


Memory Theory of Cortical Homunculus: A review


ABSTRACT
Background & Aim: To express a perspective on cortical homunculus as a universal memory storehouse and control centre of an organism. The cortical homunculus, the “little human” in the brain is the internal representation of human body parts within the sensory and motor domains of the cortex. It is a fundamental concept of interest among scientists. Its applications in the fields of neurology and neurosurgery are well-established. However, its applications in behavioural medicine have not yet received adequate attention. This article therefore aims to provide a perspective on the homunculus and speculate some neuropsychiatric applications. 
Methods: We used Google Scholar, PubMed and ResearchGate to search scholarly publications with the keywords as backdrops. We did not systematically review extant publications rather, we adopted historical, scanning, and snowball strategies in our search.
Results: The authors view the homunculus as the central repository for all bodily memories. It regulates and controls every bodily part, including the internal physiology. This theoretical viewpoint holds that the phantom phenomenon is due to retained memory in the homunculus, and hemineglect is due to lost/deactivated memory from the homunculus. Treatment of these disorders may benefit from modifying specific synaptic ensembles by deactivating reactivating or erasing memory traces to restore normal behaviours. 
Conclusions: The cortical homunculus is the repository for all bodily memories. It exercises top-down control over all other systems. Many intractable behavioural phenomena are linked to cortical homunculus.  
Keywords: Cortical homunculus, cortical representation, neuropsychiatric applications, synaptic ensembles
1. INTRODUCTION
The cortical homunculus is a fundamental concept of interest among scientists. After the electrical stimulation study of Wilder Penfield and Edwin Boldrey in 1937, several other studies followed and there is now a consensus that the cortical homunculus is a topographic representation, or “mapping, of the body parts not only on the postcentral (sensory) and precentral (motor) gyri but also in other areas of the cerebral cortex (Catani, 2017., Nguyen & Duong, 2024., Saadon-Grosman & Loewenstein, 2020). The representation has been consistently confirmed by electrostimulation studies (Saadon-Grosman & Loewenstein, 2020., Roux et al., 2020), functional magnetic resonance imaging studies (Dall'Orso et al., 2018), and neuromagnetic recordings (Yin et al., 2018). 
There are evidence of electrophysiological and viral tracing studies and in vivo tractography in humans that revealed the diversity of the cortico-cortical and cortico-subcortical connectivity with the homunculi, with variable overlaps (Catani, 2017). Through these connections, which are contralateral and bidirectional, a central-peripheral (bottom-up and top-down) relationship exists between the homunculus and the rest of the body. This homunculus-body relationship guarantees top-down control over the entire organism, including the internal physiology (Gordon et al., 2023). 
Cortical homunculus has applications in the field of neurology and neurosurgery where the concept has been used to explain symptoms of stroke, localise areas of infarction, plan surgical interventions and plan rehabilitative therapy for brain-damaged patients. However, its application in behavioural medicine where there are obvious psychiatric phenotypes has not yet received adequate attention. The purpose of this article is to express a perspective on the cortical homunculus as a repository of bodily memories from where the whole organism is controlled. We reasoned that there is no other logical form a “miniature human” can be represented in the brain other than in the form of memory. It appears adequate attention has not been given to this possibility. 
Methods: 
We did an extensive literature review to arrive at this level of reasoning. We used Google Scholar, PubMed and ResearchGate to search scholarly publications with the keywords as backdrops. We did not systematically review extant publications rather, we adopted historical, scanning, and snowball strategies in our search.
The results of our search inform the perspective expressed here. We have speculated here that since cortical homunculus is the central memory and controls the entire organism, including the internal physiology (Gordon et al., 2023), it may be linked with some yet untreatable neuropsychiatric phenomena such as phantom phenomena, hemispatial neglect, neuropathic pain, posttraumatic stress disorder, as models of intractable neuropsychiatric disorders. Treatments targeted at these disorders should modify specific ensembles by deactivating reactivation or selectively erasing offending memories to restore normal behaviours. 
We have also speculated that the cortical homunculus, being the central memory of a human being, is the “soft copy” of that human being and his/her behaviour is the “soft copy output,” meaning, the person’s behaviour is a reflection of his/her memory saved in the cerebral cortex as the cortical homunculus. There is, therefore, a possibility in the future to copy a person's early cortical homunculus into a device for later years to “overwrite” when the person has aged. This may have far-reaching benefits of achieving the primary alchemic goals of passing from sickness to health, transforming from old age to youth, elongating life, and possibly achieving immortality.  
The body of the article will proceed with a highlight on historical perspectives, memory, and the formation and connectivity of cortical maps. A cerebral homunculus formation model is then formulated, and certain neuropsychiatric ramifications are hypothesized. After speculating on an outlook, and proof-of-concept, the article concludes.

2. HISTORICAL PERSPECTIVES 
The concept of homunculus was created through alembics and popularized in sixteenth and seventeenth-century alchemy. The alembic and alchemic imaginations were on “transmutation” and “transformation,” which ultimately aimed at creating a greater good for human existence, ensuring physiological changes such as passing from sickness to health, transformation from old age to youth, prolongation of life, and possibly achieving immortality. 
The homunculus was believed to be an ethereal, tiny humanoid made via enigmatic alchemy and alembics. In his books, De Homunculis (c. 1529–1532) and De natura rerum (1537), Paracelsus is credited with introducing the concept of the homunculus and providing instructions on how to generate an infant human without fertilization or gestation in the womb (Lawrence, 2008). He imagined that human sperm could be transmuted in some ‘funning’ ways to develop into a full-fledged human adult, believing that the human is already present in the sperm but in a diminutive form and that the womb only served as an incubator. 
Later in the seventeenth century, many theories were put forward to explain the possibility or otherwise of the “little man” in the brain who could read the rules of the world and then give orders to the body to act on them. This imaginary thought was put into an experiment in 1937 by Wilder Penfield and Edwin Boldrey (Catani, 2017).
Penfield homunculus was an alchemical imagination just like the earlier thinkers but he went further with his thought experiment to carry out a simulation test that has brought us to what is now accepted to be the cortical “mapping” or representation of human body parts, or the motor and sensory distribution of activities of human body parts on the cerebral cortex of human beings. The cortical homunculus, the “little man” in the brain, is now accepted as the representation of human body parts and their correspondents on the sensory and motor areas of the human cerebral cortex (Catani, 2017., Nguyen & Duong, 2024). 
3. MEMORY 
Our memories shape who we are, influence our feelings, direct our actions, and help us adjust to ever-shifting surroundings (Rivi et al., 2023). Different classifications have been made for memory according to factors such as the duration of retention (short or long-term); the kind of expression (motor or sensory); the origin (genetic or acquired); and the type of retrieval process (declarative or non-declarative). 
The brain, the primary organ of learning and memory, is responsible for training, memory storage, and learning (Bin Ibrahim et al., 2022). The primary locations in the brain where information is stored are called synapses (Abraham et al., 2019). The primary function of homeostatic plasticity is to provide stabilizing mechanisms that regulate changes in the system, preventing activity levels from becoming excessively high or low (Keck et al., 2017).  One such homeostatic mechanism is synaptic scaling: When there is a decrease in firing rate, the synaptic weights of the excitatory post-synapses on a cell are scaled up by a multiplicative factor, preserving the relative weights of the synapses. Within this framework, due to the underlying topography of the sensory cortex, inputs neighbouring the deprived cortex may have the physiological advantage of dominating the cortical territory of the missing input (Muret & Makin, 2021; Tucciarelli et al., 2024). Many years of research have demonstrated that synaptic plasticity plays a role in memory formation (Bin Ibrahim et al., 2022). Synaptic plasticity, defined as an activity-dependent modification of the strength of synaptic connections, induces memory storage and often presents as long-term potentiation (LTP) or long-term depression (LTD) (Chen et al.,2020). 
In addition to the "synaptic model of communication and memory storage," neurons can connect non-synaptically by sharing chromatin-altering RNA via exosomes or tunnelling nanotubes (Abraham et al., 2019). Furthermore, long-term memory is stored as RNA-induced epigenetic modifications and epigenetic memory has been successfully transferred (Abraham et al., 2019). 
Memory is a central nervous system (CNS) function, and an individual’s behaviour is the phenotype of his CNS function. All learned memories are assembled according to already fine-tuned genetic programmes, and the retrieval of memories is made manifest through sensory and motor behaviours. Presented below are highlights on some memory subsystems that impact homunculus behaviour.
3.1 Sensory memory
Sensory memory, as exteroceptive encoding, is a mental representation of environmental events acquired through the senses. Our sensory experience is mostly multisensory; the senses interact intimately and simultaneously, so we can maintain the continuous stream of information through sight, sound, smell, taste, and touch (Quak et al., 2015). Therefore, sensory memory combines information from different sensory modalities into a single multisensory event, meaning higher-order mental representations exist in the form of integrated representations referred to as multisensory integration (Quak et al., 2015). 
3.2 Motor memory
According to Haaland et al., (2019), motor memory is the mental representation of movement parameters that we make with our body or body parts as we practice a movement repeatedly. This motor memory is stored in the left parietal lobe, and we need it to make movements in the future. According to them, cortical memory and cortical representation are interchangeable. Cortical map and cortical representation are terms that are used interchangeably in neuroscience literature. 
Acquisition of motor skills involves a process of initial encoding of new motor outputs in response to novel sensorimotor associations (Arce et al., 2010). This may be followed by a process of consolidation, making it less susceptible to interference and allowing for later retrieval (Arce et al., 2010). According to Tallet et al., (2015), motor behaviors are routines kept in memory. 

3.3       Inherited memory 
Inherited memory is the combined genetic and epigenetic memories that people have from birth. It is not learned from firsthand experience but rather, it is transmitted from parents to offspring. It involves interoceptive encoding. 
Genetic memory is one kind of memory that can be discovered in deoxyribonucleic acid (DNA). It is an enduring memory that has been maintained throughout evolution in multicellular organisms, including humans and is protected from external stimuli. Yang et al., (2014) have reported that genetic memory allows knowledge to be preserved in the DNA of living cells. 
According to some definitions, epigenetic memory is a heritable modification of behavior or gene expression brought on by a developmental or environmental event in the past (D'Urso & Brickner, 2014., Thiagalingam, 2020) without affecting the DNA sequence. Epigenetic markers encode epigenetic memory (Thiagalingam, 2020). Gene-specific DNA methylations, histone modifications and variations, transcription factors, non-coding RNAs (ncRNAs), chromatin remodeling factors, and other epigenetic memory factors are all epigenetic markers (Thiagalingam, 2020). 
Fitness can be impacted by phenotypic alteration caused by epigenetic memory (D'Urso & Brickner, 2014). It has been shown that defects in epigenetic variables and modifications are either causative or moderating in several diseases, including bipolar disorder and schizophrenia (Thiagalingam, 2020). 
4. DEVELOPMENT AND CONNECTIVITY OF CORTICAL HOMUNCULUS
The establishment of the homunculus, a schematic drawing reflecting the disproportional representation of the parts of the human body on the motor and somatosensory cortex, was an important milestone for the neurosciences. Eighty years ago, Penfield and Boldrey electrically stimulated the cortical surface of patients undergoing brain surgery. They used the patients’ subjective reports of somatosensory sensations to identify the representation of different body parts in the post-central gyrus, known as the primary somatosensory cortex (Penfield and Boldrey, 1937; Saadon et al. 2020). According to research findings and information from the literature, cortical homunculus formation is influenced by several factors, including neurovisceral integration, sensorimotor integration, genetics, and environmental events. A useful "map" is created by combining and refining these elements. The somatic and visceral organs are intricately linked to the functional "maps." Because of this interconnectedness, the homunculus and other body systems can interact in top-down and bottom-up directions. Highlights of these factors are given below.

4.1 Genetic and environmental factors

It is believed that genetic factors are the primary drivers in the formation of human cortical organization (Dall'Orso et al., 2018), beginning at 22 weeks of fetal gestation and continuing until the child is 2 years old (Abdel Razek et al., 2009). Early sensory experience is thought to direct the formation of neural circuitry in the cortex (Chanauria et al., 2018), and thalamic neuron activity during pregnancy is thought to control the development of functional cortical maps in mice (Antón-Bolaños, et al., 2019). Later experience-dependent mechanisms refine the cortical map and shape the local cortical network (Dall'Orso et al., 2018). By the end of the third postnatal week, the body maps start to resemble those of an adult (Seelke et al., 2012). Additionally, precision functional mapping (PFM) data from a human baby was shown to lack the inter-effector motif (foot, hand, and mouth); it was only detectable in an 11-month-old infant and was almost adult-like in a 9-year-old child (Gordon et al., 2023), further supporting the environmental effect.
Additional findings provide credence to the idea that genetic factors play a part in the development of cortical homunculus. Genetically driven spontaneous activities, based on genetically driven basic capacities (Fagard et al., 2018) are responsible for many of the observed spontaneously created fetal movement patterns (Einspieler et al., 2021). After the sixth week of pregnancy, the first discernible movements of the fetus appear (Fagard et al., 2018), indicating a genetic component. The surface touched moves away from the stimulator around 7–8 weeks of pregnancy because of reflexive reflexes to touch, which happen nearly as early as spontaneous motor behaviour (Fagard et al., 2018). The movements appear to exhibit an identifiable pattern of intentional activities by 22 weeks of gestation, which is indicative of an advanced level of motor planning, and it is coordinated and patterned (Zoia et al., 2007).

4.2 Sensorimotor integration
Sensory and motor signals integrate to ensure simultaneous sensorimotor action. The central nervous system (CNS) integrates sensory and motor information to acquire skilled movements, and the reciprocal interaction of the sensory and motor systems is a prerequisite for learning and performing skilled movements (Asan et al., 2022).
For sensory and motor signals to integrate, long-range reciprocal connectivity links sensory and motor cortical areas, thus forming sensory-motor cortical circuits such that there is the existence of motor signals in sensory areas and sensory signals in motor areas, implying that they operate as a distributed network (Itokazu et al., 2018). Injury to various nodes of the sensorimotor network causes impairment in movement execution and learning (Asan et al., 2022). 
4.3 Neurovisceral integration
Through the Central Autonomic Network (CAN), the CNS and the visceral communicate. To modify system homeostatic processes and produce allostatic adjustments to internal or external demands, the autonomic nervous system (ANS) and CNS merge at the CAN (Riganello et al., 2024). Somatic neurons project somatotopically to the sensory homunculus, while visceral afferents project to the caudal primary and secondary somatosensory cortices (Aziz et al., 2000). The insula cortex receives most viscerosensory input (Hassanpour et al.,2018). The viscera are arranged viscerotopically within the insular cortex (Aziz et al., 2000). The insular cortex is regarded as the terminal cortical station of interoception and other bodily signals and enables the consciousness of our body and the self (Berlucchi & Aglioti, 2010). 
According to Gordon’s somato-cognitive action network (SCAN) homunculus model (Gordon et al., 2023), the foot, hand and mouth exhibit strong functional connectivity to each other; to the cingulo-opercular network (CON); and to internal organs such as the adrenal medulla. Through this structural and functional connectivity to somatic and internal organs, the homunculus exercises control over the whole organism including the internal physiology.
5. A PROPOSED MODEL OF CORTICAL HOMUNCULUS FORMATION 
Every human being possesses genetic memory prenatally, and all learned memories are built on the genetic framework. The cortical homunculus is the result of the fusion and refinement of inherited and learned memories.
When considered as a whole, cortical homunculus may represent all integrated memory subsystems and be thought of as the universal memory repository. It is thought to be made up of sophisticated, integrated genetic and epigenetic sensorimotor memories as well as integrated learned sensorimotor memories. To put it another way, the cortical homunculus is the result of the integration and fine-tuning of our learned memories (which come from our everyday experiences) with our genetic memories, which come from our ancestry, and the epigenetic transfers that occurred during our evolutionary journey. Figure 1 is a simplified hierarchical model of cortical homunculus formation. 
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Figure 1:  A hierarchical schematic formation of the cortical homunculus. 
Stage1. Unimodal sensory signals are generated to subsequently pair with other unimodal sensory modalities. Motor signals are generated in response to sensory signals (shown by an arrow). At this stage, motor signals are essentially simple reflex loops.
Genetic memory is a direct, stable, and permanently transmitted history of human ancestors maintained in deoxyribonucleic acid (DNA) molecules. It is 99.99% the same throughout humans.
The integration of related motor impulses to generate motor memories and external sensory inputs to form integrated sensory memories is demonstrated in stage two. Environmental epigenetic variables influence the genome by modifying gene expression without altering the DNA's nucleobase sequence. 
The integration of inherited memory and acquired sensorimotor memory is demonstrated in Stage 3. Sensorimotor memory is encoded when multisensory signals combine with multiple integrated motor signals. As a result, motor signals exist in sensory areas and sensory signals exist in motor areas, and they function as a distributed network. The epigenetic factors may enter the germline and be transferred to the progeny along with the genetic memory as an inherited memory. The acquired memories then integrate with the inherited memory. 
The formation of the cortical homunculus is stage four. Additional epigenetic changes may be triggered by the environment to further alter gene expressions before the formation of the cortical homunculus. It is when the inherited and acquired memories are well integrated and refined that a functional cortical homunculus is formed. As a result, cortical homunculus is a universal repository for all memory subsystems since it is a connected acquired and inherited memory. The cortical homunculus stores the memories of every bodily part, centrally, enabling the homunculus to regulate every bodily system.

5.1 Cortical Homunculus as the central collection of bodily memories
According to Nguyen & Duong (2024), sensations that occur all along the body and the impulses from the body sent into the spinal cord and then to the thalamus are processed and sent to the postcentral gyrus of the cerebral cortex as a sensory “map” or cortical representation of the body. According to Haaland et al., (2019), cortical memory and cortical representation are interchangeable. 
It has been asserted too that the sensory circuits transform basic physical inputs—photons of light, sound waves, and chemical and mechanical forces—into complex stimulus representations and perceptions as reflected in the cortical homunculus in the somatosensory system (Ran et al.,2022). According to some theories, the combination of internal bodily signals from visceral organs (i.e., interoceptive bodily signals) and external bodily signals from the body (i.e., exteroceptive bodily signals) explains basic features of self-consciousness like self-identification and self-location as well as its perceived temporal continuity and global unity (Park & Blanke, 2019). It is also thought that a template of the entire body of everyone exists in his own brain.
There is also the consensus that the CAN facilitates bidirectional interactions between the CNS and ANS, allowing for the mapping, or representation of somatic and visceral organs in distinct cortical areas (Riganello et al., 2024, Aziz et al., 2000). Both sensory and motor information from somatic and viscera are carried via the integrated sensory-motor circuits, and this information is retained in the form of integrated representations in the cortex (Quak et al., 2015) as bodily memory. 
Taking together the findings and opinions of researchers, it is logical to speculate that the cortical homunculus is the fusion and refinement of inherited and learned memories as demonstrated in Figure 1. Cortical homunculus is then a collection of all memory subsystems in an individual expressed through sensory and motor behaviours. It is essentially a repository of all human memories, making it a "little human" present in every human brain. Consequently, it might be right to state that each human being is a compilation of their memories; probably responsible for the “individual differences" in behaviour. 

6. NEUROPSYCHIATRIC APPLICATIONS
Based on this theory, this article conjectures behavioural problems, including spatial neglect (SN), phantom phenomena, and many related diseases of CNS as disturbances of memory in the homunculus. These disturbances may arise from spontaneous, unconscious reflex retrieval of retained memory of a body part as in phantom or deactivation of synaptic ensembles/erasure of specific memory of body space as in spatial neglect.
Wesselink et al. (2022) reported that human neuroimaging research shows that the representation of the missing hand's individual fingers persists in the primary somatosensory (S1) cortex even decades after arm amputation and that the finger representation remained persistent despite peripheral input loss. This is because physically removing any body part (somatic or viscera) does not automatically remove its memory from the homunculus. The phantom of an amputee will persist until the central memory of the body part is also removed by central erasure, or the synaptic ensembles involved are centrally deactivated. The persistence of the finger memory may be because the memory is encoded in cortical synaptic ensembles, and as asserted by Chen et al., (2020), the memory has undergone systems consolidation so, it is intrinsically excitable and does not require extrinsic input for its excitability.
Conversely, disruption of cortical synaptic ensembles can deactivate or erase temporally or permanently some memory traces resulting in behavioural disturbances as in spatial neglect and anosognosia. Hemineglect and anosognosia seen in schizophrenia and stroke patients may either be due to central erasure of the sensory memory, or deactivation of the matching synaptic ensembles of the body part in the fronto-parieto-temporal network. Consequently, a specific insult or lesion to the cortical homunculus shows phenotypically as a denial of a body part or neglect of hemispace even in cases where that body part is physically present without sensory loss. Even though the neural mechanism is still theoretical, the consensus now is that SN is a disturbance of attentional networks, but consensus on the most efficacious therapy for SN is lacking (Zhang et al.,2020). Besides, attention and memory are interdependent; while attention determines what is encoded, memory guides what to attend to (Chun & Turk-Browne, 2007).

Since human behaviours are generally influenced by memory, treatments targeted at these disorders should modify specific ensembles by deactivation or reactivation, or selective erasure of offending memories to restore normal behaviours. Therefore, reactivating the corresponding synaptic ensembles or "inducing memory" of the affected body part by appropriate technology may be necessary for treating hemineglect phenomena. False memories have been successfully induced or incepted in lower creatures by Liu et al. (2013), and by Jelen et al. (2023) using optogenetics. Therefore, “induction of memory” of a body part that was ‘erased’ from the cortical homunculus may be possible to treat hemineglect patients.

7. Outlook and proof-of-concept

Some possibilities are worthy of consideration while we wait for what future studies will reveal. In this viewpoint, cortical homunculus is the central memory, akin to, a “softcopy” of a human being. We anticipate that, in the future, optogenetic technology, or related technologies, might eventually be able to replicate a person's early memories in the cortical homunculus into a device so that the memory can be "overwritten" when the person ages. This may cause biological renewal of senescence cells, offer a means of managing cortical degenerative conditions, and potentially prolong life. Lim et al. (2023) succeeded in storing digital information such as images in DNA. 
[bookmark: _Hlk179664802]One of the ways to verify and extend the validity of a theory is to make predictions and determine whether the evidence confirms the theory (Davis & Montag, 2009). Proof-of-concept (POC) aims to show that the proposed therapy interacts with its intended target, modifies the proposed mechanism(s) and affects the disease in question. The key idea of this theory is that cortical homunculus is the repository of all bodily memories and controls the memories of all component body parts including internal physiology. Whatever happens to any part of the homunculus manifests itself in the form of disordered motor or sensory behaviour in the organism. Using appropriate technology to selectively modify specific ensembles is expected to normalize the disordered behaviour of patients suffering from phantom phenomena or hemispatial neglect as well as similar cortical disorders. First applying such technology on experimental animals before extending it to humans is proposed and this will hopefully treat these disorders.   
It is hoped that this viewpoint will prompt more in-depth research in this direction of memory dynamics with the central focus of achieving human life elongation, or even attainment of immortality as a fulfilment of alchemic thought.

8. CONCLUSION

Cortical homunculus is the repository of all bodily memories; composed of acquired and inherited memories. To maintain bottom-up and top-down interactions, it is connected to the rest of the body contralaterally and ipsilaterally by neural pathways that keep a tight topographical relationship throughout the nervous system. Through these connections, it controls and regulates all body parts, including internal physiology. Many intractable behavioural syndromes are suspected to be linked to it, and their treatments may involve modifying the homunculus. 
It is also comparable to a "softcopy" of a human being, with our sensory and motor behaviours serving as the "softcopy output.” This offers a possibility of changing human fate in times to come through homunculus manipulations. 
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