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ABSTRACT

The golden ratio (p) and the Fibonacci sequence are mathematical patterns that appear in all biological systems, whether it be
cardiac systems or plants. This review examines whether the human brain’s oscillatory systems follow similar mathematical
properties. Neural oscillations are organized into discrete frequency bands (delta, theta, alpha, beta and gamma), and the
ratios between them have been said to follow the golden ratio scaling. This review evaluates the evidence across three contexts:
spectral organisation, cross-frequency coupling, and cognitive function (memory and perception). The strongest evidence has
come from the memory domain, where hippocampal theta-gamma phase amplitude coupling during successful memory
encoding often approaches the golden ratio. On the other hand, sleep-dependent memory consolidation shows Fibonacci-like
patterns. Despite these findings, there are a lot of important limitations that are still there. The brain naturally produces 1/f
background activity, making it difficult to know whether these ¢-like patterns are meaningful or happening by chance.
Scientists also do not know of any biological mechanism that would cause brain cells to organise their activity around ¢. In
addition, studies looking at ¢ in perception have produced mixed results. Overall, whether the idea that the brain is organized
around the golden ratio is interesting and supported by some evidence, it has not been proven yet. Even so, this research has
helped scientists better understand how the brain waves interact and how the brain processes and stores memories.
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1. INTRODUCTION

The golden ratio (¢ = 1.618) is one of the most well known numbers in mathematics. It is found by solving the equation ¢> = ¢ +
1. It can also be seen in the Fibonacci sequence, where each number is the sum of the two numbers before it (0, 1, 1, 2, 3, 5, 8,
13...). As the sequence gets larger, the ratio between the consecutive numbers gets closer and closer to the golden ratio. Because
of this relationship, both the Fibonacci sequence and the golden ratio are linked to patterns found in nature. They can be seen in
the arrangement of sunflower seeds, hurricanes, pinecones, etc. Since many biological systems are following these patterns,
scientists have started asking whether the human brain might follow it too.

One way to investigate this question is by studying neural oscillations, which are known as brain waves. These are rhythmic
patterns of electrical activity that help different parts of the brain communicate with each other. They play an important role in
functions of the brain such as memory, attention, learning and perception. Brain waves are grouped into different frequency bands
such as delta (1-4 Hz), theta (4-8 Hz), alpha (8-12 Hz), beta (12-30 Hz), and gamma (30-100+ Hz). Although these bands are
established, scientists still don’t fully understand why they occur at particular frequencies and why the gaps between them are so
consistent.

Some researchers have studied that these frequencies may be organized according to the golden ratio. If the brain used @
Fibonacci series to organize rhythms, this could help neurons communicate across distances and timescales. One idea is that
different brain areas or neural circuits operate like oscillators. When oscillator frequencies relate by ratios, they can synchronize
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with each other and can avoid interfering with each other in a predictable way. On the other hand, another idea is that nested
rhythms (fast oscillations that occur at particular phases of slower rhythms) create “time slots” for encoding information. In this, a
slow cycle marks a window and a faster cycle inside that window code separates items. If the number of spacing of these fast
cycles follow the Fibonacci sequence or ¢ like ratios, it could help compact information.

2. EVALUATION OF CURRENT EVIDENCE

2.1 Evidence 1 — Spectral Organization

Researchers have asked whether canonical frequency bands are spaced in a way that approaches geometric scaling near to the ¢.
Typical methods are finding spectral peaks (which are the strongest frequencies) across many participants and then calculate the
ratios between adjacent peaks. Some group level analyses have reported that average adjacent frequency ratios close to 1.6,
suggesting @ spacing across the bands. These studies interpret that band spacing is roughly logarithmic rather than linear.
However, other studies have found large variability across people, different brain regions and states. The peaks of the frequencies
can shift with attention, age or even the sleep stage that the person is in. Neural recordings contain a strong aperiodic background
with a 1/f like pattern. If this background is not separated from genuine oscillatory peaks, standard analyses may incorrectly
interpret changes in the overall spectrum as changes in brain rhythms (Donoghue et al., 2020; Fadista et al., 2020). How
researchers remove the 1/f background that the brain follows and define peaks strongly affects if ¢ like ratios appear or not. In
short, while group average values sometimes point near ¢, there are many individual differences and analysis choices that need to
be taken into consideration as they can make findings inconsistent.

2.2 Evidence 2 — Cross-Frequency Coupling

Cross frequency coupling is a measure of how two different neural rhythms interact. Most commonly, it is how the phase of a
slow rhythm influences the amplitude of the faster rhythm. This is called phase amplitude coupling (PAC). For example, the phase
of the theta wave can affect when bursts of gamma activity occur. This type of interaction is important in the hippocampus, which
is the region of the brain responsible for memory, learning and spatial navigation (Lisman & Jensen, 2013).

Research on the theta-gamma code proposes that different gamma cycles within one single theta cycle can represent different
items in an ordered sequence. In this model, the slower theta rhythm creates a broad time window period, while faster gamma
cycles divide that window into smaller sections. This could allow the brain to temporarily organize several pieces of information.
Thus, theta—gamma coupling has been connected to memory encoding, retrieval and the representation of sequences (Lisman &
Jensen, 2013).

Some descriptions of theta—gamma coupling use small whole numbers such as three, five, or eight gamma cycles in a slower
cycle. These numbers are also found in the Fibonacci sequence, which makes the comparison with mathematical patterns.
However, the presence of these numbers does not prove that the brain is following the golden ratio. Neural coupling can also be
produced by biological factors such as synaptic delays, inhibitory activity, conduction time and the natural properties of neural
networks. Therefore, Fibonacci like cycle counts can be as a possible description, and should be treated as a possibility of the data
rather than proof of a mathematical law.

2.3 Evidence 3 — Cognition: Memory

Cognitive experiments provide the most direct explanation for whether ¢ like rhythms matter for behavior or not. Memory studies
have shown clear links for the same. During memory encoding, the hippocampus shows coordination between theta and gamma
rhythms. Successful memory performance has been associated with the timing of this coupling, its strength and organization. The
theta—gamma model suggests that individual gamma cycles may act as temporary time slots for different parts of an experience,
while the phase of theta helps organize those items in sequence (Lisman & Jensen, 2013).

This theory may explain how the brain represents several related items without processing all of them at exactly the same time.
For example, when remembering a route, different gamma cycles could represent different locations while the theta rhythm could
help preserve their order. Such a system could be useful for remembering something that seems as simple as steps in a task or
locations around a person’s environment. Although these processes sometimes produce ratios that resemble Fibonacci numbers or
the golden ratio, the evidence currently shows more clearly that neural rhythms interact compared to them being specifically
organized according to ¢.

Sleep also plays a very important role in memory consolidation. During the non rapid eye movement (NREM) sleep stage, the
slow oscillations, sleep spindles and the sharp wave ripples in the hippocampus interact to support the transfer of memories. The
timing of these oscillations is then further related to memory performance, particularly when sleep spindles occur at appropriate
phases of slow oscillations (Klinzing et al., 2019; Helfrich et al., 2019). These sleep rhythms form organized temporal patterns,
but the current evidence does not conclusively show that the spacing follows the Fibonacci sequence. Therefore, it can be more
accurate to describe sleep related memory consolidation as something that involves coordinations of oscillatory timing rather than
proving it to have a Fibonacci series like organization.

2.4 Evidence 4 — Cognition: Perception

The possible role of the golden ratio in perception can also be looked into because people sometimes prefer visual objects with
proportions close to . Some experiments have examined whether brain activity changes when people view images, sculptures or
shapes that contain golden ratio proportions. A study, which was done by Italian neuroscientists Dio, Macaluso and Rizzolatti in
2007, showed volunteers images of sculptures that belonged to the Classical and Renaissance era with digitally modified versions
of the same sculptures. The original sculptures followed commonly identified canonical proportions while the modified versions
were different from those proportions. Using functional magnetic resonance imaging (fMRI), the researchers examined how the
participants’ brains responded to the two types of images (Di Dio et al., 2007).
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The researchers found that viewing the original sculptures, compared with the modified sculptures, produced greater activity in the
right anterior insula. The anterior insula is involved in emotional feelings and the processing of bodily and affective responses.
This response was particularly strong when participants simply observed the sculptures without being asked to judge their beauty.
This highlights that the response to the canonical proportions could occur relatively automatically, although it does not prove that
the brain has an inborn preference specifically for the golden ratio (Di Dio et al., 2007).

The study also examined what happened when participants were explicitly asked to judge whether they found the sculptures
beautiful. Sculptures that participants personally rated as beautiful produced greater activity in their right amygdala. Because the
amygdala is involved in emotional learning and personal associations, this finding suggested that aesthetic experience includes a
response to features of the stimulus and individual emotional memories. In other words, the researchers proposed that the
perception of beauty may involve both relatively objective features, such as proportion and subjective factors which are based on a
person’s experiences (Di Dio et al., 2007).

More recent research has provided some support for a preference for the golden-ratio proportions, even though the effect appears
to be small and dependent on the type of visual stimulus. De Bartolo et al. (2022) studied 256 volunteers using an online
preference experiment. In this, participants chose between different proportions. Across all the stimuli, the golden ratio was
selected in approximately 53% of choices, which was a statistically significant but modest preference. The preference was
stronger for photographs of humans, anthropomorphic sculptures and paintings, while it was not significant for simple geometric
figures.

The same study also included an eye tracking experiment with 15 participants. Participants judged the attractiveness of images
while their eye movements were recorded. The researchers found that shorter viewing time in the modified area of a golden-ratio
stimulus was associated with higher aesthetic judgments. This can suggest that some golden-ratio proportions are processed
relatively easily in certain visual contexts. However, due to the small sample size in the eye tracking experiment and the modest
overall preference, the results found and concluded should not be interpreted as proof that the golden ratio is universally preferred
(De Bartolo et al., 2022).

3. LIMITATIONS AND ALTERNATIVE EXPLANATIONS

There are a lot of important limitations to the claim that the brain is influenced by the golden ratio. The first is the presence of the
1/f like aperiodic background in neural signals. Neural power generally decreases as frequency increases, and this broad pattern
can create the appearance of peaks or frequency ratios even when no specific oscillatory rule is present. Donoghue et al. (2020)
showed that separating periodic oscillations from the aperiodic component is important because conventional frequency band
analyses can combine these different sources of activity.

A second limitation is individual variability. Brain rhythms do not occur at exactly the same frequencies in every person. They can
change with age, attention, sleep cycle, medication and neurological conditions and a lot of other confounding factors. Therefore,
an average ratio close to 1.618 across a group may not portray the differences between individuals.

The choice of the methodology also influences the results. Researchers use different filters, recording techniques, time windows,
peak detection methods and measures of cross-frequency coupling. These method choices can affect whether a golden-ratio
relationship is detected. Small sample sizes and publication bias may also make positive results appear more common than they
really are. In addition, researchers must consider whether a ratio was predicted before the experiment or noticed only after several
possible ratios had been tested.

Another major limitation is the lack of a clear biological mechanism. Currently, there is no widely accepted explanation for why
neurons would organize their activity around ¢. Neural oscillations can emerge from known biological processes like excitation,
inhibition, communication delays, etc. These mechanisms can produce frequency relationships that happen to be close to the
golden ratio without the brain actually using ¢ as a design rule. Therefore, if a mathematical similarity is found, it cannot be said
to be the same as finding an underlying biological cause.

4. FUTURE DIRECTIONS

Future research should use more accurate methods for analyzing neural oscillations and spectra. Particularly, studies should
separate periodic peaks from the aperiodic 1/f background before calculating the frequency ratios (Donoghue et al., 2020).
Researchers should also report results from individual participants instead of relying only on group averages, since it can lead to a
bias. This would help understand whether golden-ratio relationships are common across people or are present only in certain
individuals, brain regions or mental states.

Mechanistic computer models could also help determine whether golden-ratio like relationships are naturally emerging from
ordinary neural properties. Researchers could create networks which contain realistic excitation, inhibition, synaptic delays and
conduction times, and then test whether these networks can produce ratios close to ¢. Causal experiments would provide stronger
evidence than correlational experiments which have been done till date. For example, researchers could use non-invasive rhythmic
stimulation to increase or disrupt specific frequency relationships and then measure whether memory or perception changes. If
changing a particular ratio changed the behavior, then it would act as strong evidence that the ratio has an important role in brain
behaviour.

Finally, larger preregistered studies and independent replications are needed. Researchers should decide in advance which
frequency ratios they will test and should report results that do not support the hypothesis. This would reduce the risk of finding
golden-ratio patterns just because many different patterns were examined.

5. CONCLUSION
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The idea that neural oscillations follow golden-ratio or Fibonacci relationships still remains unproven. Research strongly supports
the importance between neural rhythms interacting, especially theta—gamma coupling in memory and the coordination of slow
oscillations and ripples during sleep. However, these findings demonstrate that the neural timing is organized compared to
demonstrating that they follow specific golden-ratio rules. Evidence from perception is also mixed, and factors such as the 1/f
background, individual differences, analysis methods and the absence of a strong biological mechanism are important challenges
that are tough to address, while experimenting and finding conclusive results without confounding variables, on this topic. Thus,
the golden ratio may be a useful pattern for describing some neural relationships, but further research is definitely needed before it
can be considered a fundamental principle of the brain’s organization.
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