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ABSTRACT

Coronary artery tortuosity is a common angiographic finding. Its relation with coronary artery disease is not clear.
Patient with coronary tortuosity and without significant obstructive coronary artery disease may present with
chronic stable angina. These patients are often labeled as normal coronaries and remained symptomatic with
angina on exertion. Coronary artery should be recognized as non-obstructive cause of myocardial ischemia.
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INTRODUCTION

During the past two decades, our understanding for the
patho-physiology of CAD has undergone a remarkable
evolution. Previously considered as a lipid storage
disease, it is currently viewed as an inflammatory
disorder. The appreciation of arterial remodeling has
expanded attention beyond stenosis, evident by
angiography to encompass the biology of non-stenotic
plaques. Revascularization can effectively relieve
ischemia, but need to explore the non-obstructive causes
of coronary ischemia is being felt. Coronary artery
disease (CAD) is the leading cause for mortality and
morbidity worldwide.™™ 2 It severely affects the quality
of life. Gold standard for the diagnosis of coronary artery
disease is coronary angiography. Coronary tortuosity
(CT) is a common coronary angiographic finding
encountered by cardiologist. Its association with
hypertension, impaired left ventricular relaxation and
possibly myocardial ischemia has been suggested.E" CT
has been linked to advanced age, atherosclerosis,
hypertension and DM.® °! Study by Yang Li et al.”
linked CT positively with hypertension and females but
negatively with the CAD. Tortuous coronaries could
hamper the left ventricular function and have been
associated with the ventricular dysfunction.! CT may
cause reversible myocardial perfusion defects and
chronic stable angina.l" ! Patients with CT often
experience the effort-induced chest pain that typically
disappears at rest.’! These clinical features indicate that
tortuous coronaries may reduce the coronary perfusion
pressure. However, only limited clinical data directly
supports this assumption.
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Pathophysiology of Coronary Tortuosity

Arteries are normally straight for efficient transportation
of blood to the distal organs. However, arterial
remodeling may be the adaptive change in response to
various stimuli leading to tortuosity™, frequently
involving the coronary arteries.®® ° However, the clinical
importance and etiology of CT s still not clear.
Intraluminal traction and pressure in the coronary artery
are the two forces that tend to lengthen the vessel. These
two forces are opposed by retractive force, which is
equal and opposite to the sum of intraluminal traction
and pressure. Normally this balance between two
opposite forces results in stable length of coronary artery.
The retractive force in the artery is generated almost
entirely by elastic materiel in arterial wall known as
elastin. Degeneration of this elastin results in imbalance
between these opposing forces and thus can lead to
elongation and arterial tortuosity. In general, coronary
tortuosity is a result of age-dependent or pathological
degeneration of the elastin. Arterial tortuosity syndrome,
a rare autosomal recessive connective tissue disorder, is
an example of pathological degeneration of elastin,
which is associated with generalized tortuosity and
elongation of all major arteries. Aorta, cerebral and
coronary arteries are commonly involved in this
tortuosity syndrome. The etiology of tortuous variants in
other cases is considered mainly acquired and linked
with advanced age, atherosclerosis, small cardiac size
and hypertension.™

Coronary Tortuosity (CT) as a cause of Myocardial
Ischemia

Typical angina with an objective evidence of ischemia
without obstructive coronary artery disease in patients
with tortuous coronaries may be due to compression of
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the coronaries during cardiac systole.™ It is also
suggested that CT may causes reduction in coronary
pressure distal to the tortuous segment leading to
myocardial ischemia.®’ In a study by Li et al.'? they
found that increasing CT severity can result in more
decrease of coronary perfusion pressure and myocardial
ischemia. In another study by Li et al.*, it was observed
that CT is associated with reversible myocardial
perfusion defects in patients with chronic stable angina
(CSA) and normal coronaries. They proposed that CT
may lead CSA by decreasing coronary pressure distal to
tortuous segment. Changes in endothelial function due to
traction and pressure factors that tend to lengthen the
artery may induce symptoms of ischemia at low rates of
effort despite absence of significant CAD.™! In a study
comparing the coronary artery calcium (CAC) scoring in
subjects having CSA with or without CT, it was found
that there was significant high level of CAC score in CT
group as compare to NCT groups.™ These results
indicate that CT is associated with subclinical
atherosclerosis regardless of the presence of actual
obstructive coronary artery disease. Cunningham et al.**!
observed that atherosclerosis in coronaries is facilitated
by severe tortuosity. Thus, coronary atherosclerosis is
more common in subjects with CT, likely due to non-
laminar blood flow. Blood flow associated shear stress is
an essential component for the development of coronary
atherosclerosis™ and of vulnerable plaque rupture.]
Davutoglu et al.™® observed that CT was associated
increased carotid intima thickness and increased

incidence of retinal artery tortuosity. They concluded
that CT is strongly associated with subclinical coronary

atherosclerosis. However, some studies found negative
19]

correlation between CT and significant CAD.!
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Therefore, CT may be associated with subclinical
coronary atherosclerosis in the absence of significant
CAD. Patients with CSA and CT should be treated as
ischemic patients and drugs that causes plaque
stabilization and offer benefits in atherosclerosis may
better be given.

Fluid mechanical theories give reasonable explanation
for hemodynamic effect of CT and for the pressure
reduction distal to tortuous segment. Tortuous arteries
cause higher energy loss than straight arteries, causing
reduction in perfusion pressure. There are two reasons
for energy loss in the tortuous coronaries leading to
reduction in perfusion pressure. One is energy loss
caused by friction via shear stress other is loss due to
non-laminar perpendicular flow due to centrifugal effect.
This may be explained as follows: Energy loss due to
friction (AEfr) in a straight tube can be calculated using
Poiseuille’s law: A Efr =32 n 1 v/d2 (n = blood viscosity;
I = length of the artery; v= blood flow velocity;, d =
diameter of the artery). Arterial curves associated with
CT causes extra energy loss (Figure 1), almost entirely
caused by non-laminar flow, which is caused because
blood has to separate from the wall due to a sharp bend.
Sharp bends generate increased centrifugal pressure
(Pco) on section AB in the outside bend and the decrease
in pressure (Pci) on section CD in the inside bend. This
difference in pressures at sharp bends causes blood flow
to separate from the vessel wall; this is associated with
non-laminar perpendicular flow and additional energy
loss due to separation (AEsep) [20]. Studies have
reported that non-Newtonian influence measured and
calculated patterns of main and transverse flow in a 90°
bend of an artery during systole and diastole.*

- —

7

separation

B

C

Figurel: Arterial curves associated with CT causes extra energy loss (Figure 1), almost entirely caused by non-
laminar flow, which is caused because blood has to separate from the wall due to a sharp bend. Sharp bends
generate increased centrifugal pressure (Pco) on section AB in the outside bend and the decrease in pressure
(Pci) on section CD in the inside bend. This difference in pressures at sharp bends causes blood flow to separate
from the vessel wall; this is associated with non-laminar perpendicular flow and additional energy loss due to

separation (AEsep).
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It is observed from model measurements that at non-
laminar water flow sites in a tube only small amount of
energy loss is due to transverse flow. Acute angled
curvature/bends, however, will cause high-energy losses
because of separation.”” Nippert et al.”? showed a

%
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relation between radius (R)/tube width (D) and
AEsep/AEfr for non-laminar flow in a 90° bend of a
rectangular wooden tube (Figure 2). The energy due to
friction AEfr is nearly constant for different R/D values
and is almost equal to AEfr in straight arteries.
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Figure 2: Nippert showed a relation between radius (R)/tube width (D) and AEsep/AEfr for non-laminar flow in
a 90° bend of a rectangular wooden tube The energy loss by flow separation AEsep at R/D = 2 is equal to the
energy loss due to friction AEfr; so the total energy loss in the bend is twice as high as in a straight tube. At
Radius/Diameter = 1 the total energy loss is five times more (AEsep = appr. 4 AEfr).

The loss of energy by separation of flow AEsep at R/D =
2 is equal to the loss of energy by friction AEfr; so the
total energy loss in the bend is twice as high as in a
straight tube. At R/D = 1 the total energy loss is even 5

times more (AEsep = approx. 4 AEfr). In Figure 3, two
90° bends with R1/D=3 and R2/D=1 are drawn. It may
be observed that the total energy loss at R2 is much
higher than at R1.

Figure 3: Figure shows two 90° bends with R1/D=3 and R2/D=1.. The total energy loss at R2 is much higher than

at R1.
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Thus, it is logical to say that coronary pressure decreases
after multiple bends due to loss of energy as explained
above. This decrease in coronary pressure may be the
cause of myocardial ischemia leading to angina without
obstructive CAD. Intracoronary pressure measurement
using Doppler tipped guide wire showed significant
reduction in coronary pressure distal to tortuous
segment./®! The relationship between CT and CAD is
still debatable. Studies have shown both positive and
negative correlation between CT and CAD.

CT as a cause of thrombosis

Thrombosis has been observed in tortuous blood vessels;
for example, in internal carotid arteries® and in
umbilical cords.”® Thrombosis can be triggered by
chemical and physical stimulants in the blood vessel.
Chemical mechanisms include injury to the vascular
endothelium™!, rupture of atherosclerotic plaque®, and
hypercoagulable states.”®! A physical mechanism is high
fluid shear stress.””! Tortuosity in the artery can cause
high fluid shear stress, likely promoting thrombosis in
the absence of chemical mechanisms. One recent in vivo
study on rats observed thrombus formation in uninjured
tortuous venules but not in straight venules.’?®! Based on
CFD simulations, the authors suggested that thrombosis
was caused by increased fluid shear stress due to altered
blood flow from bending of the initially straight venules.
However, the underlying physical mechanisms are still
poorly understood. Microvessels are embedded within all
tissue, distribute blood throughout the entire body, and
play a role in inflammation.”® Thus, the study of
pathological processes in microvessels, such as
thrombosis, is essential to understand associated diseases
and to develop novel therapies. For instance, micro
vessel thrombosis has been observed in patients with
DIC in clinical, experimental, and autopsy settings.*” In
the microvessel thrombosis in both arterioles and
venules, animal models have shown that thrombi formed
in vivo are mainly composed of platelets.*" Hence,
platelets are crucial in microvessel thrombosis including
both arterioles and venules. Under thrombogenic
stimulus, platelets become activated and adhere to each
other and to the endothelial surface through
glycoproteins in the platelet surface, various plasma
proteins, and a fibrin network.””? High shear stresses,
along with various chemical agonists, induce platelet
activation and thrombus formation.”” Activated platelets
activate other platelets by releasing platelet agonists.”’
Curvature of tortuous vessels alters fluid shear stress and
fluid velocity and thus likely initiates shear-induced
platelet activation and increases platelet collisions. These
two physical mechanisms (i.e., shear-induced activation

and collisions) can promote platelet adhesion,
aggregation and thrombus formation. Therefore,
understanding the interactions between individual

platelets is critical to understand the physical
mechanisms of tortuosity-induced thrombus formation
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CT causing Recurrent SCAD

It has been reported that patients with SCAD often
exhibit CT. CT is highly prevalent in the SCAD
population and is associated with recurrent SCAD.
Recurrent SCAD most often occurs within segments of
CT. SCAD is an increasingly recognized cause of acute
coronary syndrome affecting a young, apparently healthy
population.**1 SCAD can involve dissection within the
media, with intramural hematoma formation, coronary
intima, or both.®* 3 An intimal dissection is often seen
on angiography as a diffuse stenosis, making the
diagnosis of SCAD a challenge.®! Intramural hematoma
involving the outer two thirds of the media is the most
common pathological finding in patients with SCAD.

There are multiple potential mechanisms by which CT
may be involved in the occurrence of SCAD. In a canine
model, Dobrin et al®®*® showed that elastin is responsible
for arterial load bearing properties (as opposed to
collagen) and that elastin deficiency allows vessel
elongation and results in arterial tortuosity. Other
investigators have shown that elastin has an essential role
in arterial development and its deficiency results in
subendothelial smooth muscle cell proliferation leading
to arterial tortuosity.®”! Other potential mechanisms may
be related to disturbances of arterial blood flow. Sharp
bends because of arterial tortuosity result in fluid
separation and disruption of laminar flow, resulting in
high energy loss and increased shear stress on the vessel
wall.®! This increased shear stress may weaken the
vessel wall, predisposing to SCAD. Shear stress causes
endothelial cell disruption and increases its permeability
and triggers the release of prostaglandins and stimulation
of underlying smooth muscle cells.B®] Interestingly, CT
was more common (80%) than extracoronary
vasculopathy (70%) in patients with SCAD who
underwent vascular screening, showing that CT may be a
more useful clinical association to make the diagnosis of
SCAD. Women aged <60 years presenting with evidence
of ACS should be carefully screened for SCAD. The
presence of CT on angiography should be a potential
clue to the diagnosis and should trigger a thorough
review for evidence of luminal narrowing, disruption, or
reduced blood flow.

CONCLUSION

Coronary tortuosity is a common angiographic finding.
Coronary tortuosity is commonly found in females and
hypertensive patients. Patients with coronary tortuosity
have low incidence of CAD but, can present with chronic
stable angina and objective evidence of myocardial
ischemia, in the absence of significant obstructive
coronary artery disease. Isolated coronary tortuosity in
patients with chronic stable angina is often ignored and is
labeled as normal coronaries. These patients remain
symptomatic with angina with multiple health care visits,
affecting their quality of life. These patients may be
offered treatment with antiplatelets, statins and
antianginal drugs to improve their quality of life.
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