


Continuing Medical (Anatomy) Education Series- Three-Dimensional Printing as Ancillary Human Anatomy learning aid.



ABSTRACT
[bookmark: _Hlk197850478]Anatomy is one of the keystones in understanding the human body in both health and diseases. Thus it is absolutely necessary for anyone aspiring to be actively involved as a care giver be him/her as Doctor, Dentist or allied health professional to be well grounded in the knowledge and application of human anatomy as demanded by the appropriate health profession.
[bookmark: _Hlk197850526]Teaching and learning of anatomy entails didactic lectures, small group tutorials cum discussions, cadaveric dissection, audiovisuals and interactive models and mannequins.
Three dimensional (3D) printing technology, using diverse materials has evolved to develop anatomy models that have impacted greatly in the teaching and learning of human anatomy.
This paper captured the relevance, significance and benefits of 3D printing to anatomy education. It also touched on challenges limiting its deployment in low and middle income economies.
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INTRODUCTION
The “Word” Anatomy is of dual origin, Anatemnein (Greek) and Anatomia (Latin) meaning to cut up or dissect parts [1]. Human anatomy is considered to be the cornerstone of medicine [2]. Anatomy as a subject, is the major component of the preclinical segment of medical education [3]. Traditional methods being currently utilized in Anatomy education include didactic lectures, two dimensional images in prints and texts, cadaveric dissection, prosection, osteology, histology slides, embryology models, radiographic films and surface anatomy [4]. With advancing technology, computer based learning and three dimensional (3D) printed models have opened new possibilities for immersive and interactive learning experiences [5,6]. According to 3D printing.com (2024), “3D printing or additive manufacturing is a process of making three dimensional objects from a digital file. The creation of a 3D printed object is achieved using additive processes. In an additive process an object is created by laying down successive layers of material until the object is created” [7]. 3D printing entails quite a number of technologies that include stereolithography (SLA), polyJet (PJ), fused deposition modelling (FDM), selective laser sintering (SLS) and binder jetting (BJ) [8].
The first recorded use of 3d printing in healthcare was by one Dr Anthony Atala of the Wake Forest School of Medicine. He was a member of the Wake Forest Institute for Regenerative Medicine. He conducted experiments in rudimentary 3D printing using a basic inkjet desktop printer to develop machines capable of printing customized scaffolds for human organs [9]. 3D printing was patented in 1984 by the trio of A Le Méhauté, O De Witte and JC André [10]. 
The 3D printed models can have detachable components thus enhancing a hands-on approach to learning which permits the learner to explore the intricacies of anatomical structures via direct examination and manipulation [10]. According to Sawant S. P. et al It is time to re-assert the role of teacher as a multifaceted individual who contributes to learning inside and outside the classroom [11].  

 

RELEVANCE OF ANATOMY EDUCATION 
This section highlights the contributions of anatomy education to various human endeavours.
Human anatomy deals with the study of the structure and organization of the human body and is the   cornerstone of various fields in the medical and allied-health professions. Thus being well grounded in anatomy is crucial to the understanding of the functions of the body, disease diagnosis and effective treatment planning [12]. 
- In radiology, plain radiographic (X-rays) films and Computed tomography (CT) scan can reveal structural deviations or alterations indicative of pathology. This knowledge leads to early interventions and also guides the development of appropriate treatment plans [13,14].
- In minimally invasive surgical procedures, a thorough knowledge of the location of and relationship between contiguous structures and organs, blood vessels and nerves is crucial for the avoidance of iatrogenic injuries, complications and to ensure patient safety 
- In drug development, understanding the target organs and their physiology is necessary for the formulation of drugs that can effectively reach the intended sites of action while minimizing side effects.
- In Physiotherapy, the knowledge of anatomy is deployed by the physical therapists to solve clinical problems by assessing injuries and developing rehabilitation plans [15].
- In Sports, where athletes and coaches alike can benefit from understanding anatomy to optimize performance and prevent injuries. Understanding of muscle anatomy helps in designing effective training programs and analyzing movement patterns [16]. This is evidenced in the sports niche on social media where some anatomical terms are used in description of various activities.
- In arts, artists and illustrators are enjoined to have a reasonable understanding of anatomy in order to create realistic and accurate depictions of the human body [8]. The statue of David by Michelangelo created during the renaissance, resulted from intense anatomical studies as the period was also a time of great advancement in anatomical knowledge [3].  
 
PESPECTIVE AND EVOLUTION OF 3D PRINTING IN ANATOMY EDUCATION
Historically, anatomy education dated back to the ancient civilization in Egypt, Greece and Roman. Due to moral and religious considerations, early anatomists worked largely on animals and sparingly performed human cadaveric dissections. Notable contributors in gross anatomy, embryology and neuroanatomy include Hippocrates, Aristotle, Herophilus, Erasistus, Galen and Muhammad Al-Razi  
and their contributions are still of great relevance till date.
Major advancements in the knowledge of anatomy occurred during the renaissance period from the detailed anatomical illustrations and dissections by the likes of Andreas Vesalius and Michael Servetus. They laid the foundation for modern anatomy. 
The earliest form of 3D printing was developed in the 1980s and the first 3D printing technology, stereolithography (SLA), was invented by Chuck Hull in 1984. He founded 3D Systems and released the first 3D printer, the SLA-1, in 1987. His innovation gave rise to other 3D printing technologies in the late 1980s and early 1990s, such as fused deposition modeling (FDM), selective laser sintering (SLS), and polyjet. All these technologies use different materials and methods to create 3D objects layer by layer. It is worthy of note that 3D printing is increasingly sophisticated and attracting users from diverse sectors of human endeavours. 
As earlier stated,3D printing was patented in 1984 by A Le Méhauté, O De Witte and JC André in France and its first use in health care was by Anthony Atala. However, the widespread adoption of 3D printing technology did not occur until the late 20th century, primarily due to high costs and limited accessibility. 
In view of the fact that 3D printing allows for the creation of very accurate three-dimensional models of anatomical structures based on digital data from medical imaging techniques such as CT scans and MR images, it offers a promising solution to the limitations of traditional anatomy education. [17].   
The earlier models of 3D printers were for industrial purposes and relied on stereolithography. In recent times, there has been increase in accessibility and newer models that use fused deposition modeling (FDM), a process that involves building parts layer by layer from the bottom up, by heating and depositing thermoplastic filament, directly from 3D CAD file and this has made 3D printing more practical for educational applications [18,19].
The earliest applications of 3D printing in anatomy education focused on creating bone models. These afforded the students access to tangible representations of skeletal frame work that could be studied from several angles. However, with technological advancement, more complex organs like the heart were created and thus providing a way to understand the intricate structures of organs [5].
With the passage of time, more real time anatomical models have been developed. These include (i) 
 multi-material printing which uses different materials to simulate the diverse tissues and structures found in the human body [17]; (ii) interactive models which is integrated with virtual reality technologies to provide students with immersive and interactive learning experiences and (iii) personalized models which are patient-specific used for surgical planning and patient education [5].

CONTRIBUTIONS OF 3D PRINTING TO ANATOMY EDUCATION.
The contributions of 3D printing to anatomy education include but not limited to:- 
· Provision of a more engaging and interactive learning environment. This will improve understanding of functions and relationships through visualisation and manipulation of anatomical structures in three-dimension [10]. This invariably enhances memory recall of complex anatomical details.
· It offers high precision replication of both the external and internal structures and systems of human anatomy.
· It permits tactile engagement with anatomical structures this reinforces learning which invariably leads to knowledge acquisition.
· It allows for visualization at multiple angles thus improving interaction and hands-on experience. 
· It can be tailored towards specific need of the learner.
· In places where access to cadavers is a major issue, 3D printing offers a better alternative. Also, there is no ethical consideration in acquisition and deployment of 3 D technology as opposed to cadaveric dissection.
· Exposure of students to 3D printing has been documented to improve test performance and learning satisfaction amongst students [20].
· Simulation of clinical, medical and surgical procedures. This is of relevance to both undergraduate and postgraduate medical training. 
· Excellent presentations of congenital anomalies and relate them with functional disruptions, examples include gastroschisis, tracheoesophageal fistula and cardiac defects.
· Three-D printed models can be used for parallel comparison of pathologic and non-pathologic states of organs and organ systems. This will enhance better understanding of aetiopathogenesis of diseases
· Models with tactile markers and Braille labeling are available for the visually impaired learners thus making anatomy education accessible to them.
TYPES OF 3D PRINTED ANATOMY MODELS
Prior to discussing the available 3D printed models for anatomy education, it is pertinent to mention briefly the techniques in use for 3D printing-:
 i). Fused Deposition Modeling (FDM): this technique uses thermoplastic materials like PLA or ABS to build up layers and form detailed body structures. This is commonly used for skeletal models.
 (ii) Stereolithography (SLA): This process uses liquid resin and ultraviolet lasers to create highly precise models to produce more detailed models. This is often used for small and intricate bones.
 (iii). Selective Laser Sintering (SLS): This is used for more robust and durable models, typically in research or surgical practice settings.
The major categories of 3D printed anatomy models are
1- Skeletal models
2 Muscle models
3. Organ models
4. Interactive models.

SKELETAL MODELS
This category includes:
 a) Full skeleton model that offers detailed representations of the entire human skeletal framework. All the 206 bones of the adult skeleton are created with exactness and precision. Features of this model are (i) Anatomical accuracy with respect to bone thickness, curvature and size.
 (ii) Full articulation i.e. possession of movable joints which allows for demonstration of joint motions.
(iii) Detachable parts, this allows for removal of individual bones for more detailed self-study,
(iv) Scale and size- Models range from life-size skeleton to smaller desktop versions. Some are designed for portability and ease of storage and often mounted on stands with casters for easy movement.
b) Bone structure models. These are detailed 3D representations focusing on the internal and external structures of bones. They are used to study the various layers, shapes and connections within the skeletal system allowing for a deeper understanding of how bones function individually and collectively.
Features of Bone structure models are-:
1. External bone anatomy: 
· Surface landmarks:  such as ridges, grooves, and processes. For example, the femur model displays sites for muscle attachment, grooves for blood vessels and articulating surfaces. 
· Bone shapes: Different bones in the body have characteristic shapes (e.g., long bones, flat bones, and irregular bones). Models reflect these shapes, helping users understand the function and role of each bone type.
· Cancellous and compact bone: The outer dense layer (compact bone) and the inner spongy structure (cancellous bone) are often represented in these models, helping users grasp the differences in bone strength and resilience.
2. Internal bone structure:
· Cross-sectional views: Some models are designed to show cross-sections of bones, allowing for the study of the internal composition, including bone marrow cavities, trabeculae (spongy bone tissue), and cortical (dense) bone layers.
· Bone marrow: This model highlights the inner structure of bones where bone marrow resides, particularly in long bones like the femur. Bone marrow models may show the production of blood cells and its role in the body's immune function.
· Haversian system (Osteons): In this variety, emphasis is on osteons, the fundamental units of compact bone. This model illustrates how blood vessels and nerves pass through the Haversian canals, providing a detailed look at bone physiology.
3. Articulating Joints:
·  Joint models: Bone structure skeletal models often include the ends of bones with articulating surfaces to demonstrate how bones interact in joints. For example, models of the femur and tibia might show how they connect at the knee joint, including the cartilage and synovial fluid that allows smooth movement.
·  Joint Capsules: Some models also include representations of ligaments and joint capsules that help stabilize bones, offering a comprehensive view of bone-to-bone interactions and mobility.
4. Developmental Models:
·  Bone Growth and Development: Models showing the stages of bone growth, including the presence of growth plates (epiphyseal plates), are useful in teaching about bone formation during childhood and adolescence.
· Ossification Process: These models demonstrate the transition from cartilage to bone during the process of ossification, helping learners understand how bones grow and develop over time.

5.Pathological Variants:  
These are 3D representations of bones and skeletal structures that exhibit abnormalities or diseases. They are used in medical education, research, and clinical settings to demonstrate how various bone-related diseases, conditions, or traumas affect the human skeleton. 
· Fracture Models: Pathological skeletal models often depict various types of bone fractures to help in the study and treatment of trauma-related injuries. These models can show:
--Simple Fractures: A clean break that doesn't penetrate the skin, often represented in long bones like the femur or humerus.
--Compound (Open) Fractures: A fracture where the broken bone pierces through the skin, creating a more complex injury.
--Comminuted Fractures: A break where the bone is shattered into multiple pieces, commonly seen in severe trauma cases.
--Greenstick Fractures: Incomplete fractures where one side of the bone bends and the other side breaks, typically seen in children due to softer bones.
--Stress Fractures: Small cracks in bones that result from repeated stress or overuse, often depicted in models of the lower limbs (e.g., tibia or metatarsals).
· Osteoporosis Models: Osteoporosis is a condition where bones become weak and brittle due to a loss of bone density. Pathological skeletal models showing osteoporosis typically highlight: {i} Bone Density Loss: Models often compare healthy bones with osteoporotic bones, showing a decrease in bone mass and a porous, fragile structure in the affected bones.
{ii} Fracture Risk: The models may demonstrate common fracture sites in osteoporotic patients, such as the hips, spine, and wrists, indicating the susceptibility of bones to break under minor stress.
·  Spinal Compression: Some models depict vertebrae with compression fractures, a hallmark of osteoporosis, showing the collapse of the bone structure.
· Arthritis Models: Arthritis models focus on the effects of joint degeneration and inflammation, particularly in conditions like osteoarthritis and rheumatoid arthritis:
· Osteoarthritis models: These show the gradual wearing out of cartilage between bones, leading to joint space narrowing, bone-on-bone contact, and the formation of bone spurs (osteophytes). Common joints depicted include the knees, hips, and hands.
· Rheumatoid arthritis models: They display joint deformities caused by chronic inflammation, including bone erosion and synovial thickening. These models often focus on the hands and feet, where the symptoms are most pronounced.
· Degenerative Joint disease: Models may show advanced stages of joint degeneration, including severe cartilage loss, irregular bone surfaces, and cyst formation.
· Scoliosis Models:
---Curvature of the Spine: Scoliosis models illustrate the different types of spinal curvatures, such as thoracic (upper back) or lumbar (lower back) scoliosis, highlighting the unnatural "S" or "C" shapes.
----Rotational Deformities: Some models include the twisting of the vertebrae, which is common in more severe cases of scoliosis
----Impact on Ribcage and Pelvis: Scoliosis models often demonstrate how the curvature of the spine affects the alignment of the ribcage, pelvis, and shoulders.

· Kyphosis and Lordosis Models: 
---Kyphosis: This condition involves an exaggerated outward curve of the thoracic spine, leading to a hunched back. Pathological models show the vertebrae's curvature and how it affects posture.
---Lordosis: Excessive inward curvature of the lumbar spine, commonly depicted in models of the lower back, demonstrates how this abnormality affects balance and mobility.

· Bone Tumor Models: 
Bone tumors, both benign and malignant, are depicted in skeletal models to show how cancerous growths affect bone structure:
----Benign Tumors models. These models depict benign tumours as overgrowth of cartilage or bone without invasion of adjoining tissue.
   -----Osteosarcoma Models: Osteosarcoma, a common form of bone cancer, is represented in models by showing abnormal growths in long bones, often in the legs or arms. These models highlight bone destruction and the irregular tumor margins typical of the disease.
 -----Metastatic Bone Disease: Models show how cancers that originate in other parts of the body (e.g., breast or prostate cancer) spread to bones, causing lesions, fractures, and bone degradation.

· Congenital Skeletal Disorders: 
---Achondroplasia: This is a form of dwarfism caused by a genetic disorder affecting bone growth. Models depict shortened long bones, particularly in the arms and legs, along with a prominent forehead and underdeveloped midface.
---Osteogenesis Imperfecta: Also known as brittle bone disease, these models show bones that are abnormally fragile and prone to fractures, often from mild trauma. Models may also display deformities due to repeated fractures.
----Clubfoot: Some models show the bone structure of individuals with congenital clubfoot (talipes equinovarus), where the foot is twisted out of shape.

· Rickets and Osteomalacia Models: 
--- Rickets affects bone development in children due to vitamin D deficiency, leading to soft and weak bones. Pathological models of rickets demonstrate bowing of the legs, widened growth plates, and irregular bone formation in long bones.
---Osteomalacia affects adults and is characterized by the softening of bones due to inadequate mineralization. Models show how the bones lose structural integrity, leading to fractures and bone pain.



MUSCLE MODELS
Muscles constitute a group of connective tissue responsible for gross, fine and intrinsic motions of the human body or its constituent parts and organs and are of three broad categories namely skeletal, smooth and cardiac.
The available 3D printed muscle models include-:
· Muscle Layer Models:  These are designed to depict the organization of muscles in layers arranged from superficial to deep. They also show relationship between muscles; and neurovascular structures, bone and fascial septa. Some of them have detachable components that allow for more intensive and interactive study by the learner. They also offer clear demonstration of points of attachments of the tendons thus making the appreciation of the movements caused by the contraction of the muscles to become easier. In their design, due cognisance is given to muscle texture, size and position. Colour coding may be deployed to differentiate the superficial group from the deep.
· Some models are designed for individual muscle, functional details and microstructure.
· Muscle Fibre Model: This gives a detailed anatomical representation focusing on the microscopic structure of muscle tissue, particularly the myocytes that make up the larger muscle bundles. This model is designed to illustrate how muscle fibres function at the cellular level. This model offers better visualization and appreciation of sarcomeres, actin and myosin filaments, T-tubules and sarcoplasm reticulum, how each muscle fibres are covered by three layers of connective tissues (endomysium, perimysium and epimysium); and neuromuscular junction where nerve stimulation results in muscle contraction. 
· A muscle and tendon connection model is a detailed anatomical representation that focuses on illustrating how muscles are connected to bones via tendons. This model highlights the myotendinous junction which is the point of transition from muscle to tendon and also the muscle-bone interface. Other features include tendon sheaths and bursae.
ORGAN MODELS.
These are available as individual organ or organ system. Either of these is also available as normal and pathological organ model. These models present detailed illustrations of the external and internal features, the pattern of distribution of the branches of the artery that supplies the organ, the venous and lymphatic drainage network within the organ, autonomic innervation of the organ. For pathological organ models, the areas of vascular blockage or occlusion, infarcted or necrotic portions and tumourous growth are well delineated depending on the pathology under consideration. Some organ models have colour coding in order to highlight different parts. Also some have detachable parts for ease of interactive engagement. Some models are designed to depict only the segments or lobes of the organ such the lung and liver.
Some pathological models offer side by side comparison with the normal anatomy there by enhancing the understanding of the pathological process.

INTERACTIVE MODELS
These are non-static i.e. they are dynamic. They can undergo varying degrees of rotation, flexion and extension. They assist in relating function to structure and also afford hands-on involvement of the trainee. Also some of these models are fitted with reality or digital elements that permit the trainee to simulate bodily functions, diseases and surgical procedures.

 CUSTOMIZABLE MODELS
These models are tailored towards specific needs of the trainees. They offer flexibility in operability there by enabling the addition, removal or rearrangement of parts to explore various aspects of the human body, organs or systems. Other peculiarities of customizable models include modular design, layering capabilities, functional adaptation and interactive.


THE PROCESS OF THREE-DIMENSIONAL PRINTING
The process of printing involves quite a number of distinct technologies such as fused deposition modelling, stereolithography, digital light processing, selective laser sintering. Which ever technology is employed, the underlying concept remains layering of the constituent parts.
  
An illustration of stereolithography will be used to exemplify 3-D printing.
[image: {98168AD7-1817-4672-9651-0AB9864566D7}]
Fig 1- The working of SLA 3D printer
1. Laser Source: this emits a light amplification by stimulated emission radiation (LASER) beam that solidifies the liquid material to form the three-dimensional object.
2. The Elevator: this responsible for the layering through up and down motions of the platform.
3. Vat: is the reservoir for the liquid material.
4. Layered Parts: this is the printed object produced from deposition of the material in a layered manner. 
5. Material: this is the substance used for production, it is resin in case of SLA printer and it could be gold, silver, ceramics and bioorganics for other types of printers.
 
The concluding segment of this write-up will dwell on the educational benefits and practical application of 3-D printing.
· Enhancement of spatial understanding- 3-D printing technology improves the spatial understanding of human anatomy over what is obtained with the two dimensional images. Being able to hold and rotate the models offers a better understanding of the relationships between tissues, organs and systems [20]. A deeper understanding of human anatomy is enhanced by the ability of 3D printing to narrow the gap between theoretical knowledge and physical manipulation [21].
· Improved engagement and retention- It has been proven through structured studies that learning with the aid of 3D printed model improves engagement of students and retention of anatomy education [6,16]. This is also made possible by unlimited access offered by 3D printed models [21].
· Utilization in clinical training- 3 D printed models are used to demonstrate clinical procedures such as cardiac valvular replacement and hip replacement surgeries. This affords the trainee to reasonably perfect the act before progressing to the actual surgical procedures in human patients thus reducing errors, iatrogenic injuries and postoperative complications [15,17,22].
· Multidisciplinary corporation and collaboration- The 3D printing requires input from medicine, engineering, technology and visual art. This results in multidisciplinary collaboration and corporation. 
Conclusion
It is obvious that the introduction of 3D printing technology into human anatomy education has contributed immensely to the understanding, appreciation and application of anatomy to human health.
However, there are some challenges limiting its global adoption. Such challenges include affordability, technical expertise and its limited application to variants in anatomy.
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