education. Entreaties for a new focus on the effects of the built environment on psychological health, based on medical evidence, went unheeded as immense pressure was exerted to continue the old standards [59].



Architecture in the 20th century suppressed the essential components of “biophilia” and “deep symmetry”, two related concepts that describe the evolved mechanisms whereby the human mind connects to other organisms through the mathematical structure of biological forms [60,61,62]. Edward O. Wilson proposed biophilia to be as necessary for human health as air, food, and water. The sensory systems of animals and humans developed from interacting with other living creatures; hence, our bodies are finely tuned biophilic receptors. Deep symmetry, in turn, denotes tightly interrelated and overlapping visual complexity, such as is evident in both biological systems and highly complex artificial systems.



Laboratory experiments reveal that this topic is not a simple matter of personal aesthetic choice. Michael Mehaffy and one of the authors of this paper (N.A.S.) coined the term “symmetry deficit disorder” to denote the negative health effects of environments that lack deep symmetry [63]. This idea came from Richard Louv’s term “Nature Deficit Disorder”, which denotes the developmental problems children experience when raised detached from nature [64].



Ann Sussman finds thought-provoking evidence of mental health issues in the trio Corbusier, Gropius, and Mies (pioneers of modernist architecture), postulating signs of Autism Spectrum Disorder (ASD) and Post-Traumatic Stress Disorder (PTSD) to explain diminished ability to process complex visual stimuli—including an aversion to face-like symmetries that babies crave [56,65]. Being driven by a physiological avoidance of mathematical complexity could explain, in part, the origins of minimalist design. That style switches the mechanisms for interacting with biological and natural forms to give preference to emptiness. Interestingly, decreased synaptic pruning has been reported in the autopsies of children that had suffered from ASD [66,67]. This anatomical feature was observed in the superior middle temporal lobe, an area implicated in ASD both through functional imaging and histological studies [68,69,70], as well as because of this area’s participation in brain networks involved in language, social and speech perception, auditory and visual processing, and understanding of intentions [71,72]. It is possible that exposing children to minimalist environments during the time of synaptic pruning, from age 2 onwards, compromises this essential process, as already discussed.




4. Collective Amnesia about the Child’s Realm


The child’s world focuses on an intimate spectrum of sizes that is much smaller than that of an adult. The easiest place to see this is in active play spaces created by the children themselves. Andrew Crompton analyzed the fractal nature of the everyday environment [73]. Children love to play in alcoves, under tables, in spaces within spaces, and in cubbies that correspond to their own physical size. This tells us something fundamental about how children experience and perceive the world and, conversely, how large dimensions and spaces do not fit the child’s psyche. As early as age 3, children have been shown to have a preference for fractal patterns; in keeping with findings in adults, higher complexity is preferable for exact fractals and low-to-moderate complexity for statistical fractals [74].



The same fractal geometric qualities attract children to enjoy the experience of complex spaces outdoors, and they did construct such habitats—for example, cubby houses and tree houses suited to their own scale—in past ages when children were permitted to roam freely outside. Fractal articulations found in older urban fabric disappeared from the overscale, sterile world of industrial-modernist sheer walls and large abrupt structures. One wonders, however, why architects starting in the early 20th century ignored the child’s physical scale range in creating the built environment, convincing society to consent to this drastic change. Uncompromising stylistic dictates suddenly eliminated the fractality observed in the millennia of traditional construction [52,53,54,55,56,57].



Human beings do change their habits under changing circumstances; that is how humankind was able to evolve to take advantage and adapt to its environment. Our evolution is determined by our ability to integrate into the environment using our senses. Those of our animal ancestors that did not adapt to their changing environment—and to new opportunities within that environment—did not survive to procreate. The evolution of the human species changed radically, however, when social evolution became more influential than biological evolution. Societies survive or not based on their societal habits, rituals, and superstructure. Mechanisms override environmental signals that a society experiences, which have been critical to its evolutionary survival. Those conditioning forces correspond to belief systems that are often shaped by cognitive dissonance, and which are manifested by belief systems that take precedence over hard evidence that our intelligence and perceptual systems pick up.



Humans live in social groups defined in a nested hierarchy of sizes. Supporting a social group’s cultural norm while suppressing our individual reactions is a tried-and-true survival method on the level of a society [75]. However, when this mechanism is at odds with biology, it can threaten other components of species survival, such as the wellbeing and healthy development of children. If there is indeed an effect on the level of synaptic refinement of developing children, as discussed above, it is conceivable that it could lead to a disastrous positive feedback loop in the long run, as more people could emerge with such specific, autistic-like impairments, ever more ready to design and/or accept minimalist environments. This could be seen as an expression of a Baldwin/Piagetian effect, in a negative form [76].



Over decades, many critics of architecture have called for reform, pleading for a more humane approach in how we build our world (see Curl [77] for a recent and comprehensive criticism of the industrial-modernist building style). However, we face a very powerful obstacle: an “architecture-industrial complex” that, in the manner of a system focused on preserving its legitimacy, effortlessly brushes off every challenge to its economic and intellectual dominance. To make things worse, the contemporary building industry’s vast economic power manipulates the media to draw attention away from warnings such as those presented here [58,77].



Too often, healthy design concepts are co-opted; that is, they are not honestly applied, but the terms are simply being picked (without paying attention to their rationale) as useful buzzwords for continuing business as usual. Architectural culture has learned to apply band-aid solutions that provide the superficial impression of improvement, while continuing to use its preferred design typologies currently being questioned by new scientific research. Ideology and short-term profit override scientific evidence, while an extensive public relations network covers up this action.




5. Discussion


This essay postulates that humans shape their environment through imposing organized complexity in the form of color, detail, fractal shapes, mural paintings, and ornamentation. Projecting rich yet organized informational complexity onto the artificial environment mimics the visual input required both to develop our mind as infants and to nourish our need for informational complexity for which human evolution equipped us—to ensure our survival. One could add that humans, and other animals before us, evolved what we now call “intelligence” as a tool to interpret the complexity of the natural environment.



There is a lesson here for our society: humans, especially children, need information-rich sensory environments, and they suffer when forced to spend long periods in minimalist ones. The 1994 Carnegie Task Force Report warned that children raised in experientially poor environments suffer permanent setbacks as compared to those raised in richer, more enhanced environments [78]. This initiative was in line with the Head Start Program begun several decades earlier in the US. Characteristically, the architecture profession did not react to this warning but continued to impose its ideologically based minimalist styles, even on school buildings [79].



Any chronic inadequacies with domestic space became acute with lockdown during the recent COVID-19 pandemic [80]. As the rearing environment dramatically impacts brain growth in children, such a crisis turned into a massive (but unplanned) experiment because normally prevalent sources of visual complexity—such as nature, day-care, school, visits, etc.—can no longer make up for any lack of stimulation in the child’s living spaces. (A consideration that would explain why intelligence decrease occurred now, rather than after the industrial-minimalist style was introduced in the 1920s—but can we be sure it did not? It is quite possible that an effect on child development might have been noticed in segments of the population during the past century, yet we have no data to even conjecture on this possibility.) This news about infant development comes at the very moment that minimalist design is the height of fashion in the architecture profession, promoted relentlessly in architecture schools, on magazine covers and websites, and by critics and connoisseurs. However, are these kinds of environments lacking mathematical information actually detrimental to the human brain, especially that of children?



Much attention has focused recently on the harmful effects of social media and smart phones, especially on children and teens [81]. While this component of environmental exposure is significant, there are no data of its relevance to the group of children studied in the survey reported at the beginning of this article [1]. Anecdotal evidence from the general population points to parents putting some video streaming on an iPad or iPhone in the crib to keep their baby occupied [82]. For decades, a simple stratagem for keeping a baby distracted is to place it in front of a television [83]. Anyone assuming this facile expedient as a solution to the problem identified in the above study (i.e., a lack of stimulation) would be wrong. The American Association of Pediatrics recommends that babies not be exposed to video screens before the age of two [84].



As an unexpected background for this discussion, Artificial Intelligence helps to clarify—through analogy—how the learning mechanism is wired in stages. Consider the ancient board game of Go popular in East Asia. This game requires very high-level conceptual skills. An astonishing win of the computer program AlphaGo over the world’s human Go champion occurred in 2016 [85]. The AlphaGo software, created with the Artificial Intelligence program “DeepMind” (a London-based project), was trained on an enormous number of past games. The program was exposed to as many complex game configurations as possible—it learned the winning strategies from experience and was not directly programmed with all the number of actual moves (unlike earlier generation game-playing computer programs). In an even more impressive recent development, the latest software MuZero [86] uses a different approach, modeling aspects of the environment that are important to the decision-making process: the value, the potential policy, and the reward, in a Piagetian iterative scheme. This is not an approach that is independent of the available information; on the contrary, reinforcement learning heavily relies on the availability of such information and upon easily graspable cues on its saliency.



The infant brain also develops its cognitive abilities, hence the capacity to comprehend and interpret the world, through establishing and using the appropriate neurological connections. Healthy growth requires maximum sensory exposure to organization—training from the complexity of perceived patterns. As in the case of these AI software applications, parents cannot program all the vast amounts of information crucial to their child’s mental development but have to provide input that somehow trains their infant’s brain through active processing. Intelligence in humans and animals emerges from active perception and sensory interaction with the world.



Which brings us to a crucial but unexplored topic: how does one train the infant brain with complex information? Existing studies suggest that fast-moving images shown on screens are not the way to do it and may actually be causing harm [87]. That medium is generated by an industry that hires psychologists to capture an adult’s or grown child’s attention [88]. Since they were not meant for babies, dynamic screen images are not vetted by neurodevelopmental pediatricians to check how they might influence the highly malleable developing infant brain. Whatever is going on, the colors, designs, and rapid movement of ubiquitous videos are not specifically aimed at helping to wire the infant’s brain, which does not work the same way as that of adults. Later attention problems are suspected due to such early overstimulation.



Concerned parents already know of tried-and-tested techniques for doing exactly what is required in a healthy manner, and which belong to an entirely different informational category. Pediatricians recommend that cribs be lined with bold patterns, preferably black and white, showing clear and nested symmetries [89,90]. The baby then spends a long time studying these static images and registering their patterns. It is necessary to provide something engaging and sufficiently complex for the baby to focus on and analyze at its leisure. Do not forget that the visual acuity of infants is several orders of magnitude less sharp than that of adults, hence the need for bold patterns. It takes on the order of one year for the baby’s eyes to become fully functional.



What happens later, when the baby begins to crawl on the floor and explore the family’s living space? Will it experience color, detail, material texture, and coherent complex patterns? Requisite visual complexity conflicts with dull gray and white vacuity, which defines our society’s preferred minimalist aesthetic [80,91]. While infants have a less nuanced color perception than children who are a bit older, or adults, it seems that some innate color preferences are shown as early as 4–6 months [92]. The developmental value of color is being actively investigated, with results indicating that an appropriately dosed and harmonized (not overwhelming) presence of color may be very beneficial [93,94,95]. Still, architectural culture continues to ignore all such complex psychological effects.



Here is where the lesson from the AlphaGo software is highly relevant, albeit through establishing an analogy. Information documenting previous Go games had to be presented to the learning software in an appropriate and precise manner. Unless the input of the game archive matched the input format of “DeepMind” exactly, using an optimal interface for transferring information, there was no way of implementing the learning exercise. We believe there is an important point to be made: beneficial informational input to the infant mind needs to precisely match the physiological channels open for the baby’s brain to receive such useful information. It follows that the infant’s physical environment needs to be shaped according to medical knowledge on brain development and not by arbitrary architectural style.



Data on decreasing children’s cognitive development are sufficient to trigger a paradigm shift in how we evaluate architecture. Because it flatly contradicts biophilia, some researchers now suspect that minimalist architecture interferes with a key evolutionary mechanism [31,32,33,34,35,36,37,38,39,40,41,42,43,44,45,46,47,55,56,57,60,61,62,63,64,65]. Environmental complexity and organization train the human brain, building explanatory systems to interpret those informational qualities necessary for survival—and at the same time spurring humans to represent them in everyday surroundings. This process of user embellishment is seen throughout the millennia of human existence. However, focusing on a minimalist design style has cut this feedback loop. After the AlphaGo win, the Chinese government made it a priority to spend heavily on Artificial Intelligence (AI) research (and several American AI research labs are also based in China).




6. Conclusions


Our future depends upon making the right choice between what to believe and what to ignore—the manner by which we escape from cognitive dissonance brought upon by, now evident, contradictions. Short-term pressures can be overwhelming, and those often favor the wrong choice [91,96]. Society ignores new results in applied science that might dispute standard typologies shaping the built environment, used without controversy over the past century. In addition, many practitioners in architecture and design simply continue what was set by the modernist revolution (one century ago), never questioning whether it was all such a great idea. Will people now pay attention to the visual information embedded in the environment? [97] For this reason, architectural culture today is not reacting to the alarming converging lines of evidence pointing to the deleterious effects of these practices on child development. Contemporary architectural discourse is apparently uninterested in this question.



This essay accuses the architecture profession of not paying sufficient attention to human psychological health, including children’s development. Recent studies of infants born during the COVID-19 lockdown raise alarming questions about the possibility of lowered cognitive development, for whatever reason. Various arguments were collected here to point the finger at the lack of requisite visual complexity in “fashionable” industrial-minimalist interiors. Will we see a generation of children with intellectual impairments? Nobody really knows. Can the medical profession and society as a whole ignore this frightening possibility and do nothing about it?



What is needed, therefore, is for other professions to step into the breach, including childhood development fields, environmental psychology, Artificial Intelligence, mathematics, neuroscience, medical science, mental health professions, political philosophy, and even physics, to demand a more human-centered focus on designing the world we all inhabit. It is long past time to scrap the limitations of architectural modernism and generate a new, more evidence-based architectural culture from the bottom up. Our survival and flourishing depend upon making use of science to improve humanity’s prospects. It is crucial to resolve difficult conflicts between health and special interests instead of continuing to let the latter decide.
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