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Abstract 

The emergence of novel vertebrate body plans and endothermy remain central questions in 

evolutionary science. Although gene regulatory networks provide powerful explanatory 

frameworks, the contribution of systemic physiology to vertebrate evolution warrants further 

investigation. Here, a hypothetical circulation-based model is proposed that integrates the redox 

and magnetic properties of blood with circulatory architecture. 

The circulation is modelled as a redox-balanced, one-way oxygen delivery scaffold that broadly 

reflects the vertebrate segmental body plan. It is hypothesized that an oxygenated shunt within an 

ancestral, fish-like single-loop circulation generates a kinematically coupled ‘loop-in-loop’ 

dynamic. The evolvable scaffold adjusts to maintain a balanced state of redox eustress, 

influencing cardiorespiratory topology and the distribution of intersegmental blood flow. With 

greater air breathing dependence and strengthening of the loop-in-loop, transition from this 

archetypal tetrapodal circulatory format to the double-looped circuits of mammals and birds is 

achieved.  

This circulation-based ecophysiological framework is examined in relation to extant vertebrate 

anatomy and comparative evolutionary and developmental evidence.  Planck’s equation is used 

in calculating the thermogenic potential associated with  heme oxygenation within the lungs as 

compared to the gills or with cutaneous oxygenation. 

The model is restricted to the physical properties of circulating blood and does not explicitly 

incorporate mitochondrial metabolism, genomic regulation, or other biological processes. It is 

presented as a testable hypothesis rather than a causal explanation of vertebrate evolution. If 

supported by empirical investigation, this framework may complement existing evolutionary and 
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developmental models by identifying potential physiological mechanisms relating to vertebrate 

body plan organization and thermal physiology. This knowledge may add to predicting how 

organisms may respond to climate change and may provide further insights into evolutionary 

medicine and developmental disorders. 
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Introduction  

The closed, one-way circulation of redox-active blood is fundamental to vertebrate life 

(Monahan-Earley et al. 2013). Oxygen is delivered by blood in a biophysically optimised manner 

to fuel intracellular redox processes (Forjaz et al. 2026). With oxygen dissociation, blood 

switches from diamagnetic to paramagnetic, dramatically altering its visible light absorption 

properties, and thus its outward colour (Pauling and Coryell 1936). These characteristics of 

blood reverse with reoxygenation in the pharyngeal-based gills, buccocutaneous system and/or 

lungs. 

From ectothermic fishes to endothermic mammals and birds, the living organism is actively 

maintained in a state far from thermodynamic equilibrium, and a whole-of-body, spatiotemporal 

redox eustress exists (Jones 2024). Notably, estimates based on whole-body cell counts indicate 

that red blood cells comprise approximately 70-80% of all cells in the human body (Bianconi et 

al 2013; Hatton et al. 2023). It is therefore postulated that the circulation of redoxing blood plays 

a significant role in whole-body redox balance and the evolving body plan. 

In fishes, the heart and gills, like the body, are sagittally bisymmetric. Deoxygenated blood from 

the body drains to a central atrium and is then ejected through the single ventricle heart to the 

gills. Newly oxygenated, the blood runs on to perfuse the body - it is not reaccelerated (Graham 

1997). Notionally, it is a single-looped circuit.  

In mammals and birds, the four-chambered heart is suspended asymmetrically within the thorax. 

Deoxygenated blood from the body drains to the right atrium and is ejected from the right 

ventricle to the lungs (Al-Ghazal 2002). Oxygenated within the thorax, blood loops back through 
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the left heart and is re-accelerated, now in a spiral manner, to perfuse the body. Harvey (1628) 

described the ventricles as bellows, the blood running in series through the two loops, with lungs 

interposed, to complete one circuit of the body.  

The widely accepted theory of evolution recognises that mammals and birds share common 

ancestry with ancient fish-like vertebrates (Darwin 1859, Ahlberg and Milner 1994). Given the 

fundamental nature of the circulation of blood in vertebrates, this manuscript focuses on how a 

single-looped circuit may have evolved to become a double-looped circuit and how the shift in 

oxygenation from external gills to internal lungs may underlie the emergence of endothermy.  

Hypothesis 

It is hypothesised that the bulk physics of redoxing blood, which switches polarity with oxidation 

state, influences evolution of the vertebrate circulatory system. From this blood-based 

hypothesis, several subplots are developed, including the emergence of lungs, limbs, bipedalism 

and endothermy. The physiological model is evaluated against extant anatomical and 

evolutionary evidence. The calculation of potential heat generation with heme oxygenation is 

provided. From a developmental perspective, the model is further evaluated against 

cardiogenesis and the role of the genome is also considered.  

Blood basics 

The model incorporates the magnetohydrodynamic characteristics of blood and the redox 

potential of  heme, properties which are exploited in technologies such as electromagnetic flow 

meters (Boccalon et al. 1978), magnetic resonance imaging (Li and van Zijl 2020) and 

plethysmography (Nordlund and Hoffmann 2019). 
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Because  hemeoglobin and other plasma constituents carry electrical charge, the movement of 

blood through the geomagnetic field induces internal electrical currents (Tenforde 2005; 

Tzirtzilakis 2005). These currents interact with the external magnetic field to generate an 

electromotive Lorentz force. By definition, this force acts perpendicular to both the axial stream 

and the external magnetic field. Fully oxygenated blood flowing in the presence of the 

geomagnetic field is electrically homogeneic and is slightly more diamagnetic than water. 

With oxygen dissociation in the peripheral tissues, unpaired electrons are exposed on the iron 

(Fe) centres of  heme molecules. Although oxyhemeoglobin and deoxyhemeoglobin contain the 

same total number of electrons, the high-spin state of deoxyhemeoglobin results in two 

additional unpaired electrons. Consequently, deoxygenated blood becomes strongly 

paramagnetic (Rollema 1975; Jain et al 2012). The presence of unpaired electrons creates local 

magnetic heterogeneity within and around the deoxygenated bloodstream. As a result, 

deoxygenated blood exhibits a tendency to align with, and be attracted by, an external magnetic 

field.  

Oxygen dissociation also alters the optical properties of  heme. Deoxygenated  heme strongly 

absorbs red light (around 660nm) and appears dark as a result. With a conformational shift 

induced by the binding of oxygen, oxyhemeoglobin has a significantly greater affinity to absorb 

near-infrared light (around 940nm), and blood switches to a bright red colour as a result 

(Nordlund and Hoffmann 2019).  

The single-looped circulation and the surrogate body plan 
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Starting with a simplified fish circulation, dorsally positioned cephalad and caudal cardinal veins 

drain deoxygenated blood via bilateral ductus Cuvieri into the venous pole of the midline heart 

(Satchell 1991). From the central atrium, blood enters the ventricle before it is ejected at a 

reverse acute angle through the arterial pole to the pharyngeal gill arches. The inflow 

atrio-ventricular valve is bicuspid and attached to ventricular papillary muscles, while 

pocket-like semilunar outflow valves are arranged circumferentially around the muscular 

ventricular outflow tract of the truncus arteriosus (Sans-Coma et al. 2022). 

The historical numbering of I-VI (first-sixth) is used to describe the pharyngeal gill arches in 

non-amniotes, numbered from cephalad to caudal (Congdon 1922). In the model, only arches 

III-VI, which are common to amniotes also, are referred to (Fig. 1). As blood perfuses the 

capillary beds of the gill arches, deoxygenated  heme binds oxygen acquired from the aquatic 

environment and blood switches from dark to bright. 

Newly oxygenated blood from the arches enters the paired dorsal aortae which supply the head 

and upper body, and converge caudally as one to supply the lower body and tail. Paired 

intersegmental arteries arising from the dorsal aortic system perfuse the body walls bilaterally 

(Jacobson, A. G. 1988). Cervical intersegmental branches adjacent to the fourth pharyngeal 

arches supply the pectoral fins and are homologous to the mammalian subclavian arteries 

(Paulissen et al. 2022). Deoxygenated blood returns to the dorsal cardinal veins via 

intersegmental venae comitantes, veins which run counter-current to the arteries, to complete the 

circuit.  
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Figure 1: Single-looped circulation model. (a) Stylised 3D representation of the blood within the heart and 

great vessels. Deoxygenated blood (blue) drains from paired cardinal veins into the midline heart and is 

ejected out into the paired pharyngeal arches III-VI. Oxygenated blood (red) perfuses the body via the dorsal 

aortic system. A post-pharyngeal oxygenated shunt bypasses the dorsal aortic system and gets caught into the 

venous return, setting up an intra-cardiac loop-in-loop (shunt origin shown as a white dot). Arrows indicate 

the one-way direction of flow in the circuit and highlight the co-current relationship of the loop-in-loop in the 

heart and the counter-current arrangement of oxygenated and deoxygenated blood flow in the body. (b) 

Stylised 3D representation of the bilateral intersegmental arterial distribution from the dorsal aortic system. 

The developing loop-in-loop sets off an instability in the circuit, compensated for by precession and 

pentameric intersegmental redistribution to maintain angular momentum and a net-zero redox eustress. 

It is hypothesised that the one-way circulation of blood induces a rotational moment that 

maintains the bodily perfusion scaffold in a horizontal disposition relative to gravity (Fig. 1a). 

Blood cycles from the body, through the heart and arches, back to the body. Within the central 

and intersegmental arteries and veins of the body, oxygenated and deoxygenated blood runs 

counter-current, and by their opposite polarities, these flows are counter-moment also. This 
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arrangement is hypothesised to create a multiplier mechanism and an additive, co-moment 

compulsion to the one-way cycling of blood. In addition, the left-right, head-tail arrangement of 

the redox-active circuit is proposed to establish a net-zero centre of eustress.   

This circulatory scaffold is used as a surrogate for the body plan in its broadest sense. The body 

walls fuse ventrally in the midline to enclose the oral–anal passage and coelomic cavities, 

including the abdominal and pericardial cavities. For simplicity, the dorsally positioned nervous 

system and the enteric aorto-portal circulation are acknowledged but are not further detailed in 

this dissertation. 

The systemic shunt and the transitionary loop-in-loop circulation 

This ideal circulation cannot exist, however. It represents an inert state. Anatomically, the 

pharyngeal gill bed responsible for oxygen uptake is embedded within the systemic capillary 

network responsible for oxygen delivery. Consequently, a region of overlap exists between these 

oxygen ingress and oxygen egress pathways; there is no physiological boundary between the 

two. This provides an opportunity for a slip of post-pharyngeal gill-oxygenated blood to bypass 

the dorsal aortic pathway and shunt instead into the central venous return (Fig. 1b). The anterior, 

or inferior jugular vein, which drains the lower pharyngeal region in some fishes, provides an 

example of a post-pharyngeal oxygenated shunt into the single ventricle heart (Graham 1997, 

Ishimatsu 2012). 

Caught in with the paramagnetic stream at the venous pole, it is hypothesised that the nascent 

diamagnetic shunt rotates axially on its polar opposite host as they slip-stream through the heart 

together. The oxygenated streamlet twists beneath the deoxygenated stream as they exit through 

the truncal outlet and into the pharyngeal arches, setting up a ‘loop-in-loop’. Influenced by 
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mutually repellent Lorentz forces, the co-current streams want to scissor apart, the valved outlet 

where the streams cross acting as the fulcrum, and with the separation forces greatest closest to 

the fulcrum. The nascent oxygenated stream dog-legs rightward and winds selectively through 

the third and fourth arches while the deoxygenated blood is nudged leftward into the sixth 

arches.  

Between the divergent third-fourth and sixth arch loops, it is proposed that the fifth-arch gill 

filament network begins to involute. Like gloves pulled inside out, gill filaments iteratively 

remodel, insufflating into bilateral thoracic coelomic cavities as primitive alveolar beds. 

Attracted by lower vascular resistance and access to aerated oxygen, left and right pulmonary 

arterial tendrils splint from the burgeoning sixth-arch flows to tail the internalising fifth-arch 

capillary beds. Newly oxygenated, neo-pulmonary venous blood traverses centrally, dorsal to the 

longitudinally disposed cardinal veins, and adds to the nascent oxygenated shunt, an interposed 

pulmonary circulation now established.  

With greater ambient oxygen, the loop-in-loop strengthens and valve elements are co-opted at 

the point of scissoring in the widening truncal outlet. As the red loop grows, the circuitry 

scaffold precesses to preserve angular momentum and the head comes up. The nascent spiralled 

oxygenated outflow into the dorsal aorta incrementally replaces the ancestral laminar flow and 

distribution of blood via the intersegmental arteries morphs toward a pentameric patternation to 

maintain a bisymmetric bodily redox balance. As in classical geometry, in nature, left- and 

right-handed logarithmic spirals achieve bilateral balance within a pentagram (Bredder 1955; 

Ghyka 1946). Cephalic, lower cervical, and lower lumbar segments grow with increased 

intersegmental flow while under-nourished segments shrink; fins become limbs and tail segments 

compact.  
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The loop-in-loop circulation described by the model retains a state of whole body eustress and is 

reflective of the salamandrid body plan and circulation (Francis 1934). It is representative of an 

neotenic, archetypal tetrapod circulation from which extant amphibian and reptile circulations 

can be derived.  

The model versus extant amphibian and reptilian anatomies 

In all amniotes, the first and second gill arch structural elements get heavily modified and 

repurposed into vital structures of the jaw, neck, and inner ear.  

In semi-aquatic salamanders, derived from the remaining arches, there is a mix of gills, a 

buccocutaneous circulation and rudimentary lungs, with a patent ductus arteriosus and the fifth 

arches variably retained (Victor et al 1999; Grimes and Kirby 2009). Fins have iteratively 

evolved to become limbs (Adachi et al 2016). A partial interatrial septum is present, creating left 

and right atria. Atrial septal formation appears directly related to pulmonary development and the 

separate passage of oxygenated atrial blood (Lewis and Hanken 2017). The ventricle is defined 

as single, though an interventricular foramen is a functional channel shaped by an 

intraventricular fold that directs oxygenated blood into the outflow trunk. Within the trunk, the 

oxygenated outflow tract, or cavum aorticum, is incompletely separated from the cavum 

pulmocutaneum by an intraluminal spiral fold (Icardo et al. 2005; Carrasco-Medina et al. 2024). 

These findings are consistent with the loop-in-loop model. 

Within the context of the loop-in-loop model, it is proposed that the first and second gill capillary 

filaments are extravigated dorsally and deoxygenated blood from the sixth arch pulmocutaneous 

branches pursues this cutaneous oxygen-ingress capillary network in a manner not unlike with 

the pulmonary arteries pursuing the internalizing fifth arch capillary beds. In support of this 
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proposal, it is noted in amphibians that the cutaneous arteries pass bilaterally in the groove 

between the depressor mandibulae and temporalis muscles to exit the thorax and perfuse the 

cutaneous capillary beds spread across the dorsum and flanks (Carrasco-Medina et al. 2024). 

These muscles derive from the second and first arches, respectively (Ziermann and Diogo 2024).  

As an extension to the basic blood model, the in-parallel cutaneous perfusion bed provides a 

flexible, auxiliary blood oxygenation avenue to accommodate a semi-aquatic lifestyle. However, 

unlike lung-based oxygenation, the skin-oxygenated blood drains directly into the systemic 

venous return via the musculocutaneous veins. This transitionart circulatory set-up provides gill, 

cutaneous and pulmonary oxygenation circuits that run in parallel and that are accommodative of 

a wide range of habitats and oxygenation levels.  

Variations of this archetypal tetrapod loop-in-loop model are seen in the circulations of frogs and 

toads. As they transition from a tetrapodal larval form to an adult, the gills are lost, replaced by 

lungs. The hearts remain three chambered, though the ductus arteriosus has closed and fifth 

arches are no longer present. The buccocutaneous respiration circuit is greatly embellished and 

runs in parallel with the pulmonary circuit, but drains to the right heart rather than the left.  This 

arrangement allows tolerance of hypoxic aquatic environments, with shunting of blood away 

from the lungs coupled with a physiological lowering of the body metabolic rate.  

Within the context of the loop-in-loop model, it assumed the evolved morphospace of frogs and 

toads provides a balanced, blood-based state of whole body eustress, albeit with a wide degree of 

tolerance to fluctuating ambient oxygen and aquatic environments. 

Progression of the archetypal tetrapod loop-in-loop model is also seen in reptiles, but with a 

trajectory separate to amphibians. Lungs have more fully developed and any in-parallel gill and 
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cutaneous circulations have completely regressed. The neck is narrowed and limbs are more 

robust, positioned directly beneath the body. There are two atria and a distinct, spiralled 

intra-ventricular ridge has developed. The spiralled aortic outflow is physically separated from 

the pulmonary trunk (Poelmann et al 2017; Hicks ).  

Within the partially divided ventricle of non-crocodilain reptiles, functionally separated 

oxygenated and deoxygenated blood streams can be variably distributed via the paired aortic 

arches to the body and through the pulmonary trunk to the interposed pulmonary circulation. 

This mixed arrangement allows for considerable physiological flexibility, with central shunts to 

accommodate changing metabolic and environmental demands (Burggren et al 2020). 

The model versus evolutionary history 

Applying a general attribution of atmospheric oxygen concentration to vertebrate evolutionary 

stages, the transitional nature of the loop-in-loop model is seen reflected in the evolution of early 

tetrapods, from when fishes dominated marine environments approximately 500 million years 

ago. During a period of rising atmospheric oxygen levels, the first tetrapods appeared around 390 

million years ago (mya). The amphibian crown group branched early, at approximately 375 mya 

and Synapsida and Sauropida reptilian clades first appeared approximately 320 mya. 

Atmospheric oxygen concentrations reached an estimated peak of 30–35% at this time (Huey 

and Ward 2005; He et al. 2019). It is postulated that the transitionary loop-in-loop circulation of 

early amphibians and reptiles was influenced by this luxuriant oxygen environment, allowing 

some species to stem to fill this niche while other species remained relatively unchanged.  

A sharp decline in oxygen to approximately 10–12% over the next 50-70 million years coincided 

with a massive shake-down in terrestrial vertebrate life. Relative hypoxia, compounded by 
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extreme warming, may have imposed significant physiological and ecological constraints on 

larger-bodied amphibians and reptiles (Huey and Ward 2005). Subsequent to this extinction 

event came the rise of mammals and birds from the Synapsida and Sauropida reptilian clades, 

respectively (He et al. 2019). In the context of the blood hypothesis, the atmospheric oxygen 

peak provided a facilitative environment for evolution from single to double-looped circulations.  

Transitioning to the double-looped circuit - a predictive kinematic model 

Greater air-breathing dependence strengthens flow through the low resistance pulmonary circuit, 

driving loop-in-loop divergence, and interventricular septation and aorto-pulmonary division 

completes. All deoxygenated blood from the body is now committed to loop through the 

interposed pulmonary pathway, the double-looped circuit established. 

Kinematics of the loop-in-loop model 

Geometrically, the pivot–precession relationship of the loop-in-loop circulation may be 

conceptualised as an articulated flat-pack frame with an axle through its central convergence 

(Fig. 2). Within this coupled mechanism, the primary deoxygenated loop is depicted as a blue 

plane and the oxygenated loop a red plane. The head-tail hinge-line between the planes 

corresponds to the sagittal midline axis of the body. As the oxygenated trajectory strengthens, the 

planes pivot apart (θ) while the entire assembly precesses (Ψ), degree for degree, toward a 

perpendicular parity. In its simplest form, the relationship may be expressed as: 

θ ⟼ Ψ(θ), where θ, Ψ ∈ (0°, 90°) 

The transitional loop-in-loop circulation of an archetypal tetrapod may be loosely modelled as 

twenty degrees unpacked (Fig. 2a). Conceptually, the threshold at which ventricular septation 
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completes and commitment to the double-looped circuit occurs may exist at around forty-five 

degrees. As pivoting increases, precession matches, limited by perpendicularity of the planes. 

With unpacking of the kinematic model, there is a coupled spiral outflow influence on 

bisymmetric intersegmental arterial redistribution toward a pentameric format in a way that 

retains a net zero centre of redox eustress. The model predicts progressive reorientation of the 

head–tail axis and the central loops toward orthogonality (Fig. 2b). 

 

Figure 2: Kinematic ‘loop-in-loop’ model. Coupled spatial mechanism illustrating the relationship between 

pivoting of the loop-in-loop and precession of the vascular scaffold at (a) 20 degrees deployed and (b) 80 

degrees deployed.  

The double-looped circuit and the promise of bipedalism 

From an evolutionary perspective, progression from a transitional tetrapod circulation to the 

double-looped circulation of mammals and birds is also accompanied by remodelling of the 
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double aortic arch system. In all mammals, the left fourth arch persists as the definitive aortic 

arch through to the dorsal aorta, passing to the left of the trachea and oesophagus, while the right 

fourth arch regresses dorsally. In stark contrast, in all birds it is the right fourth arch that is 

retained and the left fourth arch regresses dorsally (Balkaya 2016). The relationship between 

aortic arch sidedness and the body plan is considered below and reviewed within the context of 

the kinematic model. 

Comparative anatomy of the body plans and of the aortic and pulmonary outflows in mammals 

and birds 

In quadrupedal mammals, the bisymmetric body plan is pronograde and pentameric, typically 

with a tail. The chest is deep and narrow, with the forelimbs forward on the chest wall. Digital 

pentadactylism is present but not well delineated. From a ventral perspective, the pulmonary 

trunk overlies and obscures the relatively short ascending aorta and the aortic arch branches.  

In ruminants, a single innominate trunk off the aortic arch divides into all the upper body 

branches, namely the bilateral carotid and subclavian arteries (Elster 2008), wheras in cats and 

dogs, there are two arch branches; a large innominate trunk giving rise to the right subclavian 

artery and both common carotid arteries, the left subclavian artery arising separately. The 

quadruped descending (dorsal) aorta is relatively straight, sitting on the vertebral column, and it 

divides into the common iliac arteries, with the medial sacral artery - as the attenuated 

continuation of the caudal dorsal aorta - supplying the tail. 

In bipedal primates and humans the body plan is orthograde and pentameric. There is no tail. The 

chest is broad, the shoulders back, the hips open, and there is well-defined pentadactylism in the 

digits of the hands and feet. The left ventricular apex sits obliquely in the left chest. The 
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ascending aorta and main pulmonary artery appear widely splayed, sitting side-by-side. In 

humans, the aortic and pulmonary valves associated with the respective outflow pathways have a 

near-orthogonal relationship (Bhatia 2016; Saremi et al. 2017). 

The human left ventriculo-aortic flowline is seen to spiral in a logarithmic fashion from the left 

ventricle to perfuse the body in a bisymmetric manner (Fig. 3). The columella, or central spiral 

axis of the outflow is orientated obliquely relative to the bisymmetric body. The carotid and 

subclavian branches to the head and upper limbs derive from a characteristic three-branch arch 

pattern. The descending (dorsal) aorta sweeps through the left thoracic paravertebral gutter 

before trending back to the anterior aspect of the lumbar vertebral column where it divides 

terminally into the bilateral common iliac arteries supplying the pelvis and lower limbs. The 

vestigial median sacral artery supplies the coccyx.  
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Figure 3: Distribution pattern of human systemic oxygenated blood. The image is derived 

from a cardiac MRI scan and is presented as viewed from a left anterior oblique aspect. 

The centreline of blood flow is depicted in white. The flowline originates in the left ventricle 
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and runs through the ascending to the descending aorta with a normal three branch 

pattern off the arch giving rise to bilateral carotid and subclavian arteries (terminal iliac 

branches off the descending aorta not shown). 

In comparison, in birds there is a relatively limited variation in both body plan and cardiac 

morphology (Kroneman 2019). The body plan is pentameric, but blunted, with a broad-based 

tail, or pygostyle (Rashid et al. 2018). Though the head-tail axis lies somewhere short of 

orthograde, birds are bipedal (Abourachid et al. 2023). Within the barrelled chest, the ascending 

aorta and pulmonary trunk are seen relatively side-by-side in ventral projection, though the left 

ventricular apex is more caudally orientated than in humans (Beaufrère et al. 2010).  

The avian aortic arch gives rise to two arch branches, the left and right innominate trunks. Each 

divides into its respective common carotid and subclavian artery. The carotid arteries are 

elongate and ascend posteriorly along the neck. The subclavian arteries are short and support the 

pectoral flight muscles and wings. The descending aorta continues caudally before giving off 

paired iliac and ischiatic arteries. The ischiatic arteries constitute the principal arterial supply to 

the hindlimbs, with variable contributions from the iliac/femoral arteries (Midtgård 1982). The 

median sacral artery extends into the pygostyle. 

These findings are consistent with the predictive model. As compared to tetrapods, in mammals 

and birds the head is elevated and there is further progression toward a pentameric body plan. 

Splaying of the aorto-pulmonary outflows is more evident in bipedal mammals and birds, with 

the aorto-pulmonary offset seen to be near-orthogonal in bipedal humans.  

Arch sidedness provides a punctuated distinction between mammals and birds. As compared to 

the diversity of mammals, it is postulated that in birds the spiral outflow line defined by the the 
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more caudally orientated left ventricular apex and the right-sided aortic arch might constrain the 

degree of aorto-pulmonary outflow pivoting and segmental redistribution to a much narrower 

range of balanced vascular scaffold configurations and that this situation may predispose both 

flight and bipedal locomotion.  

Heart and great vessel topology 

The arrangement of the left and right blood flow pathways within the four-chambered heart 

might also be reflective of the model. Growth of the oxygenated, spiralled loop predicts 

progressive co-option and shaping of the left ventricular chamber and its inflow and outflow 

valves from the ancestral common ventricle. This is illustrated by viewing a staged sequencing 

of the model, looking at a cross section of the base of the heart through the venous and arterial 

poles from a dorsal perspective (Fig. 4). 

Figure 4: Evolution of the four-chambered vertebrate heart. Dorsal cross-sectional view of the base of the 

vertebrate heart in evolution per the loop-in-loop model. Atrio-ventricular and truncal valve components are 
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co-opted as the loop-in-loop develops and intracardiac septation forms between the separately streaming 

loops. The transverse pericardial sinus (grey) persists between the venous and arterial poles (white) with 

growth of the oxygenated loop. (a) Single looped heart (b) Archetypal tetrapod heart (c) Double looped heart  

Consistent with the model, the mature human heart remains suspended within the pericardial sac 

by singular venous and arterial poles. The transverse pericardial sinus persists between them. 

The aortic valve commissures are seen as a mirror of the pulmonary commissures (Bhatia 2016). 

The right ventricular inflow and outflow regions are spread by the anterior aspect of the aortic 

root (Goor and Lillehei 1975). The fanned out right ventricle retains the reverse angle, 

inflow–apex-outflow relationship characteristic of the ancestral single-ventricle condition 

(Henein et al 2011). Muscular trabeculae in the left ventricle have a pronounced right-handed 

helical course from the apex to the base (Pettigrew 1864; Berman et al. 2010; Lunkenheimer et 

al. 2013). Helical organisation is also evident in blood flow through the left ventricle and 

ascending aorta (Morbiducci et al. 2009; Tanaka et al. 2010).  

Pulmonary respiration and endothermy  

With elevation of the mouth, the saline tide that passed over the gills has given way to the tidal 

volume of air-based pulmonary respiration, and associated with it, the shift from ectothermy in 

fishes to endothermy in birds and mammals. With pulmonary respiration, oxygen binds to  heme 

within the body rather than at the external gill surface. As  heme becomes oxygenated, its optical 

properties change, and blood switches from dark to bright.  

Using clinical oximetry wavelengths of 940 nm and 660 nm as the molecular peak absorption 

values for oxygenated and deoxygenated blood, respectively (Nordlund and Hoffmann 2019), the 

single photon energy difference between these two states can be calculated. Applying Planck's 
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equation (Planck 1901), the difference in photon energy (E) is given by the product of Planck’s 

constant (h, 6.626 x 10-34 J.s) and the speed of light (c, 3 x108 m/s), divided by the difference in 

peak wavelengths (Δ𝜆, m): 

​ ​ ​ = ( h J.s x c m/s ) / Δ𝜆 m 

​ ​ ​ = ( 6.626 x 10-34 x 3 x 108 ) / ( 280 x 109 ) 

= 7.10 x 10-19 J 

Factoring in the Soret band differential (approximately 317 nm and 330 nm for oxygenated and 

deoxygenated blood, respectively), the net photonic energy differential is calculated: 

= (7.10 x 10-19 ) - (0.15 x 10-19) 

= 6.95 x 10-19 J 

Assuming one photon per  heme molecule, and using normal values* for cardiac output, 

percentage saturation of oxygenated and deoxygenated blood,  hemeoglobin concentration and 

the molar mass of a  hemeoglobin tetramer (containing four  heme groups), the total number of  

heme molecules that transition from a deoxygenated to an oxygenated state every second is 

calculated: 

​ ​ = (( CO L/s x Hb g/L ) / MHb ) x 4 x (SaO2 - SvO2) x NA 

 ​ ​ ​ = (( 0.0833 x 150 ) / 64,458 ) x 4 x (0.98 - 0.75) x ( 6.022 x 1023 ) 

= 1.074 x 1020 molecules/s  
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*Cardiac output (CO) 5.0 L/min, or approx 0.0833 L/s,  hemeoglobin concentration (Hb) 150 

g/L, arterial oxygen saturation (SaO2) 0.98, mixed venous oxygen saturation (SvO2) 0.75, molar 

mass of  hemeoglobin tetramer (MHb) approx 64,458 g/mol,  heme groups per tetramer (n) 4, 

Avogadro's Number (NA) 6.022x1023 molecules/mol 

Multiplying the total number of  heme molecules transitioning per second by the net photonic 

energy change per transitioning  heme molecule (E) gives the wattage produced in the lungs in a 

normal adult human at rest: 

​ = molecules/s x E (J) 

= 1.074 x 1020 x 6.95 x 10-19  

= 74.6 W 

It is thus hypothesised that the photonic energy released with oxygenation - a phenomenon here 

termed ‘photoscission’ - is transferred to the surrounding serum as heat. In fishes with gill-based 

oxygenation the energy derived from  heme-based photoscission is lost externally to the 

environment whereas in birds and mammals with pulmonary-based oxygenation, this 

phenomenon may confer a basal source of endothermy; radiator cooling versus central heating. 

Cardiogenesis as an evolutionary corollary 

There is a strong interplay between evolutionary patterns and developmental mechanisms in 

vertebrates (Raff 2012). Owing to the evolutionary repeatedness of cardiac development, 

observations made in nonamniote and amniote species have classically been used to extrapolate 
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to human development. Consequently, observations derived from surrogate cardiogenesis models 

are used to further interrogate the blood-based model. 

The model as related to the classical stages of cardiogenesis  

Cardiogenesis follows a well-defined developmental sequence (Fig. 5) and it proceeds under 

contractile blood flow conditions (Hove et al. 2003; Courchaine et al. 2018). The primitive heart 

tube forms early in embryonic development and blood begins to flow one-way (Männer et al. 

2010). In amniotes, an extra-embryonic external oxygen source is established, and oxygenated 

blood enters via the sinus venosus into the developing heart tube. Blood flow is laminar in the 

contractile heart tube and streams do not mix (Hogers et al. 1995; Yoshida et al. 1983). 

Ventral, or C- looping of the heart tube occurs and brings the inflow and outflow poles of the 

heart into close approximation (Fig 5a). With forward folding of the heart tube, the dorsal 

mesoderm between the two poles breaks down. This creates the transverse pericardial sinus (Le 

Garrec et al. 2017). As a result, the ventricular apex assumes a ventral position, with the outflow 

tract arising at a reverse acute angle relative to the inflow tract (Jenkins et al 2007). Per the 

model, the nascent spiralled red stream is establishing the loop-in-loop at this stage. 

The C-loop then bends and twists into a characteristic S-shaped configuration - S-looping - that 

sets the stage for the four chambered heart (Fig 5b). Invoking the model, the developing 

allantoic oxygenated blood supply may fuel the heart tube loop-in-loop and help drive 

differentiation toward a four-chambered heart with separate aortic and pulmonary outflows. 

Emerging evidence suggests that oxygen availability early in vertebrate embryogenesis may 

function as an active developmental regulator (Zhu 2026). 

24 
 



 

Following S-looping, atrioventricular septation and chamber expansion occurs (Fig 5c). The 

upper and lower pharyngeal arches have undergone a patterned reformation into the branched 

aortic arch and pulmonary trunk, respectively (Congdon 1922). The loop-in-loop is seen as fully 

developed at this stage, with the ductus arteriosus pathway wide open. Following birth and the 

onset of pulmonary respiration, the ductus closes and the lungs assume the oxygenation role 

previously provided by the amnion.  

Figure 5: Cardiogenesis and the loop-in-loop model. Stylised left anterior oblique view of the developing 

four-chambered heart in embryogenesis. The endothelium is shown as black and the fifth arch structures are 

indicated in green. Allantoic oxygenated blood (red) is seen streaming into the heart via the right caudal 

cardinal vein (blue). (a) C-looping (b) S-looping (c) Septation and chamber enlargement.  

Selected observations from developmental studies 

Developmental studies demonstrate that within the single ventricle, a muscular ridge develops 

from the ventricular apex and forms between the separately streaming inflow bloodlines (Grimes 
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and Kirby 2009; Sizarov, et al. 2012). Notably, the structures underpinning ventricular septation 

retain the properties of the primary myocardium of the heart tube (Keith and Flack 1907). The 

crest of the muscular ventricular septum is the most primitive part: “The ventricles are 

outgrowths; or bulgings from the primitive heart tube; the septum is that part of the tube which 

remains between the outgrowths”. These findings are consistent with the proposed ventricular 

loop-in-loop divergence leading to ventricular ballooning and septation.  

The aortic and pulmonary roots develop from the intermediate component of the ventricular 

outflow tract (van Praagh 2016). The funnel-shaped, muscular conus wall gives way to 

accommodate the oxygenated stream, co-opting valvular structures as it proceeds. The conus 

remodels to enclose the pulmonary outflow in its own muscular turret, the aortic root effectively 

budded off and its commissures a mirror of the pulmonary valve. Within the blood-based model, 

this point of separation between the mirrored aortic and pulmonary valve commissures 

corresponds conceptually to the pivot point between the scissoring outflow streams. 

The fifth arches make but a brief appearance in birds and mammals (Wang et al 2024). 

Simultaneously, a deepening laryngopharyngeal diverticulum develops within the ventral 

pharyngeal endothelium immediately caudal to the fourth arch pouches and subsequently buds 

bilaterally to form the lungs (Hiruma and Hirakow 1995; de Mello and Reid 2000) 

The larynx and its cartilages arise largely from mesenchymal derivatives of the fourth and sixth 

pharyngeal arches that border this region. The dorsal branchial structures are seen repurposed 

and the associated “inner fish” genomic regulatory network here subverted (Poopalasundaram 

2019). Within the context of the model, these developmental events are interpreted as the 

involution and repurposing of ancestral fifth arch elements to support pulmonary respiration. 
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Cardiogenesis gone wrong 

The model (as adapted to cardiogenesis) can be extended to account for the conotruncal 

malformation patterns observed in Transposition of the Great Arteries (TGA) and Tetralogy of 

Fallot (ToF). Within this framework, TGA is interpreted as arising from under-rotation of the 

developing oxygenated loop. Rather than cross beneath, the co-current streams run in parallel 

into the arches, and they boomerang apart. The spatial connections between the ventricles and 

the aortic and pulmonary outflows are reversed and this produces two single-looped circuits in 

parallel, as is the clinical condition.  

Conversely, ToF is interpreted as resulting from over-rotation, and over-scissoring of the 

oxygenated loop, impinging on the remodelling pulmonary outflow tract and inhibiting complete 

interventricular septation. The clinical phenotype is compatible with this proposal, with the 

defining pathology an antero-cephalad deviation of the interventricular muscular outlet septum, 

narrowing of the right ventricular outflow tract and the ascending aorta enlarged and 

dextro-rotated, over-riding a ventricular septal defect. 

Outside of recognised syndromic developmental disorders, in these congenitally acquired 

conditions the overall body plan is generally preserved despite the substantial disturbance in 

aortic outflow dynamics. This is contrary to the evolutionary blood-based model, where it is 

proposed that over millennia the aortic outflow trajectory acts in reciprocity with intersegmental 

flows and segmental growth and differentiation.  

This dichotomy infers embryonic establishment of the inherited segmental body plan arises from 

a hierarchically deeper regulatory framework than cardiogenesis. Notably, the vertebrate 

segmentation clock is a pre-somitic mesodermal oscillating genetic network that regulates timing 
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and formation of paired somites from head to tail. This process is accompanied by a robust and 

regular bilateral sprouting of intersegmental vessels connecting with the axial trunk vessels 

(Jacobson 1988, Diaz-Cuadros et al. 2020; Geudens et al. 2019). The heart tube forms following 

the first somites (Kaufman and Navaratnam 1981). 

In surrogate developmental models, experimental manipulation of intracardiac blood flow during 

cardiogenesis is known to selectively influence the cardiac phenotype (Courchaine et al. 2018). It 

is important to note that blood flow diameters in the developing heart tube are of the order of 

100-500 microns (Jenkins et al. 2007). At these microfluidic diameters, viscous forces dominate 

and can influence cellular behaviour and gene expression (Hove et al. 2003; Courchaine et al. 

2018). It is proposed that electromotive forces generated by the oxygenated and deoxygenated 

blood streams are also relevant at this scale. These forces can be influenced by the blood 

composition, oxygen carrying capacity, flow rate and temperature (Tzirtzilakis et al. 2005; Jain et 

al 2012). Externally applied magnetic fields also influence microfluidic blood flow dynamics 

(Okazaki et al. 1987; Formicki and Winnicki 1998). Accordingly, the adapted model suggests 

disturbances in blood physiology or environmental conditions at a critical juncture in the 

cardiogenic window may be sufficient to perturb the central bloodline trajectories within the 

heart and result in misaligned ventriculo-truncal topology independent of any genetic program. 

These congenitally acquired cardiac disorders occur sporadically and do not demonstrate simple 

patterns of familial inheritance (van Praagh 2016; Fahed et al. 2013). 

Once the cardiogenic window has closed and embryonic development gives way to foetal 

growth, cardiac topology is set in place and microfluidics gives way to classical  

hemeodynamics. Although strong magnetic fields can induce measurable electrical potentials 
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within the aorta of large animals, they do not appear to produce significant alterations in cardiac 

function or systemic  hemeodynamic parameters (Tenforde 2005).  

What about the genome? 

Life depends on biologically mediated redox reactions (Jelen et al. 2016). Operating under 

continually changing environmental conditions, cells modify their functional state through 

dynamic interactions among genetic, epigenetic, metabolic, and environmental processes. 

Variations in redox status at nested levels, from intracellular to whole organs to systemic, can 

influence gene expression, genome stability, and epigenetic regulation (Allen and Tresini 2000). 

Developmental and evolutionary change may also arise through organism–environment 

interactions (Odling-Smee et al. 1996) while some environmentally induced effects can persist 

across generations through epigenetic mechanisms (Soubry et al 2014). In this sense, the genome 

may be viewed not as a static blueprint but as part of a dynamic biological system capable of 

responding to changing developmental and environmental conditions (Shapiro 2013). Others 

have proposed the idea that a cell will differentiate in a specific way by interpreting its position 

in the body, a two-way translation of genetic information into spatial patterns of differentiation 

and regulation (Wolpert 1969). 

Vertebrate evolution has unfolded over hundreds of millions of years within the physical and 

ecological constraints of the biosphere, and cellular metabolism is seen to be vectorial (Saier 

2000).  However, the reciprocal manner in which the heritable genome, developmental 

regulatory networks and cellular differentiation may interact with changes in circulatory 

organisation and cellular metabolism remains unclear. 
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Of note, lungfishes and salamanders, as living representatives of an archetypal tetrapod model 

circulation, have the largest nuclear genomes among vertebrates (Mohlhenrich and Mueller 

2016). Within the context of the model, this genomic volume may reflect greater flexibility 

tolerated by the transitional loop-in-loop blood circuit in maintaining eustress and the 

opportunity for many heritable reconfigurations to be selected. 

Discussion  

The circulation is modelled as an evolvable redoxing system that distributes energy throughout 

the organism in a topologically constrained way and is centred on the maintenance of a 

whole-body redox eustress. Furthermore, the light absorption properties of redoxing  heme are 

used to develop the notion of photoscission and develop the proposal that the evolution of 

pulmonary-based respiration might underlie the emergence of endothermy in mammals and 

birds. 

The physiological model extends the principle that biological form emerges through coherent 

interaction with the physical laws governing the biosphere (Thompson 1942). Consistent with 

concepts of punctuated equilibrium (Eldredge and Gould 1972; Duran-Nebreda et al. 2024), the 

model also offers a mechanism for how vertebrate body plans might remain remarkably stable 

over long evolutionary intervals, while retaining the capacity for comparatively rapid change. 

However, the model lacks any consideration of the cells of the body other than as representing a 

mitochondrion that requires a continuous supply of oxygen. The genome is not accounted for 

other than as a potential buffering system for intra-organismal redox flux. No consideration is 

given to germ cells, modes of inheritance or any concept of consciousness or agency. As such, 
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the model is viewed as constraining the morphospace of vertebrate species, rather than acting as 

a direct driver of evolution per se.  

Other than to highlight a previously unheralded potential mechanism for vertebrate 

thermogenesis and how this may relate to ectothermy in fishes and the emergence of endothermy 

with the evolution of mammals and birds, no attempt is made to assimilate the notion of 

photoscission within the blood-based model with known thermal regulatory systems. In 

particular, it is noted that in amphibians and reptiles, with their species-specific variations of 

mixed circulations and ancillary, in-parallel pulmocutaneous connections, that a range of 

oxygenation and thermal regulatory strategies are deployed (Taylor et al. 2021). 

More broadly, the model invites consideration of the evolutionary product of a living organism as 

a result of the active distribution of an externally sourced energy to maintain the redoxing 

corporeal and its ability to adapt to changing conditions. Looking across other clades, 

evolutionary analogies are apparent. For example, the signature gastropod body plan is of a spiral 

shell organised around a central axis, or columella that is oriented obliquely relative to the 

bisymmetric ‘stomach foot’ that meets and moves through the world to which it has adapted 

(Grande and Patel 2009). Variations on this underlying architectural theme permit adaptation to 

diverse ecological niches while preserving a recognisable body-plan framework. For example, a 

wider enveloping angle dictates a flatter body-shell habitus, an adaptive configuration more 

suited to seashells attached to rocks.  

However, description alone cannot underpin a mechanistic hypothesis (Clark 2016). The model 

lends itself to investigation and experimental interventions that can determine whether and how 

the loop-in-loop mechanism can help to predict novel character origins. To test this model 
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empirically, topological analysis of the central blood-flow trajectories and vascular distribution 

patterns across vertebrate species using 3D axial imaging is envisaged, as is 4D analysis of 

embryonic chick heart tube blood streams using next-generation, single-photon avalanche diode 

image sensors and ultra-high-speed recording. The pulmonary-based concept of endothermy 

invites further empirical calculations and investigative studies.  

Studying deep constraints to vertebrate evolution and endothermy, and what limits or directs 

biological change, is useful to predict how organisms may adapt—or fail to adapt—to rapidly 

changing modern environmental and climate pressures. If found to be broadly applicable, the 

blood hypothesis may add an ecophysiological component to the emergence of a 21st century 

evolution narrative (Noble 2024) and may provide further insights into evolutionary medicine 

and developmental disorders (Williams and Nesse 1991). 
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