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Preface

Blood is a type of connective tissue in fluid form. Formed elements suspended in 
the plasma fluid circulate throughout the body within the cardiovascular system. 
This book examines both the fluid and cellular components of this fascinating 
liquid.

Following an introductory chapter, the book begins with a section dedicated to 
novel developments and updates on various topics in hemodynamics.

A classical area of physiology, namely hemodynamics, explains the physical 
laws that govern the flow of blood in the vessels. The hemodynamic response 
continuously monitors and adjusts to conditions in the body and its environment. 
Understanding the interaction between different blood flow variables helps to 
better interpret their implications in various physiopathological conditions. Future 
research is expected to focus mainly on the relations between hemodynamics and 
biological processes with active cellular responses.

Chapter 2, “Hemodynamic Perspectives in Anemia”, discusses hemodynamic 
perspectives in anemia patients in critical condition. Emphasizing the transfusion 
threshold and significance of oxygen delivery and consumption, it shares new 
modalities to assess volume status and presents the algorithm guiding resuscitation.

Chapter 3, “Four-Dimensional Flow Magnetic Resonance Imaging and Applications 
in Cardiology”, discusses data acquisition and pre-processing in four-dimensional 
flow magnetic resonance imaging (4D flow MRI) and its cardiologic applications. 
It gives insight into the use of 4D flow MRI in congenital heart disease, mitral 
regurgitation, atrial fibrillation, and different aortic pathologies like stenosis, 
coarctation, and bicuspid valve disease. 

Chapter 4, “Cardiovascular Changes during Robot-Assisted Pelvic Surgery”, elabo-
rates cardiovascular complications of robot-assisted laparoscopic pelvic surgery. 
It highlights the underlying pathophysiology and the importance of perioperative 
monitoring.

Chapter 5, “Hemodynamic Alterations in Multiple Sclerosis”, presents the cervical 
and cerebral changes and possible mechanisms of altered perfusion in multiple 
sclerosis. It also shares methods for the evaluation of perfusion and the clinical 
implications of these alterations.

Finally, Chapter 6, “The Shear Stress/KLF2/Nrf2/ARE Pathway: A Hemodynamic 
Defense against Oxidative Stress”, discusses the importance of hemodynamic 
laminar shear stress in oxidative homeostasis and how to overcome oxidative stress 
through hemodynamics by the induced shear stress/Krupple-like factor2/Nrf2/ARE 
pathway.

The second section of the book shares novel developments in thalassemia.
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IV

The thalassemias are related to red blood cells. Among other hemoglobinopathies, 
they represent a major group. Abnormal hemoglobin formation is the result of 
inherited disorders of hemoglobin synthesis. The two main categories of the disease 
are alpha and beta-thalassemia, which are then divided into further subcategories. 
Some patients with mild forms of the disease might even go unnoticed and present 
with only mild anemia and iron deficiency problems. However, other more severe 
forms can even result in death. Complications related to compromised immunity 
and cardiovascular issues require a cautious clinical approach in thalassemia.

Chapter 7, “An Early Diagnosis of Thalassemia: A Boon to a Healthy Society”, shares 
diagnostic strategies and screening methods for thalassemia with emphasis on cost 
comparison and point-of-care testing.

Chapter 8, “Pulmonary Hypertension in Thalassemia Patients”, reviews in detail 
pulmonary hypertension, which is an important cause of morbidity and mortality. 
This progressive condition is one of the most common cardiac complications. The 
chapter discusses every aspect from etiology to treatment and recommendations.

Finally, Chapter 9, “Challenges of Hepatitis C Virus Treatment in Thalassemia”, 
discusses the approach to thalassemia patients with hepatitis C infection. 
Thalassemia patients are especially predisposed to multi-transfusion-acquired 
hepatitis C virus. The chapter presents novel treatments and pharmacokinetic 
considerations.

Aise Seda Artis
Western Balkans University,

Tirana, Albania
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Chapter 1

Introductory Chapter: Fascinating 
Blood
Aise Seda Artis

1. Introduction

“The blood jet is poetry and there is no stopping it.”
Sylvia Plath, ‘Ariel’.

Ancient people were aware of blood’s importance and fascinated by its  
mystery. According to the belief, Medusa had two kinds of blood circulating 
through her vessels: lethal blood on her left side, and life-giving blood on her right 
side. Later the humoral pathology theory of Hippocrates proposed the human body 
as a vessel for four liquids: yellow bile, black bile, white phlegm, and red blood. 
Each corresponds to one of the four classical elements – fire, earth, water, and air 
and one of the traditional four temperaments – sanguine, choleric, phlegmatic, 
and melancholic. Later, Galen proposed that blood was made in the liver from 
food and drink carried from the digestive tract. An ideal balance among the four 
humors was the key to good health [1]. Inspecting blood samples from patients and 
determining the relative amounts of each humor was the method for the diagnosis 
of an imbalance. Bloodletting treatments were common practice, and described in 
detail by Avicenna in his “Canon of Medicine”. This theory shaped the practice in 
Greek, Roman, and Islamic philosophy and medicine for many centuries until the 
nineteenth century [2].

In today’s view, blood is a type of connective tissue in fluid form. Formed 
elements suspended in the plasma fluid circulate throughout the body within the 
cardiovascular system. While the primary function is to transport oxygen, nutri-
ents, and other substances; its specific functions also include defense, distribution 
of heat, and maintenance of homeostasis throughout the body.

2. Hemodynamics

Hemodynamics is the study of the mechanical and physiologic properties  
controlling blood pressure and flow through the body, “the physical study of 
flowing blood and of all the solid structures (such as arteries) through which 
it flows” [3]. This classical area of physiology emphasizes the fluid and solid 
mechanics of the cardiovascular system, concerning the distribution of pressures 
and flows in the circulatory system. Control of the circulatory system is through 
the homeostatic mechanisms of autoregulation. Many biological processes, 
physical factors influence blood flow (and vice versa). In addition to systemic 
hemodynamic alterations, microvascular alterations are frequently observed in 
critically ill patients. The hemodynamic response continuously monitors and 
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adjusts to conditions in the body and its environment. Some parameters have 
been defined to quantify blood flow and its relationship with systemic circula-
tory changes. There is a constant development of the instrumentation and the 
techniques together with increasing capabilities for numerical computation. 
Complex and extensive factors influence hemodynamics. Understanding the 
interactions between different blood flow variables help to better interpret 
their implications in variable physiopathological conditions. Also, the help of 
improved imaging techniques is undeniable. Future research is expected to focus 
mainly on the interactions between hemodynamics and biological processes 
involving active cellular responses [4].

3. Hemorheology

The study of blood flow is called hemodynamics, and the study of the properties 
of the blood flow is called hemorheology. Blood is a non-Newtonian shear-thinning 
fluid and therefore is most efficiently studied using rheology rather than hydro-
dynamics [5]. The blood flow properties include blood viscosity which depends 
on plasma viscosity, hematocrit, red blood cell (RBC) aggregation, and RBC 
deformability [6]. The RBCs have a unique ability to deform and pass through small 
capillaries before rapidly recovering their initial shape. Under most flow conditions 
RBCs behave like fluid drops [7]. Due to the liquid-like behavior of RBCs under 
shear stress, blood can also be considered as a liquid-liquid emulsion. White blood 
cells and platelets can also affect blood rheology but, under normal conditions, 
RBCs represent most of the cellular components and make the biggest contribution 
to blood viscosity [8].

Hemorheological alterations occur in a wide range of physiological and patho-
physiological conditions. In many diseases, the deformability of RBCs is impaired as 
a result of defects in cell membrane skeletal architecture, RBC aging, and mechani-
cal damage [9–11]. Adverse hemorheological alterations may decrease tissue 
perfusion. Since control of blood flow is directly related to the metabolic conditions 
of the tissue, the perfusion change can be compensated by controlling the vascular 
geometry (i.e., diameter) component of flow resistance.

4. Thalassemia

RBCs show rheological abnormalities, also when thalassemia is present. 
Currently seen most frequently in the tropical belt, thalassemias remain a serious 
global health problem. Thalassemias are a group of inherited microcytic, hemolytic 
anemias characterized by defective hemoglobin synthesis. Alteration of the cell 
membrane may result from the interaction between the defective hemoglobin 
chain and the membrane cytoskeleton [12]. However, other changes are caused 
by hemoglobin denaturation [13]. Previous works suggest that the decreased RBC 
deformability is probably due to microcytosis that is present even in thalassemia 
carriers [14]. Recent work also suggests the presence of additional but yet unknown 
causes [15]. Thalassemia results from unbalanced hemoglobin synthesis caused 
by decreased production of at least one globin polypeptide chain. Symptoms and 
signs result from anemia, hemolysis, splenomegaly, bone marrow hyperplasia, and 
if there have been multiple transfusions, iron overload. Endothelial injury, spleno-
megaly, and transfusion-related hemodynamic alterations play an important role in 
the altered hemodynamics of thalassemia [16–18].
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5. Conclusion

For future research, the concepts of hemodynamics and hemorheology will 
retain their importance with their basis in the understanding of fluid and solid 
mechanics. A better understanding of the biological processes involving active 
cellular responses provided by advanced techniques is the key.

To serve this purpose, the first section of the present book is dedicated to present 
novel developments and updates on various topics in the frame of hemodynamics:

• Four-dimensional flow magnetic resonance imaging (4D flow MRI) is a 
relatively new imaging technique. It offers the ability to measure and visualize 
the temporal evolution of complex blood flow patterns within an acquired 3D 
volume, allowing for the computation of multiple hemodynamic metrics.

• Robot-assisted laparoscopic pelvic surgery seems safe and efficacious. A 
thorough understanding of the underlying pathophysiology together with 
meticulous monitoring would help to better cope with the possible cardiovas-
cular complications.

• Autoimmune diseases is another factor affecting hemodynamic homeostasis. 
Multiple sclerosis may present with altered cervical and cerebral perfusion 
that is important for the pathophysiology and the clinical implications of the 
disease.

• Recent work designates oxidative stress as a critical determinant of blood 
flow dynamics. Hemodynamic laminar shear stress in oxidative homeostasis 
regulation by the induced shear stress/Krupple-like factor2/Nrf2/ARE pathway 
appears significant.

• Anemia patients under critical conditions require hemodynamic guidance for 
accurate assessment of the volume and the transfusion threshold and deciding 
the best algorithm for the resuscitation of these patients.

The second section of this book is a thalassemia update. Concisely, this section 
gives an update and novel developments in thalassemia. Four chapters present an 
outline of B-thalassemia, the early diagnostic tools, and strategies in thalassemia, 
together with the approaches for the obstacles of pulmonary hypertension and 
Hepatitis C virus infection.

The chapters of this book may not seem to be in complete harmony. However, in 
the present era of fast communications, we aimed to provide some novelties in the 
field. This work serves an audience from different backgrounds providing a review 
on a variety of selected topics with the purpose of an update.
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Chapter 2

Hemodynamic Perspectives in 
Anemia
Nakul Ravikumar, Geoffrey R. Sheinfeld  
and William T. McGee

Abstract

Oxygen delivery in normal physiologic states is determined by cardiac output, 
hemoglobin, oxygen saturation, and to a lesser extent, dissolved oxygen in the 
blood. Compensatory mechanisms such as an increase in stroke volume, heart rate, 
and re-distribution of blood flow helps in scenarios with increased oxygen demand. 
In cases of acute hemodynamic decompensation, this pre-existing physiologic rela-
tion between oxygen delivery and oxygen consumption is altered, resulting in tissue 
hypoxia and resultant anaerobic metabolism. A persistent state of sub-critical O2 
delivery correlates with increased mortality. Oxygen consumption itself is usually 
independent of delivery unless a critical threshold is unmet. We can use various 
parameters such as serum lactate, oxygen extraction, and central venous oxygen 
saturation to determine this pathology. A basic understanding of this physiology 
will help better tailor therapy to improve outcomes in critically ill patients.

Keywords: oxygen delivery (DO2), oxygen consumption (VO2),  
central venous oxygen saturation (ScVO2), anemia, stroke volume variation (SVV), 
pulse pressure variation (PPV), passive leg raising (PLR), oxygen extraction (O2ER)

1. Introduction

Anemia in critically ill patients is almost inevitable. The etiology of this can 
be varied, including overt blood loss, bone marrow suppression, functional iron 
deficiency, and decreased erythropoiesis [1]. Reports indicate that more than 95% 
of patients in an ICU are anemic by Day 8. Interventions such as scheduled daily 
phlebotomies lead to about 70-100 cc/day blood loss, while body turnover is about 
15-20 cc/day. Little do we realize that this “anemia of chronic investigation” can 
lead up to 1/3 of transfusions when considering the current transfusion threshold 
practice of hemoglobin (Hb) less than 7 g/dL [2]. However, with numerous methods 
currently available to assess transfusions’ physiological response, treating an arbi-
trary number is not the most refined approach. Parameters such as oxygen delivery 
(DO2), oxygen consumption (VO2), oxygen extraction ratio (O2ER), and cardiac 
output are of paramount importance in the decision to transfuse RBCs.

This chapter aims to discuss the physiology of oxygen delivery, the pathophysi-
ology of lung injury related to volume overload, and transfusion-related injury. 
Ultimately, we would like to demonstrate how employing a simple physiologic 
algorithm using parameters such as stroke volume, and stroke volume variability 
can lead to better care in this population.
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2. Transfusion threshold in critically ill patients

The trigger to order blood products in the medical ICU is often a reflex action. 
In critically ill patients, the goal of transfusion in a volume replenished patient 
should aim to improve oxygen delivery and thereby accomplish the end goal of 
improving oxygen uptake in tissues. There is much evidence regarding liberal vs. 
restrictive transfusion limits in various subsets of patients. Vastly discussed strategy 
being restrictive transfusion (less than 7 g/dL) vs. liberal transfusion goals (9-10 g/
dL). We can all agree that 7 g/dL is presently the customary number across many 
diseases. The TRICC trial randomized 838 critically ill patients to liberal (goal 
hemoglobin 10–12 g/dL) versus restrictive (goal hemoglobin 7–9 g/dL) transfusion 
strategies observed no benefit to liberal transfusion. However, the study almost 
achieved (p=0.11) statistical significance for finding increased mortality in patients 
randomized to liberal transfusion. This trial showed that there was no 30-day 
mortality difference between restrictive strategy vs. liberal strategy. Still, it showed 
harm in the subset of younger patients with lower APACHE scores and clinically 
significant cardiac disease [3]. Current data suggests that restrictive strategy in 
critically ill patients decreases the number of transfusion reactions, length of stay, 
and mortality [4]. Various studies focusing on patients with ARDS, trauma, and 
sepsis have shown that tissue oxygenation and extraction does not improve with 
transfusion alone. This disparity is attributable to poor flow characteristics, high 
O2 affinity secondary to reduced 2,3 DPG concentration in transfused blood and 
increased viscosity affecting functional capillary diameter. While large multicenter 
trials recently have shown a higher threshold to transfuse is beneficial or at least 
non-injurious, it is prudent to focus on the physiological response a patient may 
have to blood transfusion.

3. Importance of measuring DO2 and VO2

Does it make a difference? Each gram of Hemoglobin can carry 1.34 cc of O2, 
with each molecule 100% saturated as it enters systemic circulation.

DO2 is derived from the following (Eq. (1)):

 ( )2 2Cardiac output Arterial oxygen content / min/DO CaO ml kg= ×  (1)

 ( ) ( )2 2 21.34 0.003 /CaO Hb SaO PaO ml dl= × × + ×  (2)

 ( )20.003 Dissolved oxygen in the bloodPaO× =  

VO2 is calculated by the difference between oxygen content in arterial blood and 
venous blood (Eq. (4)).

 ( ) ( ) ( )2 2 2Venous oxygen content 1.34 0.003 /CvO Hb SvO PvO ml dl= × × + ×  (3)

Hence,

 ( ) ( )2 2 2Cardiac output 1.34VO Hb SaO SvO= × × × −  (4)
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The fundamental goal of RBC transfusion is to improve oxygen content and to 
improve tissue oxygenation and delivery. While decreasing hemoglobin concentra-
tion can lead to critical oxygen content and delivery, this can be compensated by 
improving cardiac output and maintaining a euvolemic status.

VO2 calculated with this equation is called the reverse Fick method. With an 
increase in oxygen demand, VO2 increases from a baseline of 25%. Although there 
is no clear-cut point, oxygen extraction number between 33 and 40% is considered 
acceptable and not critical. If the oxygen extraction is high, emphasis should be on 
delivery components, i.e., Hb, O2 saturation, and cardiac output. If oxygen extrac-
tion is standard, there is no physiologic reasoning to increase oxygen delivery by 
transfusion. Critical oxygen delivery at which anaerobic metabolism sets in and 
causes lactate production is not well defined.

The ratio of oxygen uptake to delivery is known as the oxygen extraction ratio. 
The standard O2ER is around 25%. This number is essential and the body tries to 
compensate by increasing the cardiac output to maintain DO2 when there is a drop 
in Hb [5]. It is imperative to understand critical oxygen delivery as we now have 
enough evidence pointing towards euvolemic management rather than increasing 
the hemoglobin concentration to help with oxygen delivery. We can argue that 
increasing the inhaled oxygen and keeping a patient on supra-normal FiO2 can 
increase oxygen delivery, but as noted in the equation above, this intervention does 
not increase the dissolved oxygen component by much. Hence, cardiac output and 
hemoglobin concentration plays the primary role in oxygen delivery. Furthermore, 
we know from animal studies that there is a constant oxygen extraction ratio even 
under stress, so to secure adequate oxygen delivery or tissue perfusion, the body 
adjusts by ensuring enough blood flow and hence volume. DO2 is approximately 
three times and 1.5 times VO2 for the brain and heart muscle, respectively. Brain, 
heart, and skeletal muscle can maintain adequate blood flow in the setting of vary-
ing blood pressure within limits – the phenomenon known as ‘autoregulation’ [6].

Transfusion of blood products is a daily occurrence in many medical ICUs with 
a predefined goal to improve tissue perfusion. A decline in Hb is likely to cause a 
decrease in DO2 if cardiac output remains unchanged since DO2 = Cardiac output ×  
CaO2. When delivery is decreased, the body can compensate by increasing VO2 to 
a certain extent. Since DO2 incorporates Hb, cardiac output, and arterial oxygen 
saturation, measuring central venous O2 (ScvO2) can help determine oxygen 
extraction. The constant relationship between VO2-DO2 keeps the body functioning 
at an optimal level, and the ‘critical level’ at which this dependency is lost leads to 
tissue dysoxia. This critical level at which tissue dysoxia is usually present when 
central venous oxygen falls below 40–50% or DO2:VO2 is 2:1 (Figure 1).

If VO2 is low or normal (<33%), the rationale to increase oxygen delivery is 
disputable. On the other hand, if extraction is more than 40%, this is critical, and 
an attempt should be to increase delivery. Simple means of measuring oxygen 
extraction would be to obtain central venous Oxygen concentration. Central venous 
oxygen concentration can be obtained simply from an indwelling central catheter 
in internal Jugular or subclavian vein, and this should not be mistaken for a mixed 
venous oxygen concentration. Mixed venous oxygen concentration (MVO2) from 
an indwelling pulmonary artery catheter measures the oxygen extraction from 
both upper and lower extremities. However, both central and mixed venous oxygen 
concentrations correlate well in assessing sufficient perfusion and are often used 
interchangeably.

There are multiple studies available that suggest the use of this physiological 
parameter than an arbitrary lab-based number as a trigger for blood products is a 
better approach. Kocsi et al. performed a study on anesthetized pigs, looking at the 
capability of ScvO2 as a parameter to reflect changes in the VO2-DO2 relationship. 
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As ScvO2 may reflect imbalances in delivery and consumption, this study aimed 
to investigate the value of ScvO2 as an indicator of oxygen balance in isovolemic 
anemia. This study showed that ScvO2 reflects changes of VO2/DO2 in isovolemic 
anemia better than Hb alone [7]. Adamczyk et al. studied the value of ScvO2 as a 
trigger for transfusion in post-surgical stable patients and followed French guide-
lines for blood transfusion (2003). They noticed that the ScvO2 increased signifi-
cantly (from 57.8 to 68.5%) in the group with initial ScvO2 less than 70%, whereas 
it was unchanged in patients with initial ScvO2 greater or equal 70% (from 76.8 to 
76.5%) following blood transfusion [8].

4. Newer modalities in assessing volume status

Hemodynamic monitoring has essentially become the cornerstone in guiding 
resuscitation for ICU patients. This serves as guide and marker for impending crisis 
and help determine the therapy that is best fitting. The parameters defined herein 
are to assist in the bedside assessment and only acts as a supplement to clinical 
judgment i.e., it should be considered in the context of pathophysiology, and the 
time point in the disease process [9]. An accurate assessment of volume status and 
its management remains a challenging issue with clinicians. Stroke volume is the 
amount of blood ejected (ml) from the left ventricle with each cardiac cycle and 
is the ultimate response we are trying to improve during resuscitation. Clinicians 
predict probable response to a fluid challenge by considering various static and 
dynamic parameters. The age-old tradition of using ‘fluid challenge’ and assessing 
clinical response has now been contested and multiple studies have shown increased 
morbidity in surgical and nonsurgical patients when not guided by a parameter. 
Using parameters such as cardiac index or mixed venous oxygen saturation alone 
do not help in guiding optimal therapy either. Gattinoni et al. showed that achiev-
ing higher levels of oxygen delivery through supranormal cardiac index or normal 
values of mixed venous oxygen saturation do not change mortality [10].

Figure 1. 
Critical O2 delivery. The body responds by extracting more oxygen in cases of decreased DO2. However, once 
DO2 drops below the critical threshold cellular metabolism becomes anaerobic with the subsequent production 
of lactate.
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The static parameters previously used to assess fluid status have proven to be 
unreliable. Static measurements such as central venous pressure (CVP) or pulmo-
nary artery occlusion pressure (PAOP) have low sensitivity and specificity when 
used to assess fluid responsiveness. Osman et al. showed that baseline CVP was 
similar in responders and non-responders by subjecting 96 septic mechanically 
ventilated patients to fluid boluses. Hence CVP measurements have a low predic-
tive value. Also, many clinicians assume that increases in CVP with a fluid bolus 
indicate positive fluid responsiveness. The poor reproducibility is explained by the 
Frank-Starling curve, which varies among patients depending on cardiac function. 
These parameters are also affected by the change in respiratory system compliance 
and other cardiac factors. An example of this is the study done by Rivers et al. In the 
early goal-directed therapy arm of the trial wherein fluids administered targeted a 
goal CVP measurement [11]. The physiological goal of the fluid administration is 
to increase preload accompanied by an increased stroke volume and hence cardiac 
output. A notable increase in CVP with minimal change in the cardiac output or a 
slight change in CVP but with a notable change in cardiac output can be misleading 
and used alone can be confusing for clinicians. Targeting CVP, although tempting, 
should be combined with the after-effects, which include measurement of cardiac 
output in real-time.

Dynamic measurements are gaining popularity in the current era, and various 
modalities are available, including passive leg raise testing (PLR), stroke volume 
variation (SVV), and pulse pressure variation (PPV). PLR although can be used 
in spontaneously breathing patients, SVV and PPV come with some restrictions 
and best served in patients on positive pressure ventilation. A systematic review 
demonstrated that dynamic parameters can be reliably used in predicting fluid 
responsiveness. Pulse pressure variation during the Valsalva maneuver (∆PPV) 
of 52% (AUC ± SD: 0.98 ± 0.03) and passive leg raising-induced change in stroke 
volume (∆SV-PLR) greater than 13% (AUC ± SD: 0.96 ± 0.03) showed the highest 
accuracy to predict fluid responsiveness in spontaneously breathing patients [12]. 
Technological advances have allowed us to obtain arterial waveform analysis non-
invasively or invasively in the modern-day ICU. By studying the arterial waveform, 
we can obtain stroke volume variation (SVV) and pulse pressure variation (PPV). 
A systemic review by Marik et al. demonstrated that fluid responsiveness using 
area under the curve (AUC) demonstrated the superiority of arterial waveform 
technology as compared to central venous catheters and transpulmonary dilution. 
Arterial waveform analysis is instrumental in the intensive care unit (ICU) and key 
in resuscitation for our ICU patients who already have an arterial line placed.

Dynamic parameters should be used preferentially over static parameters to 
predict fluid responsiveness in ICU patients. An analysis of 12 studies showed that 
static parameters such as right atrial pressure, pulmonary artery occlusion pressure, 
right ventricular end-diastolic volume were not significantly lower in responders vs. 
non-responders to fluid bolus [13].

4.1 Passive leg raise (PLR) testing

A relatively easy bedside test that essentially transfers 300 mL of venous blood 
to the right heart acts as a fluid bolus. It has significant advantages as it does not 
require any special equipment, easily performed at bedside and rapidly reversible 
with no risk of fluid overload. An important point is to directly measure cardiac 
output before and after the PLR test to assess if there was a notable change to 
cardiac output. The technique used to measure the cardiac output needs to assess 
short-term and transient changes to the cardiac output because the effects of PLR 
usually go away after one minute. This procedure can be performed by sitting the 
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patient at 45 degrees head up in a semi-recumbent position. We lower the patient’s 
upper body to horizontal and passively raise legs to 45 degrees. This position is 
sustained for about 30–60 seconds. An assessment of stroke volume (using cardiac 
output monitor) or pulse pressure change is conducted simultaneously.

A PLR increase of aortic blood flow higher or equal to 10% predicted fluid 
responsiveness with a sensitivity of 97% and a specificity of 94%. A PLR increase 
of pulse pressure higher or equal to 12% predicted volume responsiveness with 
significantly lower sensitivity (60%) and specificity (85%) [14]. A meta-analysis 
of 21 studies, including more than 900 patients in which cardiac output was 
measured by echocardiography, pulse contour analysis, bioreactance, esophageal 
Doppler, transpulmonary thermodilution, or pulmonary artery catheter, showed 
PLR-induced changes in cardiac output to have a pooled sensitivity of 0.85 and a 
pooled specificity of 0.91. The area under the curve was 0.95. The best threshold 
was a PLR-induced increase in cardiac output of greater than 10± 2%. For the PLR 
induced changes in pulse pressure, the pooled sensitivity was 0.56 (0.49–0.53), 
the pooled specificity was 0.83 (0.77–0.88), and the pooled area under the ROC 
curve was 0.77 [15]. Physiologically informed volume resuscitation with the use of 
the PLR-induced stroke volume change to guide management of shock is safe and 
demonstrated lower net fluid balance and reductions in the risk of renal and respi-
ratory failure. In this modified intent-to-treat analysis that included 83 intervention 
and 41 usual care eligible patients, fluid balance at 72 hours or ICU discharge was 
significantly lower (−1.37 L favoring the intervention arm; 0.65 ± 2.85 L interven-
tion arm vs. 2.02 ± 3.44 L usual care arm; P = 0.021). Fewer patients required renal 
replacement therapy (5.1% vs. 17.5%; P = 0.04) or mechanical ventilation (17.7% vs. 
34.1%; P = 0.04) in the intervention arm compared with usual care [16].

4.2 Stroke volume variation (SVV) and pulse pressure variation (PPV)

The rationale for using SVV and PPV is that a varying left ventricular stroke 
volume as a response to cyclic positive pressure indicates that both ventricles are 
pre-load dependent as described here. SVV is derived from pulse contour analysis 
and the variation of the amplitude of the pulse oximeter waveform, and PPV is 
derived from analysis of the arterial waveform.

SVV is defined as a change in volume during the respiratory cycle and calculated 
as (SV max-SV min)/SV mean. This change represents dynamic variation occurring 
as a result of changing pleural pressure during a breath. During a positive pres-
sure breath, intermittent increase in the intrathoracic pressure as ventilator cycles 
causes increased right ventricular afterload and decreased right ventricular preload. 
Clinically, this manifests as a decrease in left ventricular output and stroke volume 
after several cardiac cycles. This pressure manages to increase left ventricular 
preload and reduces left ventricular afterload, resulting in an acute increase in the 
left ventricular stroke volume harmonizing with the inspiratory phase of positive 
pressure ventilation. The variability in stroke volume occurring here has been well 
correlated with fluid responsiveness (Figure 2) [17, 18].

SVV has been widely studied in the operating room as it provides ideal condi-
tions. A study by Willars et al., including high risk vascular surgeries compared 
SVV, PPV, CVP and Delta CVP [19]. The area under the receiver operator curve 
(AUROC) was 0.75 for SVV, 0.67 for PPV. The best cutoff value for SVV was 13.5%. 
At this level positive likelihood ratio was 2.7 and negative likelihood ratio of 0.34. 
They concluded that SVV was the only adequate predictor of fluid responsiveness 
in this cohort. SVV by itself has some limitations and needs to be used on a case by 
case basis.
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5. Physiologic algorithm guiding resuscitation

With various parameters now available, we suggest use of a simple physiologic 
algorithm to help clinicians guide therapy better for these patients. A ‘volume 
responsive patient’ can be defined using SVV, PPV, and Stroke volume index (SVI). 
Although there is not a true number that differentiates a true responder to non-
responder, a change of 13% is thought to be appropriate. The reason being SVV is 
not a binary but more typically linear. Studies have defined the range to be around 
10–15%. An algorithm has been proposed in detail going over the pathways that 
define a comprehensive approach in these patients.

In brief, dynamic changes are best observed with a significant rapid volume 
challenge. Colloid including blood or larger or lesser amounts of crystalloid may be 
used depending on the clinical scenario. In patients with SVV less than 13% you can 
further calculate stroke volume index (SI) as an aid to decide on the most appropri-
ate intervention based on underlying pathophysiology. Because of the influence 
of heart rate on cardiac output, the preference is to use stroke index data as the 
measure of cardiac performance (Figure 3) [20].

Using this algorithm in ICU patients is quite challenging as it does not consider 
the rate of oxygen extraction and if volume is likely to alter it. Through advanced 
hemodynamic monitoring using a combination of SVV and Oxygen delivery we 
can further understand a patient’s requirements better and an approach can be 
determined to patient’s care. Most clinical studies were done in patients on positive 
pressure therapy with normal chest wall compliance, larger tidal volumes and with 
passive breaths. It should be considered that spontaneous breathing and arrhyth-
mias will lead to misinterpretations of the respiratory variations in the pulse pres-
sure/stroke volume. However, PLR has a higher sensitivity in these two scenarios 
and still holds value in assessment [14, 15].

The clinician must evaluate for SVV, SI and O2 extraction on a case by case basis. 
Coupling these parameters assists in determination of adequate Oxygen delivery.

Figure 2. 
SVV and Frank-Starling curve. SVV is a dynamic variable that predicts volume responsiveness and 
individualizes the Starling relationship. A: Volume responsive SVV > 13% B: Non-volume responsive 
SVV < 13%.
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6. Conclusion

Physiological concepts, such as oxygen delivery and oxygen extraction, when 
combined with dynamic indices of fluid responsiveness, provide clinicians a more 
accurate assessment in predicting which cohort of patients accept additional blood 
or volume without resulting in lung injury. After the TRICC trial, it is a widespread 
practice to give blood if the Hemoglobin is less than 7 g/dL. However, if physiologi-
cal parameters mentioned above are not examined, we may give blood or volume to 
people who do not need it and cannot accept it. By employing a simple physiologic 
algorithm, we can determine a specific population that will accept volume and 
prevents unwanted consequences of transfusion-associated lung injury and circula-
tory overload. This scenario prevents patients from harm and decreases various 
adverse outcomes, including acute lung injury, increased total body volume, higher 
morbidity, and mortality.

Figure 3. 
Physiologic optimization. If SVV < 13% or passive leg raise test is negative, pathway A, B, C further utilizes 
stroke index (SI) to delineate therapy.
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Abstract

Blood flow through the heart and great vessels moves in three dimensions (3D) 
throughout time. However, the assessment of its 3D nature has been limited in the 
human body. Recent advances in magnetic resonance imaging (MRI) allow for the 
comprehensive visualization and quantification of in-vivo flow dynamics using 
four-dimensional (4D) flow MRI. In addition, this technique provides the oppor-
tunity to obtain advanced hemodynamic biomarkers such as vorticity, helicity, wall 
shear stress (WSS), pressure gradients, viscous energy loss (EL), and turbulent 
kinetic energy (TKE). This chapter will introduce 4D flow MRI which is currently 
used for blood flow visualization and advanced quantification of cardiac hemo-
dynamic biomarkers. We will discuss its advantages relative to other in-vivo flow 
imaging techniques and describe its potential clinical applications in cardiology.

Keywords: Cardiac flow, 4D flow MRI, hemodynamic biomarkers, and flow 
quantification

1. Introduction

Imaging and quantifying various characteristics of blood flow throughout the 
heart is essential in modern-day cardiology. Measuring blood velocities, pressure 
gradients, regurgitation, stasis (and much more) is one of the most important 
tools physicians have for diagnosing cardiovascular pathology, stratifying severity, 
evaluating disease progression, and determining the most effective treatment strat-
egies. Improving the accuracy and depth of such hemodynamic measurements is an 
ongoing process that continues to enhance clinical success. Two-dimensional phase-
contrast magnetic resonance imaging (2D PC-MRI) and Doppler echocardiography 
are currently the most widely used techniques for measuring cardiovascular blood 
flow in-vivo [1]. However, while these modalities provide immense value in clinical 
practice, they have their limitations. Velocity can only be measured in one direc-
tion; in Doppler echocardiography following the direction of the ultrasound beam 
and in 2D PC-MRI following the encoding direction assigned by the user. This can 
cause errors in flow measurements, depending on whether the beam/plane is placed 
at the exact location of interest and/or orthogonal to the direction of flow [2, 3]. 
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These 2D measurements often rely heavily on mathematical assumptions that are 
not always valid [2]. For example, 2D calculations of pressure gradients are known 
to underestimate pressure recovery downstream of stenosis [4]. In addition, some 
techniques provide limited viewpoints of the thoracic cavity, such as trans-thoracic 
echocardiography and trans-esophageal echocardiography [1, 5]. It is also possible 
to acquire the in-plane velocities (X and Y directions) over time (two velocities +  
time) or the three plane velocities (X, Y, and Z directions) over time (three 
 velocities + time).

Time-resolved three-dimensional (3D) phase-contrast magnetic resonance 
imaging (i.e. 4D flow MRI) is a novel non-invasive, non-ionizing imaging technique 
that provides accurate qualitative and quantitative assessment of blood velocity in 
all three principle directions [6, 7]. This allows for enhanced accuracy of previously 
measurable parameters obtained routinely by Doppler echocardiography, such as 
velocity and reverse flow, as well as the calculation of new parameters, such as wall 
shear stress (WSS), 3D pressure gradients, and turbulent kinetic energy (TKE). 
These parameters can be retrospectively visualized and quantified in volumes 
(rather than cross sections), over the course of a cardiac cycle, and in unlimited 
viewpoints. Authors can refer to 2D, 3D, 4D, 5D or 7D flow depending on the acqui-
sition scheme used to encode the velocity directions over time. Thus, it is important 
to understand how the velocity acquisition is defined. In this chapter, 4D flow 
MRI measures 3 velocity encoded directions in a stack of planes along the cardiac 
cycle. As such, the ongoing development of 4D flow MRI provides great promise in 
improving the clinical management of cardiovascular disease.

2. Data acquisition and pre-processing

2.1 Safety and preparation

There are safety measures and recommendations that should be considered for 
subjects undergoing 4D flow MRI [6, 8]. Patients can fill out pre-imaging safety 
questionnaires that consider items that can cause a hazard or interfere with the MRI 
examination. The safety information may become frequently updated because of 
continuous and rapid changes in the MRI technology. Before starting any cardiac 
MRI study, compatible electrocardiogram (ECG) leads should be placed on the sub-
ject’s chest properly. The accurate synchronization of data acquisition with phases 
of the cardiac cycle, including different stages of contraction and relaxation, is one 
of the essential requirements for efficacious cardiac MRI exam. This technique is 
called ECG-gating. A phased-array receiver coil is required to capture the electro-
magnetic signals needed to create an image. Thus, it is important that receiver coils 
are positioned appropriately to cover the regions of interest. The use of contrast 
agents is optional in 4D flow MRI, but they can help increase the signal-to-noise 
ratio, and therefore improve the image quality.

2.2 Data acquisition

In 4D flow MRI, acquisition parameters (ex: spatial resolution, temporal resolu-
tion, field of view, etc.) are optimized and programmed into the scan protocol 
to provide the best possible imaging accuracy. Setting major scan parameters is 
primarily a fine balance between adequate temporal/spatial resolution and mini-
mized scan time. Imaging accuracy can also be affected by artifacts (i.e., distortions 
in the image that are not present in reality), of which velocity encoding (Venc) is 
an important contributor. Velocity encoding is a user-defined parameter that sets 
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the upper and lower limits of blood velocity which can be appropriately imaged for 
within the scan protocol. If the patient’s blood velocities fall above the Venc limit, 
aliasing will corrupt the image with artifacts in those locations. However, if the 
Venc range is set too high, the image can be populated with noise [9]. Furthermore, 
artifacts can arise from movement due to cardiac motion and breathing. As shown 
in Figure 1, ECG-gating compensates for cardiac motion to determine when the 
heart is most still, at which point images are acquired [10]. Simultaneously, dia-
phragmatic navigator gating compensates for breathing artifacts by similarly track-
ing movement of the patient’s diaphragm and acquiring images at the point of least 
movement [11]. This allows the patient to breath freely during the scan without 
creating breathing-related artifacts. These approaches are applied to provide the 
clearest possible images of 3D global and local blood flow characteristics. Four types 
of images are produced after acquisition: one magnitude image (shows anatomical 
structures) and three phase images (shows blood velocity along the Venc directions, 
often x, y, and z axes).

The most important limiting factor for adding 4D flow to a routine clinical 
cardiac MRI exam is long scan times associated with multidimensional imaging 
over the entire cardiac cycle. In 1990s, the total scan time was roughly 40–80 min-
utes which made difficult its routine application in clinical settings. In recent years, 
scan times have been further reduced due to ongoing progress in advanced imag-
ing techniques. Nowadays, different reconstruction techniques (parallel imaging, 
radial and Cartesian sampling, compressed sensing, etc.), in addition to enhanced 
computing power, have reduced the scan time to 3–10 minutes [12–14]. The latter is 
facilitating is penetration as a diagnostic tool. Finally, all acquired data are saved in 
the Digital Imaging and Communications in Medicine standard format in the MRI 
system database.

2.3 Pre-processing and correction

Due to a range of errors, image quality can be damaged by various factors includ-
ing noise, eddy current effects, concomitant gradient field effects (Maxell terms), 
velocity aliasing, and gradient field nonlinearity. Data pre-processing is applied to 
rectify these potential errors using several correction strategies to make 4D flow 
MRI a reliable source of 3D flow visualization and quantification, as illustrated in 

Figure 1. 
Data acquisition for 4D flow MRI. Data acquisition covering the whole heart (large orange rectangle) is 
acquired using electrocardiogram-gating and respiratory control (small orange rectangle). Three-dimensional 
velocity-encoding (right side) is used to obtain velocity-sensitive phase images which are subtracted from 
reference images to calculate blood flow velocities along all three spatial dimensions (X, Y, Z) and averaged 
magnitude visualizing anatomy over the cardiac cycle.
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Figure 2 [15]. Three-dimensional phase-contrast magnetic resonance angiography 
(3D PC-MRA) can be obtained at this stage based on acquired data from 4D flow 
MRI by several presented strategies without the need for further MRI acquisition. 
A 3D PC-MRA can display complex vascular structures and geometries of interest 
without requiring a contrast agent. It is vastly helpful in some situations, such as 
patients with contrast agent contraindication. In addition, 3D PC-MRA allows the 
user to retrospectively isolate specific volumes of interest for analysis.

However, 4D flow MRI images present difficulties for segmentation algorithms 
due to extensive variability in cardiovascular structure, geometric intricacy, low 
resolution, high background noise and motion artifacts. For that reason, manual 
segmentation remains a widely used method, but manual segmentation takes a long 
time to perform and is prone to observer variability [16]. There are some established 
semi-automatic segmentation methods [17–19] which are faster than manual seg-
mentation, nevertheless they are still operator dependent. Recent machine learning 
and artificial intelligence strategies have shown great ability to solve 4D flow MRI 
segmentation problems [20]. Machine learning algorithms are powerful techniques 
that train a machine (i.e. computer) to perform a specific task. Convolutional neural 
networks (CNNs), which is one of the deep learning techniques, forms the founda-
tion of image segmentation. U-Net is a CNN that was developed specifically for 
medical image segmentation [21]. Several recent studies that focused on advancing 
imaging segmentation techniques. Berhane et al. developed a CNN model to seg-
ment the aorta from 4D flow MRI images [22]. The performance in this study was 
compared with manual segmentations, and they reported good agreement across 
flow and diameter along the aorta. Segmentation speed was <1 second per case, 
while manual segmentation required at least 360 seconds. Bratt et al. suggested 
a network based on the U-net and residual modules [23]. They reported similar 
segmentation performance, < 0.6 seconds per case, however the manual segmenta-
tion required 238 seconds per case. Wu et al. developed a combinatorial network for 
segmenting the left ventricle (LV) [24]. They claimed that combining networks can 
increase the accuracy of the segmentation.

Figure 2. 
Data pre-processing. Acquired 4D flow images are pre-processed applying multiple corrections (panel A). 
A phase-contrast angiogram (PC-MRA) is calculated to visualize the cardiac structures and can be used for 
individual segmentation of vessels, panel B. the generated PC-MRA and/or segmentation can be used to mask 
the velocity field for appropriate visualization and analysis using planes or volumetric regions of interest, panel 
C. In this example a 58-year-old control volunteer is presented.
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2.4 Flow visualization and quantification

Before flow visualization and quantification, general data quality control, 
including visual inspection and quantitative quality control, is recommended 
to ensure internal data is consistent and accurate. Dedicated visualization and 
quantification software can be used for obtaining streamlines, pathlines, volume 
rendering, and/or maximum intensity projection (MIP). Streamlines represent a 
blood particle’s instantaneous path tangential to the velocity vector at a particular 
point of time, such as at peak systole. Pathlines represent a blood particle’s path 
over time (i.e. trajectory). Volume rendering allows us to represent voxel-by-voxel 
values in a dynamic spatial manner, given access to the entire field of view. A MIP 
is a single-plane image representing the maximum values through a given direction 
of the volume, similar to an X-ray image. Taken together, these flow visualization 
techniques reveal a wealth of information about blood flow abnormalities and 
cardiovascular disease progression. One of the most significant advantages 4D 
flow MRI is the ability to retrospectively quantify cardiac flow parameters within 
specified regions of interest. Flow can be analyzed within a specific volume that 
has been isolated via segmentation, or via a 2D cross-sectional analysis plane 
placed within a volume of interest. These analysis planes can be flexibly placed at 
any anatomical location to quantify general and advanced blood flow parameters. 
Some of these visualization and quantification methods will be illustrated in the 
following section.

3. Applications in cardiology

3.1 Congenital heart disease

Eight out of every 1000 infants are born with congenital heart disease (CHD), 
which encompasses all structural heart defects present at birth, including the great 
vessels and cardiac valves [25]. Individuals with CHD may develop many cardiac 
complications, even after surgical correction of the abnormality, including valve 
insufficiency, arrhythmias, and heart failure [25]. Tetralogy of Fallot is one of the 
most common forms of cyanotic (“blue baby”) CHD, accounting for about 10% of 
all CHD [26]. Tetralogy of Fallot involves a combination of four defects including 
right ventricular hypertrophy, aortic override, pulmonary stenosis, and a ventricu-
lar septal defect. These patients undergo multiple repeat surgeries and procedures 
over their lifetime but the hemodynamic factors contributing to the optimal quality 
of life and outcomes are understudied and poorly understood. Congenital heart 
disease can benefit from 4D flow MRI via the calculation of advanced hemody-
namic parameters, such as WSS, TKE, 3D pressure mapping, and energy loss [5]. 
For demonstration, we primarily focus on pressure mapping, but Table 1 provides 
an overview of 4D flow MRI hemodynamics in CHD.

Fluid pressure measured within the cardiovascular system is widely used in 
CHD diagnosis, such as coarctation of the aorta, pulmonary hypertension, or 
atrio-ventricular septal defects. The pressure difference across structural abnor-
malities (ex: stenosis or ventricular septal defect) or within the LV can reveal much 
about the severity of the disease. Pressure mapping, based on the measured 3D 
blood flow velocity field, can be calculated by solving the Navier–Stokes equation, 
which describes the time-varying flow of a viscous, incompressible Newtonian 
fluid [33, 34]. This method allows for the estimation of temporally and spatially 
distributed pressure gradients and across a large vessel segment or cardiac chamber, 
Figure 3. Overall, 3D pressure mapping allows us to gain a better understanding of 
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the basic determinants of time-varying flow in healthy and diseased hearts, which 
has the potential to improve our methods for diagnosing, treating, and surgically 
correcting CHD [35, 36].

3.2 Mitral regurgitation

Approximately 10% of the general population will develop mitral regurgitation 
(MR) throughout their lifetime [37]. Mitral regurgitation is defined as systolic 
retrograde flow from the LV into the left atrium (LA). The main causes are classi-
fied as primary (structural or degenerative abnormality of mitral valve apparatus) 
or secondary (a disease of the LV interferes with function and integrity of mitral 
valve apparatus) [38]. This disorder generally progresses insidiously, as the heart 
compensates for increasing regurgitant volume via LA enlargement that partially 
relieves LV overload. Long-standing regurgitation yields poor outcomes as it may 
lead to progressively more severe regurgitation, LV failure, pulmonary hyperten-
sion, atrial fibrillation (AF), stroke, and death [39]. If MR is severe, surgery is the 
recommended treatment to prevent heart failure [1]. Thus, early detection and 
assessment is crucial, especially in elderly patients who are often ineligible for surgi-
cal intervention.

Doppler echocardiography is the most widely used tool for the assessment of 
MR. The commonly considered parameters when classifying MR severity are jet 
area, width of vena contracta, effective regurgitant orifice area, regurgitant volume, 

Region CHD type Conventional flow 
parameters

Advanced flow 
parameters

References

Venous 
return

Fontan/single 
Ventricle

Collateral flow volume, 
peak velocity, valvular 
flow volume

KE, EL, flow 
connectivity 
distribution

[5, 8, 27, 28]

Tetralogy of Fallot Right heart (RA, RV, 
PA) systolic peak 
velocity, net flow, 
retrograde flow

WSS, vorticity, KE, 
EL, TKE, pressure 
drop

[5, 7, 8, 
27–29]

Heart 
wall

Atrial Ventricular 
Septal Defects

Flow volume, shunt 
flow volume, shunt 
ratio

Vorticity, KE, EL, WSS [5, 8]

Aortic 
valve

Bicuspid Aortic 
Valve

Net flow, regurgitation 
volume, peak velocity

WSS, turbulence, EL, 
pressure mapping, 
helicity, flow 
eccentricity, PWV

[5, 7, 8, 27, 
28, 30]

Marfan Syndrome AV Peak flow, AV flow 
volumes

WSS, helical flow, 
PWV, pressure 
mapping

[8, 30, 31]

Outflow 
tracts

Dextro 
Transposition of the 
Great Arteries

Net flow volumes, flow 
ratio, peak velocity

WSS, helical flow [5, 8]

Aortic Coarctation Collateral flow volume, 
peak velocity across 
stenosis

Pressure mapping, EL, 
WSS, helical flow

[5, 8, 27, 
30, 32]

CHD: congenital heart disease; AV: aortic valve; RA: right atrium; RV: right ventricle; PA: pulmonary artery; EL: 
viscous energy loss; KE: kinetic energy; PWV: pulse wave velocity; TKE: turbulent kinetic energy; WSS: wall shear 
stress.

Table 1. 
Overview of research on conventional and advanced 4D flow–derived hemodynamic parameters in CHD.
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and regurgitant fraction. However, the accuracy of standard approaches used to 
quantify these parameters can be influenced by the mechanism of regurgitation, 
direction of the jet, jet momentum, LV loading condition, LA size, and the patient’s 
blood pressure [40, 41]. It is also important to keep in mind that these standard-of-
care diagnostic tools do not permit a comprehensive in-vivo assessment of 3D blood 
flow which is critical to the study of complex 3D hemodynamics surrounding MR. 
Cardiac MRI has recently been reported as a more accurate tool for quantification of 
MR flow characteristics and severity grading [42, 43]. Advanced measures of vortex 
formation, helical flow patterns, EL, pressure mapping, and WSS have shown use-
fulness for assessment of valve-related disease using 4D flow MRI [44]. The shape 
of vortex cores have been shown to closely resemble the valve shape, while the 
vortex’s orientation is related to the LV inflow direction [45]. In demonstrating how 
to extract vortex information from 4D flow MRI, Krauter et al. showed that vortex 
shape, vorticity and kinetic energy (KE) strongly correlate with transmitral peak 
velocities [46]. Helical grade was also associated with systolic anterior motion of the 
mitral valve. Lastly, as shown in Figure 4, MR disturbs organized flow, resulting 
in a reduced contribution of left pulmonary veins to the vortical flow, potentially 
leading to less efficient ventricular filling and stasis [47].

It is important to note, however, that flow-based biomarkers still require fur-
ther exploration before they can be reliably applied to daily clinical practice. The 
construction of ‘atlases’ that depict physiologically normal blood flow patterns 
through the LA shows great promise in helping identify the clinical utility of certain 
hemodynamic parameters and personalizing diagnoses. Normally, MR treatment is 
primarily based on chamber dimensions and qualitative regurgitation severity grad-
ing [48], but it is well recognized that these measures may be insufficient to guide 
treatment strategies and require multi-modality integration. Four-dimensional flow 

Figure 3. 
Pressure mapping. Volume rendering maps of a control (left) and a patient with repaired tetralogy of 
Fallot (right). Several analysis planes, including location reference. Reference plane for pressure is in yellow. 
RPM indicates analysis plane. LVOT: Left ventricular outflow tract; STJ: Sinotubular junction; AAo: 
Ascending aorta.
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MRI has provided the ability to construct time-averaged 3D hemodynamic maps 
(i.e. atlases) from healthy subjects, which can then be used as a reference when 
evaluating a patient’s MR severity. For example, Goffic et al. recently developed 
strategies for the generation of KE and helicity atlases [49]. Their preliminary data 
suggest that these atlases may provide insight into hemodynamic influence on LV 
dysfunction progression and, thus, could have implications on personalized assess-
ment of MR. Such atlases can be created for any hemodynamic parameter of inter-
est and will be further elaborated on in the aortic diseases section of this chapter.

3.3 Atrial fibrillation

Atrial fibrillation is an abnormally fast heart rhythm with uncoordinated atrial 
activation and ineffective atrial contraction [50, 51]. Multiple simultaneous electrical 
signals firing within the atria lead to irregular ECG patterns and atrial activity, loss 
of coordinated atrial contractions, and inadequate ventricular filling. It is classified 
according to the duration of episodes. At an early stage, an episode of AF terminates 
within 7 days of onset and sinus rhythm is restored (paroxysmal AF). However, 
as severity progresses, the AF episode may last beyond one week (persistent AF) 
or does not terminate (permanent AF). The most common complication of AF is 
thromboembolic events such as stroke [50, 51]. Reduced LA function increases the 
risk of blood stasis and clot formation in the LA, especially the left atrial appendage 
(LAA) which is a small extension of the LA. The CHA2DS2-VASc score (accounts for 
patient history of: Congestive heart failure, Hypertension, Age > 75 years, Diabetes 
mellitus, Stroke, Vascular disease, Age between 65 and 74 years, and Sex) is cur-
rently recommended for stroke risk stratification for AF patients, based on clinical 
factors such as age, gender, and disease history [50–52]. This risk score is used to 
recommend the use of anticoagulants and further therapy. However, the score does 
not contain other individual physiologic factors, so prediction power is limited.

There have been efforts to improve diagnosis and evaluation of disease and 
risk-assessment of AF through analysis based on 4D flow measurements (Table 2). 
Although some contradictory reports exist, most of the recent studies character-
izing AF blood flow with relatively large cohorts agree that there is a significant 
decrease of LA flow velocity in both persistent and paroxysmal AF patients 

Figure 4. 
Mitral regurgitation. The presented case has mitral thickening with evidence of cleft in the anterior mitral 
leaflet. Panel A shows a whole heart streamline visualization used to locate mitral regurgitation (orange 
box). Panel B shows the velocity volume rendering of the velocity field. The mitral regurgitant jet was highly 
eccentric into the atrial wall. Panel C illustrates the multiplanar reconstruction of the velocity field which 
allows multiple views of the regurgitant jet. Evaluation led to a mild regurgitation grading with a regurgitant 
fraction of 15%.
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[54–57, 59]. Most notably, the increase of CHA2DS2-VASc score has been associated 
with reduced mean LA velocity [55, 56], which suggests 4D flow measurement may 
be able to improve risk assessment. Kinetic energy, which is proportional to the 
mean square of velocity, was also found to be markedly lower in AF patients than 
in controls [59]. Left atrial flow stasis is defined by Markl et al. [54] as the relative 
number of time frames, for each voxel, with flow velocity less than 0.1 m/s. Flow 
stasis has been confirmed by several studies to be elevated in AF patients [6, 8–10]. 
An example of a MIP for flow stasis is displayed in Figure 5. Also, flow patterns 
through the pulmonary vein into the LA have been studied [57].

Study Cohorts (n) LA Flow 
parameters

Main Findings

Fluckiger et al. 
(2013) [53]

PAF (6)
Persistent AF (4)
Controls (19)

Mean velocity Mean velocity ↓ in persistent AF cohort

Markl et al. 
(2016) [54]

AF-sinus (42)
AF-afib (39)
Young controls (10)
Controls (20)

Peak velocity, 
time-to-peak 
velocity, stasis

1. Peak velocity ↓ in AF-afib

2. Stasis ↑ in AF-sinus and AF-afib

Lee et al. 
(2016) [55]

AF (40)
Young controls (24)
Controls (20)

Velocity (mean, 
median, and 
peak)

1. Velocity ↓ (mean and median showed 
most significant difference)

2. CHA2DS2-VASc score inversely 
correlated with mean, median, and 
peak velocity

Markl et al. 
(2016) [56]

AF-sinus (30)
AF-afib (30)
Controls (15)

Velocity (mean 
and peak), Stasis 
(in LA and LAA)

1. Individual variability of flow patterns 
in AF patients, despite the same 
CHA2DS2-VASc score

2. CHA2DS2-VASc correlated positively 
with stasis, but negatively with 
velocity

Garcia et al. 
(2020) [57]

PAF (45)
Controls (15)

LA velocity 
(mean, median, 
and peak), 
pulmonary vein 
peak velocity, 
stasis, vortex size

1. Mean and median LA velocity ↓, 
pulmonary vein peak velocity ↓

2. Stasis ↑

3. Vortex size ↑ and correlated with 
CHA2DS2-VASc

Kim et al. 
(2020) [58]

PAF (28)
Controls (10)

Peak velocity, 
delayed ejection, 
residual volume, 
regurgitation

1. Residual volume ↓

2. Delayed ejection ↑

Demirkiran 
et al. 
(2021) [59]

PAF (10)
Controls (5)

Velocity (mean 
and peak), stasis 
(in LA and LAA), 
KE (mean and 
peak)

1. Mean/peak velocities ↓

2. LA and LAA stasis ↑

3. Mean and peak KE ↓

Spartera et al. 
(2021) [60]

AF- afib (22)
AF-sinus (64)

Velocity (mean 
and peak), stasis, 
vorticity, vortex 
volume

Peak velocity and vorticity are 
reproducible, stable, and exhibit similar 
interval-scan variability between cohorts

LA: left atrium; LAA: left atrial appendage; PAF: paroxysmal atrial fibrillation; AF: atrial fibrillation; AF-sinus: 
previous history of AF, but in sinus rhythm at time of imaging; AF-afib: in AF at time of imaging; KE: kinetic 
energy; CHA2DS2-VASc: stroke risk stratification system that accounts for patient history of congestive heart failure, 
hypertension, age > 75 years, diabetes mellitus, stroke, vascular disease, age between 64 and 75 years, and sex.

Table 2. 
Summary of 4D flow studies in AF.
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In AF patients, fragmentation of LA inflow and vortex formation in the LA was 
characterized, see Figure 6. This study demonstrated that vortex size increased 
in paroxysmal AF and was associated with a greater risk score. Similar findings of 
decreased velocity and increased stasis have also been found in the LAA specifically 
[56, 59]. However, the limited spatial resolution of 4D flow MRI may not satisfy 
the minimum number of voxels needed to segment the LAA accurately and reliably 
in a certain number of cases [6]. In a recent study, reliability and reproducibility 
of 4D flow parameters in AF patients were reported [60]. Left atrial peak velocity 

Figure 5. 
Left atrial stasis maps. Maximum intensity projections of stasis using a sagittal-view (top) and a top-view 
(bottom).

Figure 6. 
Atrial vortex dynamics in atrial fibrillation.
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and vorticity were found to be more reproducible and independent of physiological 
factors than mean velocity, vortex volume and stasis.

3.4 Bicuspid aortic valve disease and Aortopathy

Bicuspid aortic valve (BAV) disease is the most common congenital valve disease, 
affecting 0.5–1.4% of the general population [61–63]. While an aortic valve normally 
contains three functional leaflets (i.e. tricuspid), a BAV contains only two. There 
are different sub-types of BAV: valves that developed with only two leaflets (Type 
0) and valves that developed with three leaflets containing a fusion between any 
adjacent pair (Type 1) [64]. Type 1 phenotypes are further subdivided depending 
on what leaflet pair is fused. Despite being a valvular malformation, BAV disease is 
closely associated with aortic dilation (BAV aortopathy) that increases patients’ risk 
of aortic aneurysms and dissections [65]. Traditionally, aortic diameters and growth 
rates have been used to stratify BAV patients at risk for aortic dissection, but these 
measures alone have been shown to possess limited prognostic value [66]. As well, 
uncertainties still exist regarding the exact pathophysiology of BAV aortopathy and 
the most effective timing of surgical intervention [67]. Thus, it is important to study 
new biomarkers that may enhance our understanding of BAV disease progression. 
Four-dimensional flow MRI has allowed the study of several new and promising 
biomarkers, such as abnormal flow patterns, WSS, and energy loss.

Eccentric flow jets and helicity are two characteristics of abnormal flow pat-
terns that have shown strong connections with aortic dilation in BAV patients. A 
tricuspid aortic valve typically produces a centered systolic jet and bulk flow that is 
parallel to the ascending aorta, while BAVs tend to produce off-centered systolic jets 
(eccentric flow jets) that lead to circumferential flow and vortices (helicity). Each 
BAV phenotype has been shown to produce its own general pattern of jet eccentric-
ity and helicity, and the direction and orientation of these abnormal flow patterns 
has been associated with patterns of aortic dilation [68–71]. For example, patients 
with right–left coronary leaflet fusion (Type 1 RL) are more likely to produce a 
flow jet aimed to the right-anterior wall that associates with dilation focused at 
the mid-ascending aorta, while right-non coronary leaflet fusion patients (Type 1 
RN) tend to produce right-posterior flow jets that associate with diffuse dilation 
extending to the aortic root and/or arch as well, Figure 7 [69, 70, 72]. Furthermore, 
Bissel et al. showed that BAV patients with normal flow jets and non-helical flow 
patterns tended to have similar aortic diameters to healthy volunteers [73]. While 
more longitudinal studies are needed to confirm causation, these studies seem to 
collectively suggest that abnormal flow patterns are connected to aortic dilation in 
BAV patients.

Wall shear stress, a measure of force exerted on the vessel wall by  flowing 
blood, has consistently shown to be elevated in the ascending aorta of BAV patients 
[69, 74, 75]. The abnormal flow patterns created by a BAV are likely responsible for 
these increased WSS forces, and WSS itself has also been associated with regions 
of aortic dilation (Figure 7) [68, 69, 71, 73]. Seminal studies conducted by Bollache 
et al. and Guzzardi et al. demonstrated a possible physiologic mechanism behind 
WSS-associated aortic dilation, showing that elevated WSS levels may trigger 
maladaptive metalloproteinase activity which leads to medial elastin fiber degenera-
tion and overall weaker connective tissue in the aortic wall [76]. Thus, it is thought 
that elevated WSS, driven by abnormal flow patterns, may be a direct mediator of 
aortopathy in BAV patients. This ability of 4D flow MRI to visualize flow patterns 
and quantify WSS may provide future clinical utility in the risk-stratification of 
BAV patients and identifying appropriate timing for aortic surgery.
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3.5 Aortic stenosis

Aortic stenosis (AS) refers to the narrowing of the aortic valve opening, which 
restricts blood flow from the LV to the aorta. It is the most prevalent valvular 
disease in developed countries, affecting 2.4% of those >75 years of age [77]. It 
is commonly a result of BAV disease, chronic calcification, or rheumatic fever 
(in developing countries). Aortic stenosis often leads to complications such as 
LV dysfunction, heart failure, and aortic dilation, aneurysm and dissection [78]. 
Surgical repair or valve replacement are the only known definitive treatments 
and accurate diagnosis and staging are critical for surgical decision-making [79]. 
The most widely used parameters in assessing valve function include transval-
vular pressure gradient, peak velocity, and valve area. However, up to 40% of AS 
patients present with discordant findings (ex: abnormally small valve area, but 
normal pressure gradient) that require additional imaging, and the heterogenous 
nature of onset of secondary complications (ex: different dilation patterns, dif-
ferent rates of progression, etc.) is not well understood [80]. Four-dimensional 
flow MRI research continues to enhance our understanding these issues through 
the novel measurement of 3D peak velocity, 3D pressure gradients, and fluid 
energy losses.

Peak velocity and pressure gradients across the aortic valve are key components 
in AS severity grading [79]. However, as previously mentioned, echocardiography 
and 2D PC-MRI measurements often underestimate peak velocity, due to inaccurate 

Figure 7. 
Flow patterns and wall shear stress in a control and bicuspid valve phenotype. The white dashed lines 
represent the location where the sample velocity profile was obtained. These flow profiles can estimate the shear 
stress rate, blood flow spatial deformation. Since no flow occurs through the vessel wall, the speed of the blood 
flow at the vessel boundary is zero. The near wall region is the boundary layer where the wall shear stress 
(WSS) forces occur. The WSS expresses the force per unit area exerted in the fluid direction on the local vessel 
tangent ( wτ ). Yellow dashed lines illustrate the flow profile slope near the wall. On the top, a healthy control 
illustrates normal flow in the proximal ascending aorta. On the bottom, samples of right–left (RL) fusion and 
right-non coronary (RN) fusion illustrate abnormal flow.
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2D analysis plane placement, and overestimate pressure gradients, due to exclusion 
of downstream pressure recovery in calculations. The 3D visualization of these 
parameters using 4D flow MRI allows for more accurate identification of true peak 
velocity and a comprehensive calculation of pressure gradients that accounts for 
pressure recovery in the thoracic aorta. Due to this, 4D flow MRI may be a more 
accurate imaging modality for AS severity grading and surgical decision-making. 
Although, it should be noted that 3D pressure gradient calculations assume laminar 
flow, which may lead to inaccuracies when measuring severely stenotic flow where 
turbulence exists [33].

Fluid energy loss is an advanced hemodynamic parameter that provides infor-
mation regarding LV workload. There are two types of mutually exclusive fluid 
energy loss measurements: viscous energy loss (EL; energy lost due to friction 
between adjacent fluid layers with different velocities) and TKE (energy lost to tur-
bulence) [81]. Both measurements reflect LV output lost to abnormal flow patterns 
and, ultimately, a greater cardiac afterload. Larger fluid energy losses place greater 
workloads on the LV, which can lead to LV dysfunction and heart failure. Several 
studies have shown the presence of significantly elevated fluid energy losses in AS 
patients and explored the role of TKE in improved characterization of AS severity 
[82, 83]. Specifically, Binter et al. found TKE to be greater in AS patients compared 
to controls and demonstrated TKE to be influenced by aortic and valvular morphol-
ogy [83]. Taken together, this body of research suggests that fluid energy loss may 
provide novel AS severity measurements that are complimentary to traditional 
evaluation techniques. Lastly, it should be noted that jet eccentricity, helicity, and 
WSS measurements may serve the same purpose in the study of AS as they do in the 
study of BAV disease. These parameters have shown close associations with aortic 
dilation, a common complication in AS patients [68, 69, 73, 84, 85]. Most studies 
exploring these associations use BAV patient cohorts, since AS is a common finding 
in BAV disease.

3.6 Aortic Coarctation

Aortic coarctation (CoA) refers to a congenital narrowing of the thoracic 
aortic lumen, most often in the arch or descending portion, and accounts for 
approximately 6–8% of all congenital heart defects [86]. It often accompanies 
other congenital malformations, such as BAV (60%), aortic arch hypoplasia (18%), 
ventricular septal defect (13%), and sub AS (6%) [87]. Similar to AS, CoA causes an 
upstream increase in pressure, which may lead to LV dysfunction, aortic aneurysm 
and dissection, upper body hypertension, and stroke. Current diagnostics include 
computed tomographic angiography to image aortic structure and echocardiogra-
phy to measure peak velocities and pressure gradients across the stenotic region. 
Due to the limitations of echocardiography, 4D flow MRI may provide added utility 
in characterizing CoA via 3D measurement of peak velocity profiles and pressure 
gradients.

The application of 4D flow MRI in generating 3D peak velocity profiles and 
pressure gradients serves the same benefits as previously mentioned in other car-
diovascular disease. That is, it allows the visualization of temporally and spatially 
resolved flow patterns so that analysis planes may be placed in the most applicable 
locations and pressure recovery can be accounted for when measuring pressure 
drop across the CoA (Figure 8). Several studies to-date have found benefit in the 
use of 4D flow MRI for characterizing CoA flow patterns and evaluating post-repair 
hemodynamics in CoA patients [88–90].
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4. Conclusion

In conclusion, 4D flow MRI is a powerful technique which can be used for 
calculating important clinical parameters. This chapter intended to introduce and 
summarize the usefulness of 4D flow for assessing cardiovascular diseases. Thanks 
to recent technical advances, 4D flow MRI has increased its use in cardiac MRI sites 
worldwide and it is in a ready-to-go state-of-art stage for clinical practicality.
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Cardiovascular Changes during 
Robot-Assisted Pelvic Surgery
Ildar I. Lutfarakhmanov, Peter I. Mironov, Ildar R. Galeev  
and Valentin N. Pavlov

Abstract

The application of robotic assistance in pelvic surgery has become popular 
across multiple specialties during the past decades, facilitating minimally invasive 
surgery. The most remarkable challenges regarding these procedures are the carbon 
dioxide pneumoperitoneum and steep Trendelenburg position. The combination 
of two factors affects the patient additionally or synergistically and have important 
physiological effects on cardiovascular system. All those changes are usually well 
tolerated in patients with normal cardiac function, but it can be different in elderly 
patients or even in patients with underlying heart conditions. In order to provide 
the proper management of patients undergone the robotic surgery, we aim to 
thoroughly understand these effects and overview the risks and possible related 
cardiovascular complications. Further, a short introduction on dangerous areas of 
robot-assisted pelvic surgery will be briefly reviewed.

Keywords: robotic surgery, pneumoperitoneum, Trendelenburg position, 
cardiovascular system, central hemodynamics

1. Introduction

Prostate cancer remains the most common solid organ malignancy and the 
second leading cause of cancer death in the US men [1]. Radical prostatectomy is 
a standard treatment option for localized carcinoma of the prostate, that showed 
a significant relative risk reduction in cancer-specific mortality as compared with 
watchful waiting. Radical cystectomy and pelvic lymph node dissection are the 
standard treatment options for muscle-invasive bladder carcinoma, but this opera-
tion is a surgical procedure associated with the highest morbidity and mortality 
among all surgical operations. Laparoscopic cystectomy was introduced to decrease 
associated morbidity, and resulted in a significantly lower intra-operative blood loss 
and transfusion rates, lower pain scores, and allowing a more rapid resumption of 
oral intake and a shorter hospital stay. Uterine cancer is one of the few cancers with 
increasing incidence and mortality in the United States. It is the fourth most com-
mon cancer diagnosed and the seventh most common cause of cancer death among 
US women [2]. Hysterectomy is the second most commonly performed procedure 
in women of reproductive age, and nearly 600,000 hysterectomies are performed 
annually; about 20 million US women have had a hysterectomy [3]. In 2016, 
colorectal cancers accounted for 8.5% of all new malignant cancer cases and 8.7% 
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of all cancer deaths in the US [4]. Laparoscopic approach has become the preferred 
standard of care in colorectal surgery and has been proven to be as safe and effective 
as open surgery, and associated with a lower blood loss and shorter length of stay.

The introduction of robot-assisted surgery, specifically the da Vinci Surgical 
System (Intuitive Surgical, Inc), is one of the biggest breakthroughs in past decades, 
and represents the most significant advancement in minimally invasive surgery. 
Initially used in urology, particularly in radical prostatectomy, the robotic technique 
became the most suitable for operations in a closed and restricted pelvic space 
across different specialties including colorectal and gynecologic surgery, making 
the indications for robot-assisted laparoscopic pelvic surgery (RALPS) widely 
increased. Robotic assistance allows a three-dimensional stable operator-controlled 
high-definition magnified view of the operative field, filtrating the tremor of the 
surgeon, and enabling precise movements of instruments with seven degrees of 
freedom, overtaken the limitations of standard open and/or laparoscopic surgery. 
Robot-assisted surgery represents an advantage in terms of smaller incisions, pre-
cise dissection in a confined space, reduction of intraoperative blood loss and lower 
transfusion rate, fewer postoperative pain and complications, decreased in-hospital 
death rate and length of stay, and faster return to daily functions. Age and obesity 
are significant risk factors for malignancy, yet complicate the surgery. RALPS is fea-
sible and safe for patients with complicated diseases compared with conventional 
laparoscopic or open surgeries. Robotic procedures can reduce the cost of operation 
in elderly or morbidly obese patients with comorbidities, as these procedures gener-
ally require a shorter hospital stay than open methods. As the prevalence of obesity 
climbs steadily, the treatment of these patients with robotic surgery will increase. 
Multiple postoperative advantages of this technique permit safe management of 
patients with more and more severe cardiorespiratory disease.

As the previous surgical techniques, this one is not without limitations. First, 
potentially long duration of surgery (initial case series reported a longer mean 
operative time up to 270 minutes but this has since been reduced to a mean of 
150 minutes). Second, RALPS requires a much Trendelenburg tilt of 30 to 45 
degrees – steep Trendelenburg position (sTrP). This extreme position causes 
significant and potentially adverse cardiovascular alterations. The most remark-
able challenge regarding RALPS is the carbon dioxide (CO2) pneumoperitoneum 
(PP) resulting in ventilatory and respiratory changes. In compromised patients, 
cardiorespiratory disturbances aggravate the hypercapnia. Gasless laparoscopy may 
be helpful to reduce the pathophysiological changes induced by PP but increases 
technical difficulty. This becomes more complicated in operations where sTrP and 
PP are combined, increasing the risk of hemodynamic disorders.

2.  Pathophysiological cardiovascular effects of steep Trendelenburg 
position and pneumoperitoneum during robot-assisted pelvic surgery

In RALPS, hemodynamic alterations are derived from the three origins: first is 
the intraabdominal pressure (IAP) created by the PP; second is the existence of 
an insufflation CO2 that is absorbed by the blood; third is the sTrP of the patient. 
These factors account for the majority of physiological changes in the patient in 
addition to the events that develop from surgical intervention. The interactions 
of these factors are important in the intraoperative management of the RALPS 
patient. Standard IAP levels between 12 and 15 mm Hg cause increase in cardiac 
output by applying pressure to splanchnic venous bed and are useful for performing 
procedures in most cases [5]. On the other hand, higher insufflation pressure up to 
20 mm Hg apply compression over inferior cava vena causing a preload reduction 
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and a decrease in the cardiac output, but are safe and have no significant short-term 
effects on organ perfusion, and not associated with a higher complication rate [6]. 
Steep TrP is essential for the final hemodynamic result during RALPS; it increases 
the venous return and compensates blood loss. The combination of two factors the 
sTrP and PP can cause significant cardiovascular changes, and an increase in the 
angle of inclination can further exacerbate these changes [7]. PP with high IAP 
and sTrP may affect the excretion of CO2. If pulmonary ventilation is not enough 
to eliminate the CO2 absorbed from the PP, the dissolved CO2 causes hypercapnia 
and acidosis. Hypercapnia and acidosis decrease the cardiac contractility, make 
myocardium more sensitive to catecholamines and cause peripheral vasodilatation. 
Sympathetic activation caused by hypercapnia finally leads to tachyarrhythmia and 
peripheral vasoconstriction [8]. Vagal (parasympathetic) stimulation may cause 
bradyarrhythmia in a range from bradycardia to asystole, and hypotension [9]. 
These effects may further complicate clinical management of patients with under-
lying chronic lung disease or the morbidly obese. Technical disadvantages of RALPS 
in patients with obesity include excessive fat tissue, deeper and narrowed true pelvis 
that result in limited working space, long distance to operative field, difficulty in 
trocars placement, and suboptimal visualization [10, 11].

Table 1 shows the results of different studies in which the intraoperative 
hemodynamics, cardiac function, filling volume and pressure, and cardiac varia-
tions were measured through the operation time relative to the values before the 
induction of anesthesia. Studies reporting mean arterial pressure (MAP) changes 
have not been consistent. In a majority of studies, an increased or unaffected 
MAP was demonstrated. In the most of studies there were no changes in heart rate 
(HR), whereas one study showed an increase, and the remaining studies showed 
decreased HR. In general, the stroke volume (SV), cardiac output (CO), and cardiac 
index (CI) remained stable, except one study, in which cardiac function signifi-
cantly decreased, authors explained by the combined effect of general anesthesia 
and PP. All the reported studies described an increased or unchanged systemic 
vascular resistance (SVR). SVR also increased in studies in which no decrease in 
CO was reported. Whereas the normal heart tolerates increases in afterload under 
physiologic conditions, the changes in afterload produced by the PP can result in 
deleterious effects in patients with cardiac diseases and may lead to further decrease 
in CO. Significant 80% [34] up to 200% [43] increasing in Central venous pressure 
(CVP) as well as pulmonary mean artery pressure (PMAP) and pulmonary artery 
wedge pressure (PAWP) after the institution of PP and sTrP was seen in all of 
studies.

2.1  Safe effects of steep Trendelenburg position and pneumoperitoneum  
on central hemodynamics

Pneumoperitoneum resulted in an increased MAP, decreased SV, and increased 
pulse pressure variation (PPV) and stroke volume variation (SVV) compared 
with the supine position. Pneumoperitoneum combined with sTrP resulted in an 
unchanged MAP, increased SV, unchanged PPV, and increased SVV compared with 
isolated PP in patients without cardiopulmonary disease. The PP induced increases 
in abdominal pressure may compress the inferior vena cava, resulting in decreased 
right ventricular preload [14].

The effects of extraperitoneal and transperitoneal CO2 insufflation on hemo-
dynamic parameters were assessed in [17]. HR did not change significantly during 
either of the surgical approaches. Although MAP and CO did increase significantly 
during transperitoneal insufflation, although not during extraperitoneal insuffla-
tion, the differences between the methods were not statistically significant.
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Despite a 50–100% increasing in CVP, PMAP and PAWP, the sTrP and PP did 
not change the CI and contractility of the right ventricle [15].

Cerebral blood flow-carbon dioxide reactivities in the supine and modest TrP 
under PP were compared in [16]. The main result is that there is no change between 
the supine position and the 30° TrP.

Combination of the 45° sTrP and insufflation pressures of 20 mm Hg resulted 
in a MAP reduced by 17%, HR reduced by 21%, and CO reduced by 37%. Overall, 
patients tolerated the procedure well with minimal clinically significant cardio-
pulmonary effects. For patients with limited cardiopulmonary reserve, however, 
physicians must weight these benefits with the negative cardiovascular changes 
associated with this type of procedure [26].

Function Status

Increased Decreased Unchanged

Hemodynamics

Mean arterial pressure [7, 12–25] [26–33] [34–42]

Heart rate [25] [14, 23, 26, 27, 
29–31, 33, 36]

[7, 12, 13, 15–22, 24, 
28, 34, 35, 38–40, 42]

Cardiac function

Stroke volume [32] [27] [19, 22, 24, 38]

Cardiac output — [26, 27] [17, 19, 20, 22, 24, 
38, 41]

Cardiac index — [27] [15, 16, 18, 24, 25, 
29, 34]

Ventricular end-diastolic area 
/ stroke work index / ejection 
fraction

[20, 22] [24] —

Systemic vascular resistance [19] — [22, 25, 29, 34, 38]

Filling volume / pressure

Aortic diameter [19] — —

Central venous pressure [12, 15, 16, 18, 
20–23, 25, 27, 34, 35, 
37, 38, 40]

— —

Pulmonary mean artery pressure [15, 22] — —

Pulmonary artery wedge pressure [15, 22] — —

Cardiac variations

Heart ratea [36] — —

QTc intervalb [28] — —

Tp-e intervalc — — [28]

Pulse pressure [14] — —

Stroke volume [14] [20]
aComputerized ECG.
bHR-corrected QT (QTc) interval.
cTpeak–Tend (Tp-e) interval.

Table 1. 
Summary of literature search, including changes in intraoperative hemodynamics, cardiac function, filling 
volume and pressure, and cardiac variations during RALPS.
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Steep TrP and high-pressure PP leads to significant decrease in SV and CO. 
Although hemodynamic parameters decreased compared to the baseline, they were 
within the physiological normal limits and all these parameters returned to baseline 
after deflation of PP in the supine position [27].

The effects of volatile anesthetic sevoflurane and intravenous propofol on 
Central hemodynamics were compared in [18]. No intergroup differences in MAP, 
CI, and CVP being at any time point in PP and sTrP, even though HR was lower in 
sevoflurane group. Compared with time point before surgery, MAP and CVP were 
significantly higher in both groups. There were no differences within each group for 
CI at each time point. There were no major complications on normal postoperative 
rounds in either group.

Steep TrP significantly increased the SV, whereas PP decreased the aortic diam-
eter, and the combination of sTrP and PP significantly increased MAP and CVP, but 
did not change CO and SV [19].

Improved hemodynamics with significant increase of MAP, CVP and CO under 
combination sTrP with PP were observed in [20]. All the variables studied remained 
within the clinically acceptable range and did not deteriorate left or right ventricu-
lar function.

Central venous pressure increased after the institution of PP and sTrP and 
returned to baseline range following reinstitution of supine position after comple-
tion of robotic pelvic surgeries. These findings can be explained by combination 
of increased intra-abdominal, intrathoracic pressures and acute volume loading 
during PP and sTrP [35].

Although the sTrP combined with a PP significantly influenced cardiovascular 
homeostasis, all investigated variables remained within a clinically acceptable 
range, and a combination of the prolonged sTrP and PP was well tolerated by 
patients. During institution of the sTrP, MAP and CVP increased significantly. The 
observed increase in pressure is the result of increased hydrostatic pressure at the 
external auditory meatus caused by the tilting of the table. Because MAP increased 
by a greater absolute amount than CVP (34 vs. 23 mm Hg, respectively), at least 
part of the increase in MAP must also be caused by increased CO, SVR, or both [21].

The influence of sTrP on cerebral hemodynamic homeostasis was elucidated in 
[37]. While patients were in the sTrP, zero flow pressure (ZFP) increased in parallel 
with CVP. The pulsatility and resistance indexes, and ZFP – CVP gradient did not 
increase significantly after 3 h of the sTrP. Albeit the unphysiological sTrP com-
bined with the need for PP raises major concerns for the physiological homeostasis 
of the patient, especially for intracranial pressure and brain perfusion, it does not 
compromise cerebral perfusion and seems to be well tolerated by most patients.

RALPS performed with low pressure (8 mm Hg) PP and sTrP was associated 
with significant variations in arterial pressure, CVP, SVR, left ventricular end-
diastolic and end-systolic volume, and ejection fraction. With the return to neutral 
position at the end of surgery, with PP deflation, most of the assessed parameters 
returned to baseline value, with the exception of SVR and CO. However, all vari-
ables remained within limits safely manageable by the anaesthesiologists [38].

Two- to three-fold increases of right- as well as left-sided filling pressures dur-
ing PP with sTrP was found in [22]. The index of left ventricular filling was at a level 
seen during heart failure. Pulmonary hypertension, with systolic pulmonary artery 
pressure exceeding 35 mm Hg, was recorded in 75% of the patients. Furthermore, 
right-sided and left-sided filling pressures were almost equal. Systemic blood pres-
sure was also increased, but there was no change in CO.

Hemodynamic changes, such as a significant decrease in HR after induction of 
anesthesia, the insufflation of PP and the transfer patient to sTrP were found in [29]. 
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In the time of operation, the significant decrease of MAP was also observed. Although 
these hemodynamic parameters were reduced compared to the baseline level, they 
were within the physiological norm and all indicators returned to the baseline level 
after the elimination of PP. There were no cases of cardiovascular complications in the 
early postoperative period.

Low-pressure PP, sTrP and mechanical ventilation may interact and be the origin 
of the alterations in the autonomic nervous system modulation of HR variability. 
Minor alterations in cerebral oxygenation and autonomic perturbations do not 
cause clinically significant alterations in a patient’s HR variability. This finding 
supports the safety of RALPS [36].

The impact of overweight on hemodynamic in patients undergoing RALPS with 
PP was investigated in [40]. The creation of prolonged PP had no adverse effects 
on hemodynamic parameters and no clinically relevant cardiovascular change 
was noted.

Cardiac output was not affected either by the sTrP nor establishment of a PP. 
Head-down position and prolonged PP were associated with an early elevation 
in CVP that was sustained and did not vary. A temporary increase of MAP was 
recorded. After the release of the PP, hemodynamic parameters returned to baseline 
levels except HR and CI [34].

Changes in circulatory status by measuring hemodynamic and cardiac func-
tion brought about by 28° TrP and establishment of the PP were examined in [24]. 
They found that head-down tilt and PP significantly decreased left ventricular 
ejection fraction but that left ventricular end-diastolic volume and CI did not 
change. These findings indicate that a sTrP and PP did not greatly influence 
cardiac function.

The clinical effects of general anesthesia with inhalational sevoflurane and 
total intravenous anesthesia with propofol were compared. Mean arterial pressure 
decreased in period of anesthesia induction and patient preparation and increased 
with sTrP and PP. Heart rate significantly decreased during the operation in both 
groups after sTrP and PP were established. All values were in physiologic ranges in 
all times [31].

Even with a standard 11–14 mm Hg PP, some form of mesenteric-splanchnic 
injury might be induced due to an extra gravitational pressure or a traction force 
caused by the exclusive fixed 45° TrP in addition to the duration of RALPS about 
3.5 hours, but not any significant mesenteric-splanchnic ischemia was demon-
strated [41].

Unchanged preload conditions, a slightly reduced contractility, and an 8% 
increase in HR, together with a 32% increase in SVR, combine to cause an 8% 
decrease in CO during pronounced PP, but generally normalized afterload and 
myocardial oxygen demand [25].

Brain regional oxygen saturation increased after the PP and further increased 
temporarily after the sTrP, and decreased afterwards. These changes were along 
with the alteration of MAP, but did not correlate with the changes of HR, indicating 
that MAP is the critical factor in the cerebral oxygenation. Anyway, PP and the sTrP 
in RALRP did not aggravate cerebral oxygenation [30].

Lower limb perfusion significantly increased after induction of anesthesia, 
establishment of PP, placing in TrP, when compared to the baseline in patients 
without previous episodes of peripheral vascular disease and morbid obesity. 
Arterial pressure decreased after induction of anesthesia and continued to 
show a decreasing trend throughout the operation. Cardiac index increased 
after TrP. These changes in cardiovascular physiology had negative effects 
on systemic perfusion, but in general, sTrP and general anesthesia improve 
 microcirculation [32].
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2.2  Negative effects of steep Trendelenburg position and pneumoperitoneum  
on central hemodynamics

Steep TrP is a challenging clinical setting to anesthetists due to the risks of 
position and long duration of PP. The creation of PP and sTrP increased MAP, that 
can be explained by the increase of hydrostatic pressure caused by the tilting of the 
table, also is caused by increased CO and SVR. PP and head-down position caused 
acute volume loading which causes acute elevation of CVP. Over subsequent hours, 
the MAP and CVP remained stable, then decreased significantly after reassuming 
the supine position, but remained within acceptable ranges [12].

Pneumoperitoneum and TrP caused an increase in MAP and middle ear pres-
sure. Although the magnitude of this increase was within the normal range and 
none of patients suffered from ear problems postoperatively, this propensity for 
increase may cause problems in patients with preexisting disease [13].

The degree of head-down angle affects the cardiovascular parameters. MAP was 
increased significantly with PP, and showed a much greater increase (up to 31% 
compared with baseline) in the first 5 min after placing in the sTrP [7].

The effect of dexmedetomidine on QTc was evaluated in [28]. None of the 
patients had a QTc interval of >450 msec before surgery, but sTrP and PP resulted in 
a significant lengthening of the QTc interval > 450 msec in 2 patients and > 20 msec 
prolongation from baseline in 22 patients (96%). The overall result was that sTrP 
and PP can increase the risk of torsade de pointes for patients susceptible to ven-
tricular arrhythmias, even when preoperative ECG findings are normal [28].

High prolonged PP and sTrP can produce adverse cardiovascular effects, and 
the results of study [23] demonstrated that MAP remained unchanged, but HR 
decreased significantly and required intervention. The CVP values were also above 
the normal limits. These high values might be due to the sTrP as they returned to 
their initial values by the end of the operation. Although the most obvious effects 
on HR, MAP, and CVP occurred immediately after the patients were moved into the 
sTrP with PP, these measurements continued to be affected to a lesser degree until 
the supine positioning at the end of the procedures. The most obvious changes were 
observed in the CVP.

Autonomic nervous system regulations following sTrP were investigated via 
evaluating HR variability [44]. A statistically significant decrease in the values 
of low-frequency and high-frequency spectral bands, representing sympathetic 
and parasympathetic activity, respectively, correlated with 20% decrease in 
HR, and in other hemodynamic parameters from the start until the end of the 
operation.

Significant increase in concentration of malondialdehyde regarded to be the 
most reliable and producible markers of oxidative stress in the clinical setting, and 
decrease in gastric intramucosal pH value after the induction of PP was observed in 
[39]. After PP deflation, these values increased steadily and reached a peak 30 min-
utes after deflation, which was significantly higher than that during PP insufflation. 
Consistent with these findings, a prolonged PP could lead to decreased splanchnic 
blood flow and increased oxidative stress, not only during the PP but also after the 
deflation.

Hemodynamic changes during RALPS reveal autonomic response to the 
challenges (i.e., general anesthesia and head down position), and non-neurally 
mediated increase of systolic arterial pressure caused by PP. Association between 
the vagal stimulation due to sTrP and sympathetic withdrawal caused by general 
anesthesia could lead to severe bradycardia and cardiac arrest in risky patients [45].

Cerebrovascular autoregulation slowly impaired over a long time period in sTrP 
combined with PP. High MAP might trigger or aggravate the formation of cerebral 
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edema. To avoid neurological deterioration in patients placed in an sTrP for more 
than 3 h, it may be beneficial to maintain the MAP within the normal range and to 
minimize the duration of sTrP as much as possible [42].

The concomitant pathology, cardiac depressants, age, the duration of surgi-
cal intervention and anesthesia are of great importance to observed unfavorable 
changes in a cardiovascular system. The higher intra-abdominal pressure and 
the clearly expressed TrP create a prerequisite for more frequent hemodynamic 
changes, concealing a risk for the life of sick persons [33].

3.  Cardiovascular complications occurring the robot-assisted 
laparoscopic pelvic surgery

Steep TrP and PP are required to allow adequate surgery exposure in robotic 
 pelvic procedures. The risk of perioperative cardiovascular complications is increased 
by a long-time in the proper patient positioning. In contrast with respiratory 
complications, hemodynamic complications do not increase with surgery duration. 
Positioning-related complications are even more common in obese patients related 
to weight pressure and longer operative time. Peritoneal insufflation can result in 
hypotension, arrhythmias (bradycardia) or even cardiac arrest (asystole) due to 
vagal response, especially in patients with cardiovascular disease. We found very 
few cardiovascular complications in four case reports [46–49], two review articles 
[50, 51], five prospective [12, 20, 23, 52, 53], and ten retrospective [54–64] analyses, 
shown in Table 2.

Myocardial infarction was a result of intraoperative drug-eluting stent throm-
bosis after a patient developed a new left bundle branch block and was ultimately 
taken to the cardiac catheterization lab [47]. A patient with significant cardiac risk 
factors underwent a RALPS with cardiac arrest and was subsequently successfully 
resuscitated [46]. Another fatal myocardial infarction was in a 52-year-old patient 
with ASA physical status IV [48]. In a case of 72-year-old man, after 22° PP cre-
ation, severe bradycardia and complete atrioventricular block were observed, which 
is considered to be attributed to a vagal reflex; thus, the surgery was extended by 
inserting a temporary pacemaker [49].

Cardiac events Procedure 
characteristic

Patient’s demographics: 
number (n); ASA 

functional class; age; 
BMI

Number 
of patients 
(rate) with 

events

Arrhythmias (atrial fibrillation / 
bradycardia)

[12, 23, 50, 61, 63] n = 874; ASA I-IV; 26 to 
84 years; 16 to 44 kg/m2

20 (2.3%)

Myocardial ischemia / infarction [54, 56, 57, 59, 63] n = 2717; ASA I-IV; 44 to 
78 years; 19 to 38 kg/m2

11 (0.4%)

Cardiac arrest [54] n = 1241; ASA I-IV; 46 to 
74 years; overweight and 

obese 69.6%

4 (0.3%)

Other cardiac complications (mitral 
insufficiency, pulmonary edema)

[20, 52] n = 14; ASA II-III; 24 to 
61 years; 19 to 38 kg/m2

2 (14%)

Cardiac complications not detailed 
(including myocardial infarction, 
arrhythmia, heart failure, shock)

[51, 53, 55, 58, 60, 
62, 64]

n = 57220; 32 to 90 years; 
17 to 70 kg/m2

465 (0.8%)

Table 2. 
Types and rates of cardiovascular complications.
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Analyses of a large database demonstrated 0.9% cardiac complications after 
RALPS. Higher prevalence of cardiovascular-related comorbidities in morbidly 
obese patients may be involved in the increased incidence of cardiac complications 
[64]. In a largest sample study evaluated and compared incidence of perioperative 
complications among of non-obese, obese, and morbidly obese patients undergoing 
RALRP, the rates of intraoperative complications were similar [60].

4.  Perioperative monitoring during robot-assisted laparoscopic pelvic 
surgery

RALPS is performed while the patient is under general anesthesia with endo-
tracheal intubation. For most procedures, the standard American Society of 
Anesthesiologists monitoring is sufficient. These includes noninvasive blood pressure, 
electrocardiogram, pulse oximetry, capnography, temperature monitoring, bispectral 
index, and urine output. Because of relatively short operative times and minimal blood 
loss, invasive monitoring is rarely indicated. One freely flowing peripheral IV and 
plethysmography offer necessary access and hemodynamic information. In [65] non-
invasive continuous arterial blood pressure measurements using the ClearSight system 
(BMEYE, Amsterdam, The Netherlands) were not comparable to those obtained 
invasively in patients undergoing RALPS because of the device tended to overestimate 
blood pressure. For hemodynamic optimization, stroke volume estimation and its 
response to fluid infusion is recommend. There is no justification for CVP nor pulmo-
nary artery catheter monitoring based on hemodynamic changes related to PP alone.

Additional monitoring should be considered to account for patient co-
morbidities, the risk of intraoperative bleeding, or longer operative times. 
Hemodynamically unstable or patients with cardiovascular disease intra-arterial 
blood pressure may be monitored by arterial cannulation [25]. The most popular 
additional cardiovascular monitoring for older patients with cardiopulmonary 
comorbidities includes:

• Invasive arterial blood pressure with cardiac output monitoring: FloTrac/
Vigileo™ (Edwards Lifesciences LLC, Irvine, CA, USA) [16, 18, 27, 32]

• Transesophageal echocardiography: Haemosonic-100 (Arrow International; 
Everett, MA, USA); Vivid i™ (General Electrics); iE33® X7-2t (Philips N.V., 
Amsterdam, Netherlands); TE-V5M (Acuson Sequoia C512 Ultrasound system; 
Siemens, Malvern, PA) alone [19, 26] or with FloTrac/Vigileo™ [14, 20, 24, 38]

• Transpulmonary arterial thermodilution: Swan-Ganz CCO combo (CCO/
SvO2 Edwards Lifesciences LLC, Irvine, CA, USA); PiCCO Plus (Pulsion 
Medical Systems, Munich, Germany); Draeger Infinity Delta PiCCO SmartPod 
(Draeger Medical Systems, Inc., Telford, PA, USA) [15, 22, 25, 34]

As sum, Joint Consensus on Anesthesia in Urologic and Gynecologic Robotic 
Surgery (JC-STARS group) recommend tailored hemodynamic monitoring of the 
patient based on the perioperative risk [66].

5. Conclusions

Robot-assisted pelvic surgery with the da Vinci surgical system is increasingly 
being applied. Despite the increasing popularity, there is no unequivocal evidence 
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to show the superiority of robotic surgery over traditional laparoscopic surgery 
in terms of cardiovascular complications. Interpreting the effects of the steep 
Trendelenburg position and that of CO2 pneumoperitoneum separately is impos-
sible; the combination of the factors affects the patient additionally or synergisti-
cally and have important physiological effects on cardiovascular system. All those 
changes are usually well tolerated in patients with normal cardiac function, but 
it can be different in elderly patients with ASA II-III risk or even in patients with 
underlying heart conditions. Cardiovascular complications not appear to be unique 
to RALPS and had no greater incidence. The intraoperative management of the 
RALPS patient presents manageable challenges. Patients should be properly moni-
tored to understand the current situation, to maintain stability and to avoid the 
complications with the necessary interventions on time.

© 2021 The Author(s). Licensee IntechOpen. This chapter is distributed under the terms 
of the Creative Commons Attribution License (http://creativecommons.org/licenses/
by/3.0), which permits unrestricted use, distribution, and reproduction in any medium, 
provided the original work is properly cited. 
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Chapter 5

Hemodynamic Alterations in 
Multiple Sclerosis
Aise Seda Artis

Abstract

Multiple Sclerosis is an autoimmune disease of the central nervous system. It is a 
demyelinating and neurodegenerative condition, however, changes in the vascula-
ture can occur and play a role in the pathophysiology. Cardiac and vascular risk fac-
tors contribute to the disease severity. Understanding the occurring hemodynamic 
changes may potentially lead to improved diagnosis, better patient management, 
and prevention of disease progression. This paper discusses the hemodynamic 
impairment in multiple sclerosis focusing on both the cerebral and cervical regions 
and presents an up-to-date review of the literature.

Keywords: multiple sclerosis, cerebral hemodynamics, cervical hemodynamics, 
perfusion, oxidant damage

1. Introduction

Multiple Sclerosis (MS) is a chronic disease of the central nervous system 
(CNS), today affecting approximately 2.8 million people worldwide (35.9 per 
100,000 population) [1]. It leads to demyelination and diffuse neurodegeneration 
in both brain and spinal cord gray matter (GM) and white matter (WM) of the 
brain and spinal cord [2].

The natural history of the disease seems to be divided into 2 distinct phases for 
most of the patients with MS (PwMS): 1) initially most of them present recurring 
clinical symptoms followed by total or partial recovery, this form is called relapsing-
remitting MS (RRMS); 2) after 10–15 years, the pattern becomes progressive in up 
to 50% of untreated patients. This second phase is defined as secondary progressive 
MS (SPMS) and determined by a slow but steady progression in neurologic deficit 
associated with CNS degeneration. Alternatively, 15% of PwMS can present with a 
progressive form at the onset, a progressive clinical decline without superimposed 
exacerbations, and this form is called primary progressive MS (PPMS) [3]. There 
is also a pre-clinical stage in which a combination of genetic and environmental 
factors triggers the disease [2].

MS is an autoinflammatory condition. However, changes in the vasculature can 
occur and contribute to pathophysiology [4]. The pathophysiology of hemodynamic 
impairment in MS is multifactorial and, at least partly, secondary to the down-
stream effects of the neuro-inflammatory cascades [2]. The incidence of vascular 
comorbidities was previously reported as up to 50% but continues rising in the MS 
population, making it important to understand their impacts on outcomes [5, 6].

Cardiovascular risk factors are known to contribute to MS disease severity. 
Smoking is associated with a higher lesion burden and more severe brain atrophy in 
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people with MS (PwMS). This relationship becomes even more prominent if there 
are multiple cardiovascular comorbidities [2, 7]. Comorbidity is associated with 
greater diagnostic delays, worse magnetic resonance imaging (MRI) outcomes, 
increased disability at diagnosis, and increased risk of disease progression in MS 
[8, 9]. There is a direct relationship between cardiovascular risk factors and clinical 
status as measured by the Expanded Disability Status Scale (EDSS) [10]. A large 
cohort study reported that hypertension and heart disease were associated with 
brain atrophy and obesity was associated with lesion volumes [8]. Also, high sodium 
intake, a regulating factor of blood pressure, seems to be linked to MS disease 
activity [11]. Understanding the hemodynamic changes in MS could potentially lead 
to better management of patients and improved diagnosis and prevention of disease 
progression.

2. Cervical hemodynamic changes in MS

When compared with the healthy population, PwMS show different patterns of 
vascular morphology in the neck, with respect to aging. The arteries supplying the 
CNS are possibly subject to particular atherosclerotic harm in MS [12]. The vascu-
lar cross-sectional area (CSA) in the neck is crucial to further understanding the 
associations between the extracranial and intracranial vascular changes.

Ranadive et al. reported significantly altered arterial function, as shown by 
decreased carotid artery compliance, but not structure in PwMS compared with the 
control matched for age, sex, height, and weight [12]. However, recent data suggests 
a smaller arterial cross-sectional area of the main and secondary arteries (common, 
internal, and external carotid arteries and vertebral artery, respectively) in PwMS. 
The CSA of the carotid and vertebral arteries is reduced [7]. Besides, significantly 
higher carotid intima-media thickness was reported in PwMS without cardiovas-
cular disease compared to the healthy group, suggesting that PwMS have a predis-
position to atherosclerosis [13]. In MS, even without the presence of cardiovascular 
disease carotid and vertebral arterial CSA was reduced [7]. A 5-year follow-up 
study checked the neck vessel CSA in PwMS and healthy controls during 5 years by 
3 Tesla (3 T) MRI using 2-dimensional (2D) neck MRI angiography. At baseline, 
they observed no difference in CSA between the groups. The monitoring revealed 
a decrement in CSA of the common carotid artery – internal carotid artery, verte-
bral artery, and internal jugular vein (IJV), regardless of the disease phenotype. 
Interestingly, PwMS without the cardiovascular disease had significantly greater 
change than PwMS with cardiovascular disease for IJVs at all levels. Their observa-
tion of longitudinally changing IJV CSA may suggest a potential link between IJV 
CSA and the disease course in MS [14]. Heterogeneity of PwMS groups among 
the studies may contribute to explaining the difference in the results. Still, some 
hypertension-perfusion interactions might be considered in PwMS without cardio-
vascular disease when the lately lowered hypertension threshold to >130/80 mmHg 
in the guidelines taken into consideration.

Some cross-sectional studies revealed a greater prevalence of morphologic 
and hemodynamic alterations of extracranial venous drainage pathways in PwMS 
[15, 16]. Zamboni asserted that narrowing of the veins in the neck could be caus-
ing iron accumulation in the brain and spinal cord, triggering the inflammatory 
autoimmune response and proposed his hypothesis of Chronic Cerebrospinal 
Venous Insufficiency (CCSVI) as a cause of MS [15, 17]. The distinct abnormalities 
observed in the intracranial and extracranial veins in PwMS defined by Zamboni in 
2009. Zamboni criteria include: 1) Reflux in the IJVs in sitting and supine posture; 
2) Reflux in the deep cerebral veins (DCV); 3) High-resolution B-mode evidence 
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of IJV stenoses; 4) Flow not doppler-detectable in the IJVs. 5) Reverted postural 
control of the main cerebral venous outflow pathways [15].

CCSVI is only seen in MS patients and not in other neurodegenerative disorders 
or healthy individuals [15, 18]. It causes venous hypertension in the dural sinuses 
which can alter intracranial compliance. Subsequently, it may alter the CSF dynam-
ics, affecting the ability of the vasculature to dissipate arterial pulsatility and 
provide smooth capillary blood flow that is known as the windkessel mechanism 
[19]. CCSVI is characterized by multiple areas of stenosis of the extracranial venous 
draining pathways, namely the IJVs and the azygous veins, with collateral forma-
tion. Normally the blood leaves the brain by postural and respiratory mechanisms, 
where the venous outflow increases during inspiration. The normal venous drainage 
pathway of the blood leaving the brain is via the IJV and the azygous vein (in the 
supine posture) and the vertebral vein (in the upright position). And for the spinal 
cord, the main route for venous drainage is the azygous vein [15, 18]. CCSVI can be 
easily assessed using doppler sonography or magnetic resonance venography.

Compared with healthy controls, PwMS exhibit reduced venous flow in IJV 
[16]. Haacke et al. confirmed the venous flow abnormalities in all clinical forms 
of MS. In their study, IJV stenosis was more prevalent in PwMS, and IJV carried 
significantly less flow when compared to the nonstenotic group [20]. PwMS show 
a higher frequency of secondary neck veins and larger cross-sectional areas when 
adjusted for all cardiovascular factors (including body mass index, hypertension, 
heart disease, smoking history, and age) [7]. Accordingly, flow in the paraspinal 
venous collaterals is higher in PwMS and exacerbated by venous stenosis. Collateral 
drainage may be a compensatory response to IJV flow reduction [16]. Both CCSVI 
and small IJVs (with a cross-sectional area of less than 0.4 cm2) seem to influence or 
follow MS severity. However, only small IJVs are an independent factor. Thus, small 
IJVs with restricted outflow, which might be aspects of CCSVI different from the 
criteria originally described by Zamboni, emerge as a cofactor in the multifactorial 
pathophysiology of MS [21]. Considering the morphology of neck veins demo-
graphic factors may also be confounding between PwMS and healthy groups [7]. 
Notably, no significant difference in PwMS regarding IJV CSA and flow rates has 
also been reported [22, 23].

With CCSVI, Dr. Zamboni also proposed venous percutaneous transluminal 
angioplasty (so-called “liberation treatment” or “liberation therapy”) as a potential 
therapy for PwMS [24]. Today liberation treatment is a controversial treatment. 
CCSVI-like venous anomalies seem unlikely to affect cerebral blood flow (CBF) 
in PwMS according to some researchers [19]. Recent studies do not support the 
continued use of angioplasty for the extracranial jugular and/or azygous venous 
narrowing to improve patient-reported outcomes, chronic MS symptoms, or the 
disease course of MS [25–27]. But Zamboni et al. reported that venoplasty decreases 
new cerebral lesions at 1 year in RRMS and SPMS after the angioplasty [28]. It 
seems that the debate will continue until more detailed and comprehensive long-
term studies are provided. Future studies should investigate CSA of the arterial and 
venous systems of neck vessels in more detail at disease onset, when the presence of 
cardiovascular risks is minimal, with a comprehensive approach.

3. Cerebral hemodynamic changes in MS

Changes in brain vasculature contribute to the pathophysiology of MS [4]. 
Especially the periventricular veins are vulnerable to ischemia and plaque forma-
tion due to their hydrodynamic properties. Demyelination and lesion formation 
is associated with the breakdown of the blood–brain barrier around postcapillary 
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venules, where MS lesions are commonly located [29]. MS is characterized by 
changes in the WM in the periventricular region and is also associated with enlarged 
lateral ventricles. The brain atrophy seen in MS might be primarily responsible for 
ventricular enlargement [19, 30]. The cerebral venous system plays an important 
role in the intracranial hemodynamic/cerebrospinal fluid regulatory system. This 
influence both the perfusion of the brain parenchyma and the dynamics of the CSF 
system. The generally accepted opinion is that cerebral perfusion is globally reduced 
in MS [19].

Cerebral perfusion is usually measured as CBF. It represents the blood vol-
ume that passes through a given volume of brain parenchyma per time unit [31]. 
Absolute measurements of cerebral blood volume (CBV), CBF, and mean transit 
time (MTT) reflect the overall perfusion of chronic lesions in PwMS. Long ago 
there were reports of reduced cerebral perfusion of the WM and GM of PwMS, 
which received little attention at the time [31–34].

Vasoreactivity reflects the ability of microvasculature to adapt to a changing 
microenvironment. A dynamic process called cerebral vasoregulation redistributes 
CBF depending on the fluctuating metabolic demands such as oxygen and glucose 
delivery and blood pressure variations. The neurovascular unit (NVU) broadly 
describes the relationship between brain cells and their blood vessels, regulating 
local, regional, and global perfusions. The other related terms are neurovascular 
coupling, cerebrovascular reactivity, and hemodynamic response function [35–37]. 
Both cellular and extracellular components are involved in the regulatory function 
of the NVU [35]. The cellular components are the neurons, perivascular astrocytes, 
microglia, pericytes, endothelial cells, and the basement membrane. Glial cell 
intermediaries facilitate the ability of neurons to adequately convey metabolic needs 
to cerebral vasculature for sufficient oxygen and nutrient perfusion [36]. The NVU 
is responsible for the maintenance of a highly selective blood-brain barrier and 
cerebral homeostasis, as well as the control of CBF through the cerebral metabolic 
rate of oxygen consumption [38]. It facilitates the relationship among neuronal 
activity, hemodynamic factors, and cell-to-cell signaling. Suboptimal blood delivery 
during neuronal activities caused by disrupted NVU coupling may eventually lead 
to neuronal dysfunction and degeneration in a chronic state.

The most characteristic brain tissue injury in MS is primary demyelination, 
with partial preservation of axons. Neural inflammation causes neurodegeneration 
together with demyelination; both of which are also worsened by tissue hypoxia. 
Inflammation further contributes to tissue hypoxia through impaired CBF and 
hypoperfusion which are the result of NVU dysfunction [4].

MRI is an important diagnostic tool for MS because it produces images of lesions 
in the brain and spinal cord. Widespread microglial activation observed in MS in 
areas surrounding the focal lesions is called normal-appearing WM (NAWM) [39]. 
Also, if on conventional T2-weighted (T2w) MRI normal-looking GM is histopath-
ologically abnormal then this is referred to as normal-appearing GM (NAGM) [40].

Investigated absolute measures of flow and volume revealed decreased CBF 
in the NAWM of patients with RRMS [41]. Interestingly, another group observed 
elevated CBF and CBV in NAWM of RRMS patients several weeks before focal 
leakage of the blood–brain barrier and plaque formation [42]. In NAWM, hypo-
perfusion has been associated with persistent low-grade inflammation, metabolic 
or vascular dysfunction, or primary ischemia [43, 44]. Conversely, increased 
perfusion preceding focal WM lesion formation could indicate an increased 
inflammatory response before tissue damage in NAWM [45]. Many studies sug-
gest that CBF is decreased in several regions of NAWM and NAGM compared to 
the healthy population [42, 43, 46–55]. One study reported lower CBF and higher 
MTT, consistent with reduced perfusion, in WM lesions compared to NAWM in 
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patients with early MS [44]. However another one observed increased CBV and 
CBF in RRMS, in patients with high inflammatory lesion load, underlining the role 
of global modified microcirculation prior to leakage of the blood-brain barrier 
in the pathophysiology of MS [56]. The perfusion alterations in RRMS seem to 
be independent of GM volume atrophy, which presents in all types of MS [57]. 
Hemodynamic changes in both WM and GM seem to occur even at the earliest 
stages of MS. Interestingly, a greater reduction of NAWM CBF was found in PPMS 
compared to RRMS [47, 49]. This finding is important because people with RRMS 
tend to have more brain lesions with more inflammatory cells.

Clinically isolated syndrome (CIS) refers to a single clinical attack of CNS 
inflammatory demyelinating symptoms that are suggestive of MS [58]. Reduced 
cerebral perfusion has also been observed in the NAWM of patients with CIS [50]. 
This is not surprising in CIS, since those patients already show evidence of NAWM 
[59]. But the decrement in CIS is at a lesser degree than in RRMS [50]. One of the 
earlier studies using DSC MRI demonstrated that acute gadolinium-enhancing 
lesions in PwMS have higher relative CBV when compared with their own con-
tralateral NAWM [60]. However, possibly it is inappropriate to use NAWM as a 
reference by itself since it is also a pathological state [50]. On the other hand, CBF 
in the subcortical NAGM was not reduced in patients with CIS when compared to 
the healthy group [50]. Nevertheless, there is an observation of altered perfusion in 
the deep GM in both RRMS and CIS: In CIS all measured NAWM and deep NAGM 
regions had significantly higher CBV and MTT values, while averaged deep GM 
regions had significantly lower CBF values. In RRMS, the same regions showed 
lower CBF values than those of healthy volunteers and even lower CBV and CBF 
values compared to patients with CIS [61]. Hemodynamic changes in CIS present 
differently than the other forms of MS.

DSC-MRI and arterial spin-labeling studies of NAWM, cerebral cortex, subcor-
tical GM, and deep GM point to a widespread decrease in perfusion in RRMS and 
progressive MS patients compared to healthy individuals [41, 49, 50, 61, 62]. The 
findings of a recent transcranial Doppler ultrasonography study also are consistent 
with the accumulating evidence of decreased cerebral perfusion in MS [4]. These 
results suggest that cerebral hypoperfusion, regardless of the clinical type, is an 
early and integral part of MS pathology [63]. The studies also suggest a continuum 
of reduction in tissue perfusion, beginning in the WM and spreading to GM with 
the disease progression [50].

4. Possible mechanisms of altered perfusion

Determining whether the cerebral hypoperfusion has primary or secondary 
etiology is critical in MS. For this purpose, researchers try to investigate every pos-
sible mechanism. Table 1 summarizes the possible causes of altered perfusion in MS 
that are discussed briefly below.

Autonomic dysfunction resulting from demyelination.

Obliterating perivascular MS lesions.

Chronic cerebrospinal venous insufficiency (CCSVI).

Axonal injury with microglia activation caused by global inflammation.

Oxidative damage due to released toxic inflammatory mediators.

Table 1. 
Possible causes of altered perfusion in MS.
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Demyelination in MS may cause damage to the autonomic nervous system [64]. 
Autonomic receptors, both sympathetic and parasympathetic, have a significant 
role in dynamic cerebral autoregulation. Autonomic cardiac dysfunction is seen in 
up to 63% of PwMS [65, 66]. It can be present with or without symptoms and may 
be associated with the presence of brainstem lesions [67]. The symptoms are caused 
by cerebral hypoperfusion. They are typically induced by standing and quickly 
resolve when lying flat. The most likely cause is the central dysregulation of sympa-
thetic and parasympathetic outflow to the cardiovascular system [68].

Another possibility would be reduced blood flow associated with obliterating 
perivascular MS lesions. However, as focal CBF decrease is not in a patchy pattern in 
MS, this idea can easily be ruled out. Microvessel thrombosis and other structural 
abnormalities have been observed very exceptionally within MS plaques [69]. 
Besides the increased CBF in active inflammatory lesions also argue against this 
theory [63]. Notably, compensatory functional adaptations might also account for 
MS-related changes in brain perfusion and activity [70].

Zamboni et al. reported a strong relationship between CCSVI and MS [15, 17, 
18, 28, 71]. However, Beggs et al. propose that CCSVI-like venous anomalies seem 
unlikely to account for reduced CBF in PwMS [19]. The results of a phase-contrast 
MRI study do not support the CCSVI hypothesis that CSF flow decreases in MS 
patients [30]. Their results favor Beggs et al. who observed increased CSF pulsatil-
ity in the aqueduct of Sylvius, which they explain by the mechanisms increasing 
the hydraulic resistance of the cerebral vascular bed [19]. The results of the studies 
discussing angioplasty as a treatment of MS also seems in favor of the idea that 
CCSVI is less likely to take part in the pathophysiology of MS [25, 26].

Astrocytes actively control the blood-brain barrier and regulate CBF. In progres-
sive MS lesions, diffuse pathology is also present in NAWM and NAGM, reflected 
by diffuse axonal injury with profound microglia activation within a background 
of a global inflammation of the entire brain and the meninges [72]. The relation 
between perfusion-weighted and diffusion tensor MRI features in the normal-
appearing corpus callosum of patients with RRMS revealed a decreased CBF, which 
positively correlated with mean diffusivity but not with fractional anisotropy. 
This observation favors primary ischemia, rather than hypoperfusion secondary 
to axonal degeneration [51]. Decreased levels of N-acetylaspartate (NAA) indicate 
reduced axonal metabolism [73]. A positive correlation of cerebral perfusion with 
NAA levels was present for healthy controls, not for PwMS. The perfusion reduc-
tion was greater than would be expected from decreased axonal metabolism or 
axonal loss alone in MS [74]. Additionally, the excitability of primary motor cortex 
neurons is increased in progressive MS, which potentially escalates their metabolic 
demand [75]. So, reduced CBF does not seem to be secondary to axonal degen-
eration with reduced metabolic demands [76]. On the other hand, a hypothesis 
proposes that hypoperfusion is the result of neuronal dysfunction, which is the 
result of oxidative injury in cortical neurons or retrograde neurodegeneration due 
to axonal injury from demyelination [77]. There is another conflict is on the NVU 
coupling. Most investigators report diffusely impaired NVU coupling in PwMS 
[37]. However, some studies such as recent magnetoencephalography (MEG)- fMRI 
study suggest that NVU coupling is preserved in MS patients [78].

Accumulating evidence proposes that toxic inflammatory mediators and 
resulting oxidative damage play a prominent role in the pathophysiology of altered 
cerebral hemodynamics in MS. Iron accumulation in the extracellular space and 
its uptake into cells within the lesions might increase the susceptibility of the 
surrounding tissue to free-radical driven demyelination and neurodegeneration, 
which is likely to be more pronounced in progressive MS [39]. Mitochondrial 
damage in MS lesions could be mediated by reactive oxygen and nitric oxide (NO) 
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species [79]. It is evident that WM lesions represent the regions, where most 
current, past, and repetitive inflammatory activities occur that are associated with 
overproduced NO [37]. The overproduction and prolonged exposure to NO can 
affect the elasticity of the blood vessels and cause vascular habituation that leads 
to impaired perfusion, and cerebrovascular response deficit, and neurodegenera-
tion including GM atrophy [37]. Endothelin-1 (ET-1) is a vasoconstrictor secreted 
by endothelial cells, which acts as the natural counterpart of the vasodilator NO. 
ET-1 levels elevate in both peripheral blood and cerebrospinal fluid of PwMS 
[80]. Reactive astrocytes in MS plaques release ET-1 in the cerebral circulation, 
which participates CBF reduction in MS by inducing arteriolar vasoconstriction 
[63]. ET-1 upregulation has been associated with reduced extra-ocular blood flow 
velocities [81]. Besides retinal oxygen metabolism is reportedly affected in MS 
by increased venular oxygen saturation and lower AV difference [82]. Oxidative 
stress causes calcium influx into the cytoplasm from the extracellular environment 
and endoplasmic reticulum or sarcoplasmic reticulum. A rise of calcium levels 
within astrocytes induces constriction of blood vessels and consequently reduces 
CBF [83]. Another possible role player is transcription factor hypoxia-inducible 
factor-1α (HIF-1α). It mediates adaptive responses to oxidative stress by nuclear 
translocation and regulation of gene expression. Expression of hypoxia-inducible 
factor-1α and its downstream genes is also elevated in MS [69, 81]. Finally, gluta-
thione levels are reduced in CNS of PwMS [84]. Glutathione serves as an antioxi-
dant that aids in protecting neurons against oxidative damage. Glutathione levels 
are low also in the periphery [85].

5. Methods for evaluation of perfusion

Reduced cerebral perfusion in both the WM and GM of PwMS is known by 
single-photon emission computed tomography (SPECT) and positron emission 
tomography (PET) studies since the 1980s [31–34]. However, the main problem 
with these studies was a low spatial resolution, and eventually they received little 
attention at the time [63]. The topic of cerebral perfusion in MS regained interest 
with the development of more accurate imaging and processing techniques, allow-
ing better visualization and differentiation between WM plaques, NAWM and 
NAGM. Today commonly Doppler and MRI-based techniques are used and provide 
better imaging [15, 17, 18, 25, 26, 86].

In the 2000s Doppler ultrasound and invasive selective venography studies 
helped to coin the term CCSVI [15, 17]. Today the latter is mostly replaced by 
magnetic resonance venography [86].

Transcranial Doppler sonography is for real-time cerebral vasomotor reactivity 
assessment. This technique is safe, low-cost, practical, and easy to perform in clini-
cal practice. Lattanzi et al. measured NVU response to hypercapnia by the breath-
holding index through this method. The main findings were a decrease in NVU 
coupling for both RRMS and SPMS groups, and greater impairment in cerebral 
hemodynamics in SPMS than RRMS, as suggested by lower breath-holding index in 
SPMS patients [4].

Arterial spin labeling is a non-invasive perfusion-weighted MRI method and 
uses magnetically labeled arterial blood as the endogenous tracer [87]. It character-
izes oxidative stress and provides a completely non-invasive means to measure 
quantitative CBF within the brain [87]. It is effective in detecting decreased perfu-
sion in GM [46, 48, 55]. A study using arterial spin labeling found an increased WM 
CBF in both RRMS and SPMS groups [48]. However, the authors did not distinguish 
NAWM from focal WM lesions [63].
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Principles Methods

X-ray based techniques Selective venography

Nuclear imaging techniques SPECT

PET

USG based techniques Doppler USG

MRI based techniques fNIRS

BOLD – fMRI

MR venography

DSC-MRI ± SAGE

Arterial spin labeling

Whole-brain OEF mapping

Infrared light absorption Retinal oximetry

*Single-photon emission computed tomography (SPECT), positron emission tomography (PET), ultrasound (USG), 
magnetic resonance imaging (MRI), blood-oxygen-level-dependent (BOLD), functional MRI (fMRI), functional-
near infrared spectroscopy (fNIRS), dynamic susceptibility contrast (DSC)-MRI, spin and gradient-echo (SAGE), 
oxygen extraction fraction (OEF).

Table 2. 
Principles and methods for evaluation of perfusion in MS*.

Functional MRI (fMRI) measures brain activity by detecting changes associated 
with blood flow. This technique relies on the fact that CBF and neuronal activation 
are coupled, so helps to assess the NVU function. The primary form of fMRI uses 
the blood-oxygen-level-dependent (BOLD) contrast, which is the MRI contrast of 
blood deoxyhemoglobin. Turner et al. used fMRI to quantify the extent to which 
WM affects NVU coupling and cognitive performance [36]. NVU function is gener-
ally considered to be a proxy for underlying neural activity originating in GM. The 
researchers modeled it from multiple brain regions during multiple cognitive tasks. 
Their results support the idea that intact neural-glial-vascular communication 
underlies optimal neural and cognitive functioning [36].

Functional-near infrared spectroscopy (fNIRS) measures blood oxygenation 
changes similar to fMRI. The results of an fNIRS study in the prefrontal cortex indi-
cate that measuring the slope coefficient of oxy- and deoxy-hemoglobin concentra-
tions during walking is reliable for most of the included areas in PwMS [88].

Additionally, dynamic susceptibility contrast (DSC)-MRI, one of the most 
frequently used techniques for MRI perfusion, can be used to quantitatively assess 
cerebral perfusion. It can be diagnostic for the acute inflammatory phase of lesion 
development [89, 90]. DSC-MRI relies on the susceptibility induced signal loss on 
T2w sequences which results from a bolus of gadolinium-based contrast passing 
through a capillary bed. The most commonly calculated parameters are CBV, CBF, 
and MTT [91]. One research reported an increase, and another one reported a 
decrease in global perfusion in RRMS patients, both using DSC-MRI [44, 56]. The 
methodological differences in both studies seem to be a cause of this contradiction: 
The first researchers included newly diagnosed PwMS and used a 1.5 Tesla (T) MRI 
[44]. On the other hand, the second researchers divided the participants into high- 
and low-inflammatory groups according to the number of new contrast-enhancing 
lesions; and had a 3 T MRI [56]. This reflects the intricate spatiotemporal dynamics 
and heterogeneous disease progression that is characteristic of RRMS [92]. Of 
course, better imaging provided by 3 T MRI should not be ignored. Another impor-
tant point is that gadolinium-enhancing areas (MS lesions) show increased CBF 
on DSC-MRI [42, 43, 60]. So total WM CBF may thus be overestimated when focal 
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lesions were not properly excluded from perfusion measurements [63]. Recently, 
an advanced DSC-MRI method was used to quantitatively measure global and 
capillary-sized CBF, CBV, and MTT in RRMS: a combined spin- and gradient-echo 
(SAGE) perfusion imaging method. It showed that compared to NAWM, lesion 
regions-of-interest (ROIs) had significantly reduced perfusion (CBF and CBV) 
and increased MTT, as well as reduced WM microstructural integrity. The changes 
within lesion ROIs were associated with altered WM microstructural integrity. WM 
microstructural integrity displayed weak positive correlations in lesion ROIs with 
perfusion parameters [92].

Additionally, whole-brain oxygen extraction fraction mapping for measuring 
lesion-specific and regional oxygen extraction fraction abnormalities may serve as a 
useful quantitative marker of tissue oxygen utilization in MS [93].

Besides, by applying optical principles similar to those used in pulse oximetry, 
retinal oximetry reflects the retinal oxygen metabolism changes. And it has the 
potential of becoming a new biomarker in MS [82]. Above mentioned methods are 
listed in Table 2.

6. Clinical implications

Cerebrovascular hemodynamic insufficiency in MS may have clinical implica-
tions due to its contributions to MS symptomatology. Reduced CBF may contribute 
to focal lesion formation [63]. West et al. observed a lower cerebral metabolic rate 
of oxygen (CMRO2) in PwMS compared to healthy volunteers. After controlling 
for demographic and disease characteristics (i.e., age, education, disability, lesion 
volume), CMRO2 predicted increased fatigue and reduced cognitive performance 
in MS patients. PwMS with higher CMRO2 have a reduced fractional anisotropy, 
a useful measure of connectivity in the brain, in NAWM [94]. When metabolic 
demand is increased by the activation of cerebral areas, as during cognitive tasks, 
blood supply may not suffice due to the reduced perfusion reserve [95]. Impaired 
NVU coupling increases the hazard of cerebral ischemic events. Epidemiological 
data showed that PwMS are at higher risk of stroke [76].

CBF in NAWM correlates with clinical disability [49]. But in GM CBF corre-
lates with neuropsychological dysfunctions [47]. Beyond global CVR deficits and 
neurodegeneration found in MS, the integrity of specific functional networks may 
be more affected than others [37]. The evaluation of cerebral hemodynamic status 
may stratify individual vascular risk [4].

In the light of pathophysiological studies, clinicians try some approaches with 
the efforts to minimize the disease progression. There are dietary approaches like 
Wahls diet [96]. To overcome the oxidative stress altering hemodynamics the 
importance of dietary nitrate intake should not be underestimated. Dietary nitrate, 
derived in the diet primarily from vegetables, is converted to NO in the body. 
There are also therapeutical intervention trials. In order to restore CBF in RRMS, 
Hostenbach et al. administered ET-1 antagonist bosentan. In the study, the results 
showed that CBF in the patients was not different from that of the healthy controls 
and bosentan did not increase CBF. The authors commented that it has no effect 
when CBF values are within the normal range [53]. Similarly, Shahrampour et al. 
administered N-acetylcysteine (NAC) to RRMS and PPMS patients. Interestingly, 
certain brain regions experienced an increase while others experienced a decrease 
in CBF following the treatment. This highlights the notion that NAC does not have 
a uniform effect on the brain but appears to target specific regions that are affected 
in MS. NAC administration was associated with altered resting CBF and qualitative 
improvements in cognition and attention in PwMS [97].
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7. Conclusion

The pathways of tissue damage in MS are heterogeneous and not completely 
understood. The studies exploring the relationships between cerebral hemodynam-
ics, functional impairment, disease course, and therapeutic response may reason-
ably allow to improve the understanding of MS pathophysiology and translate in 
implications for clinical practice [4]. The NVU dysfunction and interplay between 
inflammatory and vascular changes seem to be the key players in the pathophysiol-
ogy of MS. Altered cervical and cerebral perfusion in MS is associated with reduced 
brain integrity. WM and GM integrity changes lead to a higher risk of relapses, 
disability, and disease-modifying therapy escalation. So, understanding the hemo-
dynamic effects is very critical to help PwMS.

There are debatable issues for cervical and cerebral hemodynamics in MS. These 
disagreements can at least be partially explained by the heterogeneity of inclusion 
criteria and methods. The variety of the tools, techniques, and used protocols cause 
different outcomes.

In order to avoid additional factors damaging the brain, to provide improved 
diagnosis, superior patient management and prevention of disease progression, to 
define reliable biomarkers, and to design novel therapeutic strategies, a thorough 
understanding of the hemodynamic changes in MS is critical. Future research 
especially follow-up studies with larger populations under different activity condi-
tions would ease answering today’s questions.
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Chapter 6

The Shear Stress/KLF2/Nrf2/
ARE Pathway: A Hemodynamic 
Defense against Oxidative Stress
John M. Owen and Kenneth J. Dormer

Abstract

Many diseases have oxidative stress and inflammation as underlying pathological 
features, including metabolic and inflammatory/autoimmune disorders, diseases of 
the lung, liver, kidney, gastrointestinal tract, cardiovascular and nervous systems. 
A leading physiological mechanism for oxidative stress is the nuclear erythroid-
related factor 2-like 2/antioxidant response element (Nrf2/ARE) signaling pathway. 
It maintains intracellular homeostasis and protects cells from oxidative damage 
by inducing phase II detoxifying and oxidative-stress responsive genes. Nrf2 
transcription factor functions as the key controller of the redox homeostatic gene 
regulatory network, and is tightly controlled by the repressor protein, Kelch-like 
ECH-associated protein 1 (Keap1). Pharmacological agents to inhibit Keap1 and 
boost effectiveness of the Nrf2/ARE pathway have been developed and more are 
in development. This chapter elucidates the importance of hemodynamic laminar 
shear stress in oxidative homeostasis and examines hemodynamic induction of the 
shear stress (SS)/Krupple-like factor2 (KLF2) /Nrf2/ARE pathway as a means to 
combat oxidative stress through hemodynamics.

Keywords: shear stress, mechanotransduction, Nrf2, KLF2, oxidative stress, 
hemodynamics, homeostasis

1. Introduction

In the mid-nineteenth century, Claude Bernard introduced the idea of the “inner 
world” when he theorized that bodily systems function to maintain a constant 
internal environment—what he called the milieu intérieur. A half century later, 
Walter Cannon popularized the concept in his book, Spirit of the Body, wherein he 
coined the word homeostasis, which, “...does not imply something set and immobile, 
a stagnation. It means a condition—a condition which may vary, but is relatively 
constant.” Homeostasis is achieved by constant rebalancing within the body of 
competing mechanisms such as vasodilation vs. vasoconstriction, coagulation 
vs. anti-coagulation, and inflammatory vs. anti-inflammatory elements [1]. This 
 balance of control is usually attained by negative feedback mechanisms [2].

All imbalances of these antagonistic mechanisms lead to heterostasis or disease, 
which are deleterious to the body in some respect. None perhaps is more harmful to 
the body and more likely to lead to morbidity and mortality than excess oxidative 
stress with inadequate antioxidant response. Oxidative stress-based diseases affect 
all parts of the body and manifest themselves through some of the worst diseases 
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which afflict mankind. To compound the problem, these diseases currently have 
only symptomatic relief (Figure 1).

Hemodynamics play a key role in the SS/KLF2/Nrf2/ARE antioxidant pathway 
since its resulting shear stress upregulates both KLF2 and Nrf2 along with other 
antioxidants such as catalase, superoxide dismutase, glutathione peroxidase, 
sirtuin, bilirubin, and others [3, 4]. Each of these substances add to the collective 
antioxidant production generated through this pathway. The SS/KLF2/Nrf2/ARE 
pathway is only a part of a broad biochemical cascade induced by shear stress that 
creates a complex, multifaceted, overlapping and interacting response to oxidative 
stress which contributes to oxidation/reduction (Redox) homeostasis.

2. The endothelium

Endothelial cells (EC) comprise the endothelium, lining the lumen of all blood 
vessels. The endothelium is the largest organ in the human body with a total weight 
comparable to other vital organs and possessing a surface area larger than six tennis 
courts [5]. Once thought of as a passive barrier, now viewed as an organ crucial to 
maintaining vascular health, endothelial dysfunction is an important factor in the ini-
tiation, progression and clinical complication of vascular disease. EC are an integral 
part of tissues and organs. A unique cellular system lining the inside of blood vessels, 
the EC form an interface between circulating blood and the parenchymal cells. EC 

Figure 1. 
Manifestations of oxidative stress. Oxidative stress has been identified as a causative or contributing factor 
in many diseases affecting most of the body’s major organs. Thirty-five examples of oxidative diseases are shown 
for eight organ systems.
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are regulators of hemostasis, vasomotor control, immunological and platelet func-
tions, inflammatory responses, vascular smooth muscle cell growth and migration. 
EC fundamentally control vascular tone by sensing and reacting through secretion 
of transcellular and intracellular signaling molecules. Additionally, the endothelium 
forms an essential vascular barrier for solute transport and osmotic balance [6, 7].

The endothelium is easily overlooked in clinical practice since it does not lend 
itself to evaluation. Compounding the problem is that many physicians are not 
trained in endothelial health. Few textbooks focus on EC and medical school curri-
cula generally lack courses on the endothelium. Additionally, while diseases of other 
organs are associated with measurable biomarkers, endothelial dysfunction has no 
reliable markers. Like other organs in the body, the endothelium is highly complex 
with physiological, biochemical and biomechanical parameters. The endothelium, 
more than most tissues in the body, is adaptive and flexible, responding to the ever-
changing milieu of the local microenvironment.

Unsurprisingly, the EC have a broad potential as therapeutic targets. Since EC 
are strategically located between the blood and tissue, they are rapidly exposed to 
biomolecules, injected pharmacological agents, as well as hemodynamic physical 
forces. Also, the endothelium is highly changeable in size and elasticity in response 
to intrinsic or extrinsic physiological controllers, and thus is amenable to therapeu-
tic intervention while supplying a direct line of communication with every organ in 
the body [8].

3. Hemodynamics, shear stress and mechanotransduction

Mechanical forces guide the form and function of the cardiovascular system, 
whose main role of transporting blood to every tissue in the body is essentially 
physico-mechanical. The stroke volume generates hemodynamic forces on the 
arterial vasculature: wall shear stress, hydrostatic pressures and cyclic stretch 
[9]. Laminar SS, the more important of these forces, is a tangential force arising 
due to the dragging friction of blood elements with the vessel wall. SS will vary 
from a low of ~1 dyne/cm2 in veins up to >50 dyne/cm2 in arterial vessels [10]. 
Hemodynamically driven blood flow and SS produce EC mechanotransduction, a 
group of events whereby a cell can actively sense, integrate, and convert a physi-
cal stimulus into electrical and biochemical signals [11]. These forces are sensed 
and interpreted by EC in the luminal vessel wall to: a) guide development during 
embryogenesis and remodeling during postnatal and adult life; b) optimize blood 
flow to the tissues and; c) ensure mechanical integrity of the vessel walls. These SS 
signals bring about intracellular changes, such as activation of signaling pathways 
and transcriptional regulation that modify gene and protein expressions as well as 
endothelial phenotype and function [12]. Shear stress-induced mechanotransduc-
tion influences key molecules and signaling pathways that lead to the changes in cell 
functions and behavior.

EC are exposed to fluid forces of greater magnitude than those experienced by 
other tissues. The mechanically related responses controlled by the endothelium are 
most important in the control of vascular tone in regulating blood flow. The prin-
cipal functions of endothelium include: a) maintenance of anticoagulant proper-
ties; b) regulation of vascular permeability; c) control of vessel diameter; and d) 
responses to pathological consequences associated with inflammation, wound 
healing, and cardiovascular disorders.

Hemodynamic factors in these processes can influence endothelial anatomy and 
function either by the direct action of shear stress and other stretch forces on the 
endothelium or by indirect modification of the local concentrations of chemicals 



Blood - Updates on Hemodynamics and Thalassemia

82

and agonists at the endothelial surface (Figure 2). The mechanisms may have 
overlapping actions such as direct forces acting on surface enzymes while receptors 
concurrently modify enzyme-substrate and agonist-receptor interactions while one 
or both can be influenced by convective or diffusive transport [13].

It has been shown that EC-induced gene expression is important in hemostasis, 
thrombosis, growth regulation and proinflammatory activation and is transcrip-
tionally regulated by mechanotransduction [4]. Many of these activated regulatory 
genes are directly involved in EC adhesion (e.g., ICAM-1). These observations 
suggest a novel paradigm linking biomechanical stimulation with endothelial 
activation. Studies have revealed the existence of shear stress response elements 
(SSRE) in the promoters of physiologically relevant genes such as the platelet-
derived growth factor (PDGF), endothelial nitric oxide synthase (eNOS) and 
vascular cellular adhesion molecule (VCAM-1), that act to up- or down-regulate 
gene transcription.

One of the key shear stress-generated endothelial molecules is eNOS. This 
enzyme generates nitric oxide (NO) from L-arginine and O2. NO regulates EC sur-
vival, vascular tone (vasodilation), angiogenesis and possesses anti-inflammatory 
and antioxidant properties [14].

Figure 2. 
The hemodynamic oxidation regulation pathway. Hemodynamic shear stress and mechanotransduction 
create a cascade of complex, interacting events which induce dozens of physiologically active substances. Some 
are brought about through the SS/KLF2/Nrf2/ARE pathway, others are through direct autocrine and paracrine 
pathways.
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To date, few have attempted to use hemodynamics, to counter excess oxidative 
stress. This is in part due to a shortage of methods with which to engage the body 
hemodynamically. Existing therapeutic methods of increasing blood flow suf-
ficiently to generate therapeutic levels of shear stress include: exercise, electrical 
stimulation, external counter pulsation (ECP), periodic acceleration, and simulated 
(passive) skeletal muscle exercise.

Exercise is an excellent therapy to combat oxidative stress even though it gener-
ates reactive oxygen species (ROS). Unfortunately, most patients in need of this 
therapy either cannot, or will not, comply with prescriptive exercise needed to 
reach therapeutic levels of SS. Electrical stimulation has been used for years to 
simulate exercise with good success, but the field suffers from confusing heteroge-
neity. There is an overwhelming number of electrical stimulators in the market with 
differences in voltage, current, waveform, protocol, size and number of electrodes 
employed. Also, there are not many randomized clinical trials of electrical stimula-
tion with statistically validated results. Other alternatives to exercise include a 
simulated jogging device that provides passive cycles of leg movement resulting in 
an increased level of blood flow and shear stress in the legs. There are also external 
counter pulsation (ECP) devices that produce SS. Their use, however, is currently 
limited to treating angina pectoris and heart failure. ECP consists of pneumatic 
cuffs placed on legs and lower torso with cyclic inflations and deflations that are 
timed to the patient’s heartbeat such that cuffs inflate at the beginning of diastole 
and deflate at the beginning of systole. In theory, this action increases the number 
of pulses in the circulation thereby producing additional SS. Lastly, SS has been 
increased through a motorized bed that has a reciprocating motion, creating back-
and-forth movement of blood flow. This therapy, known as whole-body periodic 
acceleration, does not increase blood circulation, however it does increase levels 
of shear stress [15]. The use of hemodynamics as a therapy, despite today’s lack 
of strong evidence, appears to hold promise, with Fledderus and colleagues [16] 
finding that, “Physiological levels of shear stress will induce activation and nuclear 
translocation of Nrf2, and Nrf2-dependent cytoprotective gene expression.” They 
also found that “SS generated KLF2 primes the activation of the Nrf2 pathway by 
inducing nuclear localization of Nrf2”.

4. Oxidative stress and homeostasis

Excessive, chronic oxidative stress has been implicated in the development and 
exacerbation of diseases affecting most of the body’s major organs, including cancer, 
diabetes, autoimmune, cutaneous, neurodegenerative, pulmonary and cardiovascu-
lar diseases, infection, inflammation, and aging (Figure 1). Endogenous oxidative 
stressors normally result from metabolic processes involving mitochondria. Chronic 
exposure to excess reactive oxygen species causes cellular and macromolecular dam-
age [17]. Oxidative stress is the result of an imbalance of pro-oxidant and antioxidant 
substances that lead to the generation of toxic ROS, such as hydrogen peroxide, nitric 
oxide, superoxide, hydroxyl radicals and others [18]. The production of ROS is usu-
ally in balance with homeostatic antioxidant enzymes such as superoxide dismutase 
(SOD), catalase (CAT) and glutathione peroxidase (Gpx). In vivo studies have found 
that most oxidative damage occurs from reduced levels of antioxidants rather than 
increased ROS production [19]. Adequate levels of both are considered to be essential 
for normal cell function. Mitochondria create their own antioxidants to balance their 
generation of ROS, such as manganese SOD (Mn-SOD) which converts O2•- to H2O2 
which is further reduced by CAT and Gpx to harmless H2O and O2. Importantly, 
CAT, Gpx, and SOD are essential antioxidants that are hemodynamically upregulated 
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in response to physiological levels of endothelial SS [20, 21]. The Copper/zinc-SOD 
(Cu/Zn-SOD) antioxidant, which is also upregulated in response to shear stress, 
plays a role in stabilizing O2•- and contributes to the homeostatic redox state. 
Antioxidant defenses are extremely important as they eliminate free radicals, thereby 
providing biological protection. These systems not only defend against the problems 
of oxidative damage but are essential for disease prevention [22].

Oxidant and antioxidant signaling are both features of oxidative homeostasis, 
which is the maintenance of nucleophilic tone and a healthy physiological steady 
state. Redox imbalance is rapidly reversed by feedback reactions, maintained by con-
tinuous signaling for production and elimination of electrophiles and nucleophiles, 
thus maintaining homeostasis [23]. The production of oxygen free radicals some-
times exceeds the capacity of the endogenous antioxidant system and oxidative stress 
occurs as well as cellular injury. Oxygen free radicals can cause cellular membrane 
lipid peroxidation and protein oxidation which leads to disruption of cellular integ-
rity. In addition, apoptosis and autophagy, resulting from oxidative stress, represent 
important mechanisms that can lead to the destruction of cells in many systems [24].

Hemodynamic SS is a key modulator of the body’s response to oxidative stress. 
Physiological levels of laminar SS, ~12 to 15 dynes/cm2, as in laminar arterial flow, 
promote EC survival and quiescence, alignment of EC in the direction of flow, 
and secretion of substances that reduce oxidation and coagulation while allowing 

Figure 3. 
Effects of shear stress on endothelium. Biochemical changes brought about through hemodynamics, shear 
stress and mechanotransduction can have both beneficial and destructive consequences throughout the 
body. Generally, low or disturbed flow and SS lead to endothelial dysfunction and disease, while normal 
physiological flow helps maintain endothelial homeostasis.
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vasodilation to increase flow. In contrast, low SS, or turbulent flow and other atypi-
cal flow patterns that involve changes in direction and magnitude of flow with shear 
stress <5 dynes/cm2, promote ROS generation, adhesive and inflammatory mol-
ecules, vasoconstrictors, endothelial proliferation and apoptosis (Figure 3) [24–26].

5. Shear stress induced Nrf2

Nrf2, a basic leucine zipper (bZIP) transcription factor is widely expressed and 
can be found in many organs and tissues such as the kidney, muscle, lung, heart, 
liver and brain [25]. The CNC family of proteins regulates gene expression, tissue 
differentiation and development in a variety of organs. Nrf2, perhaps the most 
studied of the CNC family, is responsible for the expression of phase II enzymes 
and a number of endogenous antioxidants including ARE-mediated processes that 
induce the activation of antioxidative enzymes and detoxifying enzymes, including 
heme oxygenase 1 (HO-1), quinone oxidoreductase (NQO1), nicotinamide adenine 
dinucleotide phosphate (NAD(P)H), and glutathione-S-transferase (GST) [26, 27].

Under basal conditions, the amount of Nrf2 is low due to its continuous sequestra-
tion by KEAP1 and subsequent proteasomal degradation. In this homeostatic state, 
Nrf2 is continuously ubiquitinated and targeted for proteasomal degradation by 
Kelch-like (ECH)-associated protein 1 (KEAP1). Electrophiles from endogenous and 
exogenous sources or other small molecules which can activate Nrf2 are thus able to 
do so by inactivating KEAP1 or by disrupting the KEAP1-Nrf2 binding interface [17]. 
Shear stress generated KLF2 induces nuclear translocation of the Nrf2 which leads to 
more Nrf2-ARE interactions and production of antioxidant agents (Figure 4).

The transcription factor that functions as the key controller of the redox homeo-
static gene network, Nrf2 has roles in metabolic reprogramming, proteostasis, 
autophagy, unfolded protein response, mitochondrial biogenesis. Inflammation, 
and immunity. Through this complex regulatory network, Nrf2 appears to function 
as a truly pleiotropic transcription factor [28, 29].

Together, more than 500 Nrf2 target genes have varying roles in mounting cel-
lular defenses through encoding a large network of proteins, some of which catalyze 
phase I, II and III cytoprotective detoxification, while others are antioxidant and 
anti-inflammatory agents [30]. Nrf2 plays a large role in controlling cellular redox 
homeostasis through the regulation of key enzymes and proteins involved in 
synthesis, utilization and regeneration of glutathione (GSH), thioredoxin (TXN), 
peroxiredoxin and NADPH [31]. The activities of Nrf2 are a major determinant of 
the cellular redox state.

Under basal conditions, the amount of Nrf2 is low due to its continuous seques-
tration by KEAP1 and subsequent proteasomal degradation. In homeostatic condi-
tions, Nrf2 is continuously ubiquitinated and targeted for proteasomal degradation 
by Kelch-like (ECH)-associated protein 1 (KEAP1). Electrophiles from endogenous 
and exogenous sources or other small molecules which can activate Nrf2 are thus 
able to do so by inactivating KEAP1 or by disrupting the KEAP1-Nrf2 binding 
interface [32]. Shear stress generated KLF2 induces nuclear translocation of the Nrf2 
which leads to more Nrf2-ARE interactions and production of antioxidant agents.

Exposure to toxicants or ROS from oncogenic signaling, genetic mutations, 
chronic wounds, autophagy disruption, or metabolic alterations disrupt the KEAP1-
Nrf2 complex leading to proteasomal degradation of Keap1 and the translocation 
and activation of Nrf2. KLF2 substantially enhances antioxidant activity of Nrf2 
by inducing its nuclear localization and activation [16]. Nrf2 translocates into the 
nucleus where it heterodimerizes with a small musculoaponeurotic fibrosarcoma 
(sMAF) protein and binds to the antioxidant response elements (ARE), transcription 
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Figure 4. 
The SS/KLF2/Nrf2/ARE pathway. Shear stress upregulates KLF2 which induces the nuclear translocation 
and activation of Nrf2, while, concurrently, free radicals break Keap1-Nrf2 binding and lead to its 
degradation. Nrf2 interacts with ARE to upregulate a broad array of antioxidant elements. 

Figure 5. 
The SS/KLF2/Nrf2/ARE cardioprotective pathway. Showing the effects of the SS/Nrf2/LKF2/ARE 
pathway in cardiovascular health. The chart will be very similar for all diseases of oxidative stress.
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factors and cofactors to regulate its target genes, encoding proteins involved in 
antioxidants, detoxification, metabolism, and inflammation (Figure 5) [8, 17].

Since Nrf2 helps protect cells from oxidative damage, it aids in preventing major 
diseases. Several reports have shown the importance of the Keap1–Nrf2 system as a 
therapeutic target for many neurodegenerative diseases and even cancer. As a con-
sequence, academia and the pharmaceutical industry have been investigating the 
Keap1–Nrf2 system attempting to increase Nrf2. Several pharmacolgical inhibitors 
of Keap1 have been developed to boost the effectiveness of the Nrf2/ARE pathway.

Several studies have documented the age-related decline of Nrf2. On the other 
hand, Narashimhan and Rajasekaran, [33] as well as Grounder and colleagues [34] 
found that simulated exercise in murine examples using electrical stimulation 
resulted in significant improvement in Nrf2 levels. In the case of Grounder’s group, 
after six weeks of simulated moderate exercise, the aged group improved their Nrf2 
levels to nearly equal those of the young group. It would seem, in light of this, that 
age is not the problem: lack of hemodynamic flow is the problem.

6. Shear stress generated KLF2

KLF2 is induced by SS and for more than twenty years SS importance in endo-
thelial medicine has been steadily growing. Initially, there were investigations into 
whether KLF2 was an essential regulator of endothelial and organ system survival. 
Investigators demonstrated that KLF2 expression is increased during laminar flow 
in homeostasis and is reduced because of low or turbulent flow or cytokine storm. 
KLF2 promotes EC health through a profile of >1,000 target genes and suppresses 
inflammation in part through its competition with NFkB for critical transcrip-
tional co-factors (Figure 6). KLF2 also promotes transcription of anti-thrombotic 

Figure 6. 
Pleiotropic effects of KLF2. CNP, C-natriuretic peptide; ET-1, endothelin-1; ASS, arginosuccinate synthase; 
AM, adrenomedullin; ACE, angiotensin converting enzyme; TM, thrombomodulin; APC, activated protein C; 
PAI-1, plasminogen activator inhibitor-1; eNOS, endothelial nitric oxide synthase; PAR-1, protease-activated 
receptor 1; TF, tissue factor; CD40L, CD40 ligand; MMP, matrix metalloproteinase; MCP-1, monocyte 
chemotactic protein 1; IL-6=8, interleukin 6=8; CD62L, CD62 ligand; S1P, sphingosine-1 phosphate; IL-4, 
interleukin-4; Nrf2, nuclearfactor erythroid 2-like; NQO1, NAD(P)H: quinine oxidoreductase-1; HO-1, heme 
oxygenease-1; MAPK, mitogen-activated protein kinase; P-actin BP, phosphorylated actin binding protein; 
VCAM, vascular cell adhesion molecule;ATF2, activating transcription factor 2; AP-1, activator protein 
1; SMAD, Sma and Mad related protein; Ang, angiopoetin; SEMA3F, semaphorin 3F; HIF-1a, hypoxia-
inducible factor 1 alpha [35].



Blood - Updates on Hemodynamics and Thalassemia

88

genes, further lending to its vasoprotective role. Endothelial KLF2 acts as a 
master controller promoting EC quiescence and integrity through its effects in 
multiple transcriptional networks [36]. In physiological conditions, the vascular 
endothelium is largely maintained in a quiescent and impermeable state by the 
constitutive activity of KLFs and the mechanosensory proteins VE-cadherin and 
platelet endothelial cell adhesion molecule-1 (PECAM-1). Upregulation of KLF2 
results in the upregulation of Nrf-2 and eNOS together with concomitant inhibi-
tion of mitochondrial ROS production while inhibiting the transcriptional activity 
of NF-κB,

C-type natriuretic peptide (CNP), an autocrine and paracrine mediator is 
potently induced by KLF2 in cardiomyocytes and fibroblasts. It regulates a number 
of vital physiological functions in the cardiovascular system [37]. Circulating 
biomarkers of healthy endothelial function would be useful to detect the earliest 
deficiencies in endothelial function. CNP is an endothelial paracrine factor that has 
been implicated in endothelial-dependent vasodilation in certain vascular beds, 
in addition to suppressing neointimal hyperplasia. CNP acts on adjacent vascular 
smooth muscle cells by impinging on the cyclic guanosine monophosphate (cGMP) 
pathway that is also responsive to NO. Parmar and colleagues demonstrated that 
CNP is induced by statins in a KLF2-dependent manner which indicates that this 
molecule could be a possible biomarker of EC [38].

7. Other shear stress- generated antioxidants

The role of hemodynamics in oxidative homeostasis is of major importance. The 
SS/KLF2/Nrf2/ARE pathway is powerful and important, but hemodynamically 
driven SS produces additional synergistically acting and interacting antioxidants 
that can help restore redox balance. The body’s endogenous antioxidant defense 
system relies on a complex group of enzymatic and nonenzymatic antioxidants that 
act against free radicals to blunt or block their pathological effects. The hemody-
namically regulated antioxidants discussed below, including superoxide dismutase 
(SOD), catalase (CAT), glutathione peroxidase (GPX), heme oxygenase-1 (HO1), 
thioredoxin (TRX), and sirtuin (SIRT1), are indispensable in the defense against 
oxidative stress. These antioxidants are in continuous action to balance against 
ROS which are continuously generated in normal body metabolism, in particular 
through the mitochondrial energy production pathway.

7.1 Superoxide dismutase (SOD)

The first detoxification enzyme and the most powerful antioxidant in the body is 
SOD. It is an antioxidant enzyme that acts as the body’s first line of defense against 
ROS. SOD catalyzes the dismutation of two molecules of superoxide anion to hydro-
gen peroxide (H2O2) and molecular oxygen (O2), rendering the superoxide anion 
less toxic (the H2O2 is further reduced by CAT and GPx). SOD is a metalloenzyme 
and has a metal cofactor for its activity. Three isoforms of the enzyme are identified 
as 1. copper/zinc (Cu/Zn SOD), 2. manganese (Mn SOD), and 3. iron (Fe/SOD) also 
known as extracellular (EC/SOD) [39, 40].

7.2 Catalase (CAT)

Catalases are enzymes that can neutralize hydrogen peroxide, a ubiquitous 
oxidant. The enzyme catalyzes the dismutation of two molecules of hydrogen 
peroxide into one molecule of oxygen and one molecule of water. CAT has a very 
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high turnover rate: one catalase enzyme can convert 40 million molecules of 
hydrogen peroxide to oxygen and water per second. This enzyme is necessary 
for survival as it prevents hydrogen peroxide from accumulating to dangerous 
levels. Hydrogen peroxide at high levels in the body can induce cellular damage 
[41, 42].

7.3 Heme oxygenase-1 (HO1)

The antioxidant effects of HO-1 consist of its ability to increase glutathione 
levels and to degrade heme, as well as to induce biliverdin and bilirubin, both of 
which have potent antioxidant properties. Biliverdin is a tetrapyrrolic, water-
soluble compound formed when heme is broken down into biliverdin, carbon 
monoxide and iron by heme oxygenase. Biliverdin is anti-mutagenic, antioxidant, 
anti-inflammatory, and immunosuppressant [43, 44].

7.4 Glutathione peroxidase (GPx)

Hemodynamic shear stress strongly upregulates the GPx family of extracel-
lular antioxidant proteins that catalyze the reduction of hydrogen peroxide and 
lipid hydroperoxides into water and alcohols. Sometimes, its activity depends on 
selenium as a cofactor, and for this reason, it is often referred to as a selenocysteine 
peroxidase. GPx fills a crucial role by inhibiting the lipid peroxidation process to 
protect cells from oxidative stress [45, 46].

7.5 Thioredoxin (TRX)

The Trx system, which includes NADPH, thioredoxin reductase (TrxR), and 
TRX, is an important system defending against oxidative stress through its disulfide 
reductase activity regulating protein dithiol/disulfide balance. The cytosolic and 
mitochondrial Trx systems, in which TrxRs are high molecular weight seleno-
enzymes, in concert with the glutathione-glutaredoxin (Grx) system (NADPH, 
glutathione reductase, GSH, and Grx) control cellular redox [47, 48].

7.6 Sirtuin (SIRT1)

SIRTs are a family of nicotinamide adenine dinucleotide (NAD)-dependent 
histone deacetylases with the ability to deacetylate histone and nonhistone targets 
and is linked to cellular metabolism, the redox state and survival pathways. SIRT1 
deficiency in endothelial cells (ECs), vascular smooth muscle cells and monocytes/
macrophages contributes to increased oxidative stress, inflammation, foam cell 
formation, senescence and impaired nitric oxide production. It is well established 
that endogenous NO generated from eNOS plays a crucial role in maintaining 
vascular function and homeostasis, which facilitates vascular tone, leukocyte 
adhesion, smooth muscle cell proliferation and migration, and platelet aggregation. 
Previous studies have shown that endogenous NO serves as an anti-atherosclerotic 
and anti-aging factor and that SIRT1 in endothelial cells regulates NO produc-
tion. SIRT1 may play a crucial role in reducing inflammation and oxidative stress. 
Peroxisome proliferator-activated receptor gamma coactivator 1-alpha (PGC-1α) 
deacetylation by SIRT1 reduces oxidative stress through expression of antioxidant 
enzymes, including Mn-SOD. Additionally, Forkhead box protein O3a (FOXO3a) is 
deacetylated by SIRT1 and translocates to the nucleus, resulting in the upregulation 
of other antioxidant enzymes and catalases, thereby providing protection against 
oxidative stress [49–51].
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8. Conclusions and further perspectives

The restoration of normal hemodynamics can provide a viable solution for 
the debilitating diseases that result from oxidative stress (Figure 1). While it may 
seem unlikely, the body has a large, complex, and robust antioxidant system with 
overlapping and synergistic actions. All those systems, however, are contingent 
upon hemodynamic activation of endocrine, autocrine and paracrine systems to 
restore the enzymes, proteins, genes, and other antioxidants essential for redox 
homeostasis. Numerous in vivo studies indicate that oxidative damage occurs 
from reduced levels of antioxidant enzymes rather than increased production of 
ROS. The utilization of hemodynamic forces and shear stress-initiated endothelial 
mechanotransduction to increase antioxidant enzymes is evident in the literature 
and warrants further investigation. The development of means and methods that 
enhance normal hemodynamics is also needed.

© 2021 The Author(s). Licensee IntechOpen. This chapter is distributed under the terms 
of the Creative Commons Attribution License (http://creativecommons.org/licenses/
by/3.0), which permits unrestricted use, distribution, and reproduction in any medium, 
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Abstract

The β-thalassemia is a hereditary blood disorders, characterized by reduced or 
absent synthesis of the hemoglobin beta chain that cause microcytic hypochromic 
anemia. An early diagnosis, economical test, awareness programs and prenatal 
screening will be a milestone for the eradication of this genetic disorder and to 
reduce burden of the health sector of a country subsequently the economics. 
Initially, the diagnosis of β-thalassemia depends on the hematological tests with 
red cell indices that disclosed the microcytic hypochromic anemia. Hemoglobin 
analysis shows the abnormal peripheral blood smear with nucleated red blood cells, 
and reduced amounts of hemoglobin A (HbA). In severe anemia, the hemoglobin 
analysis by HPLC reveals decreased quantities of HbA and increased the level of 
hemoglobin F (HbF). The decrease level of MCV and MCH are also associated 
with β-thalassemia. There are various different molecular techniques such as 
ARMS PCR, allele-specific PCR, Gap PCR, denaturing gradient gel electrophore-
sis, reverse dot blotting, DGGE, SSCP, HRM, MLPA, sequencing technology and 
microarray available to identify the globin chain gene mutations. These molecular 
techniques can be clustered for detection by mutation types and alteration in gene 
sequences.

Keywords: β-thalassemia, Microcytic Hypochromic Anemia, HPLC, Mutation, 
Molecular techniques

1. Introduction

There are many tests available for the diagnosis of thalassemia and hemoglo-
binopathies. However, diagnosis of these conditions that is sufficiently accurate 
for most of the clinical conditions can usually be established from complete family 
history (pedigree analysis) and a complete clinical and hematological examination 
of the patient and their family members.

Generally, doctors everywhere in the world diagnose thalassemia using blood 
tests which include a complete blood count and special tests for hemoglobin 
abnormalities. Initially, the primary screening of the thalassemia depends on the 
complete blood count (CBC), detection of carriers is done by hematological tests 
with red cell indices and microcytic hypochromic with mild anemia. The high 
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performance liquid chromatography (HPLC) or capillary zone electrophoresis is 
used for the identification of qualitative and quantitative assessment of hemoglobin 
(Hb) components. HbA2 test is the most significant identification test for β thalas-
semia minor, but it can be vary by the presence of defective δ-thalassemia. In earlier 
days various molecular techniques e.g. amplification refractory mutation specific-
polymerase chain reaction ((ARMS-PCR), GAP PCR have been used for the detec-
tion of mutations in β- and α-thalassemia, which may help in the prenatal diagnosis 
of thalassemia hemoglobinopathy in a limited time. Recently the evolution of 
Next- Generation Sequencing (NGS) has taken an important place for the diagnosis 
of thalassemia as a confirmatory diagnostic test. The NGS has been introduced for 
the characterization of both α- and β-thalassemia genes. It gives an accurate diag-
nosis of thalassemia, although NGS predicts much higher carrier frequencies. The 
molecular analysis is fundamental to foresee the severe blood transfusion-depen-
dent thalassemia cases to the mild or no blood transfusion. The prenatal diagnosis 
based on DNA by amniocentesis and chorionic villus sampling (CVS) is equivalent 
required to detect the genetic abnormalities of the foetus as per expertise. Now a 
day’s NIPT (Noninvasive prenatal testing) is a technique to identify the genetic 
abnormalities of the foetus. This testing examines the small remains of foetus DNA 
that are circulating in a pregnant mother’s blood. An appropriate lab conclusion is 
urgent for describing the various types of thalassemia hemoglobinopathy with a 
significant association for prevention and treatment.

This chapter will explain all of these tests, the information of which will be 
useful for those who are working and interested in the diagnosis of thalassemia 
hemoglobinopathy.

2. Diagnostic strategies for thalassemia

In many diagnostic labs, the diagnostic strategies have been established for the 
diagnosis of thalassemia from the simple PCR to NGS for the detection of common, 
less common and rare thalassemia mutations [1]. Although there are lots of PCR 
technologies available in the laboratory but most of the diagnostics labs are using 
the simple and robust technique on allele- specific oligonucleotide hybridization or 
allele-specific priming, e.g. reverse dot-blotting or ARMS-PCR for the identification 
of the beta-thalassemia carrier [2]. This approach helps in identifying the common 
and less common mutations in 90% of cases. The rare mutations will be identifying 
by secondary screening. The mutation which remains unidentified after these two 
screenings will be then characterized by DNA sequencing [3]. DNA sequencing is 
a technique used to identify the specific arrangement of nucleotide bases (A, C, G, 
and T) in a DNA. The DNA carries the information a cell needs to collect protein 
and RNA molecule. DNA grouping data is imperative to researchers examining 
the elements of qualities. DNA sequence information is mandatory to researchers 
examining the functions of genes [4].

However worldwide laboratories, it has been noticed that a result of the migra-
tion of the natives with different ethnicity has led to increasing the variety of 
hemoglobinopathy and thalassemia mutations that need to be identified. Because of 
migration the genetic makeup of the population has mixed, these Hb variations are 
presently seen everywhere. Thus, the compound heterozygous conditions (Hb D–β 
thalassemia, Hb E–β thalassemia and Hb Sβ thalassemia) are seen in various places 
[5]. Molecular indicative research centers in such nations should have the special-
ized skill, equipment, and diagnostic approach to distinguish an enormous variety 
of mutations rapidly for prenatal diagnosis, and these labs use DNA sequencing as 
the principle evaluating strategy for the diagnosis of β-thalassemia point mutations.
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The flow chart shows the step wise diagnostic model for thalassemia (Figure 1). 
The hematological and biochemical tests such as complete blood count (CBC) and 
Hb type identification were performed for suspected anemic patients. The altered 
or abnormal biochemical findings will be further confirmed by molecular analysis. 
The Allele-specific oligonucleotide (ASO), reverse dot-blot (RDB), ARMS-PCR, 
RE-PCR, Gap-PCR, MLPA and sequencing will be performed for known and 
unknown mutations. Finally prenatal will be done followed by genetic counseling in 
the affected family.

The government of the country should make various screening and diagnosis 
mandatory for the eradication of thalassemia. They are indicated as under men-
tioned [6]. The country Greece has followed this rule now Greece is a thalassemia 
free country.

• Premarriage screening

• Antenatal screening

• Preconception screening

• Neonatal screening

• Preoperative/pre-anesthesia screening

• Genetic counseling

2.1 Premarriage screening

Premarriage screening should be implemented to detect β thalassemia carriers 
and hemoglobinopathies such as sickle cell trait. In developing country, it is not 
frequently acceptable because of social stigma and reasons in the general public. 

Figure 1. 
Flow chart explain the diagnosis of thalassemia from primary to secondary screening.
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The premarriage screening should be possible in universities and colleges, schools, 
or public places such as theater, shopping mall etc. Earlier it was performed in 
where the predominance of thalassemia is high. But nowadays due to the mixing 
up of the gene pool this screening is recommended in all colleges where students 
are of marriageable age. Our lab has performed this screening in the Tharu tribal 
area of the Kheri Lakhimpur, Uttar Pradesh, India. We have collected more than 
700 samples from the college and carrier screening of sickle cell disease has been 
performed. It is a belt of HBS [7].

2.2 Antenatal screening

In antenatal screening irrespective of gestational age of all pregnant women 
should be screened for carrier status of thalassemia and hemoglobinopathies. 
The spouse of the affected female should be test for mutation such as α-, β thal-
assemia and hemoglobinopathies (HbS trait, Hb E trait, Hb D trait etc.). The 
Prenatal diagnosis have to be encouraged if the foetus is in danger for the having 
thalassemia mutations e.g. α-, β thalassemia and hemoglobinopathies (HbS trait, 
Hb E trait, Hb D trait etc.). If the couple found positive for thalassemia dur-
ing antenatal screening they can decide for prenatal diagnosis and subsequent 
pregnancy [8–11].

2.3 Preconception screening

While troublesome circumstances are in the developing country like India, 
this ought to be done but mostly females frequently do not enroll in antenatal 
centres before 12 weeks of gestation. A similar methodology with respect to 
antenatal screening ought to be followed. The preconception screening is impor-
tant for all couples coming to IVF in infertility clinics. If the female is a thalas-
semia carrier then her husband or sperm donor should be screened and vice 
versa [8–11].

2.4 Neonatal screening

Infant screening is mainly suggested in haemoglobinopathies such as sickle cell 
diseases, prevalent in tribal and urban populations. If possible, neonatal screening 
has to be implemented universally where infants are at high-risk for homozygous 
β-thalassemia and all instances of HbS–β thalassemia. This methodology will miss a 
couple of instances of sickle β-thalassemia when the mother is a β-thalassemia car-
rier and the father is a carrier of HbS. All babies with significant hemoglobinopathy 
should be re-tested using molecular technology to confirm the diagnosis within 
three months after birth [8–11].

2.5 Preoperative/pre-anesthesia screening

Preoperative/pre-anesthesia screening of patients is preventive measure where 
the prevalence of HbS is high. As the presence of sickle hemoglobin might interfere 
during preoperative and postoperative procedures [8–11].

2.6 Genetic counseling

Genetic counseling should be given by an expert to affected thalassemia fami-
lies. The advice can likewise be given by a trained genetic counselor, a hematologist, 
or a pediatrician [8–11].
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3. Screening methods for thalassemia

3.1 Hematological screening

The primary screening of thalassemia is based on (MCV, MCH) values, Hb A2 
levels, and F levels by automated blood analyzer, Hb electrophoresis and HPLC, 
respectively. The secondary screening encompasses further hematological studies 
to detect suspected variant such as sickle solubility, iron levels and heat instability 
tests. The complete blood count (CBC) measures the exact amount of hemoglobin 
and different types of blood cells. As it is clear that when there are mutations in the 
genes which are responsible for the hemoglobin synthesis that can lead to hemo-
globinopathies. It can be further categorized based on of the type of mutations on 
the globin genes (α, β, δβ) and abnormal structural variants such as Hb Lepore and 
Hb E. These discrepancies in the mutations on the globin chains led to the different 
phenotypes of thalassemia. When there is a substantial increase of HbF in adults 
caused by the γ-globin chains synthesis after birth without any important clinical or 
hematological manifestations, this condition is known as Hereditary Persistence of 
Foetal Hemoglobin (HPFH) [12].

The variations from the typical hematological phenotypes of β-thalassemia 
carrier include:

• Decrease level of MCV and MCH with marginal or normal levels of Hb 
A2 when person must consider α -thalassemia, heterozygosity for mild 
β-thalassemia mutations, iron deficiency, heterozygosity for eγδβ-thalassemia.

• Normal/Borderline MCV and MCH levels with higher Hb A2 when person 
must deliberate co-inheritance of alpha and beta-thalassemia.

• Normal Hb A2 with Normal or decreased red cell indices but raised Hb F level 
when person should consider heterozygous δβ -thalassemia or HPFH.

• The deranged hematological and biochemical value after primary and second-
ary screening is confirmed by molecular analysis.

Red cell distribution width (RDW) test is an estimation of the range in the 
volume and size of the RBC (Red blood cell, Erythrocytes). The RBC move oxygen 
from the lungs to each cell in the body which helps in normal development. If the 
RBC’s are bigger than the normal size, it could show a health problem. The RDW 
test is normally used to investigate anemia. It is a condition wherein the RBC cannot 
carry sufficient oxygen to the body. The RDW test may likewise be utilized to diag-
nose thalassemia [13]. This change in RDW is very remarkable in thalassemia from 
HbH sickness to thalassemia minor [14]. In thalassemia, RBC count is increased 
with microcytic anemia in compared to iron deficiency anemia (IDA) and iron 
deficiency where RBC count is relatively decreased. That’s why in any hemoglobin 
disorder RBC count and RDW level should not be considered as only evaluating 
methods.

3.2 Biochemical screening

As per the International Committee for Standardization in Hematology (ICSH) 
in 1978, has recommended three kinds of lab tests for the diagnosis of thalassemia 
and hemoglobinopathies [15]. In that rule, the screening research facility ought to 
have the option to perform the alkaline electrophoresis. The reference lab approved 
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by ICSH needed to perform challenging tests like globin electrophoresis and citrate 
agar electrophoresis. It is necessary to have manual strides all through hemoglobin 
investigation from reagent availability, electrophoresis, and information examina-
tion, and accordingly, the experience of the research centre proficient was a key 
to fruitful recognizable proof. Late improvement of lab strategies and expanded 
information on hemoglobinopathy and thalassemia has determined the distribu-
tion of refreshed rules [16]. The British Committee for Standards in Hematology 
suggests possible recognizable proof of hemoglobins on at least two procedures and 
gets conclusive ID as that dependent on DNA examination, protein sequencing or 
mass spectrometry.

Electrophoresis is a strategy used to isolate atoms or mixtures dependent on 
their movement design in a gel and electrical field. It is more commonly utilized in 
diagnostics labs for protein electrophoresis and the separation of some isoenzymes. 
Manual planning of gel and electrophoresis is infrequently utilized in evolved 
nations as further developed and computerized methods, for example, narrow 
electrophoresis are accessible.

In early long stretches of finding cellulose acetic acid derivation electrophoresis 
is an agent custom electrophoresis strategy. It gives distinguishing proof of Hb A, F, 
S/G/D, C/E, and H and different variations [16].

High Performance fluid chromatography (HPLC) is a technique in which iso-
late mixtures of atoms dependent on their substance qualities. Numerous division 
standards like affinity, segment and size are accessible; for hemoglobin, molecule 
exchange chromatography is proficient and frequently utilized. The technique can 
be additionally physically worked, yet as of late completely mechanized frameworks 
are accessible. Those frameworks might be devoted to hemoglobin examination for 
haemoglobinopathies and thalassemia (Figure 2).

HPLC is useful for the finding of β-thalassemia carrier since that HbA2 can be 
correctly quantitated [16]. Similar other HPLC methods, a wary control of insight-
ful conditions like segment temperature, stream rate, and backup conditions are 
important.

Mass spectrometry is a procedure to recognize molecules dependent on their 
mass (sub-atomic weight) to charge proportion. In this procedure, the molecule 
of the interest required minimal specific binding reagents. The simple analytical 
norm allows less interfering but rather more precise detection. In this technique, 
the examination of hemoglobin is not easy as it required specialized ability for the 
investigation of proteins and costly instruments. Other than detecting of hemoglo-
bin based on the intact molecular weight, it can likewise examine the amino acids 
sequence. Mass spectrometry is helpful tool for the detection of new confirmation 
and DNA sequencing variations [17].

3.3 Advance molecular techniques for the characterization of thalassemia

There are various different molecular techniques available to identify the globin 
chain gene mutations. These molecular techniques can be clustered for detection by 
mutation types such as structural variations (Gene deletion, duplication, or triplica-
tion) and alteration in gene sequences (Insertion, substitution, or short insertion/
deletions) [18, 19]. Over 90% of α-thalassemia patients are caused by gene dele-
tion. Approximate 10% of the α-thalassemia cases are due to the alteration in the 
gene sequence such as single nucleotide insertion, deletion or substitution [20]. 
The α-globin gene group encode identical protein which consists of exceptionally 
homologous genes as well as 2 HBA genes. The gene deletions in α-thalassemia are 
mainly cause due to imbalanced crossing over between these homologous regions 
during meiosis [21]. The most well-known deletion of 3.7 kb and 4.2 kb has been 
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reported [22]. More than 90% of β-thalassemia cases are caused by the alteration in 
the gene sequence as compared to α-thalassemia. Approximately, 280 gene sequence 
alterations are related with β-thalassemia in which some mutations are caused by 
the deletion of gene including the HBB gene [22].

Gap polymerase chain reaction (PCR) technique is mainly used for the detection 
of deletion. The southern blotting may be used for unknown deletions with the help 
of using probes. The MLPA (multiplex ligation-dependent probe amplification) 
technique can identify both known and unknown deletions. It is commonly used 
in diagnostics labs for its highly sensitive and is easy to use. Common mutation or 
alteration in gene sequences can be detected by using techniques such as amplifica-
tion refractory mutation specific (ARMS) PCR, allele-specific PCR, denaturing 
gradient gel electrophoresis, reverse dot blotting, DGGE, SSCP, HRM (High resolu-
tion melting), sequencing technology and microarray in a cost-effective manner.

Allele-specific oligonucleotide (ASO) hybridization and reverse dot-blot 
(RDB) techniques are used for the detection of known mutations. In this tech-
nique, the PCR products (amplified target DNA sequences) are hybridize with two 

Figure 2. 
HPLC of various types of haemoglobinopathies and thalassemia; (a) Normal hemoglobin (Hb);  
(b) β-thalassemia trait with A2 fraction on 5.8%; (c) and (d) compound heterozygous HbS and β-thalassemia 
trait (Nigam et al., 2020).
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oligonucleotide probes; one complementary to mutant sequence and the other to a 
normal sequence. The normal probes hybridized with normal individuals [23, 24]. 
The ASO’s vary from one another by the changes in a single nucleotide. The analysis 
of the change in a single nucleotide in DNA using hybridization with ASO probes 
that have been bound to a nylon membrane in the form of the dot after restriction 
endonuclease digestion and electrophoresis [23, 25–26]. The ASO probes are specific 
and complementary for the several alleles, to detect known mutation or single nucle-
otide polymorphism. This dot blot technique is used for one or two major mutations 
[27]. This was surprised by the development of the reverse dot-blotting technique, 
in which, the panel of mutation-specific probes is hybridized with amplified DNA, 
fixed to a nylon membrane. This method is viable with the ideal procedure for 
screening β-thalassemia mutations, using a panel of common known mutations for 
the primary screening and a panel of uncommon for the second screening [28].

Primer Specific Amplification– amplification refractory mutation spe-
cific (ARMS) PCR is the most commonly used technique for the detection of 
β-thalassemia mutations [29, 30]. This technique is a simple, quick screening assay; 
does not require the latest technology [30]. The ARMS primers have been made for 
the detection of common mutations of β-thalassemia [31]. In various countries like 
India and Pakistan, this technique quit well-known for screening and prenatal diag-
nosis due to its quick and low cost [32, 33]. The ARMS PCR is able to detect multiple 
known mutations in a single assay [29, 34, 35]. It is also identified the change in 
target DNA is heterozygous or homozygous. With the help of ARMS primers (com-
mon forward primer and two reverse one mutant and other to the normal primer 
sequence), ARMS PCR is differentiated homozygote or heterozygote.

Recently, ARMS PCR technology has been improved for the detection of both 
normal and altered alleles with internal positive control are detected in a single 
tube assay [35], referred to as tetra primer ARMS-PCR. Two pairs of primers are 
used in tetra, ARMS-PCR in which one pair of primers for flanking regions and 
other pair primers are complementary to different strands. These primers amplify 
the two different bases that are located in a single position of the globin gene. The 
different alleles (mutant and wild type) can be detected on an agarose gel based on 
their sizes (Figure 3). This ARMS PCR technique has been useful in the diagnosis 
of β-thalassemia mutations. Multiplex ARMS PCR can be screened for more than 
one mutation a single reaction by multiplexing the ARMS primers attached with a 
common primer [36].

Restriction enzyme PCR (RE-PCR)/restriction fragment length polymor-
phism (RFLP) has had a restricted diagnostic role due to few β-thalassemia muta-
tions restriction sites. Even though its use can be enlarged by the artificial formation 
of a restriction that includes the target mutation [37]. The fundamental use of 
RE-PCR has been for the examination of β-globin gene haplotypes to define the 
origin of mutations in the globin gene in various ethnic groups [38].

The target genomic DNA containing the mutation is amplified by PCR with the 
help of specific primers. The PCR products are digested by a specific restriction 
enzyme. The digested PCR products are separated on the agarose gel. The digested 
PCR products are separated according to their molecular weight (size). Based 
on restriction site (presence or absence) is determine the size or pattern of PCR 
products. This RE analysis is simple, relatively economical, and powerful prompt-
ing unequivocal outcomes; the RE-PCR-based technique is a precious molecular 
diagnostic tool. Be that as it may, it is restricted in its application as just an extent of 
the alpha-thalassemia, β-thalassemia mutation, and hemoglobin variations, natu-
rally generate restriction sites [26, 39].

Gap-PCR is a rapid, simple and non-radioactive technique that identified the 
deletions of globin gene. Gap-PCR amplifies the deleted DNA sequence in target 
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DNA by using the flanking primers for this region. This flanking primer pairs are 
making a unique PCR product, smaller for mutant sequence as compared to wild 
type sequence [40]. In alpha-thalassaemia mostly mutation are deletion types e.g. 
-α3.7, −α4.2 deletion, HbLepore and HPFH deletion etc. [41, 42]. In Asian Indians, 
619 bp deletion is found in β-thalassaemia. The limitation of Gap-PCR technique is 
that the deletion endpoints must be known for primers designing.

Denaturing gradient gel electrophoresis (DGGE) and single-stranded 
conformation polymorphism (SSCP) are used for the screening of the unknown 
mutations. The DGGE technique allows the DNA fragments differing by single 
nucleotide base change according to its melting characteristics [43, 44]. In SSCP, 
single nucleotide substitutions can be identified but the efficiency is between 70 
to 90%. In both techniques, the PCR products mobility on gel is altered in mutant 
sequence as compared to normal sequence and further confirmed by sequencing. 
Once the unknown mutation has been detected by DNA sequencing, these DNA can 
be used as a control to develop ASO and ARMS primer for its detection in further 
cases. The only disadvantage of these techniques is that it cannot be applied to 
hemoglobinopathies.

Heteroduplex analysis is another method utilizes non-denaturing gel elec-
trophoresis. By annealing and amplified target DNA fragment with an amplified 
hetroduplex generator molecule, the unique heteroduplex pattern can be generated 
for each mutation of 130 bases in length [45].

High Resolution Melting (HRM) investigation is a moderately new, post-PCR 
examination technique used to recognize the changes in DNA sequences. The 
technique depends on distinguishing little contrasts in PCR melting (dissociation) 
curves. It is empowered by further developed dsDNA- binding dyes conjunction 
with real-time PCR instrumentation that has exact temperature ramp control and 

Figure 3. 
Gel image shows the multiplex ARMS PCR for five common mutations: [A] IVS 1–5 mutation/normal; [B] 
IVS 1–5 mutation/normal; [C] Cd 8&9 mutation/normal; [D] Cd 41&42 mutation/normal; and [E] Hb E 
mutation/normal.
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advanced data capture capabilities. Data are analyzed and manipulated using soft-
ware designed specifically for HRM analysis. The HRM is an analytical platform for 
rapid prenatal and postnatal diagnosis of β-thalassemia common among Southeast 
Asian population. The advantage of HRM is a simple, economical with fast work-
flow platform for the diagnosis of single gene disorder [46, 47].

Multiplex Ligation-Dependent Probe Amplification (MLPA) is versatile 
useful technique for the diagnosis of copy number variations (CNVs) from com-
plete chromosomes to single exons associated with genetic disorders and tumors. 
To detect DNA methylation changes can be detected by Methylation-specific MLPA 
(MS-MLPA) which is sensitive enough to distinguish the changes in disease causing 
genes from highly similar pseudogenes [48].

The multiplex PCR technique that amplify up to 60 probes by using one pair 
of primer. The PCR amplicon with novel genomic target and length are fluores-
cently labeled and identified by capillary electrophoresis. The number of genomic 
sequence of interest is determined by comparing the peak pattern with reference 
sample [49].

Since, the varied molecular basis of α-thalassemia and β- thalassemia mutation 
are uncommon and difficult to detect. In addition to well-established methods, 
MLPA is known as an effective, simple and unambiguous technique for the identifi-
cation and classification of deletions and duplications in thalassemia [48–50].

Direct DNA sequencing is a technique used to identify the specific arrange-
ment of nucleotide bases (A, C, G, and T) in a DNA. The DNA carries the 
information a cell needs to collect protein and RNA atoms. DNA grouping data 
is imperative to researchers examining the elements of qualities. DNA sequence 
information is mandatory to researchers examining the functions of genes [51]. In 
beta globin gene, most of mutations can be identified in two sequence reads but 
for alpha-globin only single read required. The advantage of the simple sequencing 
method for beta globin gene play in important role in prenatal diagnosis where 
the mother is HBS carrier and father is unavailable [52]. If the developing embryo 
found HBS mutation then further analysis of beta globin sequences is must to 
assure that foetus does not have compound heterozygous state HBS and coexisting 
beta-thalassaemia [53].

This is a significant result for the haemoglobinopathies as most cases include 
carrier testing, subsequently arrangement follows much of the time require check-
ing by eye. There are two diverse sequencing sciences accessible dependent on the 
Sanger technique [54–56], dye primer and dye eliminator; they differ from each 
other in the way wherein the fluorescent level is incorporated during linear cycling. 
Despite the fact that the dye eliminator is more straightforward to set-up the signal 
from each nucleotide is less dependable making the dye primer chemistry more 
suitable for heterozygote detection and it is friendlier with sequence analysis pro-
gramming. The dye eliminator would have more application in X- linked diseases, 
for instance, G6PD transformations in which influenced males are hemizygous and 
will show up as a homozygous change. Taking everything together, the way toward 
getting a succession from whole blood and the examination may require 4–5 days, 
with certification using another PCR based test before the change is accounted for. 
The only drawbacks of using sequencing as a routine investigation technique are the 
cost and time taking examination compared to PCR. Sequencing is a multistage pro-
cedure requiring PCR intensification, cycle sequencing and precipitation before the 
sequence can be distinguished. After this the sequence ought to be researched and 
checked and any movements noted. Notwithstanding the grouping examination 
programming is available it is not 100% compelling at identifying heterozygotes.
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Next-generation sequencing (NGS) allow the generation of immense measures 
of genomic data to uncover the genetic constitution of people and to evaluate 
potential health risks. NGS has been commonly utilized for non-invasive prenatal 
diagnosis and novel mutation detection in thalassemia [57, 58].

Microarray analysis procedures are utilized in deciphering the information pro-
duced from probes DNA (Gene chip examination), RNA, and protein microarrays, 
which permit scientist to explore the expression of large number of gene in many 
cases, an organism’s whole genome in a single step experiments. The complemen-
tary sequences will bind to each other. The unknown DNA’s are cut into pieces by 
restriction endonucleases and these DNA pieces are label with fluorescent markers. 
These are then allowed to react with tests of the DNA chip [59–61].

Microarray analysis of gene expression has formed into a great tool for the char-
acterization of various pathophysiological processes. The fundamental idea is that 
RNA isolated from tissue is hybridized to probes for specific genes that are fixed 
in a grid in small microscopic spots. The microarray is a quick, simple to perform, 
and precise strategy for concurrent identification of α and β-thalassemias. But, this 
technique needs should be improved and approved in a bigger number of specimens 
with hemoglobinopathies before further routine laboratory use [62–64].

3.4 Prenatal screening

The prenatal diagnosis based on DNA by amniocentesis and CVS sampling is 
required to detect the genetic abnormalities of the foetus. Now a day’s NIPT is a 
technique to identify the genetic abnormalities of the foetus. This testing examines 
the small remains of foetus DNA that are circulating in a pregnant mother’s blood. 
An appropriate lab conclusion is urgent for describing the various types of thalas-
semia with a significant association for prevention and treatment. Because of 
population migration and mixing of the gene pool of different populations in many 
immigration countries as well as regions the hemoglobiopathies and thalassemia are 
more prevalent over their [65–68].

The importance of prenatal diagnosis comes in the diagnostic field as it helps 
and early diagnoses the growing foetus in the mother wombs for thalassemia 
and hemoglobinopathies. It plays impartment role in the eradication of these 
genetic disorders such as β-thalassemia major, sickle cell disease and hemoglobin 
Bart’s nonimmunehydropsfetalis [69, 70]. The prenatal diagnosis includes the 
investigation of fetal material from chorionic villi, amniotic liquid, string blood, 
and fetal DNA in maternal dissemination. In spite of the way that examination 
of fetal hemoglobin types is successfully performed by means of robotized 
HPLC, it is assessable through assessment of fetal blood got by cordocentesis and 
the technique is inclined to mistake because of mixing of sample by maternal 
tissue [71].

Advances in molecular testing have worked with the assurance of complex 
thalassemias and hemoglobinopathies saw in ethnically varying population. 
Comprehensive screening programs highlighted recognizing carriers and offering 
prenatal diagnosis in pregnancies for thalassemia have been incorporated in Canada 
and European countries [72, 73]. Different procedures have been implimented to 
distinguish thalassemia like genotyping assay, genotyping measur next-generation 
sequencing and mass spectrometry [74–76]. The methods are as yet testing; 
consequently, more investigations are expected to create and approve them and 
eventually lead to proficient, exact and concrete non-invasive prenatal diagnosis of 
thalassemia and hemoglobinopathies [77].
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4. Cost comparison for testing

Low cost techniques High cost techniques

Hematological and
Biochemical Techniques

MCV and MCH Mass spectrometry

CBC

RDW

Electrophoresis

HPLC

Molecular Techniques ASO, RDB, MLPA

ARMS PCR Direct sequence

RE PCR/RFLP Microarray

Gap-PCR HRM

DGGE and SSCP

5. Point of care (POC) testing for thalassemia

As there is a saying that prevention is better than cure. The thalassemia and 
hemoglobinopathies are genetic disorder and due to the migration of population in 
the different regions and endogamy the new combinations of thalassemia hemoglo-
binopaty are arising fast. For the eradication and further treatment and manage-
ment of thalassemia disease an effective diagnostic test at the point of care (POC) is 
the need of hour.

As thalassemia has been spread worldwide an early diagnosis, economical test, 
awareness programmes and prenatal screening will be a milestone for the eradica-
tion of this genetic disorder and to reduce burden of the health sector of a country 
subsequently the economics.

The initial hematological, biochemical screening to the advance molecular 
testing under one roof will not only help to diagnose the thalassemia patients but 
shall be also helpful in the treatment and management of the disease (Figure 1). 
The objective of POC for testing thalassemia will be achieved if these quick test-
ing methods like NESTROFT. This has to be in the approachable distance to the 
patients.

The government should include the thalassemia screening as a mandatory tool 
for screening. The best example Italy and Cyprus there with the initiation of prena-
tal diagnosis and screening of the carrier now this is a thalassemia free country.

Likewise in India, the Uttar Pradesh state government has initiated the task by 
giving free of cost of screening of thalassemia carrier, blood transfusion and iron 
chelators to several medical colleges. The Indian government has provided the 
HPLC machines to provide the screening of the carrier of thalassemia hemoglobin-
opathies. Basically the eradication, treatment and management of thalassemia are 
joint efforts of government, stake holder, policy makers, pediatrician, pathologist, 
transfusion medicine and geneticist.
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Abstract

Pulmonary hypertension (PH) is defined in children as a mean pulmonary 
arterial pressure (PAP) greater than 25 mmHg at rest or 30 mmHg during physical 
activity, with increased pulmonary artery capillary wedge pressure and an increased 
pulmonary vascular resistance greater than 3 Wood units × M2. it is the main cause 
of morbidity and mortality in the group of thalassemia, if no treatment leads to 
right ventricular heart failure and death. The development of pulmonary arterial 
hypertension (PAH) is assumed to be the result of many multifactorial pathogenic 
mechanisms including chronic hemolysis, iron overload, hypercoagulability, and 
erythrocyte dysfunction as a result of splenectomy, inflammation and nitric oxide 
(NO) depletion. PAH symptoms are non-specific, their signs consist of right 
ventricular lift, an accentuated pulmonary component of the second heart sound, a 
(gallop rhythm) right ventricular third heart sound, and parasternal heave meaning 
a hypertrophied right ventricle. The diagnosis of PAH requires a clinical suspicion 
based on symptoms and physical examination. Echocardiography is frequently 
used to screen for PAH, monitor progression over time and allow identification of 
patients for whom diagnostic right heart catheterization (RHC) is warranted and its 
treatment includes hemoglobinopathy specific treatment and PAH specific therapy.

Keywords: thalassemia, pulmonary hypertension, splenectomy, iron overload,  
blood transfusion, hydroxyurea, hypercoagultion, specific therapy

1. Introduction

Thalassemia are groups of autosomal recessive inherited disorders resulting 
from reduced or defects in one or more of the hemoglobin (Hb) chains synthesis 
[1]. The thalassemia syndrome is classified to which of the globin chains α or β is 
affected [2]. The α- and β-thalassemia are the main types of thalassemia and sickle 
cell thalassemia [3].

Thalassemia are found with the increased prevalence in the Mediterranean and 
Middle East, is caused by mutations on the chromosomes 11 and 16 for the cases 
of β- and α-thalassemia respectively with more than 150 different mutations [4]. 
β-Thalassemia presents in three clinical phenotypes, called thalassemia major, 
minor, and intermedia. β-Thalassemia major is resulting from homozygous or 
compound heterozygous to β-thalassemia and usually has early presentation and 
it depends on blood transfusion [1], reduced survival, has multi organs complica-
tions, frequent hospitalization and need lifelong management [5]. It is the most 
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severe form in patients with defective in two β-globulin genes and severe reduc-
tion in production of β-globulin [3]. β-Thalassemia minor, on the other hand, is 
an asymptomatic condition due to heterozygous to a β-thalassemia defect [1]. 
β-Thalassemia intermedia includes patients with a wide series of phenotypes [6] 
which is more severe than thalassemia minor and milder than β-thalassemia major 
[7]. β-Thalassemia intermedia patients with two defective genes is characterized by 
mild to moderate reduction in β-globulin production [4]. Thalassemia intermedia 
associated with lack of regular blood transfusion and iron chelation therapy leading 
to serious specific complications like gall and renal stone, leg ulcer and increased 
thrombophilia and right heart failure [8].

Its pathology is characterized by reduced synthesis of hemoglobin (Hb) and 
the survival of red blood cell (RBC), caused by from excessing the unaffected 
globin chain [9]. This abnormal alpha- to beta-chain ratio lead to precipitation of 
the unpaired chains which result in destruction of red blood cell precursors in the 
bone marrow called ineffective erythropoiesis and in circulation named hemolysis 
[10, 11]. Ineffective erythropoiesis causes expanded of marrow cavities leading to 
distortion of the cranium, facial and long bones and also produced lymphadenopa-
thy, hepatosplenomegaly because of activity in extramedullary hematopoietic sites 
[12]. Children with β-thalassemia appear well at birth, then developed anemia that 
worse with time, if left no treatment resulting in early death [13] due to high output 
heart failure [14].

Therapy involves early and regular transfusion to maintain hemoglobin levels 
of at least 9–10 g/dl to make for improving growth and development and reduced 
hepatosplenomegaly in addition to bone deformities [15], regular blood transfu-
sion therapy lead to prolonged survival [16], decreased the severity of the disease 
[17] and hemolysis because of chronic transfusion might ameliorate the ineffec-
tive erythropoiesis, and in that way reverse the pulmonary vasoconstriction and 
pulmonary hypertension (PH) [18].

So, regular blood transfusion, iron chelation drugs and hydroxyurea therapy 
are frequently working resulted in expressively improved survival, and may extend 
their life to the adulthood [19].

2. Mechanism of iron toxicity

It results from prolonged iron absorption especially thalassemia intermedia or 
repeated blood transfusion in thalassemia major. Iron is highly reactive and easily 
interchanges between two states iron III and iron II in a method which results in the 
loss as well as gain of electrons leading to generation of unsafe free radicals which 
damaged lipid membranes, organelles and deoxyribonucleic acid (DNA) leading 
to cell death and fibrosis is developed [20]. In healthy, iron is binding to transferrin 
so kept safe, but in iron overload, the transferrin capacity to bind iron is exceeded 
within cells and plasma resulting in free iron leading to damage of many tissues which 
fatal unless iron chelation treatment [9]. Even though, blood transfusion improved 
the severity of the disease, it resulted in a positive iron balance and secondary iron 
overload, leading to damage and dysfunction of vital organs in the second decade of 
life [17] (each bottle of blood transfusion contains 200 mg of iron [14]).

3. Pulmonary arterial hypertension

Pulmonary arterial hypertension (PAH) is defined generally as high blood pres-
sure in the heart to lung system that delivered fresh oxygenated blood to the heart 
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while returning used (oxygen depleted) blood back to the lung [21]. It is defined 
in children as a mean pulmonary arterial pressure (PAP) greater than 25 mmHg at 
rest or 30 mmHg during physical activity with increased pulmonary artery capil-
lary wedge pressure likely (due to left ventricle diastolic dysfunction as resulting 
from chronic iron overload) and an increased pulmonary vascular resistance (from 
thrombotic pulmonary arteriopathy) greater than 3 Wood units × M2 [22].

PAH is a progressive disease [23] associated with hemoglobinopathies. It is a not 
uncommon in thalassemia patients, caused by pulmonary hemosiderosis [8]. It is 
the important cause of morbidity and mortality in this group of the patients [24].

PAH has been reported as one of the common cardiac complications in 
β-thalassemia patients [25]. It is characterized by vasoconstriction, and progressive 
increases in the mean pulmonary artery pressure and pulmonary vascular resis-
tance, if no treatment leads to right ventricular heart failure and death [26].

A universal classification system has been used to describe the various types of 
pulmonary hypertension [27]:

1. Pulmonary arterial hypertension called (idiopathic): is inherited; is resulted 
from drugs or toxins; connective tissue disease, human immunodeficiency 
virus (HIV) infection, liver disease, congenital heart disease or is caused by 
conditions that affect the pulmonary small blood vessels [21].

2. Pulmonary hypertension due to left heart disease.

3. Pulmonary hypertension due to lung diseases and/or hypoxia.

4. Chronic thromboembolic pulmonary hypertension.

5. Pulmonary hypertension with indistinct multifactorial mechanisms including 
chronic hemolytic anemia shares many of the included features of group 1 and 
5 due to its multifactorial mechanisms [19, 28].

4. Pathophysiology

The PAH in thalassemia syndromes is assumed to result from many multifacto-
rial mechanisms, it includes chronic hemolysis, iron overload, hypercoagulability 
[29] and erythrocyte dysfunction resulting from splenectomy [19], inflammation 
and nitric oxide (NO) depletion free Hb inactivate nitric oxide (NO) and vasodila-
tory properties in pulmonary circulation and the hemolysis resulting in release of 
arginase enzyme which predominantly drive l-arginine to ornithine rather than NO 
production, therefore higher arginase activity and lower arginine bioavailability 
founded in thalassemia as l-arginine provides the substrate of both NO synthesis 
and arginase [19] as well as enhance activation of platelets and increased endothelin 
1 release causing vasculopathy which are main pathogenetic mechanisms [30].

Pulmonary arterial hypertension is characterized histopathologically by vaso-
constriction, vascular proliferation, intravascular thrombosis, and remodeling of 
the vessels walls [26].

Nitric oxide caused vasodilation and increased blood flow through inhibiting 
expression of endothelial adhesion molecule, proliferation of vascular smooth 
muscle, platelet aggregation and blood coagulation [31]. As intravascular hemolysis, 
arginase concurrently released from red cells into blood plasma, converts plasma 
l-arginine to ornithine result in high level of ornithine which produced smooth 
muscle proliferation and collagen synthesis resulting in vascular remodeling and 
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thickening in intimal leading to vascular constriction, endothelium abnormality, 
and intravascular thrombosis [32].

Splenectomy has been an important risk factor in the development of PAH [11] 
as spleen is considered as filter for erythrocytes that are damaged and other circu-
lating blood cells. so splenectomy is caused in activation of platelets, abnormal in 
erythrocyte aggregation, thrombin generation acceleration and released procoagu-
lant factors, possibly it has a larger number of abnormal erythrocytes or breakdown 
products of erythrocyte in the circulation and associated with excess in release of 
early nucleated erythrocytes leading more expression of adhesion molecules which 
promote local clot formation particularly in the presence of systemic hypercoagu-
lability [33]. In addition, there was shorter life span of platelets in both splenecto-
mized and nonsplenectomized patients with thalassemia than in non thalassemia 
splenectomized patients [33]. These factors may affect the ability of intravascular 
thrombosis producing changes in the pulmonary vasculature leading to PAH [19].

A hypercoagulable state has another finding among hemoglobinopathies. The 
incidence of clinically evident thromboembolism in β-thalassemia is 1–4%, with 
a majority of events occurring prior 30 years of age [19]. It results from a range of 
abnormalities, including erythrocyte aggregation, the performed splenectomy, plate-
lets activation, abnormal circulating factors, some coexistent genetic coagulation 
defects, endothelial dysfunction and vasculopathy (Figure 1) [34]. The multifacto-
rial mechanisms described earlier can work both independently and in combination 
with other mechanisms or organ dysfunction to lead clinically apparent PAH [19].

PAH is more common in thalassemia intermedia than in thalassemia major, and 
it may cause heart complications in patients with aging of more than 30 years [35]. 
Its iron load occurs as increased uptake of gastrointestinal absorption of iron due to 
hepcidin suppression [14] making more susceptible to pulmonary arterial hyper-
tension [35].

In β-thalassemia major, pulmonary hypertension correlates with the severity 
of hemolysis [19], although transfusion therapy improved the disease severity, it 
resulted in a positive iron balance and secondary haemosiderosis, often leading to 
vital organ damage and dysfunction in the second decade of life [36], while sple-
nectomy has important role in both types [19], yet in thalassemia patients whose 
disease is well treated by chronic transfusion therapy, the development of pulmo-
nary hypertension is linked to heart dysfunction and the subsequent toxic effects of 
iron overload instead of hemolysis [19].

Figure 1. 
The pathophysiology of pulmonary hypertension in thalassemia [34].
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5. Risk factors

The risk of development of PHT can increase older age group (more often in 
people older than 30 years) but idiopathic PAH is more common in younger adults. 
Chronic iron overload and increased pulmonary vascular resistance from throm-
botic pulmonary arteriopathy [29], splenectomy, hepatitis C and previous venous 
thromboembolism, markedly increased levels of peripheral nucleated red blood 
cells, platelet counts and serum ferritin levels [25] and splenectomy [37].

6. Epidemiology

The epidemiology of idiopathic PAH is about 125–150 deaths per year in the 
United States, and worldwide the incidence is similar to the united states at 4 cases 
per million. However, in the France, the incidence were 6 cases per million. Females 
have a higher incidence rate than males [38], thrombi in small pulmonary arteries 
reached in 44% of splenectomized Hb E/B thalassemia. In Greece 10% occurred 
in in thalassemia major and more than 50% in thalassemia intermedia, in Ardabil, 
Iran 41.4% in intermedia and 14.7% in thalassemia major [8], while its prevalence in 
Thailand was 43% [39] and Babylon, Iraq reached to 15.5% [40].

PHT increased its incidence about 2.45 times chance in patients with serum 
ferritin of more than 1000 ng/ml [39].

Pulmonary vascular changes with micro-thrombo-embolism founded in sple-
nectomized thalassemia 54% in Germany [41], 33.3% in Babylon, Iraq [40] and 
only 16% and 13.4% in non splenectomized patients [40, 41] respectively.

PAH has a frequent finding in patients with hemoglobinopathies, on the other 
hand, The reported prevalence differs in the different conditions state and accord-
ing to the screening method used. In thalassemia intermedia, PAH has been known 
as the most cardiovascular finding and the commonest cause of heart failure. 
In homozygous sickle cell anemia, PAH is a detected frequently and it has been 
thought a major factor determining the prognosis [42]. In sickle-thalassemia, a 
heterozygous state with 1 thalassemia and 1 sickle allele, PAH has been detected 
with a relatively lower frequency and absolutely lesser severity [34].

7. Signs and symptoms

PAH symptoms are non-specific: either early symptoms which include short-
ness of breath or exertional dyspnea, fatigue, weakness, chest pain, upper abdomi-
nal pain and decreased appetite, while later symptoms include light-headedness 
(syncope) and less frequently cough, fainting, edema of ankle or leg, Rarely 
hemoptysis, hoarseness, arrhythmias and cyanosis [43].

Physical examination: the signs consist of right ventricular lift, an accentuated 
pulmonary component of the second heart sound, a (gallop rhythm) right ventricu-
lar third heart sound, and parasternal heave meaning a hypertrophied right ven-
tricle. Right sided heart failure causes signs of systemic congestion include jugular 
venous distension, ascites, and hepatojugular reflux, hepatomegaly and or spleno-
megaly, the evidence of tricuspid insufficiency and pulmonic regurgitation [44].

World Health Organization (WHO) functional classification in pulmonary 
hypertension (stages of PH) [45]:

I. without limitation of physical activity (ordinary physical activity does not 
produce undue dyspnea or fatigue, chest pain or near syncope).
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II. slight limitation of physical activity (comfortable at rest; its ordinary physical 
activity causes undue dyspnea or fatigue, chest pain or near syncope).

III. marked limitation (comfortable at rest; less than ordinary physical activity 
causes undue dyspnea or fatigue, chest pain or near syncope).

IV. inability to carry out any physical activity without symptoms (the patients 
presented with signs of right sided heart failure, dyspnea and /or fatigue 
which manifested at rest and discomfort is increased by any physical activity).

Cardiac evaluation through chest radiograph, electrocardiogram (ECG) and 
echocardiography. Chest radiography (CXR) was performed in erect position, in 
the posterior-anterior (PA) view to look for cardiac size, pulmonary vascularity and 
pulmonary conus [45].

8. Complications

It includes:

1. Right-sided heart dilatation and heart failure: PAH is a deadly disease in which 
vasoconstriction and vascular remodeling both lead to a progressive increase in 
pulmonary vascular resistance. Although the increment in afterload is the first 
trigger for RV adaptation. Neurohormonal signaling, oxidative stress, inflam-
mation, ischemia, and cell death may contribute to the development of RV 
dilatation and failure [46].

2. Blood clots: Intravascular thrombosis are found in the small distal pulmonary 
arteries. Dysregulation of coagulation, platelet function, and endothelial cells 
may contribute to a prothrombotic state [47].

3. Arrhythmia: Pulmonary hypertension can cause arrhythmias, atrial flutter and 
fibrillation [48].

9. Diagnosis

The evaluation of pulmonary hypertension in children required a comprehen-
sive work up to confirm the diagnosis, assess disease severity and rule out secondary 
cause, so appropriate treatment course can be initiated [45].

The diagnosis requires a clinical suspicion based on symptoms and physical 
examination and review of a comprehensive set of investigations to confirm haemo-
dynamic criteria are met and to describe the etiology, the functional and haemody-
namic severity of the condition [49].

9.1 Transthoracic Doppler echocardiography (TTE)

It is non-invasive, an excellent screening tool with suspected PAH, it is widely avail-
able and relatively inexpensive, it is frequently used to screen for PAH and monitor 
progression over time and allow identification of patients for whom diagnostic RHC is 
warranted [50]. It documents cardiac anatomy, right ventricular size and function, left 
ventricular diastolic and systolic function, morphology and function of valves, and the 
presence of pericardial effusion or a patent foramen ovale [22].
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Transthoracic Doppler echocardiography (TTE) can assess pulmonary artery 
systolic pressure (PASP) and give additional information about the cause and 
consequences of PAH [51]. It also can provide functional and structural assessment 
of the heart and estimate of pulmonary hemodynamics, it is widely available and 
tolerated by children [52]. Echocardiographic assessment is essential for the effec-
tive modality of PAH management patients as part of a good approach to therapy 
and prognosis (presence of pericardial effusion and increasing right ventricle to 
left ventricle systole ratio is associated with an increasing hazard for a clinical event 
[53]. It is an important tool for monitoring the response to treatment and is recom-
mended 3–4 months after initiation of medication or a change in therapy [54].

• Pulmonary arterial systolic pressure (PASP) = RV-RA gradient + right atrium 
pressure.

 Mean PAP 0.6 SPAP 2 mmHg= ∗ +  (1)

Generally PASP > 38 mmHg detected by echo which suggest mean 
PAS > 25 mmHg [54].

Right atrial pressure was estimated by the response of the inferior vena cava 
diameter to inspiration, the value is considered to be about 5–10 mmHg [26].

• Mean pulmonary artery pressure range:

Normal: (12–16) range, mild: (≥25–40) range, moderate: (≥40–<55) range, 
sever: (≥55) range.

• Systolic pulmonary artery pressure categorized as [55]:

Mild: 40–45 mmHg, moderate: 46–60 mmHg, severe: exceed 60 mmHg.

• The following associated with pulmonary hypertension in echo [56]:

1. RV, RA hypertrophy or dilatation

2. Dilated pulmonary artery

9.2 Electrocardiogram (ECG)

The ECG may proffer suggestive or supportive evidence of PAH by finding 
right ventricular hypertrophy and strain and right atrial dilation. Right ventricular 
hypertrophy is present in 87% on ECG and in 79% of patients with idiopathic 
PAH have right axis deviation [57]. The ECG has inadequate sensitivity (55%) and 
specificity (70%) to be a screening instrument for detecting significant PAH [58].

9.3 Chest radiography (CXR)

Chest radiography is usually performed as the earlier imaging study and may 
show features of PHT. The classic radiographic findings are evident only late in the 
disease process [59] including central pulmonary arterial dilatation, variable periph-
eral lung field that contrasts with pruning of the peripheral blood vessels associated 
with decreased pulmonary blood flow resulting from increment in pulmonary 
vascular resistance and the lung became oligemic progressively [45]. In advanced 
cases, right atrial and ventricular enlargement might appeared and it progressed [57]. 
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The degree of hypertension in any given patient does not correlated with the extent 
of X-ray abnormalities and normal chest radiograph does not exclude PAH [49].

9.4 Right heart catheterization and vasoreactivity

Right heart catheterization (RHC) remains the gold standard for the diagnosis 
of pulmonary hypertension, if the patients are prospect for treatment by clinical 
and transthoracic echocardiographic assessment [26]. He should undergo a con-
firmatory catheterization of the heart [54]. It is needed to confirm the diagnosis, 
assessment of the severity of hemodynamic impairment (right atrial pressure,  
pulmonary artery pressure, pulmonary vascular resistance, to carry out vasoreac-
tivity testing of the pulmonary circulation in selected patients to acute vasodilator 
testing and to rule out subtle congenital heart disease like pulmonary vein disease 
[53]. This was needed to performed well expert centers, the techniques have low 
morbidity (1.1%) and mortality (0.055%) rate [60].

This involves passing a thin flexible tube (catheter) into the right side of the 
heart which usually passing through vessels of the groin or arm [61].

9.5  High-resolution computed tomography, contrast-enhanced computed 
tomography

It is a widely available device that can give good information on abnormalities of 
vascular, cardiac, parenchymal and mediastinal. It can suggest the diagnosis of PAH 
(PA or RV enlargement), identify the cause of PAH such as lung disease, provide 
evidences as to the form of PAH and as well provide prognostic information [62].

9.6 Cardiac magnetic resonance imaging

Is an accurate in the assessment of right ventricular size, morphology and 
function because it is noninvasive so can be used to follow patients regularly, it is 
an important advantage upon invasive right heart catheterization because measures 
of RV function have been revealed to be prognostic of long term outcomes in the 
disease, also provide important information about a patient’s disease course and 
response to treatment by changes in RV function [63].

9.7 Abdominal ultrasound scan

Liver cirrhosis or portal hypertension can be surely excluded through abdominal 
ultrasound scan and using of contrast agents can improve the diagnosis [57].

10. Treatment

There are no specific treatment guidelines [24].
There are two main parts of management:

1. Predominantly hemoglobinopathy specific treatment and

2. PAH-specific treatment.

It is important to maximize specific treatment of primary hemoglobinopathy, 
which includes blood transfusion, iron chelation and hydroxyurea, while PAH-
specific therapy consist of anticoagulation, diuretics, digoxin, oxygen, and PAH 
specific vasodilator agents [24].
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10.1 Transfusion therapy

Treatment of β-thalassemia depend on an accurate transfusion strategy, 
particularly in more severe thalassemia major, so to control chronic hemolysis. A 
chronic transfusion protocol, plus iron chelating therapy to prevent iron overload, is 
believed to prevent or even ameliorate PAH in these patients [64]. The higher level 
of blood transfusion may imply more severe disease in patients with PHT, addition-
ally, more chelation therapy used in the PHT group likely reflects more aggressive 
treatment [33]. So, soon after the diagnosis pulmonary hypertension, regular blood 
transfusion and appropriate iron chelation therapy can avoid this complication [35].

β-Thalassemia major patients need transfusions throughout life to reach the 
target Hb level in the range (9–10 g/dl) and to support normal growth, chelation 
therapy is being used to prevent toxic effects of iron overload, it is generally  
recommended after twenty units of packed cell transfusion or when serum ferritin 
exceeds (1000 μg/L), this chelating agents can form complexes with iron and pro-
mote its excretion which can clear plasma non transferring bound iron, so remove 
excess iron from cells and make body iron at safe levels [13].

10.2 Hydroxyurea therapy

Hydroxyurea is a useful treatment, it helps to reduce hemolysis, rise Hb F 
production (modifies the defective hemoglobin synthesis), so prevents hemolysis 
and induces nitric oxide in endothelial cells, improves the clinical symptoms, so 
decreased requirement for blood transfusion, and prevent the acute episodes that 
exacerbate PAH and potentially reduce overall mortality [24] also has been shown 
to protect from the development of PA [65]. Additionally, hydroxyurea reduces 
thrombocytosis, therefore preventing hypercoagulability [34].

Hydroxyurea is an antimetabolite s-phase specific drug that reversibly inhibit 
ribonucleoside diphosphate reductase enzyme which catalyzes the conversion of 
ribonucleotides to deoxyribonucleotides which is an important step in biosynthesis 
of DNA, therefore prevent progression of cell. Also it induces gamma chain globin 
in human erythroid cell to produce HbF which distributed in RBC [66].

It is used in PAH to reduce the level of circulating immature bone marrow cell 
and interrupt the abnormal narrowing and occlusion of pulmonary arteries [66].

Dose 10–15 mg/kg/day with gradually increased the dose in step of 2.5–5 mg/kg/
day to reach a usual dose 15–30 mg/kg/day (the maximum dose is 35 mg/kg/day) [66].

10.3 l-Carnitine

Mitochondrial dysfunction recently has gained further much attention in the 
pathophysiology of PAH associated with other diseases, like chronic hemolytic ane-
mia. l-Carnitine is important for the fatty acid oxidation and the normal mitochon-
drial function [67]. It enhances myocardial function and could increase nitric oxide 
in plasma which is considered as potent vasodilator that oppose PAH [67] leading 
to a significant reduction in systolic PAP [22] about 10 mmHg after 3 months of 
therapy and it is given in a dose of 50 mg/kg/day for 3 months [19].

10.4 Supportive care

All thalassemia patients with PAH, supportive measures should be used immedi-
ately. Oxygen therapy should be given to avoid hypoxia which prevent the harmful 
effects of hypoxia causing vasoconstriction in the pulmonary blood vessels [24]. 
Physical therapy and lifestyle modifications are often doing to improve symptoms 
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and signs. Immunization is recommended routinely with pneumococcal and 
influenza vaccines annually [19].

Also, we recommended that we should not use decongestant drugs like pseu-
doephedrine or other stimulant type medication and avoid use oral contracep-
tive agent.

Vasoreactivity testing: cardiac catheterization with acute vasodilator drug is 
essential before select main therapy in children [53].

10.5 PH-specific therapies

These are include

10.5.1 Phospho-diesterase type 5 inhibitors

The cyclic guanosine monophosphate (cGMP) pathway is an essential target of 
endothelium-derived nitric oxide, an important vasodilator agent. Phospho dies-
trase type 5 (PDE5) rapidly hydrolyze to cGMP, inactivating its vasodilatory effect. 
PDE5 inhibitors have been developed that prolong the effect of cGMP through 
inhibiting its degradation [19].

Sildenafil citrate is a selective, potent inhibitor of the cyclic guanosine mono-
phosphate specific phosphodiesterase-5, which stimulates selective relaxation 
smooth muscle relaxation in pulmonary vaessels and has been used successfully in 
the treatment of PAH class II–IV in adult. Prolong therapy with it has been appear 
to produce a significant and persistent reduction in PAH in patients with thalas-
semia and sickle thalassemia [68].

10.5.2 Endothelin receptor antagonists

Bosentan has a dual (endothelin) ET receptor antagonist, which reduced pulmo-
nary artery pressure and resistance and improves exercise tolerance in pulmonary 
hypertension above 12 years [63] class III and IV patients and recently shown 
beneficial effects in class II patients [53].

Liver function test need follow up regularly as increased in 12% in adult and 
only 3.5% in children [53].

10.5.3 Soluble guanylate cyclase stimulator

Riociguat, acts directly on a soluble guanylate cyclase stimulating the enzyme 
which converts guanosine triphosphate to cyclic guanosine monophosphate, 
increasing sensitivity to low nitric oxide levels leading to vasorelaxation [69]. It 
has been beneficial in pulmonary arterial hypertension treatment [70] in adult 
patients with group 4 after surgical treatment or inoperable chronic thrombo-
embolic pulmonary hypertension to optimize exercise capacity as patients with 
thalassemia syndrome have higher risk of thromboembolic disease leading to 
pulmonary pressure overload [19].

Prostacyclins: epoprostenol—prostacylin, was considered a key standard for 
treatment of severe cases.

Epoprostenol given as continuous infusion, it antithrombotic agent that 
inhibits hypoxic pulmonary vasoconstriction and antiproliferative  
properties [33].

It improves both the survival and the symptoms of idiopathic form of 
PHT compared to conventional therapy, it prolongs survival from 35–63% at 
3 years [33].
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11. Conclusion

Pulmonary hypertension has commonly identified as life threatening for many 
chronic illness like the hemolytic anemia. The pathophysiology is complex, thus, a 
comprehensive assessment is imperative when identify appropriate therapy by well 
control anemia by blood transfusion resulting less risk of pulmonary hypertension. 
There was no standardization therapy to these patients, therefore we must continue 
to rely on stories evidence and small cases scenario.

We should make effort for sustained research to improve best practice in 
vulnerable individuals. Consequently we recommended for annual monitoring by 
echocardiogram and cardiac catheterization which indicated for persistent eleva-
tion of tricuspid regurgitation jet velocity and advise the family to close follow up to 
maintain Hb above 9 g/dl and ferritin level of less than 1000 ng/ml.
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Chapter 9

Challenges of Hepatitis C Virus 
Treatment in Thalassemia
Iman El-Baraky

Abstract

Thalassemic patients, especially in limited resources settings, are prone to  
multi-transfusion acquired Hepatitis C virus (HCV). After the discovery of direct 
acting antivirals (DAAs), many programs were designed to achieve HCV eradica-
tion both on the macro-elimination and micro-elimination axes. Thalassemic 
patients are good candidates to be addressed by a unique HCV micro-elimination 
model since they face some challenges during their treatment journey. Some of 
these challenges are the young age at infection, frequent blood transfusion, poly-
pharmacy, drug–drug interactions, pharmacokinetic considerations and the risk of 
reinfection. The available data of success rates of HCV cure in thalassemic patients 
alert that the success rate in thalassemic patients might be lower than that reported 
in general population. These factors make HCV micro-elimination model, a hurdle 
towards the 2030 world health organisation (WHO) HCV eradication plan.

Keywords: Thalassemia, Hepatitis C, Direct acting antivirals, challenges, 
micro-elimination

1. Introduction

Haematologic diseases include any disease affecting the blood or blood forming 
organs such as bone marrow. Haematologic diseases include haemoglobinopa-
thies, malignancies, different types of anaemia and other less common diseases. 
Thalassemia is one of the most common haemoglobinopathies [1].

Hepatitis C virus (HCV) is a liver disease that can cause both acute and chronic 
infections. Chronic HCV infection can lead to liver cirrhosis or hepatocellular 
carcinoma (HCC). If liver cirrhosis became decompensated, no cure is available 
except liver transplantation [2].

Thalassemia patients have high prevalence of HCV and are more susceptible to 
its complications. Some challenges face the health care givers while developing their 
therapeutic plans for thalassemia patients [3].

2. Thalassemia

Thalassemia is a congenital disease where haemoglobin is malformed resulting 
in premature haemolysis. Thalassemia is classified into alfa thalassemia and beta 
thalassemia according to the affected globin chain. Thalassemia is also denoted a 
grade according to its severity into trait, carrier, intermedia, or major where major 
is the most severe case [1].
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Thalassemia patients suffer from premature haemolysis, leading to increased 
Red blood cells (RBCs) turnover, ineffective erythropoiesis, and varying degrees 
of anaemia [4]. Thalassemia can be cured by bone marrow transplantation. If bone 
marrow transplantation is not feasible, thalassemia can be managed by regular 
blood transfusion along with other supportive therapies such as iron chelation [1].

2.1 Thalassemia and HCV

Thalassemia patients are at risk of multi-transfusion HCV infection specially 
in limited resources settings. Due to the relatively young age at infection, some 
thalassemia patients miss early diagnosis and treatment.

2.1.1 HCV discovery and genotypes

HCV is positive-stranded ribonucleic acid (RNA) enveloped virus which was 
first discovered in 1989. HCV genome is highly variable. Therefore, HCV has been 
classified into six genotypes (GTs) numbered from one to six. Different GTs show 
different response to treatment. Hence, treatment is genotype (GT) based. HCV 
GTs has numerous sub-genotypes which are also different with regard to response 
to treatment [2, 5].

The geographic distribution of HCV GTs show that GT-1 is the most prevalent 
GT worldwide followed by genotype 3. They account for about 46.2% and 30.1% of 
all HCV infections, respectively. On one hand, some countries have diverse HCV 
genotypic distribution such as China. On the other hand, in some countries, such 
as Egypt, more than 90% of HCV infections are caused by single genotype which is 
GT-4 [2, 6, 7].

2.1.2 HCV prevalence

Globally, between 130 and 150 million people had chronic HCV infection and 
700,000 people died due to HCV related complications in 2013 [2, 8]. HCV global 
paediatric burden was estimated to be 3.5 million children or adolescents [9, 10]. 
Some countries such as Egypt suffers from an endemic HCV prevalence. HCV 
prevalence in Egypt was estimated to be the highest worldwide in 2015 where 
viraemic prevalence was estimated to be 6.3% in adults 1.1% in children aged 
10–19 years [7, 11].

2.1.3 Mode of transmission of HCV among thalassemia patients

HCV infection is blood borne. The main source of HCV infection in thalassemia 
patients is unscreened blood transfusions. This does not preclude that unsafe injec-
tion practices, health-care-associated transmission and renal dialysis are among the 
other causes of HCV transmission in thalassemia patients. According to a previous 
World Health Organisation (WHO) report on blood safety, some countries do not 
properly screen blood transfusions for blood borne viruses on routine basis. Hence, 
the WHO developed its guidance on phlebotomy [2, 12, 13]. Prior to the imple-
mentation of the WHO guidance, multi-transfusion associated HCV acquisition 
was a common mode of transmission among multi-transfusers such as thalassemia 
patients specially of major type. HCV prevalence by HCV antibody test widely vary 
from 4–85% according to different reports [14].

Less common routes of HCV transmission among thalassemia patients are 
mother-to-child, also known as vertical transmission, sexual transmission, and 
intranasal drug use [2].
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2.1.4 Thalassemia consequences that interfere with HCV treatment

Because of premature haemolysis and ineffective erythropoiesis, that thalas-
semia patients suffer, the core of their supportive care is regular blood transfusion. 
The major consequences of multi-transfusion are iron overload, oxidative stress, 
splenomegaly, liver fibrosis and blood borne infections.

Thalassemia induced haemolysis results in chronic anaemia. Severe anaemia is 
compensated by hyperdynamics. Hyperdynamic results in an initial increase in the 
cardiac index and blood flow to vital organs such as liver and kidney. However, over 
long term, thalassemia patients develop heart failure and renal impairment [15–19].

Iron overload can negatively impact the patients’ cardiovascular and endocrine 
systems leading to heart failure, osteoporosis and other diseases [20]. Excessive hae-
molysis leads to splenomegaly which in turn leads to increased transfusion require-
ments and difficult control of iron overload. Therefore, many beta-thalassemia 
patients who suffer severe anaemia are splenectomised [21].

Among the complications of thalassemia are blood borne infections especially 
in low to intermediate income countries that do not implement rigorous blood 
products screening systems [2]. Multi-transfusion related HCV is one of the blood 
borne infections thalassemia patients suffer. According to the WHO Regional Office 
for the Eastern Mediterranean (WHO-EMRO), 11–69% of Beta-thalassemia major 
patients suffer from chronic HCV in the aforementioned region [22].

2.1.5 HCV prognosis in thalassemia

The early phase of HCV prognosis in thalassemia patients does not differ 
secondary to their disease nature. HCV infection manifest in thalassemia patients 
as acute or chronic hepatitis. 15–45% of cases show spontaneous clearance of 
untreated acute HCV infection within six months of infection similar to patients 
without thalassemia. The remaining 55–85% develop chronic HCV which is usually 
asymptomatic. If left untreated, chronic HCV infection causes liver cirrhosis and 
consequently liver failure. Liver cirrhosis is associated with high risk of hepatocel-
lular carcinoma (HCC). This normal course of chronic HCV prognosis is aggravated 
by thalassemia since the pathophysiology of thalassemia include iron overload 
and consequently, increased oxidative stress that result in necro-inflammatory 
responses aggravating the course of HCV induced liver fibrosis and eventually 
cirrhosis. Thalassemia could induce liver fibrosis even on absence of HCV infection 
due to the iron deposits and iron overload induced oxidative stress. Liver fibrosis 
progress in thalassemia patients even in absence of HCV infection [2, 23].

2.1.6 HCV treatment

2.1.6.1 HVC treatment development

For decades, there was no available treatment for HCV until the discovery 
of the role interferon-alpha in HCV immune response. Interferon-alpha-2b/
ribavirin for 48 weeks were the standard treatment for more other decades 
where Interferon was injected three times a week and ribavirin was orally 
administered daily.

Pegylated interferon-alfa-2b/ribavirin regimen was the next step in the devel-
opment of interferon-based regimens for the treatment of HCV, where pegylation 
allowed once weekly injection of interferon. Pegylated interferon/ribavirin 
regimen was poorly tolerated, and its cure rates were between 40% and 65% 
depending mainly on the HCV GT and cirrhosis status. HCV cure is measured 
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by sustained virologic response twelve weeks post treatment (SVR12). Pegylated 
interferon/ribavirin regimen was sometimes associated with life-threatening 
adverse reactions [2, 8].

The introduction of direct acting antivirals (DAAs) comprised a revolution-
ary step in HCV treatment. DAAs directly inhibited the replication cycle of HCV 
through targeting three important regions within the HCV genome. These three 
regions are the non-structural (NS) NS3/4A protease, NS5A and NS5B RNA-
dependent polymerase. DAAs achieved higher success rate than interferon-based 
regimens. DAAs based therapy has a success rate of about 90% after 12 weeks 
therapy. Other advantages of DAAs based regimen are the shorter treatment 
duration which range from 8 to 24 weeks, oral administration leading to better 
compliance and more favourable safety profile. DAAs based regimens are combina-
tion therapies. Individual DAAs based regimens vary in their therapeutic efficacy, 
genotypic efficacy, and safety profile [2, 8].

The first-generation DAAs were protease inhibitors. They were co-administered 
with interferon and ribavirin according to the WHO guidelines in 2014. However, 
they were only effective against GT-1 infection. In addition, they had frequent and 
sometime severe side-effects. Therefore, the WHO no longer recommends first 
generation DAAs.

Second-generation DAAs have higher SVR12 rates and better safety than the first 
generation. The strongest advantage of the second generation DAAs is that they can 
be used in combinations obviating the need for interferon and ribavirin. Interferon-
free combinations of two or three second generation DAAs have demonstrated 
excellent efficacy in general, although cure rates among certain patient subgroups 
were lower [2, 8].

The WHO currently recommends that, all HCV infected patients to be treated 
with DAAs based therapy, except those having GT-5 or 6 infection and cirrhotic 
GT-3 patients in whom interferon-based therapy can still be used as an alternative 
regimen. DAAs are tremendously developing with the aim of improved efficacy and 
safety profiles [2].

Some DAAs combination showed approximately 100% cure rate in adults such 
as sofosbuvir (SOF)/simeprevir (SMV) combination with or without ribavirin 
for 24 weeks, SOF/daclatasvir (DAC) combination with or without ribavirin for 
24 weeks and ombitasvir/paritaprevir/ritonavir combination with either dasabuvir 
or ribavirin for 12 weeks [2, 8].

In children, until recently, the only food and drug administration (FDA) 
approved regimens were interferon based [24]. The treatment success rates and 
adverse effects of interferon-based therapy among children were similar to those of 
adults [25].

Till January 2017, six DAAs combined into four regimens with ribavirin were in 
clinical trials for paediatric patients. These regimens are SOF/ribavirin, SOF/ledipasvir 
(LDV) and paritaprevir/ombitasvir/ritonavir ± ribavirin/dasabuvir. The duration of 
therapy ranged from 12 to 24 weeks [24]. SOF/LDV for 12 weeks proved to be 98% 
effective in adolescents with genotype-1 infection with favourable safety profile [26]. 
Consequently, in April 2017, the FDA approved SOF/LDV and SOF/ribavirin for HCV 
treatment in paediatric patients aged 12–17 years [27]. SOF/LDV had 98–100% SVR12 
rate in adolescents [28–33]. SOF/LDV SVR12 rate sometimes differs in special sub-
populations where its SVR12 rate in adolescent beta-thalassemia major patients was 
previously reported to be 89% (95% confidence interval (CI) 74–100%) [34]. Later 
in 2017, a clinical trial of glecaprevir (GLC)/pibrentasvir (PBR) for 8–16 weeks in 
adolescents were launched. Glecaprevir/pibrentasvir was approved for use in adoles-
cents in April 2019 [35]. After about one year, SOF/velpatasvir (VLP) was approved in 
March 2020 [36].
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Until the current date, only four DAAS based regimens were approved in paedi-
atric patients namely, SOF/ribavirin, SOF/LDV, GLC/PBR and SOF/VLP [27, 35, 36]. 
In April 2017, SOF/ribavirin and SOF/LDV were approved in adolescents weighing at 
least 35 Kg. Afterwards, the FDA approved the pan-genotypic GLC/PBR in adoles-
cents weighing at least 45 Kg and approved SOF/LDV use in children starting from 
the age of 3 years. The last milestone in the DAAs development process in paediatric 
patients was the approval of the pan genotypic SOF/VLP in children starting from 
the age of six years [27, 35–37].

2.1.6.2 HCV treatment in thalassemia

Before April 2017, the only available HCV treatment for paediatric patients was 
interferon-alfa 2b/ ribavirin-based regimen. Ribavirin based regimens were of 
limited applicability in thalassemia patients due to ribavirin haematologic side effects 
which include haemolysis. Interferon monotherapy had about 30% success rate in 
terms of sustained virologic response 12 weeks post-treatment (SVR12). Ribavirin 
use in thalassemia patients lead to higher SVR12 at the expense of increased blood 
requirements during the treatment period [22].

Before the approval of direct acting antivirals (DAAs) based regimens in April 
2017, thalassemia paediatric patients were supported by different hepatoprotective 
agents to counteract HCV induced liver fibrosis and cirrhosis until the initiation 
of therapy. Hepatoprotectives were also recommended as an adjunct to DAAs 
based therapy to stop the progression of liver fibrosis after SVR12 achievement. 
Hepatoprotective agents include some plant derived compounds such as silymarin, 
silibinin, and Curcumin, antioxidants, such as N-acetyl cysteine, L-carnitine, and 
vitamin E and some drugs such as metformin hydrochloride [23, 38, 39].

After adulthood, many DAAs based regimens are available nowadays. HCV 
treatment in selected based on evidence based medicine [2]. Selection of DAAs 
based regimen is mainly dependent on the HCG genotype, patient’s cirrhosis previ-
ous treatment trials. Many regimens achieved SVR12 rated exceeding 90% with 
acceptable safety level. SVR12 in thalassemia patients after DAAs based regimens 
were reported to be 80–100%. These regimens include SOF/LDV, SOF/DAC, SOF, 
SOF/simeprevir (SIM), elbasvir/grazoprevir and ombitasvir/pibrentasvir/glecap-
revir [34, 40–46]. The interest in investigating the reasons behind treatment failure 
among thalassemia patients is growing.

The WHO set a goal and targeted to eliminate HCV by 2030 [10]. To eliminate 
HCV infection, treatment should be offered and optimised not only in the gen-
eral population, but also in special sub-populations. Thalassemia patients have 
an increased risk of multi-transfusion acquired HCV, particularly in resource 
limited settings, and an increased risk of its hepatic complications. In addition, 
their congenital disease nature may influence the pharmacokinetics of some 
drugs [3, 20, 22, 47].

2.1.6.3 Pharmacokinetic considerations in thalassemia

Thalassemia’s effect on the pharmacokinetics of drugs might be attributed to 
haemolysis, hyperdynamics, altered plasma protein binding, splenectomy, blood 
transfusion or drug–drug interactions [1, 20].

Some anti-HCV prodrugs are activated in the RBCs such as SOF [48]. 
Consequently, SOF activation might be altered in thalassemia patients.

Thalassemia induced hyperdynamics was found to increase the cardiac index 
by 60% in beta-thalassemia major patients. Since the hepatic blood flow comprises 
about 25% of the cardiac output, it was expected to rise consequently [18, 19, 49]. 
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Since the hepatic metabolism of high extraction ratio drugs is flow dependent [50]. 
Therefore, hyperdynamics-enhanced hepatic blood flow might affect the clearance 
of high hepatic extraction ratio anti-HCV drugs such as SOF and LDV.

During the hyperdynamic phase, thalassemia patients were also found to go 
through initial renal hyperfiltration. Renal hyperfiltration might enhance the 
clearance of renally eliminated drugs such as SOF metabolite GS-331007 [51, 52]. 
Eventually, thalassemia patients suffer from renal impairment secondary to chronic 
anaemia, iron overload and iron chelators induced nephrotoxicity [17].

Thalassemia induced iron overload might alter the plasma protein binding of 
highly plasma protein bound anti-HCV drugs such as LDV, telaprevir, asunaprevir, 
DAC, ombitasvir, elbasvir, VLP, and dasabuvir that are at least 99% plasma protein 
bound [53, 54]. Blood transfusion might also alter the steady state of regularly 
administered drugs.

Moreover, splenectomy was proved to affect the pharmacokinetics of some 
iron chelating drugs [55]. The effect of splenectomy on anti-HCV drugs needs 
further research. It has been found that splenectomy does not affect the pharma-
cokinetics of SOF/LDV [56] but its effect on other anti-HCV drugs needs further 
investigation.

In conclusion, thalassemia may affect the pharmacokinetics of some anti-HCV 
drugs such as SOF, SOF metabolite GS-331007 and LDV [56] and some aspects still 
need further studies such as plasma protein binding alteration, blood transfusion 
effect on the drugs levels, splenectomy effect and drug–drug interactions.

3. Conclusions

Many challenges still awaiting thalassemia HCV micro-elimination model. More 
research is still required to rationalise treatment failure.
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