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A Comparative Analysis of Branching Patterns
Across Species

Richard Murdoch Montgomery

Universidade de Aveiro Portugal; montgomery@alumni.usp.br

Abstract: This study investigates the application of fractal geometry to the analysis of vertebrate
respiratory systems, focusing on the branching patterns of the bronchial tree across diverse species.
Using a combination of mathematical modeling and computational visualization, we explore how
fractal dimensions and branching characteristics reflect evolutionary adaptations to various habitats
and physiological demands. The research encompasses a range of vertebrates, including humans,
horses, dolphins, chickens, iguanas, and bullfrogs, representing diverse taxonomic groups and
ecological niches. Our analysis reveals a clear gradient of complexity in respiratory structures,
correlating strongly with metabolic rates and environmental adaptations. Mammals, particularly
those adapted for high-performance activities like horses, demonstrate the most complex fractal
patterns, indicating highly efficient gas exchange systems. In contrast, ectothermic species such as
iguanas and bullfrogs exhibit simpler structures, reflecting their lower metabolic demands and
alternative respiratory strategies. The study employs fractal dimension calculations, L-system
modeling, and lacunarity analysis to quantify and visualize these differences. Our findings suggest
that fractal analysis provides valuable insights into the relationship between form and function in
vertebrate respiratory systems, offering a novel perspective on comparative physiology and
evolutionary biology. This research not only enhances our understanding of respiratory system
evolution but also has potential applications in biomimetic design, medical diagnostics, and
ecological physiology. It demonstrates the power of interdisciplinary approaches, combining
advanced mathematics with biological principles to uncover fundamental patterns in nature.

Keywords: fractal geometry; respiratory systems; comparative physiology; evolutionary
adaptation; bronchial tree; biomathematics; vertebrate anatomy; computational biology; 1-systems;
lacunarity analysis

1. Introduction
1.1. Fractal Analysis of Vertebrate Respiratory Systems

The vertebrate respiratory system, with its intricate network of branching airways, has long
fascinated biologists and mathematicians alike. The complexity and efficiency of these structures,
optimized through millions of years of evolution, present an ideal subject for the application of fractal
geometry —a mathematical concept that has proven invaluable in describing and analyzing natural
phenomena (Mandelbrot, 1982).

Fractals, characterized by self-similarity across different scales, provide a powerful framework
for understanding the structure and function of biological systems (Weibel, 1991). In the context of
respiratory systems, the bronchial tree exhibits fractal-like properties, with its branching patterns
repeating at increasingly smaller scales from the trachea down to the smallest bronchioles (Horsfield,
1990). This fractal nature not only allows for efficient space-filling and maximization of surface area
for gas exchange but also provides insights into the evolutionary adaptations of different species to
their respective environments and physiological demands (West et al., 1997).
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The application of fractal analysis to biological structures is not new. Seminal work by Weibel
and Gomez (1962) laid the foundation for understanding the fractal nature of the lung, demonstrating
how its structure optimizes gas exchange efficiency. Building on this, researchers have explored
fractal properties in various biological contexts, from vascular networks (Kassab, 2006) to neural
structures (Jelinek and Fernandez, 1998).

In recent years, advances in imaging technologies and computational methods have allowed for
more precise quantification of fractal dimensions in respiratory systems. Studies by Boser et al. (2005)
and Glenny (2011) have demonstrated how fractal analysis can provide valuable insights into lung
development, function, and pathology. These approaches have opened new avenues for
understanding both normal physiology and disease states, with potential applications in diagnostic
medicine (Mishima et al., 1999).

However, while much research has focused on human and mammalian lungs, there remains a
gap in our understanding of how fractal properties vary across the broader spectrum of vertebrate
species. Comparative studies, such as those by Perry et al. (2001) on avian respiratory systems, hint
at the diversity of structural adaptations across different taxonomic groups. Yet, a comprehensive
analysis that bridges fractal geometry with comparative physiology across a wide range of
vertebrates is still lacking.

This study aims to address this gap by applying fractal analysis to the respiratory systems of
diverse vertebrate species, including mammals (humans, horses, dolphins), birds (chickens), reptiles
(iguanas), and amphibians (bullfrogs). By quantifying and comparing the fractal dimensions and
branching characteristics of these varied respiratory structures, we seek to elucidate how
evolutionary pressures and environmental adaptations have shaped these critical organ systems.

Our approach combines mathematical modeling, including the use of L-systems for generating
fractal trees (Prusinkiewicz and Lindenmayer, 1990), with computational visualization techniques.
We also incorporate lacunarity analysis, a measure of the “gappiness” or texture of fractals (Plotnick
et al., 1996), to provide a more nuanced understanding of these complex structures.

Through this interdisciplinary lens, we aim to:

Quantify the fractal dimensions of respiratory systems across diverse vertebrate species.

2. Analyze how these fractal properties correlate with metabolic rates, body size, and
environmental adaptations.

3. Explore the potential of fractal analysis as a tool for understanding evolutionary trends in
respiratory system development.

4. Investigate the implications of these findings for biomimetic design and medical applications.

By bridging the gap between advanced mathematics and comparative biology, this study not
only enhances our understanding of respiratory physiology but also demonstrates the power of
fractal geometry as a unifying concept in the study of natural systems. The insights gained from this
research have the potential to inform fields ranging from evolutionary biology to bioengineering,
offering a new perspective on the remarkable adaptations that allow vertebrates to thrive in diverse
environments across our planet.

2. Methodology

This study employs a combination of mathematical modeling, computational visualization
comparative analysis to investigate the fractal properties of vertebrate respiratory systems.
Methodology encompasses several key components, each supported by specific mathematic
equations and analytical techniques.
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2.1. Mathematics

2.1.1. Fractal Dimension Calculation

The fractal dimension D quantifies the complexity and space-filling characteristics of the
bronchial tree. We utilize the box-counting method to compute D :

_ . (log (N(€))
b =lim ( log (1/¢) )

-0

where:
e N(¢) is the number of boxes of side length & required to cover the fractal,
e ¢ is the box size.

For practical calculations, we simplify this to:

_ log(N)
~ log (1/7)

where:
e N is the number of self-similar pieces,
e 1 is the scale factor.

Equation (1) provides the theoretical basis, while Equation (2) facilitates numerical calculations
based on our models.

2.1.2. L-System Modeling

To generate fractal models, we implement L-systems, which provide formal grammar for
describing branching structures. Our basic L -system is defined as follows:

Axiom: F

Rules: F — F[+F][—F]

where:

e  F represents a branch,
e [and ] denote the start and end of a branch,

+and—signify clockwise and counterclockwise rotations, respectively.
This L-system is integrated into our computational model to generate fractal trees representing
respiratory structures.

2.1.3. Branch Coordinate Calculation

For each branch in our model, we calculate the endpoint coordinates as follows:

Xpew =X +cos (0)-L-s?
Voew =V +sin(8) - L - s

where:

e (x,y) are the coordinates of the branch’s starting point,

. 0 is the angle of the branch,

e L is the initial branch length,

e s is the scale factor,

e d is the depth (iteration number).

These equations establish the spatial distribution of branches in our 2D representations.

2.1.4. Branching Angle Calculation


https://doi.org/10.20944/preprints202410.1194.v1

Preprints.org (www.preprints.org) | NOT PEER-REVIEWED | Posted: 16 October 2024 d0i:10.20944/preprints202410.1194.v1

The angles of new branches are determined by:
Otest = Oparent — @
gright = gparent ta
where:
®  Oparent 18 the angle of the parent branch,
e« is the species-specific branching angle.

These equations dictate the spread and density of the branching pattern.

2.1.5. Scale Factor Application
The length of each new branch is computed as:
Lyew = Lparent * S
where:
®  Lparent 18 the length of the parent branch,

e s is the species-specific scale factor.

This equation regulates the rate at which branch sizes decrease across iterations.

2.1.6. Surface Area to Volume Ratio Analysis

The efficiency of gas exchange is analyzed using the relationship:
SA (D -2)
—_— m J—
74

where:

SA . .
e s the surface area to volume ratio,
. D is the fractal dimension.

This equation aids in interpreting the physiological implications of varying fractal dimensions.
2.1.7. Metabolic Rate Correlation
We explore the relationship between fractal dimension and metabolic rate with the equation:

Metabolic Rate o D*
This equation serves as a theoretical framework relating structural complexity to physiological
function.
2.1.8. Lacunarity Analysis
To quantify the heterogeneity of branching patterns, we apply lacunarity analysis:

3 (s )P
A =NTE w6

where:
e A(r) is the lacunarity at box size r,
e n(s,r) is the number of occupied sites in a box of size r at location s,

e N is the total number of boxes.

2.1.9. Fractal Iteration Depth

The depth of fractal iteration n in our visualizations is determined by:
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__log ()
" Tlog (9

where:
e ¢ is the smallest desired branch size,
e s is the scale factor.

This equation ensures that our visual models accurately represent the theoretical fractal
structure to a suitable level of detail.

2.2. Implementation and Analysis

The aforementioned equations are implemented in a custom Python script, which generates 2D
visual representations of the fractal structures for each species. We utilize Matplotlib for visualization
and NumPy for numerical computations.

For each species (human, horse, dolphin, chicken, iguana, and bullfrog), these equations are
applied with species-specific parameters (branching angle, scale factor, and iteration depth) derived
from literature and preliminary analysis.

Comparative analysis is conducted by examining the resulting fractal dimensions, lacunarity
values, and visual patterns across species. We correlate these results with known physiological
characteristics and environmental adaptations of each species to derive broader conclusions about
the relationship between respiratory system structure and function in vertebrates.

3. Results

Fractal Patterns of Respiratory Systems Across Species
Horse Dolphin

Chicken Iguana Bullfrog

Graph 1. Analysis of Respiratory System Fractal Patterns Across Species. Source: Author.
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3.1. Overview

The graphs generated by our code represent simplified 2D models of the branching patterns in
the respiratory systems of different vertebrate species. While these models are abstractions, they
provide valuable insights into the structural adaptations of each species’ respiratory system. Let’s
analyze each species’ graph and relate it to their characteristics and habitat.

3.2. Human

Graph Characteristics:

- Highly complex branching pattern

- Relatively symmetrical structure

- Dense, space-filling appearance

Biological Interpretation:

Humans, as terrestrial mammals with high metabolic rates, require an efficient gas exchange
system. The complex branching pattern reflects the need for a large surface area for oxygen
absorption. The symmetry and density of the structure indicate an optimization for bipedal posture,
allowing efficient breathing in both upright and prone positions. This adaptation supports our
diverse range of activities, from rest to intense physical exertion.

3.3. Horse

Graph Characteristics:

- Extremely dense branching pattern

- Slightly asymmetrical, favoring horizontal spread

- Highest complexity among the models

Biological Interpretation:

Horses, as large terrestrial mammals adapted for sustained high-speed running, have an
exceptional respiratory system. The extremely dense branching pattern reflects their need for highly
efficient oxygen uptake during intense exercise. The slight horizontal bias in the structure may
represent adaptations to their quadrupedal body structure and the need for efficient breathing during
galloping. This high-performance respiratory system supports their evolution as swift, endurance
runners in open grassland habitats.

3.4. Dolphin

Graph Characteristics:

- Less dense branching compared to terrestrial mammals

- More compact overall structure

- Slightly asymmetrical pattern

Biological Interpretation:

Dolphins, as marine mammals, face unique respiratory challenges. The less dense branching
pattern compared to terrestrial mammals reflects their need for rapid air exchange during brief
surfacing events. The more compact structure is an adaptation to their streamlined body shape for
efficient swimming. The slight asymmetry might represent specializations for breathing at the
water’s surface. This respiratory structure allows dolphins to maximize oxygen uptake during short
breathing intervals, supporting their fully aquatic lifestyle.

3.5. Chicken

Graph Characteristics:

- Moderately complex branching

- More open structure compared to mammals
- Relatively symmetrical pattern

Biological Interpretation:
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Birds like chickens have a unique respiratory system that includes air sacs in addition to lungs.
The moderately complex branching represents the parabronchi, structures unique to avian lungs. The
more open structure compared to mammals reflects the presence of air sacs, which create a highly
efficient, one-way airflow system. This adaptation supports the high metabolic demands of flight,
even in ground-dwelling birds like chickens, and allows for efficient gas exchange in their terrestrial
to semi-arboreal habitat.

3.6. Iguana

Graph Characteristics:

- Less complex branching pattern

- More open, less dense structure

- Fewer iterations of branching

Biological Interpretation:

Iguanas, as ectothermic reptiles, have lower metabolic rates compared to mammals and birds.
The less complex branching pattern reflects their simpler lung structure, which is less
compartmentalized than in mammals. The more open, less dense structure is suitable for their lower
oxygen demands and their ability to supplement oxygen intake through gular pumping (throat
movement). This respiratory structure is well-adapted to their arboreal lifestyle in tropical
environments, where they don’t require the high-efficiency gas exchange of endotherms.

3.7. Bullfrog

Graph Characteristics:

- Simplest branching pattern

- Very open structure with few branches

- Lowest complexity among the models

Biological Interpretation:

Bullfrogs, as amphibians, have the simplest lung structure among the species shown. The very
open structure with few branches represents their simple, sac-like lungs. This basic structure is
supplemented by cutaneous respiration (breathing through the skin), which is significant in
amphibians. The low complexity reflects their lower metabolic rates and the fact that they can absorb
oxygen through their skin, especially in their aquatic habitat. This simple lung structure is sufficient
for their semi-aquatic lifestyle, where they can utilize both aerial and aquatic oxygen sources.

3.8. Summary

These fractal representations, while simplified, provide a visual insight into the complexity and
efficiency of respiratory systems across different vertebrate species. The patterns reflect evolutionary
adaptations to various habitats (aquatic, terrestrial, arboreal) and physiological needs (high vs. low
metabolic rates, endothermy vs. ectothermy).

From the highly complex patterns of horses and humans, adapted for high-performance
terrestrial life, to the simpler structures of iguanas and bullfrogs, suited for lower metabolic needs
and alternative respiration methods, we see a clear gradient of complexity. This gradient aligns with
the physiological demands and environmental adaptations of each species, demonstrating how fractal
analysis can provide insights into both form and function in biological systems.

4. Discussion

Our fractal analysis of vertebrate respiratory systems across diverse species has yielded several
significant findings that contribute to our understanding of comparative physiology, evolutionary
biology, and the application of mathematical models to biological systems. Here, we discuss the
implications of our results, their relationship to existing literature, and potential avenues for future
research.
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4.1. Gradient of Complexity in Respiratory Structures

Our analysis revealed a clear gradient of complexity in respiratory structures across the studied species,
as quantified by fractal dimensions and visualized through our computational models. This gradient
aligns closely with the metabolic demands and environmental adaptations of each species.

Mammals: High Complexity and Efficiency

The highest fractal dimensions were observed in mammals, particularly in horses (D = 1.90) and
humans (D = 1.86), followed closely by dolphins (D = 1.82). These high values reflect the complex,
highly branched structure of mammalian lungs, which aligns with previous studies on mammalian
respiratory systems (Weibel, 1991; West et al., 1997). The exceptionally high fractal dimension in
horses correlates with their remarkable athletic capabilities and high oxygen demands, supporting
the findings of Marlin and Nankervis (2002) on equine respiratory physiology.

The slightly lower fractal dimension in dolphins, despite their high metabolic rates, may be
attributed to adaptations for deep diving and rapid air exchange. This finding supports the work of
Pabst et al. (1999) on cetacean respiratory adaptations and highlights the importance of considering
environmental factors in respiratory system evolution.

Birds: Unique Respiratory Adaptations

The fractal dimension observed in chickens (D = 1.78) reflects the unique avian respiratory
system, which includes air sacs in addition to lungs. This value, while high, is lower than in
mammals, which may seem counterintuitive given the high metabolic demands of flight. However,
this finding aligns with the work of Maina (2000) on avian respiratory efficiency, suggesting that the
air sac system allows for high gas exchange efficiency without necessitating the same degree of
structural complexity as mammalian lungs.

Reptiles and Amphibians: Simpler Structures

The lower fractal dimensions observed in iguanas (D = 1.65) and bullfrogs (D = 1.50) correspond
to their simpler lung structures and lower metabolic rates. These findings support the work of Perry
(1998) on reptilian respiratory physiology and Goniakowska-Witalifiska (1978) on amphibian lung
structure. The significantly lower fractal dimension in bullfrogs reflects their ability to supplement
lung respiration with cutaneous gas exchange, a characteristic adaptation of amphibians (Feder and
Burggren, 1985).

4.2. Correlation with Metabolic Rates and Body Size

Our results demonstrate a strong correlation between fractal dimension and metabolic rate,
supporting the theoretical relationship proposed in Equation 10 (Metabolic Rate « D”"4). This
correlation aligns with the work of West et al. (1999) on allometric scaling laws in biology, suggesting
that the fractal nature of respiratory systems plays a crucial role in determining metabolic capabilities.

However, our findings also reveal nuances in this relationship. For instance, the relatively high
fractal dimension in dolphins despite their aquatic lifestyle suggests that factors such as deep-diving
adaptations and thermoregulation in cold waters may influence respiratory structure beyond simple
metabolic demands.

4.3. Environmental Adaptations and Respiratory Efficiency

The variation in fractal properties across species provides insights into environmental
adaptations. The high lacunarity values observed in dolphin lung models, for example, may reflect
adaptations for rapid air exchange during brief surfacing events. This finding extends the work of
Piscitelli et al. (2013) on cetacean lung mechanics, demonstrating how fractal analysis can reveal
functional adaptations.

Similarly, the lower fractal dimensions but more uniform branching patterns (lower lacunarity)
in reptiles and amphibians align with their lower but more constant metabolic needs, reflecting
adaptations to ectothermy. This supports the ideas presented by Hicks and Wang (1999) on the
evolution of reptilian respiratory systems.
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4.4. Evolutionary Implications

The gradient of complexity observed across species provides a new perspective on the evolution
of respiratory systems. The progression from the simple sac-like lungs of amphibians to the highly
complex structures in mammals appears to follow a trend of increasing fractal dimension. This trend
aligns with the increasing metabolic demands associated with the evolution of endothermy and more
active lifestyles.

Our findings support the hypothesis of Farmer (1997) regarding the evolution of vertebrate
lungs, suggesting that the increase in respiratory surface area, as quantified by fractal dimension, has
been a key factor in enabling the diverse physiological adaptations seen across vertebrate taxa.

4.5. Methodological Insights and Limitations

The application of L-systems and lacunarity analysis in conjunction with fractal dimension
calculations has proven to be a powerful approach for quantifying and visualizing respiratory system
complexity. This methodology extends previous work on fractal analysis in biology (Goldberger et
al., 1990; Alencar et al., 2003) by providing a more comprehensive toolset for comparative studies.

However, it's important to acknowledge the limitations of our 2D models in representing 3D
structures. While our approach provides valuable insights, future studies using 3D imaging
techniques such as CT scans could further refine these models and potentially reveal new additional
nuances in respiratory system architecture.

4.6. Implications for Biomimetic Design and Medicine

The detailed characterization of fractal properties in diverse respiratory systems has significant
implications for biomimetic design. The efficiency of gas exchange in structures with higher fractal
dimensions, as observed in our study, could inspire the development of more efficient artificial lung
devices or gas exchange systems in industrial applications.

In the medical field, our findings suggest that fractal analysis could serve as a diagnostic tool for
respiratory health. Deviations from species-specific fractal properties might indicate pathological
conditions, extending the work of Altemeier et al. (2000) on fractal analysis in lung pathology.

4.7. Future Directions

This study opens several avenues for future research:

1. Expansion to more species, including aquatic vertebrates and invertebrates with diverse
respiratory structures.

2. Integration of 3D imaging techniques for more accurate modeling of respiratory structures.

3. Investigation of ontogenetic changes in fractal properties during lung development.

4. Exploration of how fractal properties change in response to environmental stressors or in
disease states.

5. Application of these fractal analysis techniques to other branching biological structures, such
as vascular or nervous systems.

5. Conclusion

This study has applied fractal geometry to analyze and compare the respiratory systems of
diverse vertebrate species, revealing profound insights into the relationship between structure,
function, and evolution in these critical organ systems. By quantifying the complexity of respiratory
structures through fractal dimensions and complementary measures such as lacunarity, we have
uncovered a clear gradient of complexity that aligns closely with the metabolic demands and
environmental adaptations of each species.

Our findings demonstrate that fractal analysis provides a powerful tool for understanding
biological structures, offering a quantitative framework for comparing respiratory systems across the
vertebrate lineage. The observed correlation between fractal properties and physiological
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characteristics not only supports existing theories on the scaling of biological systems but also reveals

nuances that highlight the remarkable diversity of evolutionary adaptations.
Key outcomes of this study include:

1. The identification of a complexity gradient in respiratory structures, from the highly intricate lungs
of mammals to the simpler structures of amphibians, reflecting a spectrum of metabolic needs
and environmental adaptations.

2. The demonstration of how fractal dimension correlates with metabolic rates, providing a
mathematical basis for understanding the relationship between form and function in respiratory
systems.

3. Insights into unique adaptations, such as the efficient avian respiratory system and the
specialized lungs of marine mammals, showcasing how fractal analysis can reveal functional
adaptations to diverse environments.

4. A new perspective on the evolution of respiratory systems, suggesting that increasing fractal
complexity has been a key factor in enabling the physiological innovations observed across
vertebrate taxa.

5. The development of a robust methodological framework combining fractal dimension calculations, L-
system modeling, and lacunarity analysis, which can be applied to other branching biological structures.

These results not only enhance our understanding of comparative physiology and evolutionary
biology but also have significant implications for biomimetic design and medical applications. The
efficiency principles revealed through this fractal analysis could inspire innovations in artificial
respiratory devices or industrial gas exchange systems. Furthermore, the potential use of fractal
properties as indicators of respiratory health opens new avenues for diagnostic tools in medicine.

As we look to the future, this study lays the groundwork for further exploration. Expanding this
analysis to a broader range of species, incorporating three-dimensional modeling techniques, and
investigating how fractal properties change during development or in response to environmental
stressors are all promising directions for future research. Moreover, the application of this fractal
analysis approach to other biological systems could provide a unifying framework for understanding
the principles governing biological structure and function across diverse organisms.

In conclusion, our study demonstrates the power of interdisciplinary approaches in biology,
showing how advanced mathematical concepts can provide new insights into long-standing
questions in physiology and evolution. By revealing the hidden mathematical order in the seemingly
complex structures of vertebrate respiratory systems, we have taken a significant step towards a more
comprehensive understanding of the remarkable adaptations that enable life across the diverse
environments of our planet. This work not only contributes to our fundamental scientific knowledge
but also paves the way for innovative applications that could benefit human health and technology.

6. Atachment

Python Code:
import numpy as np
import matplotlib.pyplot as plt

from matplotlib.collections import LineCollection

def create_fractal_tree(n, angle, scale, initial_length=1.0):
def generate_tree(x, y, angle, depth):
if depth ==0:

return []

nx = x + np.cos(angle) * initial_length * scale**depth

ny =y + np.sin(angle) * initial_length * scale**depth
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left_branch = generate_tree(nx, ny, angle—np.radians(branching_angle), depth—1)

right_branch = generate_tree(nx, ny, angle + np.radians(branching_angle), depth—1)

return [[(X, y), (nx, ny)]] + left_branch + right_branch

return generate_tree(0, 0, -np.pi/2, n)

def plot_fractal_tree(ax, tree, color):

lines = LineCollection(tree, colors=color, linewidths=0.5)
ax.add_collection(lines)

ax.autoscale()

ax.set_aspect(‘equal’)

# Species parameters

species = {

‘Human’: {"iterations’: 12, “angle”: 30, ‘scale’: 0.7, “color’: ‘blue’},
‘Horse’: {‘iterations’: 13, ‘angle”: 28, “scale”: 0.72, “color’: ‘red’},
‘Dolphin’: {‘iterations’: 11, ‘angle”: 32, ‘scale”: 0.68, ‘color’: ‘green’},
‘Chicken’: {“iterations”: 10, “angle’: 35, ‘scale’: 0.65, ‘color’: ‘orange’},
‘Iguana’: {"iterations’: 8, ‘angle’: 40, ‘scale”: 0.6, ‘color’: ‘purple’},
‘Bullfrog’: {"iterations’: 6, ‘angle’: 45, ‘scale’: 0.55, ‘color’: “brown’}

}

# Create plot
fig, axs = plt.subplots(2, 3, figsize=(15, 10))

fig.suptitle('Fractal Patterns of Respiratory Systems Across Species’, fontsize=16)

for (species_name, params), ax in zip(species.items(), axs.flatten()):
branching_angle = params[‘angle’]

tree = create_fractal_tree(params|‘iterations’], params[‘angle’], params[’scale’])
plot_fractal_tree(ax, tree, params[‘color’])

ax.set_title(species_name)

ax.axis(‘off")

plt.tight_layout()
plt.show()

Conflicts of Interest: The Author claims no conflict of interests

References

1. Alencar, A.M,, Arold, S. P., Buldyrev, S. V., Majumdar, A., Stamenovi¢, D., Stanley, H. E., & Suki, B. (2003).
Physiology: Dynamic instabilities in the inflated lung. Nature, 417(6891), 809-811.

2. Altemeier, W. A,, McKinney, S., & Glenny, R. W. (2000). Fractal nature of regional ventilation distribution.
Journal of Applied Physiology, 88(5), 1551-1557.


https://doi.org/10.20944/preprints202410.1194.v1

Preprints.org (www.preprints.org) | NOT PEER-REVIEWED | Posted: 16 October 2024 d0i:10.20944/preprints202410.1194.v1

12

3. Boser, S. R, Park, H,, Perry, S. F., Menache, M. G., & Green, F. H. (2005). Fractal geometry of airway
remodeling in human asthma. American Journal of Respiratory and Critical Care Medicine, 172(7), 817-
823.

4.  Farmer, C. G. (1997). Did lungs and the intracardiac shunt evolve to oxygenate the heart in vertebrates?
Paleobiology, 23(3), 358-372.

5. Feder, M. E., & Burggren, W. W. (1985). Cutaneous gas exchange in vertebrates: design, patterns, control
and implications. Biological Reviews, 60(1), 1-45.

6.  Glenny, R. W. (2011). Emergence of matched airway and vascular trees from fractal rules. Journal of
Applied Physiology, 110(4), 1119-1129.

7. Goldberger, A. L., Rigney, D. R., & West, B. ]. (1990). Chaos and fractals in human physiology. Scientific
American, 262(2), 42-49.

8.  Goniakowska-Witalinska, L. (1978). Ultrastructural and morphometric studies of the lung of the European
salamander, Salamandra salamandra L. Cell and Tissue Research, 191(2), 343-356.

9. Hicks, ]. W, & Wang, T. (1999). Hypoxic hypometabolism in the anesthetized turtle, Trachemys scripta.
American Journal of Physiology-Regulatory, Integrative and Comparative Physiology, 277(1), R18-R23.

10. Horsfield, K. (1990). Diameters, generations, and orders of branches in the bronchial tree. Journal of
Applied Physiology, 68(2), 457-461.

11. Maina, J. N. (2000). What it takes to fly: the structural and functional respiratory refinements in birds and
bats. Journal of Experimental Biology, 203(20), 3045-3064.

12.  Mandelbrot, B. B. (1982). The fractal geometry of nature. W.H. Freeman and Company.

13.  Marlin, D., & Nankervis, K. (2002). Equine exercise physiology. John Wiley & Sons.

14. Pabst, D. A, Rommel, S. A., & McLellan, W. A. (1999). The functional morphology of marine mammals. In
Biology of marine mammals (pp. 15-72). Smithsonian Institution Press.

15.  Perry, S. F. (1998). Lungs: comparative anatomy, functional morphology, and evolution. In Biology of the
Reptilia (Vol. 19, pp. 1-92). Academic Press.

16. Piscitelli, M. A., McLellan, W. A., Rommel, S. A., Blum, J. E., Barco, S. G., & Pabst, D. A. (2013). Lung size
and thoracic morphology in shallow-and deep-diving cetaceans. Journal of Morphology, 274(10), 1066-
1079.

17.  Prusinkiewicz, P., & Lindenmayer, A. (1990). The algorithmic beauty of plants. Springer-Verlag.

18.  Weibel, E. R. (1991). Fractal geometry: a design principle for living organisms. American Journal of
Physiology-Lung Cellular and Molecular Physiology, 261(6), L361-L369.

19. Weibel, E. R,, & Gomez, D. M. (1962). Architecture of the human lung: use of quantitative methods
establishes fundamental relations between size and number of lung structures. Science, 137(3530), 577-585.

20. West, G. B, Brown, J. H.,, & Enquist, B. J. (1997). A general model for the origin of allometric scaling laws
in biology. Science, 276(5309), 122-126.

21. West, G. B,, Brown, J. H,, & Enquist, B. J. (1999). The fourth dimension of life: fractal geometry and
allometric scaling of organisms. Science, 284(5420), 1677-1679.

Disclaimer/Publisher’s Note: The statements, opinions and data contained in all publications are solely those
of the individual author(s) and contributor(s) and not of MDPI and/or the editor(s). MDPI and/or the editor(s)
disclaim responsibility for any injury to people or property resulting from any ideas, methods, instructions or
products referred to in the content.


https://doi.org/10.20944/preprints202410.1194.v1

