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ABSTRACT

The human cardiovascular system is a product of evolution that occurred over hundreds of 
thousands of years. During its long history, cardiovascular design has been shaped and reshaped 
by developing adaptations to the hemodynamic challenges it faced at every step. Although 
being momentarily beneficial for dealing with the problem they were first devised for, the evo-
lutionary changes were built upon one another and culminated in the current scheme which 
may not necessarily be the ultimate or an immaculate design. Therefore, the analysis of the 
cardiovascular evolution provides a fascinating opportunity to spot the possible weak points of 
our cardiovascular system, to better understand the disease pathophysiology, and to formulate 
treatment alternatives. In this regard, this review tries to summarize the teleonomy of cardio-
vascular evolution from a hemodynamic perspective.
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ÖZET

İnsan kalp-damar sistemi yüz binlerce yıl içerisinde gerçekleşen bir evrimin ürünüdür. Uzun 
tarihi boyunca kalp-damar sisteminin dizaynı, her aşamada karşılaşılan hemodinamik engellere 
yanıt olarak yeniden şekillenmiştir. Başta cevap oldukları sorunla mücadelede faydalı olsalar da 
evrimsel değişiklikler birbiri üzerine birikmiş ve eksiksiz ya da kusursuz olmayabilecek şu andaki 
şemayla sonuçlanmıştır. Bu nedenle kalp-damar sisteminin evriminin analizi; kalp-damar siste-
minin olası zayıf noktalarını tespit edebilmek, hastalık patofizyolojisini anlamak ve tedavi alter-
natifleri geliştirmek için mükemmel bir fırsat vermektedir. Dolayısıyla bu derleme kalp-damar 
sistemi evrimini hemodinamik bir bakış açısıyla ele almaya çalışacaktır.

Anahtar Kelimeler: Evrim, hipertansiyon, kalp işlevi, kalp yetersizliği, kan basıncı

At the bedside of a deteriorating patient with circulatory failure, one might wonder 
if we really understood the basics of circulation enough for devising new treat-

ment options that can be used for the patient’s benefit. Should the circulation be the 
way it is? Is the current design of the cardiovascular system the ultimate best possible 
one? Or, is it one of the many possibilities that contain inherent flaws which should be 
accounted for when trying to understand or to treat a disease? In this review, I will try 
to summarize the teleonomy of cardiovascular evolution from a hemodynamic per-
spective to uncover its possible Achilles heels, compare it to other possible designs and 
analyze possible treatment targets.

From Single Cell to Vertebrates
More than 2.5 billion years ago, some microorganisms inhabiting the primeval ocean 
of our planet invented photosynthesis and started to pollute the atmosphere with a 
new, highly lethal waste product: oxygen. Only organisms who learned to harness this 
chemical for energy generation survived this catastrophe.1 The hemodynamics is actu-
ally nothing else than a reiterative story that narrates the possible ways of providing the 
descendants of these cells with oxygen.2,3

For unicellular organisms, diffusion was adequate for oxygen delivery (Figure 1A). With 
the origination of multicellular organisms, however, this method became inadequate. 
First, new body designs permitting internal convective streams of the water among 
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cellular masses were tried, as seen in sponges.4 Then, a more 
organized scheme was invented some 700 million years ago 
with the emergence of bilateral symmetry. The success of this 
framework was in the utilization of consecutive copies of the 
same basic units along a craniocaudal axis. These fundamentally 
similar body segments had the potential to be remodeled for dif-
ferent purposes.5 A new germ layer, the mesoderm, which is first 
seen in the bilaterians, gave rise to a cardiovascular system that 
follows this blueprint and created repeated vascular structures 
perpendicular to the body axis, connecting dorsal and ventral 
vessels around the gut with an opening at the head and the rear. 
The first heart-like organ is believed to have emerged from the 
fusion of the ventral main vessels over 520 million years ago.6-8

Although cells require a continuous flow of oxygen and nutri-
ents, a continuous-flow pump that is capable of delivering con-
stant propulsive torque is very hard to evolve. Indeed, the animal 
kingdom has never been able to invent the wheel mechanism, 
instead, developed a pulsatile pump from the primitive peristaltic 
vessel.9 However, the preference of a pulsatile pump, instead of 
a continuous one, established the first (and somewhat disadvan-
tageous) law of the hemodynamic constitution to be obeyed by 
all generations to come (Figure 2, Article 1).

At the beginning, the system was open at both ends and sup-
ported the circulation of the intracorporeal fluid.10 Although this 
circulatory system is still being used by arthropods, mollusks 
and during embryogenesis,11 open circulatory systems limit the 
size of the animal as it needs a high volume of circulating fluid 
approaching nearly half of the body mass and interstitial diffu-
sion is only efficient over short distances.12 Under this selection 
pressure, closed vascular systems evolved and the emergence of 
an uninterrupted vascular network established the second fun-
damental law of the universal hemodynamic constitution that 
governs tissue perfusion (Figure 2, Article 2). The main advan-
tage of this closed system is that, as long as arterial and venous 
pressures are kept constant, tissues can regulate their individual 
blood flows simply by adjusting their vascular resistance. This 
makes the arterial compartment the primary reservoir of the 
hydraulic energy and reduces the heart to a secondary position 
as its recharger unit. To charge the arterial pressure reservoir, the 
heart has to transfer some volume from the venous compart-
ment to the arterial compartment and thus create a prefusion 
pressure by lowering venous and increasing arterial pressure 
inversely proportional to their respective compliances (arterio-
venous integration).13 With a non-sucking pump and collaps-
ible vessels, this is only possible when the venous compartment 
is already pressurized to enable the filling of the heart and to 
prevent vessels from collapsing while cardiac veins are being 
emptied. Therefore, the vascular system should have a positive 
pressure even before the heart starts to beat (mean systemic 
filling pressure, Pmsf). Thus, Pmsf sets a maximum limit to cardiac 
output as it is mandated for fluid transfer from the venous to 

the arterial side.14,15 As a corollary, the organisms would choose 
to monitor the vascular pressures instead of directly measuring 
cardiac output, which will have implications in the future.

Equipped with this cardiovascular system, some ancient bilat-
erians developed a cartilaginous back (noto- in Greek) cord that 
serves as a site for muscle attachments and thus enables bet-
ter locomotion.16 In these primitive chordates, the pharynx had 
repeated slits that serve as a filter-feeding mechanism by allow-
ing the movement of water in from the mouth and out from the 
slits. The blood in the pharyngeal vessels, directly arriving from 
the heart, absorbs these nutrients into the bloodstream and car-
ries them to the tissues. The blood gets its oxygen and unloads 
its carbon dioxide during the passage through the skin. This oxy-
gen-rich blood then arrives at the heart, which is a spongy tra-
becular network of muscle cells (Figure 1B).17 In time, notochord 
gave rise to a more robust structure called the vertebral column 
that supports stronger muscles, a larger body size, and better 
locomotion.

From Fish to Amphibians
As vertebrates rapidly diversified and grew in size, skin respira-
tion gradually became inadequate. Pharyngeal vessels around 
the pharyngeal slits showed extensive branching and gave rise to 
the gills.18 A gill unit consisted of an individual arterial supply, gill 
filaments arising from that artery, and supporting cartilaginous 
elements. This delicate structure creates a large surface area 
ideal for gas exchange but has some prerequisites. It can only 
accommodate a low-pressure perfusion, because the fragile gas 
exchange surface can be endangered by high arterial pressures. 
Moreover, since air-saturated water contains a limited amount of 
oxygen, the cardiac output passing through gills must be much 
less than the flow of the water through gills to match ventila-
tion with perfusion.17-19 These prerequisites required 2 important 
cardiovascular problems to be addressed: (1) A limited cardiac 
output ultimately leads to a lower body mass and locomo-
tor potential which is a disadvantage that nature has a strong 
selection pressure against; (2) With a circulatory design that the 
blood perfusing gills first, then tissues and then returning to the 
heart, the heart becomes afferent to the gas exchanger organ 
and receives oxygen-poor and acidotic blood from the tissues. 
This is particularly disadvantageous during exercise, as evidenced 
by the fact that many extant gill-breathing fish die from exhaus-
tive exercise.17

For a higher cardiac output, mechanisms providing a higher gill 
ventilation should be provided in the first place. Ancestral jawless 
fish (Figure 1C) found a solution to this problem by repurpos-
ing the first 2 gill arches. First, the second gill cartilage evolved 
into the hyoid bone and its branchial muscles were employed 
for decreasing and increasing the volume of pharyngeal space. 
This offered a more efficient pump mechanism for sucking water 
in and blowing it out.20 Second, as the gills were supported by 
hinged cartilages, evolving it into a jaw was not too far-fetched. 
Thus, the first gill cartilage formed the mandibula and jawed 
fish emerged (Figure 1D). Aside from yielding a powerful new 
weapon to be used for predatory purposes, this innovation also 
opened the way for gulping air. Gulping air from the surface 
provided a new way of getting oxygen. A predictable next step 
was to evolve an outpouching in the pharynx to store that air 

ABBREVIATIONS
LV	 Left ventricle
Pmsf	 Mean systemic filling pressure
RV	 Right ventricle
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and allow respiratory gas exchange.21 A special subclass of fish 
(Sarcopterygii) evolved this outpouching into the lungs (lung-
fish) and provided an arterial supply from the sixth pharyngeal 
arch (Figure 1E). In contrast to the general scheme, the venous 
return of this outpouching was not to dorsal aortae but directly 
opened to the adjacent atrium. This arrangement provided the 
heart with an extra oxygen source and helped to overcome the 
second limitation.17,19,22,23

The pulmonary venous return had effects on the heart anatomy. 
The entrance of the pulmonary vein to the atrium induced a pul-
monary fold to form in the atrium that constitutes a partial atrial 
septum.24 Also, a spiral-shaped ridge in the conus arteriosus 
created 2 functional outflows.17,25 However, these were not the 
innovations that the sarcopterygian fish named after, they got 

their name because of their muscular (sarco-) fins (-pterygius). 
Equipped with an air-breathing organ and stronger extremities, 
they were ready to set their “foot” on an uncharted territory.23,26,27

From Amphibians to Mammals
The conquest of the land was promising. As green plants and 
arthropods had already invaded the land dozens of millions of 
years earlier, it provided an ecosystem to forage, shallow inter-
tidal ponds to find trapped coastal preys, and a niche to escape 
from aquatic predators. Furthermore, when crawled onto the 
shores to raise their body temperature by basking in the sun, 
the animal boosts its metabolism and develops more power 
and speed. This was extremely advantageous for catching prey, 
escaping from predators, and for reproduction.17 These factors 
gradually led to an amphibious lifestyle.

Figure 1. A-H.  Evolution of cardiovascular system. (A) For single-cell organisms, no circulation is necessary as diffusion is adequate 
for oxygen delivery. (B) Ancient bilaterians used skin respiration and repeated vascular structures for segmental perfusion. (C) The 
primitive vertebrates repurposed the leading segmental arteries as gills. Their heart included a sinus venosus, a single atrium, 
a single ventricle, and a bulbus cordis. (D) With the evolution of the jaw, first 2 gill arches were lost. (E) The ancient lobe-finned 
fish developed a lung, a pulmonary circulation arising from the sixth pharyngeal arch, and a partially septate atrium. (F) The 
amphibians developed a 3-chambered heart with 2 atria and a single ventricle. (G) The reptiles developed a partial ventricular 
septum. The ventricle became more compacted. (H) The mammals (and the birds) completed the ventricular septation and 
developed a 4-chambered heart. The sinus venosus and the bulbus cordis incorporated into the right atrium and right ventricle, 
respectively. The mammals retained the left arcus while the birds retained the right arcus aorta.
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On the other hand, the transition to the land required many 
adaptations. The increased water loss from the skin and respira-
tory tract, the reduced access to the water, trauma, and blood 
loss on the dry land surface rendered the volume loss as the 
most feared risk of this migration. With a regulation mechanism 
already monitoring vascular pressures, any stress reaction would 
evolve to include fluid retention response in order to increase 
Pmsf and cardiac output. An avidly water and salt sparing kid-
ney was strongly favored, and the plasma protein concentra-
tion and oncotic pressure increased and even exceeded Pmsf to 
keep fluid in the vascular space.28 By abandoning the buoyancy 
of the water that offered practical weightlessness, the animals 
now had resistance to gravitational forces necessitating stron-
ger bones and muscles, more energy, and oxygen requirement.29 
This needed a better separation of oxygen-rich and -poor blood, 
hence amphibians finalized atrial septation they inherited from 
sarcopterygian lungfish.30

The effects of gravity on hemodynamics were also profound. The 
weight of a 1-m water column creates a pressure of 73.5 mmHg 
(Figure 2, Article 3).13 As hydrostatic pressure increases and 
decreases at the same amount in arteries and veins with height, 
the difference between the 2 remains constant and the Article 
2 was still in force. However, when intravascular pressure drops 
below atmospheric levels while gaining height, the vessels col-
lapse. Venous collapse does not stop the organ flow, only limits 
it by increasing vascular resistance, but arterial collapse shuts the 
organ circulation down. As fish and then amphibians had a sys-
tolic blood pressure of only 30‐40 mmHg, and this level of pres-
sure permits only 50 cm vertical distance between the heart and 
the brain before arteries collapse, amphibians and their first reptile 
offspring had to have a horizontal body posture.31-35 Furthermore, 

a systemic pressure exceeding 50 mmHg is not likely with an 
undivided ventricle, as this higher pressure endangers the pul-
monary blood-air interface.36 Nevertheless, the spongy myo-
cardium that predominates in fish is now gradually encased in 
a layer of compact myocardium that increased in thickness and 
proportion and enables higher pressures (Figure 1F).10-12

The reptilians were the first vertebrates sufficiently adapted for 
terrestrial habitation and utilize the lungs as the sole pathway 
for the acquisition of oxygen.36 Under the strong selection trend 
towards ventricular septation, reptilians developed a partial ven-
tricular septum and more compact myocardium (Figure 1G).10-12 
Debatably, those who developed a completely separated ventricle 
first and attained high arterial pressures were the dinosaurs, as 
supported by their towering heads reaching over 10 m, barely fit-
ting under the ceilings of the museums they are exhibited today.37 
Of note, these giants seem to exploit Article 2 up to the physical 
limits for a cardiovascular system (Figure 3A). When they raised 
or lowered their heads, the transmural pressure in their cerebral 
vessels decreased or increased, therefore vessels tended to col-
lapse or distend, respectively (Figure 2, Article 3). Despite these 
wild fluctuations in transmural pressure, the perfusion did not 
change because it is determined by the arteriovenous pressure 
difference (Figure 2, Article 2). Yet, with an erect neck posture, 
very high arterial pressures were still required, not only for pre-
venting arterial collapse35 but also for keeping the blood under 
the boiling point which is decreased to room temperatures when 
the blood is subjected to such negative pressures and preventing 
oxygen from dissociating from the hemoglobin under low pres-
sure and coming out of solution to form bubbles.37 It is still not 
clear how these dinosaurs managed to circumvent these limita-
tions without incredibly huge left ventricles generating immense 
arterial pressures. Nevertheless, the presence of 2 separate cir-
culations is associated with the ability to sustain exercise by 
enabling elevated systemic arterial pressures without elevated 
pulmonary pressures and a thinner and more efficient blood–gas 
interface.3,12,31,36 With a higher systemic pressure reservoir, tissues 
can now increase their flow and oxygen delivery to much higher 
levels. The higher oxygen supply to the muscles enabled a higher 
exercise capacity and stamina, which enabled dinosaurs to domi-
nate the planet for approximately 150 million years.2,12,17

The bliss of higher arterial pressures came at a cost, however. 
Higher vascular pressures need a more active thrombotic system 
to quickly control any possible hemorrhage. Vascular damage 
due to high pressures (including atherosclerosis and arterioscle-
rosis) and thrombotic complications would be the fate of the 
later generations to come.38-41 Furthermore, dividing a single 
ventricle into 2 separate parts laid the foundations of another 
hemodynamic law (Figure 2, Article 4). Now, the right and left 
ventricles have to beat at the same heart rate and pump the 
same stroke volume and cardiac output, even though they have 
different contractile properties, and they are facing completely 
different vascular beds with different responses to various patho-
physiological processes (Figure 4). If left ventricular output, even 
temporarily, falls short of right ventricular output (interventricu-
lar disintegration),13 the excess volume created by the difference 
between these 2 outputs has to accumulate in the pulmonary 
vascular compartment that is tried to be protected by the evolu-
tion all along.Figure 2.  The Laws of The Hemodynamic Constitution.
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While reptiles were reigning in the land, there was a small 
group of organisms called mammals hiding in the darkness 
of the night and waiting for something from the heavens to 
dethrone their reptilian oppressors. Their nocturnality selected 
several traits such as thermogenesis, encephalization associ-
ated with the development of sensory functions critical for the 
nocturnal existence,42 miniaturization,43 and finally endothermy. 
Endothermy simply means the production of endogenous heat 
that leads to independence from the ambient temperature and 

made invasion of several biological niches possible. However, 
endothermic animals consume 10 times more energy than their 
ectothermic peers for generating heat that will keep body tem-
perature constant.44,45 This is associated with an increased oxy-
gen demand and cardiac output. As a corollary, the heart itself 
showed some adaptations. The level of ventricular compaction 
increased to the utmost degree. Because of the higher cardiac 
output, shorter systole, and longer ventricular diastole, the sinus 
venosus became obsolete and fused with the right atrium but 

Figure 3. A-B.  (A) Sauropod dinosaurs had a ~760 mmHg pressure difference between their hearts and brains when they kept their 
necks in an erect position. When they lowered their heads, there should have been an enormous change in cerebral arterial 
pressure, despite arteriovenous pressure, hence cerebral flow did not change. Although the pressure swings in humans are much 
more modest, this still means that in a lying normotensive man with a systolic blood pressure of 120 mmHg, the pressure in the 
cerebral vessels is equal to that in a standing hypertensive man with a blood pressure of 160 mmHg. (B) The ignorance of Article 
3 of the Hemodynamic Constitution may have misled us into thinking that the pressure is the cause of “hypertensive” complications. 
However, the pressure in the vascular system changes vertically in an upright man, attains its lowest level in the brain, and reaches 
up to 200 mmHg at the level of toes. Yet, hypertensive involvement does not follow this craniocaudal pattern, rather it generally 
targets the organs with the highest flow. BF, blood flow; SP, systolic blood pressure.
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retained its sole function as the dominant pacemaker.24,25 As an 
adaptation to longer gestational durations, a secondary foramen 
developed in the cranial part of the primary atrial septum during 
embryogenesis to enable continued shunting. While the sinus 
venosus is incorporating into the right atrium, a second sep-
tum developed from the right atrial roof as a thick fold, gradu-
ally overlapped this foramen secundum. This septum secundum 
serves as a valve mechanism that enables continued right-to-
left blood passage in the embryo but prevents shunting after the 
birth. The sinus venosus also leaves its left horn as the coronary 
sinus and its valves as crista terminalis, Eustachian valve, and 
Thebessian valve.24 The right-sided aortic arch regressed, prob-
ably due to the requirement for a large arterial duct connecting 

to the descending aorta and left the familiar left-sided arcus 
aorta as the principal highway of the mammalian vascular sys-
tem (Figure 1H).

Implications for Homo sapiens
Our cardiovascular system is a result of the abovementioned 
evolutionary process and it reenacts this evolutionary history 
during embryogenesis. The full-blown 4-chambered human 
heart develops after the successive stages of the single peristal-
tic tube, the 2-chambered fish heart with a spongy ventricular 
cavity, the 3-chambered more compact amphibian heart, and 
the three​-and-​a-hal​f-cha​mbere​d reptilian heart with a partly 
divided ventricle.24,46 Six pairs of pharyngeal arteries develop and 
either regress or metamorphose into mature vascular structures 
as evolutionary history foretells.47

Although cardiovascular evolution sculpted our body and 
brought us many new organs while trying to stretch its physio-
logical limits, our cardiovascular system is not a unique, ultimate 
design that is specifically planned to meet the requirements of 
the human organism. Neither it is flawless. Some of the adap-
tions gained during this evolutionary process are not necessary, 
even harmful, causing or contributing to disease processes. The 
diseases associated with high blood pressure and increased ten-
dency to thrombosis are the leading causes of death not only in 
humans but also in other mammals and birds.39-41 Unfortunately, 
these diseases escape from the elimination of natural selec-
tion, since they manifest in the post-reproductive ages. A higher 
“normal” blood pressure is a demanding obligation during other 
disease processes as well. In a patient with cardiogenic shock 
lying in a coronary care unit bed, neither high arterial pressures 
nor the adaption of costly endothermy is beneficial. If it was pos-
sible to induce a transient ectothermic state with a metabolic 
need 10 times lower than endothermy or lower arterial pressures 
not contesting the effects of gravity, the possibility of survival 
would be increased.

Even the hemodynamic constitution sometimes seems to work 
against us. The first article dictates the use of a pulsatile pump to 
provide continuous flow to the tissues. This requires a compliant 
arterial system that cushions pressure oscillations and converts 
the pulsatile output to a steady outflow with the Windkessel 
effect.48 However, as the arterial system is not perfectly compli-
ant, a pulsatile pump consumes more energy and is less efficient 
than a continuous pump. Since the pulsatile heart is positioned 
behind the main pressure reservoir, it has to consume a sizable 
portion of its energy to open its semilunar valves first, which 
explains why pressure-overload conditions are less tolerated 
than volume-overload conditions. The compliance of the arterial 
system also decreases with age and increases the pulsatile load 
on the left ventricle.49,50

The pulsatile flow has detrimental effects on the vascular sys-
tem. The cyclic stress on conductance vessels prompts elastic 
fiber breakdown and decreases arterial compliance.51 A decreas-
ing arterial compliance causes wide pressure oscillations that 
penetrate into microvasculature and compromise the integrity 
of delicate capillaries.52-54 Furthermore, phasic pressure waves 
reflect at all bifurcations and discontinuities of the vascula-
ture.55 The reflected waves come back to the proximal aorta 

Figure 4. A-B.  (A) In a serially connected 2-pump system, the 
output of both pumps should be equal to keep a steady-state. 
(B) When the output of the upstream pump (RV) temporarily 
exceeds the output of the downstream pump (LV), excess 
volume accumulates in the intermediary (pulmonary) vascular 
compartment, unless the outputs of the pumps could be 
regulated independently. This is not fully possible in the 
mammalian cardiovascular system, as the evolution created 
not 2 independent pumps but rather 2 half-pumps by dividing 
a single ventricle into 2 halves. Although increased pressure in 
the pulmonary vasculature in this situation is frequently 
explained with “diastolic LV dysfunction” that is transmitting 
backward, the source of excess pulmonary hydraulic energy is 
actually the RV. LV, left ventricle; RV, right ventricle.
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and if they coincide with systole, they cause an extra pulsatile 
load. However, as all mammals use a similar vascular map, none 
have a perfect ventriculoarterial coupling that minimizes these 
undesirable effects. For example, kangaroos have extensive vas-
cular branching in their well-developed lower extremities which 
create strong wave reflections. These wave reflections return to 
the proximal aorta at late systole and generate a pulsatile load 
that diminishes the cardiac output. Although vascular reflec-
tions are mild and return in diastole in healthy humans, they 
become more pronounced and return at late systole with aging. 
This deranged ventriculoarterial coupling is a significant problem 
in hypertension and heart failure.56,57

A pulsatile pump also has the limitation of working in a frac-
tion of its duty cycle. Since the mammalian ventricle does not 
have an effective sucking mechanism, its filling rate determines 
the volume that could be pumped. The balance between systole 
and diastole, which are governed and influenced by completely 
different processes, may also be compromised by simple physio-
logic perturbations, such as high heart rates, which in turn result 
in derangements in both functions (systole-diastolic disintegra-
tion).13 All of the abovementioned limitations could be avoided if 
nature endowed us with a continuous pump.

The second article mandates that the arteriovenous pressure 
difference governs tissue perfusion, but the body predomi-
nantly monitors only 1 side of this equation. When the arterial 
pressure is used as a surrogate for cardiac output, any decrease 
in cardiac performance is misinterpreted as hypovolemia and 
leads to fluid retention and edema formation without any 
abolishing effect on the underlying pathology. On the other 
hand, as Pmsf sets a limit for maximum cardiac output, no effort 
of the heart can compensate for hypovolemia, which would 
be possible if the pump was continuous and the veins were 
non-collapsible.13 The arterial pressure-oriented autoregula-
tion of the organ flow also fails in many disease conditions. 
In ischemia-reperfusion states, precapillary sphincters exposed 
to ischemic metabolites maximally dilate during ischemia and 
they become incapable of dampening the harmful effects of 
high arterial reservoir pressure penetrating into the capillaries 
when reperfusion occurs.58 In heart failure, high venous pres-
sures may decrease glomerular filtration rate, endanger renal 
flow, and can lead to renal failure.59

The third article seems to be frequently ignored altogether 
as if we had never transitioned to the land. Since we delib-
erately perform our pressure measurements in a flat posture 
reminiscent of our fish ancestors and eliminate the effects 
of hydrostatic pressure, we tend to misinterpret the pres-
sure-related phenomena. The most obvious example is our 
approach to essential hypertension. Although data from obser-
vational studies indicate that the risk of cardiovascular com-
plications doubles for every 20/10 mm Hg increase in blood 
pressure60 and lowering it with virtually any drug significantly 
reduces adverse events,61 this approach completely disregards 
the effects of hydrostatic pressure. Considering that the arte-
rial pressure is ~40 mm Hg lower in the head and ~90 mm Hg 
higher in the lower extremity (Figure 3B), it is hard to explain 
why (1) the organ with the lowest blood pressure in the body, 
the brain, is the leading target of hypertension; (2) target organ 

involvement in hypertension does not fit into a craniocaudally 
increasing pattern; (3) hypertensive complications tend to clus-
ter in organs with higher flow, such as the brain, the heart, and 
the kidneys, rather than the organs with vascular beds exposed 
to higher pressures. Correspondingly, we previously questioned 
the theory blaming the pressure as the cause of “hyperten-
sive” complications and asked if the flow or any of its iterations, 
which may have escaped our attention because of its correla-
tion with pressure and harder technical measurement, could be 
the real culprit.62

The ignorance of hydrostatic pressure leads to the generation of 
hypotheses not compatible with the basic principles of phys-
ics. The temporal coincidence of stroke with 24-hour varia-
tion in blood pressure, which shows the highest value around 
midmorning, led some authors to speculate a direct effect of 
increased blood pressure on vessels or atherosclerotic lesions.63-65 
But in reality, cerebral arterial pressure actually decreases upon 
waking up, as the magnitude of morning blood pressure surge 
is generally less than the decrease in hydrostatic pressure due 
to assuming an upright posture.66 The studies exploring circa-
dian rhythmicity of cardiovascular events show that myocardial 
infarction follows a similar pattern to the circadian rhythm of the 
stroke, which strongly argues against any genuine effect of the 
pressure since the heart is a nearly gravity-independent organ 
in contrast to the brain. Of course, it should not be ignored that 
hypertensive pathophysiology may and does include other fac-
tors in addition to the hemodynamics ones, including cellular, 
neural, and humoral factors.

Last, the fourth article can be, and is, easily violated by several 
diseases. In a serially connected 2-pump system, the output 
of both pumps should be equal to keep a steady-state and 
prevent fluid accumulation behind the pump with the lower 
output. If the output of the downstream pump (the left ven-
tricle) falls short of the output of the upstream pump (the right 
ventricle), for example, the excess output accumulates in the 
intermediary (pulmonary) vascular compartment (interventric-
ular disintegration),13 unless there are regulatory mechanisms 
exclusively check the output of the upstream pump (the right 
ventricle) (Figure 4). However, no such mechanisms exist, on 
the contrary, both ventricles have to beat at the same rate, 
pump the same stroke volume, and respond similarly to the 
inotropic stimuli. In a patient with acute left ventricular infarc-
tion, the right ventricular output may exceed the output of the 
damaged left ventricle and leads to the patient’s drowning in his 
own serum despite the patient is not fluid overloaded. A design 
with 2 completely independent pumps, with a separate right 
heart able to lower its rate or output to match the output of 
the diseased left heart, could have avoided this problem, but 
the evolution was only able to provide us with 2 half-pumps.

Conclusion

Our cardiovascular system evolved by formulating solutions to the 
challenges it faced by incrementally repurposing or remodeling 
the material at hand. Given each new branch of the evolutionary 
tree develops on an already existing one, human cardiovascular 
system is not a unique, flawless, or perfect design, instead, it is a 
complex product of a highly adaptable framework that has the 
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overtones of the past. Therefore, the analysis of cardiovascular 
evolution from a hemodynamic perspective provides a fascinat-
ing opportunity to spot the weak points of our cardiovascular 
system, to understand the disease pathophysiology, and to for-
mulate possible treatment options.

Peer-review: Externally peer-reviewed.

Declaration of Interests: The author declare that he has no competing 
interest.

Funding: This study received no funding.

References
1.	 Olson  JM. Photosynthesis in the Archean era. Photosynth Res. 

2006;88(2):109-117. [CrossRef]
2.	 Harris  P. Evolution and the pulmonary circulation. Thorax. 

1994;49(suppl):S5-S8. [CrossRef]
3.	 Hsia CC, Schmitz A, Lambertz M, Perry SF, Maina JN. Evolution of 

air breathing: oxygen homeostasis and the transitions from water to 
land and sky. Compr Physiol. 2013;3(2):849-915. [CrossRef]

4.	 Hoffmann F, Larsen O, Tore Rapp H, Osinga R. Oxygen dynamics in 
choanosomal sponge explants. Mar Biol Res. 2005;1(2):160-163. 
[CrossRef]

5.	 Peterson  KJ, Davidson  EH. Regulatory evolution and the origin of 
the bilaterians. Proc Natl Acad Sci U S A. 2000;97(9):4430-4433. 
[CrossRef]

6.	 Ma X, Cong P, Hou X, Edgecombe GD, Strausfeld NJ. An exception-
ally preserved arthropod cardiovascular system from the Early Cam-
brian. Nat Commun. 2014;5:3560. [CrossRef]

7.	 Olson EN. Gene regulatory networks in the evolution and develop-
ment of the heart. Science. 2006;313(5795):1922-1927. [CrossRef]

8.	 Simões-Costa MS, Vasconcelos M, Sampaio AC, et al. The evolu-
tionary origin of cardiac chambers. Dev Biol. 2005;277(1):1-15. 
[CrossRef]

9.	 Diamond  J. Transport mechanisms: The biology of the wheel. 
Nature. 1983;302(5909):572-573. [CrossRef]

10.	 Stephenson A, Adams JW, Vaccarezza M. The vertebrate heart: an 
evolutionary perspective. J Anat. 2017;231(6):787-797. [CrossRef]

11.	 Bishopric NH. Evolution of the heart from bacteria to man. Ann N 
Y Acad Sci. 2005;1047:13-29. [CrossRef]

12.	 Bettex  DA, Prêtre  R, Chassot  PG. Is our heart a well-designed 
pump? The heart along animal evolution. Eur Heart J. 2014;35(34): 
2322-2332. [CrossRef]

13.	 Aslanger E, Yıldırımtürk Ö, Türer Cabbar A, Değertekin M. Cardio-
vascular disintegration: A conceptual, model-based approach to 
heart failure hemodynamics. Turk Kardiyol Dern Ars. 2021;49(4): 
275-285. [CrossRef]

14.	 Berger D, Moller PW, Weber A, et al. Effect of PEEP, blood volume, 
and inspiratory hold maneuvers on venous return. Am J Physiol Heart 
Circ Physiol. 2016;311(3):H794-H806. [CrossRef]

15.	 Joyce W, Wang T. What determines systemic blood flow in verte-
brates? J Exp Biol. 2020;223(4):jeb215335. [CrossRef]

16.	 Annona  G, Holland  ND, D'Aniello  S. Evolution of the notochord. 
EvoDevo. 2015;6:30. [CrossRef]

17.	 Farmer CG. Evolution of the vertebrate cardio-pulmonary system. 
Annu Rev Physiol. 1999;61:573-592. [CrossRef]

18.	 Evans  DH, Piermarini  PM, Choe  KP. The multifunctional fish gill: 
dominant site of gas exchange, osmoregulation, acid-base regula-
tion, and excretion of nitrogenous waste. Physiol Rev. 2005;85(1): 
97-177. [CrossRef]

19.	 Johansen K. Comparative physiology: gas exchange and circulation 
in fishes. Annu Rev Physiol. 1971;33:569-612. [CrossRef]

20.	 Richardson  J, Shono  T, Okabe  M, Graham  A. The presence of 
an  embryonic opercular flap in amniotes. Proc Biol Sci. 2012; 
279(1727):224-229. [CrossRef]

21.	 Perry SF, Wilson RJ, Straus C, Harris MB, Remmers JE. Which came 
first, the lung or the breath? Comp Biochem Physiol A Mol Integr 
Physiol. 2001;129(1):37-47. [CrossRef]

22.	 Milsom WK, Burleson ML. Peripheral arterial chemoreceptors and 
the evolution of the carotid body. Respir Physiol Neurobiol. 
2007;157(1):4-11. [CrossRef]

23.	 Farmer C. Did lungs and the intracardiac shunt evolve to oxygen-
ate the heart in vertebrates? Paleobiology. 1997;23(3):358-372. 
[CrossRef]

24.	 Jensen  B, Wang  T, Moorman  AFM. Evolution and development 
of  the atrial septum. Anat Rec (Hoboken). 2019;302(1):32-48. 
[CrossRef]

25.	 Szidon JP, Lahiri S, Lev M, Fishman AP. Heart and circulation of the 
African lungfish. Circ Res. 1969;25(1):23-38. [CrossRef]

26.	 Zhu  M, Yu  X. A primitive fish close to the common ancestor  
of  tetrapods and lungfish. Nature. 2002;418(6899):767-770. 
[CrossRef]

27.	 Daeschler  EB, Shubin  NH, Jenkins  FA Jr. A Devonian tetrapod-like 
fish and the evolution of the tetrapod body plan. Nature. 2006; 
440(7085):757-763. [CrossRef]

28.	 Hillman  SS. Anuran amphibians as comparative models for under-
standing extreme dehydration tolerance: a unique negative feedback 
lymphatic mechanism for blood volume regulation. Am J Physiol 
Regul Integr Comp Physiol. 2018;315(4):R790-R798. [CrossRef]

29.	 Weenink  RP, Wingelaar  TT. The circulatory effects of increased 
hydrostatic pressure due to immersion and submersion. Front Phys-
iol. 2021;12:699493. [CrossRef]

30.	 Johansen K, Hanson D. Functional anatomy of the hearts of lung-
fishes and amphibians. Am Zool. 1968;8(2):191-210. [CrossRef]

31.	 Schulte K, Kunter U, Moeller MJ. The evolution of blood pressure 
and the rise of mankind. Nephrol Dial Transplant. 2015;30(5): 
713-723. [CrossRef]

32.	 Seymour RS, Arndt JO. Independent effects of heart-head distance 
and caudal blood pooling on blood pressure regulation in aquatic 
and terrestrial snakes. J Exp Biol. 2004;207(8):1305-1311. 
[CrossRef]

33.	 Lillywhite  HB. Snakes, blood circulation and gravity. Scient Amer. 
1988;259:92-98.

34.	 Munis JR, Lozada LJ. Giraffes, siphons, and starling resistors: cerebral 
perfusion pressure revisited. J Neurosurg Anesthesiol. 2000;12(3): 
290-296. [CrossRef]

35.	 Mitchell G, Maloney SK, Mitchell D, Keegan DJ. The origin of mean 
arterial and jugular venous blood pressures in giraffes. J Exp Biol. 
2006;209(13):2515-2524. [CrossRef]

36.	 Maina JN, West JB. Thin and strong! The bioengineering dilemma in 
the structural and functional design of the blood-gas barrier. Physiol 
Rev. 2005;85(3):811-844. [CrossRef]

37.	 Seymour RS, Lillywhite HB. Why vascular siphons with sub-atmos-
pheric pressures are physiologically impossible in sauropod dino-
saurs. J Exp Biol. 2016;219(13):2078-2079. [CrossRef]

38.	 Millard RW, Johansen K, Milsom WK. Radiotelemetry of cardiovas-
cular responses to exercise and diving in penguins. Comp Biochem 
Physiol A Comp Physiol. 1973;46(2):227-240. [CrossRef]

39.	 Finlayson R, Symons C. Arteriosclerosis in wild animals in captivity 
[Abstract]. Proc R Soc Med. 1961;54(11):973.

40.	 Bavelaar FJ, Beynen AC. Atherosclerosis in parrots. A review. Vet Q. 
2004;26(2):50-60. [CrossRef]

41.	 Xavier-Neto J, Castro RA, Sampaio AC, et al. Cardiovascular devel-
opment: towards biomedical applicability: Parallel avenues in the 
evolution of hearts and pumping organs. Cell Mol Life Sci. 
2007;64(6):719-734. [CrossRef]

42.	 Allman  J. The origin of the neocortex. Neurosci S. 
1990;2:257-262.

43.	 Lovegrove BG. A phenology of the evolution of endothermy in birds 
and mammals. Biol Rev Camb Philos Soc. 2017;92(2):1213-1240. 
[CrossRef]

44.	 Bennett AF, Ruben JA. Endothermy and activity in vertebrates. Sci-
ence. 1979;206(4419):649-654. [CrossRef]

45.	 Else PL, Hulbert AJ. Evolution of mammalian endothermic metabo-
lism: leaky membranes as a source of heat. Am J Physiol. 1981; 
253:R1-R7.

46.	 Katano W, Moriyama Y, Takeuchi  JK, Koshiba-Takeuchi K. Cardiac 
septation in heart development and evolution. Dev Growth Differ. 
2019;61(1):114-123. [CrossRef]

https://doi.org/10.1007/s11120-006-9040-5
https://doi.org/10.1136/thx.49.suppl.s5
https://doi.org/10.1002/cphy.c120003
https://doi.org/10.1080/17451000510019006
https://doi.org/10.1073/pnas.97.9.4430
https://doi.org/10.1038/ncomms4560
https://doi.org/10.1126/science.1132292
https://doi.org/10.1016/j.ydbio.2004.09.026
https://doi.org/10.1038/302572a0
https://doi.org/10.1111/joa.12687
https://doi.org/10.1196/annals.1341.002
https://doi.org/10.1093/eurheartj/ehu222
https://doi.org/10.5543/tkda.2021.69548
https://doi.org/10.1152/ajpheart.00931.2015
https://doi.org/10.1242/jeb.215335
https://doi.org/10.1186/s13227-015-0025-3
https://doi.org/10.1146/annurev.physiol.61.1.573
https://doi.org/10.1152/physrev.00050.2003
https://doi.org/10.1146/annurev.ph.33.030171.003033
https://doi.org/10.1098/rspb.2011.0740
https://doi.org/10.1016/s1095-6433(01)00304-x
https://doi.org/10.1016/j.resp.2007.02.007
https://doi.org/10.1017/S0094837300019734
https://doi.org/10.1002/ar.23914
https://doi.org/10.1161/01.res.25.1.23
https://doi.org/10.1038/nature00871
https://doi.org/10.1038/nature04639
https://doi.org/10.1152/ajpregu.00160.2018
https://doi.org/10.3389/fphys.2021.699493
https://doi.org/10.1093/icb/8.2.191
https://doi.org/10.1093/ndt/gfu275
https://doi.org/10.1242/jeb.00882
https://doi.org/10.1097/00008506-200007000-00029
https://doi.org/10.1242/jeb.02277
https://doi.org/10.1152/physrev.00022.2004
https://doi.org/10.1242/jeb.140988
https://doi.org/10.1016/0300-9629(73)90414-3
https://doi.org/10.1080/01652176.2004.9695168
https://doi.org/10.1007/s00018-007-6524-1
https://doi.org/10.1111/brv.12280
https://doi.org/10.1126/science.493968
https://doi.org/10.1111/dgd.12580


526

Turk Kardiyol Dern Ars 2022;50(7):518-526� Aslanger. Evolution of the CVS

47.	 Graham  A. The development and evolution of the pharyngeal 
arches. J Anat. 2001;199(1-2):133-141. [CrossRef]

48.	 Westerhof N, Lankhaar JW, Westerhof BE. The arterial Windkessel. 
Med Biol Eng Comput. 2009;47(2):131-141. [CrossRef]

49.	 Aslanger  E, Assous  B, Bihry  N, Beauvais  F, Logeart  D, Cohen-
Solal A. Effects of exercise on postexercise ventricular-arterial cou-
pling and pulsatile efficiency in patients with systolic dysfunction. 
Eur J Clin Investig. 2015;45(10):1042-1051. [CrossRef]

50.	 Aslanger  E, Assous  B, Bihry  N, Beauvais  F, Logeart  D, Cohen-
Solal A. Association between baseline cardiovascular mechanics and 
exercise capacity in patients with coronary artery disease. Anatol J 
Cardiol. 2016;16(8):608-613. [CrossRef]

51.	 Wagenseil JE, Mecham RP. Elastin in large artery stiffness and hyper-
tension. J Cardiovasc Transl Res. 2012;5(3):264-273. [CrossRef]

52.	 Benetos A, Safar M, Rudnichi A, et al. Pulse pressure: a predictor of 
long-term cardiovascular mortality in a French male population. 
Hypertension. 1997;30(6):1410-1415. [CrossRef]

53.	 Mitchell GF, Moyé LA, Braunwald E, et al. Sphyg​moman​ometr​icall​
y determined pulse pressure is a powerful independent predictor of 
recurrent events after myocardial infarction in patients with 
impaired. Survival and ventricular Enlargement. Circulation. 1997; 
96(12):4254-4260. [CrossRef]

54.	 Martyn CN, Greenwald SE. Impaired synthesis of elastin in walls of 
aorta and large conduit arteries during early development as an 
initiating event in pathogenesis of systemic hypertension. Lancet. 
1997;350(9082):953-955. [CrossRef]

55.	 O'Rourke  MF. Steady and pulsatile energy losses in the systemic 
circulation under normal conditions and in simulated arterial dis-
ease. Cardiovasc Res. 1967;1(4):313-326. [CrossRef]

56.	 Murgo JP, Westerhof N, Giolma JP, Altobelli SA. Aortic input imped-
ance in normal man: relationship to pressure wave forms. Circula-
tion. 1980;62(1):105-116. [CrossRef]

57.	 Westerhof  BE, Guelen  I, Westerhof  N, Karemaker  JM, Avolio  A. 
Quantification of wave reflection in the human aorta from pressure 

alone: a proof of principle. Hypertension. 2006;48(4):595-601. 
[CrossRef]

58.	 Sezer M, Escaned J, Broyd CJ, et al. Gradual versus Abrupt reperfu-
sion During Primary Percutaneous Coronary Interventions in ST-
Segment Elevation myocardial infarction (GUARD). J Am Heart 
Assoc. 2022;11(10):e024172. [CrossRef]

59.	 Husain-Syed F, Gröne HJ, Assmus B, et al. Congestive nephropathy: 
a neglected entity? Proposal for diagnostic criteria and future per-
spectives. ESC Heart Fail. 2021;8(1):183-203. [CrossRef]

60.	 Lewington S, Clarke R, Qizilbash N, Peto R, Collins R, Prospective 
Studies Collaboration. Age-specific relevance of usual blood pres-
sure to vascular mortality:a meta-analysis of individual data for one 
million adults in 61 prospective studies. Lancet. 2002;360(9349): 
1903-1913. [CrossRef]

61.	 Law  MR, Morris  JK, Wald  NJ. Use of blood pressure lowering 
drugs  in the prevention of cardiovascular disease:metaanalysis 
of  147  randomised trials in the context of expectations from 
prospective epidemiological studies. BMJ. 2009;338:b1665. 
[CrossRef]

62.	 Aslanger  E, Sezer  M, Umman  S. High blood pressure: an 
obscuring  misnomer? Anatol J Cardiol. 2016;16(9):713-719. 
[CrossRef]

63.	 Muller  JE, Stone PH, Turi ZG, et al. Circadian variation in the fre-
quency of onset of acute myocardial infarction. N Engl J Med. 
1985;313(21):1315-1322. [CrossRef]

64.	 Sloan  MA, Price  TR, Foulkes  MA, et al. Circadian rhythmicity of 
stroke onset. Intracerebral and subarachnoid hemorrhage. Stroke. 
1992;23(10):1420-1426. [CrossRef]

65.	 Elliott WJ. Circadian variation in the timing of stroke onset:a meta-
analysis. Stroke. 1998;29(5):992-996. [CrossRef]

66.	 Sheppard JP, Hodgkinson J, Riley R, Martin U, Bayliss S, McManus RJ. 
Prognostic significance of the morning blood pressure surge in clini-
cal practice: a systematic review. Am J Hypertens. 2015;28(1): 
30-41. [CrossRef]

https://doi.org/10.1046/j.1469-7580.2001.19910133.x
https://doi.org/10.1007/s11517-008-0359-2
https://doi.org/10.1111/eci.12504
https://doi.org/10.5152/AnatolJCardiol.2015.6471
https://doi.org/10.1007/s12265-012-9349-8
https://doi.org/10.1161/01.hyp.30.6.1410
https://doi.org/10.1161/01.cir.96.12.4254
https://doi.org/10.1016/S0140-6736(96)10508-0
https://doi.org/10.1093/cvr/1.4.313
https://doi.org/10.1161/01.cir.62.1.105
https://doi.org/10.1161/01.HYP.0000238330.08894.17
https://doi.org/10.1161/JAHA.121.024172
https://doi.org/10.1002/ehf2.13118
https://doi.org/10.1016/s0140-6736(02)11911-8
https://doi.org/10.1136/bmj.b1665
https://doi.org/10.14744/AnatolJCardiol.2016.7054
https://doi.org/10.1056/NEJM198511213132103
https://doi.org/10.1161/01.str.23.10.1420
https://doi.org/10.1161/01.str.29.5.992
https://doi.org/10.1093/ajh/hpu104

