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Abstract 
Health risks associated with ionising radiation is a growing concern. Fluoroscopically guided 

interventions such as endovascular aortic repair (EVAR) is associated with radiation exposure, 

particularly thoracoabdominal repairs using branched and/or fenestrated stent grafts. 

 

Conventional methods of measuring radiation exposure such as personal dosimeters or dose 

area product (DAP) do not give a true reflection of the biological effect of radiation exposure. 

In contrast, bio-dosimetry directly measures the effects of radiation exposure in biological 

specimens such as circulating lymphocytes, which are sensitive to radiation exposure and 

exhibit upregulation of DNA damage biomarkers such as γ-H2AX when exposed to ionising 

radiation (Beels, et. al., 2009) 

This study aimed to measure DNA damage/repair biomarkers in patients and operators after 

radiation exposure associated with EVAR.  

 

The expression of DNA damage/repair markers, γ-H2AX and phosphorylated ataxia 

telangiectasia mutated (pATM), was quantified in circulating lymphocytes in patients and 

operators during the peri-operative period of endovascular repair and compared with open 

aortic repair using flow cytometry. The role of leg shielding in radiation protection was 

assessed separately measuring these markers in the same operators wearing leg lead shielding 

and compared with those operating with unprotected legs. Susceptibility to radiation damage 

was determined by irradiating operators' blood in vitro. 

 

γ-H2AX and pATM levels increased significantly in patients and operators immediately after 

EVAR and recovered after 24 hrs. There was no change in γ-H2AX or pATM expression after 

open repair. Leg protection abrogated γ-H2AX and pATM response after branched 

endovascular aortic repair/fenestrated endovascular aortic repair. The expression of γ-H2AX 

varied significantly when operators' blood was exposed to the same radiation dose in vitro. 

 

This is the first study to measure the acute DNA damage response in patients and operators 

after fluoroscopically guided aortic procedures and highlights the protective effect of leg 

shielding. Defining the relationship between this response and cancer risk may better inform 

safe levels of chronic low-dose radiation exposure and help to tailor individualised radiation 

protection strategi 
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CHAPTER 1 

General Introduction 
 
The health risks associated with medical ionising radiation exposure are increasingly 

worrisome for both patients and practitioners. Minimally invasive, fluoroscopy-guided 

interventional procedures have increased treatment options for patients. However, the resulted 

radiation exposure to both patients and staff has raised concerns about deleterious effects such 

as an increased incidence of cancers.  

Endovascular aortic aneurysm repair (EVAR) is a minimally invasive alternative to open 

surgical repair of the aortic aneurysm, but a long-term follow up study suggested that patients 

are more likely to develop cancer after EVAR, compared with open surgical repair.1 While 

patients are exposed to a single high radiation dose during the index procedure, operators, 

performing procedures such as EVAR, are chronically exposed to lower doses over the course 

of their career. In a similar vein as patients, epidemiological studies of interventionists 

performing fluoroscopically guided procedures describe a higher incidence of malignancy, 

including brain and breast cancers.2 - 4  

 

1.1 Aortic Aneurysms 
1.1.1 Background 

Aneurysmal degeneration of the aorta can be a life-threatening condition caused by a dilatation 

(usually >1.5-fold normal diameter) that can affect any part of the aortic tree and eventually 

cause rupture with sufficient enlargement. Aortic aneurysms can be classified as infra-renal, 

juxta-renal, supra-renal and thoracoabdominal depending on their extent (Figure 1.1).  
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Figure 1.1 Different types of aortic aneurysms 
Types of aortic aneurysms are infra-renal, juxta-renal, supra-renal and thoraco-abdominal.  
 

Abdominal aortic aneurysms (AAAs) are mainly below the level of renal arteries (infra-

renal), whilst less than 10% are above the renal arteries (supra-renal).5 Juxtarenal AAAs are 

aneurysmal adjacent to the renal arteries. AAA is a disease of elderly males (sex ratio 6:1) and 

infra-renal aneurysms, for example, with a prevalence of up to 1.3% in the UK National 

Screening Programme, and 5% in the USA.6 – 8 When AAA ruptures, it is potentially fatal, with 

mortality rates up to 90%.9 Currently, around 7,000 people in England and Wales die each year 

as a result of ruptured AAA.10 

Elective aneurysm repair is preferred for the management of large aneurysms as emergency 

repair of ruptured aneurysms carries a high mortality and morbidity. However, aortic surgery 

is associated with risks, and therefore, elective AAA repair is not recommended until the risk 

of rupture exceeds the risks associated with the repair, which is when aneurysm diameter 

exceeds 5.5 cm.11,12 Other factors, such as age, rate of aneurysm expansion, and co-morbidities 

are also important to consider elective AAA repair. 

 
1.1.2 Endovascular aortic repair (EVAR) 

Endovascular aortic aneurysm repair (EVAR) was first described by Voldos and colleagues in 

1986 and Parodi and colleagues in 1991.13 EVAR uses an intraluminal stent-graft prosthesis 

that is inserted via a transfemoral or transiliac approach to exclude the aneurysmal segment of 

the aorta from the systemic circulation using a stent-graft, which could be placed below the 

renal vessels (Infra-renal), or more complex stent grafts that have fenestrations or branches to 

perfuse the visceral vessels (FEVAR and BEVAR) (Figure 1.2), in order to prevent aneurysm 

rupture. Between 2000 and 2010, the use of EVAR increased from 5% to 74% of all AAA 

repairs in the USA.14 - 16 Examples of endovascular abdominal aortic aneurysm repair are infra-

renal (IEVAR), fenestrated (FEVAR), and branched (BEVAR).  
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Figure 1.2 Examples of endovascular stent grafts (Adapted from CookMedical.com and 
Timaran et al, 2017) 
Examples of endovascular abdominal aortic aneurysm repair are infra-renal (IEVAR), 
fenestrated (FEVAR), and branched (BEVAR)  
 

Infrarenal EVAR (IEVAR) 

Infrarenal EVAR (IEVAR) is used for aneurysms with an adequate length of the healthy 

infrarenal aorta (>15mm) before the aneurysm begins. This allows a safe landing zone for the 

proximal end of the prosthetic stent-graft in a healthy segment of the aorta to provide an intact 

repair to avoid endoleaks or compromising renal perfusion.    

IEVAR procedure involves deployment of covered metallic stent-graft below the renal arteries 

proximally and either to the aorta, bi-iliac or uni-iliac arteries distally.17 - 19  

 

Complex endovascular aortic repair  

Juxtarenal and thoracoabdominal aortic aneurysms (TAAAs) involve the visceral branches 

(e.g. Renal, SMA and Coeliac arteries), and when these complex aneurysms are repaired with 

open surgery, this is associated with significant morbidity and mortality.20 – 22 Endovascular 

repair such as fenestrated and branched endovascular aortic repairs provide a good option for 

those patients who might not be deemed fit for open surgery 

 

Fenestrated EVAR (FEVAR) is used for cases with <10mm infrarenal neck and juxtarenal 

aneurysms. They are patient-specific custom-made grafts to incorporate the renal vessels, 
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coeliac and superior mesenteric arteries. All branches reinforced with covered balloon-

expandable stents. 

These special stent-grafts allow blood flow to visceral vessels through fenestrations through 

the graft material. It can be challenging to align the fenestration with the branch vessel during 

stent deployment, and in maintaining alignment with the vessel during the repair, to ensure 

long-term branch patency.23  

 

Branched EVAR (BEVAR) are stent grafts that are typically used for thoracoabdominal aortic 

aneurysm repair. A main stem stent-graft is used to exclude the aneurysmal segment. Then 

visceral vessels, e.g., Coeliac and SMA, are cannulated either antegrade from the arm or 

retrograde transfemoral/transiliac. Once the branch vessels cannulated, bridging stents are 

deployed into these visceral branches. FEVAR and BEVAR are advanced techniques to treat 

challenging anatomy, mainly in high-risk patients.  

 

1.2 Physics of Ionising Radiation (IR) 
1.2.1 Definition and background 

Ionising radiation (IR) is described as radiation that has adequate energy to dislodge an electron 

from molecules. Free electrons can cause harm to affected cells. IR can provoke adverse health 

risks, such as skin injuries, cancer, and cataract. Nuclear bomb survivors also experienced 

cardiovascular disease and stroke after exposure to high radiation dosages.24 

In 1895, Nobel Prize winner Wilhelm Conrad Roentgen (1845-1923) was examining the 

electrical discharge created in a glass tube. The free electrons generated in this tube were a 

form of radiation and called cathode rays. These electrons made a fluorescent screen glow, 

which Roentgen named these invisible emissions X-rays.24 

 

1.2.2 Types of Radiation  

Radiation could be either ionising or non-ionising, depending on its capacity to ionise 

materials.25 – 26 Ionising radiation is further divided into two main categories, directly and non-

directly ionising radiation.  

 

Directly ionising radiation is caused by charged particles which can ionise atoms directly. 

Charged particles could be either Alpha (a) or Beta (b) particles. Alpha particles are produced 
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as a result of alpha decay, and consist of two protons and two neutrons, and they are highly 

ionising with low penetration (less than 0.1mm).27  While beta particles are produced from beta 

decay and are high energy electrons which have less of an ionising effect, but penetrating more 

compared with alpha particles.28  

 

Indirectly ionising (neutral particles), on the other hand, are electrically neutral, and 

therefore they are unable to interact with the matter directly, and their effect occurs mainly via 

secondary ionisation. Examples of neutral particles are photons, neutrons, gamma and x-rays.  

Photons have the ability to deposit all or part of their energy via interaction with electrons, 

causing their ejection. The ejected electron becomes a secondary beta particle that is able to 

ionise other atoms; therefore, photons are called indirect ionising particles.29 Gamma rays are 

produced by a nuclear reaction or radioactive decay within the nucleus of an atom. They can 

carry high energy with high penetration to cause human body tissue damage and can only be 

stopped by dense materials such as lead or concrete.30  

X-rays are generated in the electron fields outside the nucleus and have a lower energy than 

gamma rays, inducing their effect through photoelectric absorption. They are the most common 

type of ionising radiation used in diagnostic and interventional medical appliances.31  

Neutrons are also produced by nuclear reactions and have high penetration, resulting in the 

production of protons and gamma radiation.32 When neutrons interact with protons in hydrogen 

atom via linear energy transfer (LET), this causes indirect ionisation of the hydrogen atoms 

and production of ionising photons.33 

 

Alternative classification of radiation 

Linear energy transfer (LET) describes the amount of energy released by a radioactive particle 

or wave over the length of its decay track. There are two types of LET: (i) High LET radiation 

such as alpha and beta particles, which can deposit high energy within the volume of one cell 

that results in a higher level of DNA damage in a localised area and (ii) Low LET radiation 

such as X-rays and gamma rays, which induce ionisation through depositing their energy over 

a longer course producing diffuse DNA damage. The localised DNA damage caused by intense 

ionisation from high LET is more challenging to repair compared with the diffuse DNA 

damage caused by the sparse ionisation induced by low LET radiation.34 The National 

Academy of Sciences Committee defines low dose ionising radiation when it is below 100mSv 

of low LET.35 
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1.2.3 Units used to describe radiation dose 

There are many units to define the amount of radiation produced or received, for example, 

Radioactivity is a measure of the amount of ionising radiation released by a matter by counting 

the number of atoms produced from the material decay in a given time. The units of 

measurement are the curie (U.S.) and Becquerel (standard international unit, SI).  

While radiation exposure is the amount of radiation travelling through the air. The units of 

exposure are the Roentgen (U.S.) and Coulomb/kilogram (SI).  

Absorbed dose describes how much radiation absorbed by an exposed object. The units for 

absorbed dose are the rad (U.S. unit) or the Gray (Gy, SI).  

Whereas, the effective dose is the amount of radiation absorbed by the person, adjusted to the 

type of radiation and the effect on exposed organs. The units for the effective dose are rem 

(U.S. unit) or Sievert (Sv, international unit).  

Dose area product (DAP) is the absorbed dose as a product of the area irradiated. The unit of 

dose area product is Gray/squared centimetre (Gy.cm2). DAP is considered as one of the main 

conventional methods to assess the absorbed dose of radiation from medical equipment as it is 

automated and easily measured, with the permanent installation of a DAP meter on the X-ray 

source. That is why DAP can be used as a tool for comparison of different diagnostic and 

interventional procedures within the same institution or various institutions.36 

 

1.2.4 Methods of measuring radiation  

There are many ways to detect radiation and measure it. 

The Geiger Counter or Geiger-Muller tube is the most common radiation detection tool used. 

When the Geiger counter detector identifies ionisation, an output pulse causes meter readings 

and audio signals.  

The Geiger counter is composed of a hollow inert gas-filled chamber fitted with a thin window 

at one end. There is a constant high voltage between the chamber exterior wall and an internal 

electrode, and radiation that passes through causes the filling gas to conduct by ionising it. The 

ionisation is amplified within the tube by a process called the Townsend discharge that results 

in a signal that is processed and displayed electronically. The main disadvantage of the Geiger-

counter is that different ionising sources and exposure results in the same size output pulses. 

Therefore, the meter does not differentiate between the various types of radiation.37  
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The Film Badge is considered as one of the first devices used to monitor occupational radiation 

exposure. Film badges consist of a film with an emulsion coating and a special metal filters 

used in an X-ray film holder. These badges require regular calibration of exposure in order to 

provide an accurate radiation dose measurement. Emulsions offer recording doses of radiation 

over long periods of exposure time. In order to identify the radiation dose that is detected by 

the film badge accumulated over some time, the density of the exposed film is compared with 

a matching film exposed to a known radiation dose.38 

 

The Thermoluminescent Dosimeter (TLD) badge is currently the most commonly used 

method in measuring and monitoring medical staff occupational radiation exposure. 

Thermoluminescence occurs when the TLD crystal is exposed to radiation and absorbs the 

energy produced from the radiation, leading to excitation of the crystal atoms. This atomic 

excitation results in the production of free electrons and holes in the thermoluminscent crystal. 

These electrons are trapped by the imperfections of the crystal lattice, which keeps the 

excitation energy within the crystal. TLD provides a measure of the amount of radiation it is 

exposed to when the crystal is heated, and the intensity of the resulting luminescence measured 

with a TLD reader (Figure 1.3).39 TLDs have many forms and shapes to facilitate usage, for 

example operators can use them as badges over the lead, wear them as rings or mount them 

over their protective goggles to measure different parts of the body radiation doses.  

 

           
Figure 1.3 Examples of Thermo-luminescent Dosimeter (TLD) Badges (Adapted from 
Public Health England, Body Thermoluminescence Dosimeter, 2018) 
Thermo-luminescent Dosimeter components and its different forms that operators can wear as 
rings and mount over their protective goggles measure different parts of the body radiation 
doses. 
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The Optically Stimulated Luminescence (OSL) badge is able to measure doses as low as 

0.01mSv, and similar to TLD, after exposure to radiation, the amount of radiation is measured 

by exposing OSL to laser light, which causes the aluminum oxide to luminescence. The 

intensity of luminescence is proportionally related to the amount of radiation absorbed. 

Individualised OSL badges are used by operators to monitor their accumulated radiation doses, 

and they can be worn over the lead usually in the chest and/or neck area (Figure 1.4).39  

                                           
                                          

Figure 1.4 An example of Optically Stimulated Luminescence (OSL) Badge 

 

Pocket Dosimeters provide an immediate reading of the radiation dose. The most commonly 

used types are: 

Direct Reading Dosimeter (DRD) has a charged quartz fibre that can be displaced 

electroscopically by charging it to a potential of about 200 V.  An image of the fibre is focused 

on a scale and is viewed through a lens. When the dosimeter is exposed to radiation, the fibre 

discharges and it slides returning to its original position. The amount discharged, and 

consequently, the change in position of the fibre is proportional to the radiation dose. DRDs 

provide an immediate measurement of radiation dose, but they are fragile devices that might 

leak and require regular calibration and leakage checks.39 

 

Digital Electronic Dosimeter (DED) measures instant radiation exposure and can provide real-

time dosimetry. DED stores dose rates from 1μSv/hr to 10mSv/hr and also displays the 

cumulative dose. The real-time dosimeter is an excellent example of electronic dosimeters, 

where the dosimeter measures and records dose and dose rate every second. Data is transferred 

to the real-time display during procedures so staff can continuously monitor their radiation 

exposure and modify their behaviours accordingly (Figure 1.5).39 
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Figure 1.5 An example of real time dosimeter (Adapted from RaySafe Real-time 
Radiation Dosimeter, https://www.raysafe.com/products/real-time-dosimetry-systems) 
An operator is wearing a real time dosimeter and monitoring his received radiation doses on 
a monitor intra-operatively.  
 

1.2.6 Background exposure to ionising radiation 

Humans are continuously exposed to background radiation every day from many natural 

sources such as the ground, building materials, air, the universe, and elements in human bodies. 

This is in addition to human-made sources of radiation such as medical diagnostic and 

therapeutic procedures, nuclear industry (Chernobyl in 1986), and nuclear weapons (atomic 

bombings of Hiroshima and Nagasaki in 1945 and atomic weapons testing).  

That natural background radiation mainly comes from cosmic ray particles and radionuclides 

that originated from the earth's crust. While human practices such as phosphate fertiliser 

production, fossil fuel combustion, nuclear power plants and weapons increase levels of 

radioactive residues, which add to the background radiation. Workers who are exposed to either 

of these sources, e.g.  aircraft cabin crew and nuclear industry workers suffer from higher levels 

of background radiation with subsequent increased rates of radiation induced health risks 

among these workers such as cancer in the skin, breast and leukaemia.24 

In 2010, Public Health England reported that the UK individual dose from all sources of 

ionising radiation was about 2.7 mSv per year. 84% of this dose was from natural sources of 

radiation, while 16% is the result of patient exposure during diagnostic and therapeutic medical 

procedures. Occupational exposure contributed to less than 1%.40 

 
1.2.7 Radiation exposure during endovascular aortic aneurysm repair  

EVAR is done under fluoroscopy guidance using a mobile C-arm image intensifier or a fixed 

imaging system in a hybrid suite. IEVAR is associated with relatively short operative time, 
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with x-ray fluoroscopy time ranging from 2.4-161mins.41 - 42 Studies have reported absorbed 

radiation doses during IEVAR with a wide variation of DAP ranging between 12.2-

271Gy.cm2.43 - 46  

Carrying out complex endovascular aortic aneurysm repair (BEVAR/FEVAR) procedures can 

be challenging and might require prolonged fluoroscopy guidance and, consequently, higher 

radiation exposure to patients and medical staff. The amount of radiation, measured by DAP 

and fluoroscopy time, proportionally increased with the procedure's complexity.47 The 

absorbed radiation dose measured by DAP was higher during BEVAR/FEVAR procedures 

than infrarenal and thoracic aneurysm repair (IEVAR and TEVAR).42 - 43 There is no reported 

difference in radiation exposure measured by fluoroscopy time, digital subtraction angiography 

acquisition time, and DAP between FEVAR and BEVAR procedures.48  Type II and III 

endovascular TAAA repair result in higher DAP and longer fluoroscopy time compared with 

type IV TAAA (1006 vs. 642Gy.cm2 and 141 vs. 82mins, respectively).49   Operators are 

exposed to significantly higher radiation levels both over and under their lead garments than 

the assistant and anaesthetist during EVAR procedures.50  The head dose is also significantly 

higher in operators than their assistants when they performed complex endovascular repairs. 

The head dose is dependent on the operator's height, and there is an inverse relationship 

between height and head dose.48 In addition to operator height, other independent predictors of 

head dose include total digital subtraction angiography (DSA) acquisition time and left anterior 

oblique (LAO) and cranial positions.51  

 

1.3 Ionising radiation-induced DNA damaged 
1.3.1 Mechanisms of radiation-induced genomic damage 

Ionising radiation induces significant biological consequences at the cellular level, including 

chromosomal aberrations, mutations and apoptosis. Genome instability and damage can be 

caused through two different mechanisms: 

 

1.3.1.1 Direct DNA damage 

This occurs when ionising radiation causes direct deposition of energy in the DNA. This energy 

disrupts DNA structure by causing breaks in one or both of the sugar-phosphate backbones or 

break any of the DNA base pairs. The base pairs, adenine - thymine and guanine - cytosine are 

held together by weak hydrogen bonds. These bonds can be destroyed by ionising radiation. 
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The production of single or double-strand breaks depends on the total amount of energy in the 

ionising radiation.52 

 

1.3.1.2 Indirect DNA damage 

This is thought to be the main mechanism of radiation-induced DNA damage.53 It occurs when 

a photon interacts with a water molecule which causes loss of an electron from a water 

molecule. This interaction results in an ionised water molecule H2O+. Trapping of the electron 

by polarising water molecules produces a hydrated electron (eaq-). When the ionised water 

molecule interacts with another water molecule, it produces a highly reactive hydroxyl radical 

OH•, according to the reaction H2O+ + H2O → OH• + H3O+.54 These reactions produce various 

reactive oxygen species such as e-aq, H•, and OH•, which cause the DNA damage. 

The interaction between eaq- and H• and DNA bases results in various types of DNA damage. 

Hydroxyl radicals are highly unstable reactive molecules, and they react with the DNA causing 

damage to its bases and/or sugar moiety. If left unrepaired, this DNA damage can result in 

genetic instability and mutagenesis.55 - 56 

 

1.3.2 Types of radiation-induced DNA damage 

DNA damage refers to the alteration in the chemical structure of DNA. There are different 

types of DNA damage caused by either direct energy transfer or indirect damage resulted from 

the production and interaction with free radicals. DNA damage is counteracted by (i) the ability 

of cells to scavenge free radicals produced during ionisation before they induce any genomic 

damage; and (ii) the integrity of DNA repair mechanisms that are able to detect and rectify any 

DNA damage to prevent any long-term consequences of radiation-induced damage (Figure 

1.6).  
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Figure 1.6 Mechanisms of radiation induced DNA damage and its effects (Adapted from 
Patel et al, Charing Cross Symposium Book, 2017) 
Ionising radiation (IR) can cause DNA damage in cells via direct energy transfer and indirectly 
by production of reactive oxygen species. This activates the DNA Damage Response (DDR) 
pathway and upregulates a range of genomic and proteomic markers that can be detected 
within cells, including γ-H2AX and pATM. Misrepair of damaged DNA can produce 
chromosomal aberrations such as micronuclei, dicentrics and translocations.  
 

Types of DNA damage are as the followings: 

1.3.2.1 Base damage 

DNA is made of double-helical strands composed of a repeated pattern of nucleotides that is 

built from a deoxyribose sugar, phosphate groups, and nitrogenous base (adenine, guanine, 

cytosine, and thiamine).  

Ionising radiation induces reactive oxygen species production through indirect reaction with a 

water molecule. Hydroxyl radicals cause oxidative DNA base damage. This DNA damage is a 

type of chemical modification to the base of a nucleotide and considered as the most common 

type of genomic damage, for example, an estimated 120,000 base damage occur in the 6.5 Gbp 

nuclear genome of human liver cells per day.57 This DNA base damage could cause DNA 

malfunction and induction of genomic instability and mutagenesis.58 - 59 Damage can happen 

to any DNA base, although guanine is the most sensitive base because of its low reduction 

potential, making it the best electron donor and therefore more easily oxidised.60 - 63  

The hydroxyl (OH• radical) group, for example, affects guanine either by the addition of 

hydroxyl group to the C2-, C4-, C5- and C8- positions or by the abstraction of H• from the NH2 
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group attached to C2 (Figure 1.7).60, 61, 64 - 67 When a hydroxyl group is added to the guanine, 

this produces OH-adduct radicals, which change the guanine into either reducing or oxidising 

molecule.60, 61, 68  

 
Figure 1.7 Radiation induced guanine base oxidation (Adapted from Reisz et al., Antioxid 
Redox Signal, 2014) 
Once exposed to radiation, Guanine oxidation occurs either by addition of hydroxyl group to 
or by abstraction of H•. 
  

1.3.2.2 Single-strand breaks (SSBs) 

A single-strand break is a disruption in one strand of the DNA double helix and is associated 

with loss of a single nucleotide and damaged 5′ terminus and/or the 3′ terminus at the site of 

the break.78 Fortunately, the other intact DNA strand can be used as a template to guide the 

repair of the damaged strand. Free radicals are considered as one of the most common sources 

of single-strand breaks. There are two ways to induced single-strand breaks either by the 

breakdown of the oxidised sugar moiety or indirectly during the DNA base-excision repair 

(BER) of damaged bases. 
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The natural DNA repair process is usually efficient enough to repair radiation-induced single-

strand DNA breaks. However, if they are left unrepaired, this might lead to DNA base sequence 

disturbance, genetic mutations, and instability.69 - 71 

 

1.3.2.3 Double-strand breaks (DSBs) 

In contrast to single-strand DNA breaks, double-strand breaks are considered to be the most 

dangerous form of DNA damage, as they can lead to mutagenesis and cell death as they are 

more challenging to repair.72 

 Double strand breaks can be categorised as: (i) simple double-strand breaks which occur when 

there are two single-strand breaks (SSBs) within approximately 6-10 base pairs; and (ii) 

complex double-strand breaks, which are simple double-strand breaks (described earlier) in 

addition to other DNA damage lesions, e.g., base damage and single-strand breaks. Ionising 

radiation can produce a wide range of complex double-strand breaks.73   

High linear energy transfer (LET) is able to cause a wide range of complex double-strand 

breaks, which are more challenging to repair. This complex damage is different from low linear 

energy transfer induced complex double-strand breaks, as they are less complicated and 

relatively easier to repair.73 

The primary outcomes of any double-strand break are: (i) rejoining with complete repair;          

(ii) failure to rejoin and remain free, causing deletion mutation; or (iii) rejoining with another 

break resulting in chromosomal aberration.74  

 

1.3.3 Mechanisms of DNA damage repair 

Ionising radiation deposits energy into the exposed cell and generates reactive oxygen species, 

driving oxidative stress and damaging the cellular DNA.75  

DNA damage is a threat to cell integrity and function and may lead to mutation, cancer, and 

cell death. Therefore, in the event of DNA damage, a series of cellular responses are initiated 

to repair the damaged DNA and activate a cell cycle checkpoint response to avoid passing the 

damaged DNA to daughter cells. Unrepaired DNA damage might eventually lead to 

development of malignancies. Therefore, genome stability is dependent on intact repair 

mechanisms and checkpoint pathways.76 The mechanisms that repair damaged DNA are 

described below. 
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1.3.3.1 Base-Excision Repair (BER) 

BER is the mechanism that is responsible for repairing DNA base damage in order to protect 

cells against mutagenesis and genomic instability. It occurs in both nuclei and mitochondria. 

BER is an enzymatic mechanism to excise and repair the damaged base, and relies mainly on 

the action of four enzymes (Figure 1.8).76  

Human cell nuclei usually have 10-12 different DNA glycosylases to recognise different 

damaged bases or nucleotides modifications. For example, 8-oxoguanine glycosylase 1 

(OGG1) recognises 8-oxoguanine, and 3-methyladenine glycosylase (MAG1) recognises 3-

methyladenine base damage. In order to recognise a DNA base lesion, DNA is continuously 

scanned for lesions to identify any damaged nucleotide to be repaired. Once a base lesion is 

identified, DNA glycosylase then kinks the DNA strand by compressing the flanking backbone 

in the affected strand to flip out the abnormal nucleoside residue to place the damaged base in 

a specific recognition pocket to enable base excision.78 Base excision results in abasic sites as 

a result of base loss, e.g., apurinic or apyrimidinic (AP) sites leaving a gap. The repair of AP 

sites requires further steps to complete base excision repair.  

Glycosylases can be monofunctional or bifunctional. Monofunctional enzymes have only 

glycosylase activity, whereas bifunctional glycosylases also have AP lyase activity. Therefore, 

bifunctional glycosylases can treat a base lesion and converting it into a single-strand break 

without requiring any AP endonucleases.79   

After DNA glycosylase leaves abasic sites behind, AP endonuclease recognises and removes 

these abasic AP sites. Human cell nuclei have two categories of AP endonucleases, APE1 and 

APE2. APE1 is the main human apurinic-apyrimidinic endonuclease that is able to recognise 

and cleaves DNA lesions at the 5′ side of abasic sites.80 

AP endonucleases produce nicks in DNA on either side of the AP site. Nicking of the sugar-

phosphate backbone on either side of an AP site results in a free end. In order to remove these 

moieties during base excision repair, another type of enzymes called exonucleases is required 

that are able to repair and degrade DNA with free ends.88 In base excision repair, the 

exonuclease enzyme, deoxyribophosphodiesterase, removes the remaining free end of 

deoxyribose phosphate residue. This excision generates a gap in the DNA duplex of about one 

to five nucleotides. This gap is filled by DNA polymerase, and the strand is sealed by DNA 

ligase.81  

DNA polymerases are the enzymes responsible for the synthesis process of new DNA 

molecules from deoxyribonucleotides, as they create two identical DNA strands during the 

DNA replication process. DNA polymerase uses the existing intact DNA strand as a template 
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in order to replicate this intact DNA strand to create a new strand that matches the existing 

strand instead of the damaged one.82 - 87  

Pol β is the main human polymerase that is able to mainly reproduce short patch DNA synthesis 

as part of the base excision repair. Pol β also has the ability to connect with the noncatalytic X-

ray repair cross-complementing protein 1 (XRCC1) subunit of the XRCC1-DNA ligase III 

complex. This enables XRCC1 to recruit polymerases and ligases to the site of repair.88 – 90 In 

the absence of Pol β, Pol λ is able to replace Pol β and do its function in replicating new DNA 

nucleotide.91, 92 These enzymes are members of the Pol X group and are able to synthesise a 

single nucleotide only. 

During DNA base excision repair, there are two types of patch repair: (i) short DNA patch 

repair, which includes inserting one new DNA nucleotide, and (ii) long DNA patch repair, 

which includes reproducing between 2 and 10 new nucleotides. Long DNA patch repair is 

carried out by polymerases (pol δ and pol ε) in coordination with proliferating cell nuclear 

antigen (PCNA), the same polymerases that carry out DNA replication.79, 93  

DNA ligases facilitate the joining of two DNA strands by formation of a phosphodiester bond 

to fully repair the DNA, on completion of the synthesis phase. DNA ligases not only take part 

in base damage but also single and double-strand damage repair.94 

There are 4 types of ligases. (i) DNA ligase I has a primary role in DNA replication is to ligate 

the nascent DNA of the lagging strand. (ii) DNA ligase II is produced through proteolytic action 

on DNA ligase III, and it has an essential role in DNA repair. (iii) DNA ligase III’s main 

function is to bind to XRCC1 to create the XRCC1-DNA ligase III complex to guarantee a 

stable binding to the DNA during base excision repair. (iv) DNA ligase IV is the only ligase 

that is able to take part in repairing double-strand breaks through binding to XRCC4 during the 

final step in the non-homologous end-joining repair pathway.95  
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Figure 1.8 Base excision repair pathways. (Adopted from Christmann et al., Toxicology, 
2003). 
Base excision repair (BER) is an enzymatic dependent process as the DNA damaged base is 
identified by DNA glycosylase which hydrolyse the N-glycosidic bond to remove the damaged 
base followed by preparing the damaged site for repair by the AP endonucleases and then 
synthesis and joining of a new base by DNA polymerases and nucleases.  
 
 

1.3.3.2 Nucleotide-Excision Repair  

This is one of the main DNA repair mechanisms that removes DNA damaged nucleotide 

induced by ionising radiation.96, 97 When a damaged nucleotide is identified, the repair 
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mechanism removes a short segment of single strand DNA that contains the affected 

nucleotide. Similar to base excision repair, DNA polymerase uses the intact single-strand DNA 

as a template to replicate a short complementary sequence instead of the resected damaged 

segment. DNA ligases carry out the final step of nucleotide excision repair by ligating the DNA 

strands together to form a double-stranded DNA (Figure 1.9). 

 

There are 9 major proteins involved in nucleotide excision repair in mammalian cells. If any 

of these proteins are absent, this will consequently lead to defected repair mechanisms and 

accumulation of unrepaired and/or miss-repaired lesions that eventually lead to disease. 

Therefore, protein names are associated with the resulting disease. For example, Xeroderma 

Pigmentosum proteins A-G (XPA, XPB, XPC, XPD, XPE, XPF, and XPG) are essential in the 

processes of DNA damage nucleotide excision repair. Patients with Xeroderma Pigmentosum 

can carry mutations in any of the transcription genes that produce these proteins.98   

 

Nucleotide excision repair has two main pathways: global genomic nucleotide excision repair 

(GG-NER) and transcription-coupled nucleotide excision repair (TC-NER).99 - 100 The main 

difference between these two pathways is in the mechanism of identifying the damaged 

nucleotide in the DNA strand. However, they share the same process for lesion excision, repair, 

and ligation.  

 

Global genomic nucleotide excision repair (GG-NER) is able to carry out the repair process 

in damaged transcribed and untranscribed DNA strands in either active or inactive genes. 

Sensor proteins such as DNA-damage binding (DDB) and Xeroderma Pigmentosa C and UV 

excision repair protein RAD23 homolog B (XPC-Rad23B) complexes frequently scan the 

genome to identify any damage. Once the damaged site is identified, repair proteins are 

recruited to the damaged site, and the same steps as base excision repair continue to excise the 

damaged segment and replace it with a new segment.101, 102  

 

Transcription coupled nucleotide excision repair (TC-NER) is mainly responsible for the 

repair of damaged nucleotides in the transcribed strand of active genes. Contrasting to global 

genomic nucleotide excision repair, transcription-coupled nucleotide excision repair does not 

require sensor proteins such as XPC or DDB to identify damaged sites. When RNA polymerase 

stalls at the damaged site on the DNA strand, it acts as a sensor protein and activates the 

transcription-coupled nucleotide excision repair process.103 - 104 
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Transcription factor II H (TFIIH) is the key enzyme involved in dual excision. Xeroderma 

Pigmentosa protein G (XPG) is the first recruited to the lesion site, which stabilises TFIIH to 

the damaged segment. The TFIIH subunits of Xeroderma Pigmentosa proteins D and B (XPD 

and XPB) act as a 5'-3' and 3'-5' helicase, respectively to unwind the DNA. 

This allows XPG, which has endonuclease activity to excise the damaged DNA segment on 

the 3' side. At the same time, the Xeroderma pigmentosa F-Excision repair cross 

complementation group 1(XPF–ERCC1) complex protein removes the damaged nucleotide on 

the 5' side. This leads to the removal of a damaged segment with a single strand gap of 25~30 

nucleotides, leaving a gap behind for further repair steps.  

Replication factor C (RFC) then recruits the Proliferating Cell Nuclear Antigen (PCNA) to the 

DNA strand. This, in turn, activates DNA polymerases (δ, ε, and/or κ) to use the intact DNA 

strand as a template to reproduce a new segment. Once a new segment is synthesised, DNA 

ligases such as DNA ligase I and Flap endonuclease I or DNA Ligase-III-XRCC1 complex fill 

the gaps to complete nucleotide excision repair.105 
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Figure 1.9 Nucleotide excision repair mechanisms (Adapted from Iyama et al., DNA 
repair (Amst), 2003).  
Nucleotide excision repair mechanisms involve two pathways: (i) GG-NER that has XPC-
RAD23B which identified DNA damaged nucleotide, while (ii) TC-NER is initiated by stalling 
of an elongating RNAP at the damage site. Then TFIIH complex is recruited to promotes 
opening of the DNA duplex around the lesion, facilitating recruitment of endonucleases such 
as XPF–ERCC1 and XPG, to incise the 5’ and 3’ ends of the damage site. This followed by 
new nucleotide synthesis by DNA polymerase prior to sealing the gap site by either XRCC1–
LIG3α or a FEN1–LIG1 complex.  
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1.3.3.3 The DNA mismatch repair (MMR) 

During DNA synthesis, DNA polymerases sometimes leave faulty base-base mismatches. In 

order to avoid leaving these faulty lesions behind, the DNA mismatch repair mechanism is 

responsible for removing these base–base mismatches.106 -109 After completing DNA synthesis, 

the newly produced strand is scanned for errors, which is identified by the mismatch repair 

mechanism. 

Mismatches result from spontaneous deamination of 5- methylcytosine and heteroduplexes 

formed following genetic recombination. Mismatch repair process dysfunction results in 

spontaneous mutations and increased microsatellite instability (MSI). For example, mutations 

in mismatch repair genes cause a predisposition to hereditary nonpolyposis colorectal 

carcinoma (HNPCC).   

 

Similar to base and nucleotide excision repair mechanisms, in the mismatch repair process, the 

DNA lesion (base-base mismatch) is identified by the MSH2-MSH6 complex (known as MutS 

alpha-beta) proteins. Following lesion identification, further recruitment of mismatch repair 

proteins, such as MLH1-PMS2 (MutL alpha-beta), DNA polymerases, and replication factors, 

e.g., proliferating cell nuclear antigen (PCNA).110, 111 DNA mismatch lesion is resected, and a 

new DNA segment is replicated using an intact template strand is performed by PCNA, 

Replication factor C, and DNA polymerases δ and ε.112, 113  

 

1.3.3.4 Repair of single-strand breaks  

Reactive oxygen species are considered to be the most common cause of single-strand breaks, 

which occurs by destroying deoxyribose residues. Intact DNA repair mechanism identifies sites 

of single-strand breaks to recruit the same proteins as base excision repair for excision of 

damaged single-strand and replication of newly produced strand using the other intact strand 

as a template as mentioned earlier.114  
 

1.3.3.5 Repair of double-strand breaks 

Ionising radiation causes mainly single-strand breaks, with only about 5–7% as many double-

strand breaks as single-strand breaks.115, 1116 Double-strand breaks activate the DNA repair 

process and cell cycle checkpoints. The majority of double-strand breaks induced by low linear 

energy transfer (LET) radiation are re-joined within 30-60 min, whereas less than 20% require 

a longer time to be repaired and may persist more than 24 hrs.117 - 122  
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Immediately after exposure, DNA damage activates the damage sensor Mre11-Rad50-Nbs1 

(MRN) complex, which rapidly phosphorylates ataxia telangiectasia mutated (ATM) protein. 

ATM is considered as the upstream protein that upregulates the activity of many downstream 

proteins that play a role in cell cycle checkpoints activation, resulting in DNA damage-induced 

arrest at G1/S, S, and G2/M to provide a chance to the DNA repair process.123 – 129 There are 

two main pathways to repair double-strand breaks, (i) non-homologous end-joining (NHEJ) 

and (ii) homologous recombination (HR)(Figure 1.10). 

 

1.3.3.5.1 Non-homologous End-Joining (NHEJ) 

Non-homologous end-joining is the primary pathway to repair double-strand breaks. It is 

activated by the recruitment of sensor proteins, such as Ku70/80 and DNA-Protein kinases 

(DNA-PKcs), to the double-strand break site, followed by repairing the double-strand break by 

the MRN complex.130, 131 Then gap filling by polymerases m and I, and ligation with Ligase 

IV, X-ray repair cross-complementing protein 4 (XRCC4), and XRCC4-like Factor (XLF).132 

Non-homologous end-joining operates via (i) a fast process which involves Ku70/80, and 

DNA-PK, and (ii) a slower process involves MRN, DNA-binding proteins, and exonucleases 

that repair more complex breaks.133 - 136 

 

Fast NHEJ reaction: Double-strand breaks begin to rejoin rapidly after irradiation, with half- 

time of about 10 mins or less.137 This rapid rejoining involves the accumulation of sensor 

proteins Ku70/80, which is recruited to all double-strand breaks, and DNA-PKs that are 

recruited and take part only in the repair of more complex breaks. End-binding proteins such 

as DNA ligases are also recruited to the site of the break, and it forms a complex with the 

cofactor XRCC4, to join the two ends.118, 138, 139   

Slow NHEJ Reaction: After the rapid phase of rejoining is complete, persistent unrepaired 

double-strand breaks are repaired by a slower non-homologous end-joining pathway, which 

has a half-time of several hrs. Phosphorylated ATM activates NBS1, which activates MRN 

complexes at the double-strand breaks.  MRN complexes have endonuclease and DNA-binding 

activity. Therefore, they are involved in the slower repair of persistent double-strand breaks 

that cannot be repaired by the fast non-homologous end-joining mechanism.130 

1.3.3.5.2 Homologous Recombination (HR) 

It is a genetic recombination process in which nucleotide sequences are exchanged between 

two similar or identical DNA molecules. It is the most common method for repairing double-
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strand breaks. It is a more complicated repair mechanism as it is dependent on matching the 

damaged DNA with its intact identical sequence in the sister chromatid after DNA replication 

Homologous recombinant remains a minor pathway for the repair of double-strand breaks 

caused by ionising radiation in somatic cells due to the low level of sister-chromatid exchange 

that is induced by X-rays and high-LET radiation.140 

The hRad51 protein plays an essential role in facilitating homologous pairing, in co-ordination 

with accessory proteins, such as hRad52, hRad54, XRCC2, and XRCC3.141 The repair of a 

double strand break by homologous recombination occurs by matching the broken ends of a 

damaged DNA strand with identical sequences of intact DNA. 

Both of the 5 ends of the double-strand break undergo nucleases degradation to produce 3'-

single-stranded DNA (ssDNA) tails. Then, Rad51 helps one of the 3'-ssDNA tails from the 

broken parental duplex to invade an intact homologous duplex and forms (displacement loop) 

D-loop structure. The second 3'-ssDNA tail could link to the displaced strand at the joint. 3' 

ends then prime new DNA synthesis using the intact duplex as a template. The broken and 

intact molecules are arranged according to their sequences and integrated by hRad51 that co-

ordinate the repair by invading the single strands to their homologues in order to produce X-

shaped four-armed structure called a Holliday junction. These Holliday junctions are four-

stranded branched structures, which is cleaved by a resolvase that cuts the crossed or non-

crossed strands, producing two intact double-strand DNA.142 - 144 
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Figure 1.10 Mechanism of double strand DNA breaks repair (Adpated from Hannes 
Lans, Jurgen A Marteijn and Wim Vermeulen, Biomed Central)  
DNA DSBs Repair involves two main pathways which are non-homologous end-joining 
(NHEJ) or homologous recombination (HR). Four main steps: recognition, end processing, 
strand invasions and DNA synthesis and ligation.  
 
 

1.3.4 Cell cycle checkpoints control in cells exposed to ionising radiation  

Cell cycle checkpoints are pathways that coordinate the order and timing of the cell cycle 

transitions to ensure completion of one cellular event prior to the beginning of another.   

Radiation-induced DNA damage delays the normal progression of the cell cycle and activates 

checkpoints pathways that inhibit progression of cells through G1 and G2 phases and causes a 

transient delay in the progression through S phase in order to give cells a chance to repair the 

damaged genome prior to proceeding to next step in the cycle.145, 146  
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The main function of these checkpoints is to recognise DNA damage and give a chance for its 

repair.147, 148 These checkpoints are mainly coordinated by checkpoints proteins such as: (i) 

Sensor proteins (e.g., Mre11–RAD50–NBS1 [MRN] complex and the BRCA1 protein) which 

recognise DNA damage and signal the presence of these abnormalities to initiate DNA repair 

cascade 136, 149, 150 (ii) Transducers are typically protein kinases that amplify the damage signal 

by phosphorylating downstream target proteins. ATM and ATR are of the phosphoinositide 3-

kinase (PI3K)-related family, which are immediately downstream kinases of the damage 

sensors. The key regulators of the checkpoint pathways in the mammalian DNA damage 

response are ataxia telangiectasia mutated (ATM) and ataxia telangiectasia and Rad3-related 

(ATR) protein kinases.151, 130 ATM is considered to be the main determinant of the early 

checkpoint response induced by ionising radiation damage, whereas ATR responds later to 

both ionising radiation and ultraviolet induced lesions.148 ATM mutation is associated with 

gross chromosomal abnormalities, radioresistant DNA synthesis, as well as a reduction in G1 

and G2 arrest, and (iii) Effector proteins that include the ultimate down-stream targets of the 

transducer protein kinases e.g. P53, MDM2, BRCA1, CHK2, MDC1 and NBS1.)  Once effector 

proteins get activated/phosphorylated by transducer protein kinases, they induce inhibition of 

cell cycle progression.152, 153 

 

G1 checkpoint 

The G1 checkpoint is considered as the restriction point in mammalian cells, where the cell 

becomes committed to entering the cell cycle. Cells with DNA damage show G1 delay prior to 

progression to S phase to allow time for repair and prevents replication of a damaged template. 

Initiation of cell cycle progression depends on the activation of two key regulatory kinases, 

CDK2 and CDK4, in association with cyclins E and cyclin D, respectively. Phosphorylation of 

target proteins by CDK4 and CDK2 promotes entry into S phase.154  

 

During the acute phase of the ionising radiation induced DNA damage response, activation of 

ATM leads to phosphorylation and activation of CHK2 which phosphorylates CDC25A 

leading to its degradation. In the absence of CDC25A, CDK2-cyclin E and CDK4-cyclin D 

complexes remain inactive, and the cell remains in G1 (Figure 1.11).155, 156 

A second G1 arrest mechanism also involves ATM and CHK2 through stabilising p53 by 

phosphorylation. The stable p53 then acts a transcriptional activator of several target genes, 

including p21, an inhibitor of CDK2-cyclin E complex (Figure 1.11).157 
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Figure 1.11 Mechanism of G1 checkpoint (Adapted from Nyberg et al., Annu. Rev. 
Genet., 2002) 
The G1 checkpoint stabilises p53 and induces Cdc25A degradation to maintain Cdk2 inhibitory 
phosphorylation to block Cdk2-cyclin E activity. Faded arrows represent blocked pathways. 
 

S phase checkpoint 

Ionising radiation induced DNA damage activates the S-phase checkpoint via at least two 

parallel pathways, both of which are regulated by ATM.158-160  

The first pathway is ATM/CHK2/CDC25 pathway, and it happens when radiation induced 

DNA damage activates ATM which phosphorylates CHK2, which in turn deactivate CDC25A 

by phosphorylation followed by degradation as mentioned in G1 checkpoint. Degradation of 

CDC25A maintains inactive phosphorylated CDK2 and stops it from interacting with either 

cyclin A or cyclin E, and blocks replication process by inhibiting CDC45, leading to delay in 

S phase progression (Figure 1.12).161, 162 

 

The second branch is ATM/NBS1/SMC1 pathway, which is independent of CDC25A, and 

requires the activities of both ATM and NBS1.158-160 After radiation exposure, ATM 

phosphorylates NBS1, and then phosphorylates structural maintenance of chromosome protein 

1 (SMC1) in an NBS1-dependent manner.158-160 Phosphorylated SMC1 may play a role in 
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removing the signal and participates in the replication elongation process by interrupting the 

connection between the template and the sister chromatid, thus slowing down the progression 

of the replication fork (Figure 1.12).159 

 

                      
Figure 1.12 Mechanism of S phase checkpoint (Adapted from Nyberg et al., Annu. Rev. 
Genet., 2002) 
S checkpoint involves two main ATM induced pathways, via NBS1 and CHK2 which block cell 
progression to G2 phase.  Faded arrows represent blocked pathways. 
 

G2/M checkpoint 

Entry into mitosis is dependent on the activity of the cyclin dependent kinase CDC2, as it is 

considered a key effector of the G2 checkpoint. When CDC2 binds to cyclin B, it leads to its 

activation which induces mitosis initiation.163 

After cell exposure to radiation, ATM recruited to DNA damage sites, and activates CHK2 and 

p53 to induce cell cycle arrest and stop progression into mitosis.164 CHK2 phosphorylates 

CDC25 which, in addition to being inhibited, is also sequestered in the cytoplasm by the 14-3-

3 proteins. 14-3-3 are upregulated by p53, which is activated by ATM. p53 activates p21, and 

both p21 and 14-3-3 in turn inhibit CDC2-cyclin B complexes through the phosphorylation 
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and cytoplasmic sequestering of CDC2. In addition, the inactivation of CDC25 results in its 

inability to dephosphorylate and activate CDC2 (Figure 1.13).165, 166 

ATM activates Polo-like kinase 3 (PIK3) directly and PIK1 through CHK2, which leads to 

CDC25C inhibition.167 – 169 Plk1 activation stabilise Wee1 (a tyrosine kinase) which results in 

phosphorylation of CDC2-cyclin B kinase, and keeping the cell arrested in G2 until the damage 

is fixed (Figure 1.13).170 
 

                      
Figure 1.13 Mechanism of G2/M checkpoint (Adapted from Nyberg et al., Annu. Rev. 
Genet., 2002) 
The G2 checkpoint blocks Cdc2- cyclin B activity by blocking Cdc25C phosphatase activity, 
by stimulating its association with 14-3-3-proteins. Faded arrows represent blocked pathways. 
 

 

1.3.5 Biomarkers of radiation induced DNA damage/repair 

Conventional radiation exposure measuring methods such as dose area product do not take into 

account operator position or behaviour. Personal dosimeters currently used by operators 

crudely record cumulative exposure in an isolated body area.  

The “safe” exposure limits defined using these tools may not apply universally as they do not 

take into account individual susceptibility to DNA damage. Recently, biomarkers have 
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emerged as surrogate sensitive tools for the biological assessment of radiation exposure. These 

include cytogenetic (e.g., chromosomal aberrations, micronuclei), epigenomic (e.g., miRNA, 

IncRNA), and proteomic markers (e.g., γ-H2AX and pATM).  

 

1.3.5.1 Protein biomarkers  

During the acute phase of exposure, the formation of double strand DNA breaks causes 

activation of a damage sensor the Mre11-Rad50-Nbs1 (MRN) complex, which triggers rapid 

phosphorylation of ataxia telangiectasia mutated (ATM) protein and H2AX.123 - 125, 171   

These markers are sensitive and can be quantified using flow cytometry or 

immunofluorescence microscopy following low dose radiation exposure < 1mGy.172  

 

Gamma-H2AX (γ-H2AX) 

In mammalian cells, DNA is wrapped around histone proteins to form chromatin. These histone 

proteins are H2A, H2B, H3 and H4. H2AX is a variant of the H2A protein, which constitute 

2-25% of all nucleosomes.173 

When double-strand DNA breaks occur, one of the earliest responses is recruiting H2AX to 

the site of the break, which is rapidly phosphorylated by ATM kinase to γ-H2AX. The repair 

process of DNA breaks results in γ-H2AX dephosphorylation.174  Previous studies showed that 

in human cells, there is a background of 5% intracellular phosphorylated H2AX. When levels 

of γ-H2AX levels increased to 10% after low doses of X-ray exposure, the majority of affected 

cells succeeded to recover γ-H2AX by dephosphorylation, except a small percentage remained 

phosphorylated for longer time.172  Ionising radiation induces double strand DNA breaks, which 

leads to phosphorylation of H2AX to form γ-H2AX as one of the acute cellular response to 

DNA damage. The levels of γ-H2AX that can be detected under the microscope in the cell 

peaking between 30 to 60 mins after exposure.72, 172, 175 Studies suggest a strong correlation 

between measured γ-H2AX foci count under the microscope and numbers of double strand 

breaks induced, which provides an accurate estimate to DNA damage in circulating cells during 

the acute phase as an early response to that damage.176 This enabled investigators to measure 

γ-H2AX foci which were elevated in mononuclear cells from patients exposed to radiation after 

computerised tomography (CT) scans,72 and in paediatrics after cardiac catheterisation 

procedures.177  
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Phosphorylated ataxia telangiectasia mutated (pATM) 

Ataxia telangiectasia mutated kinase (ATM) is a serine/threonine kinase that regulates cell 

cycle checkpoints and DNA repair.178 

When patients have ATM mutated gene, they develop ataxia–telangiectasia (AT) genetic 

disorder, which is caused by a defect in the cellular signaling pathway. These patients suffer 

from immune deficiency, cerebellar degeneration and also high risk of developing cancer. 

ATM is involved in the regulation of cell signaling pathways and cell cycle progression due to 

(1) its C-terminal domain is homologous to phosphatidylinositol-3-kinase (PIK), hence the 

connection to signaling pathways, and (2) ATM protein also has regions of homology to DNA-

dependent protein kinases, which require breaks to bind DNA, ATM protein is therefore 

involved in the DNA damage/repair process. 

During the acute phase as a first response to double strand DNA breaks, stimulation of the 

damage sensor Mre11-Rad50-Nbs1 complex causes phosphorylation of ATM protein on 

Ser1981.132 - 135, 188 ATM phosphorylation leads to activation of downstream targets that act as 

cell cycle checkpoints, resulting in DNA damage induced arrest at G1/S, S, and G2/M in order 

to give the opportunity for DNA repair.127, 148, 180  

ATM deficient cells show higher initial chromosomal damage, and even greater residual 

chromosomal damage in G1 as well as in G2 after exposure to ionising radiation. These cells 

are sensitive to ionising radiation induced apoptosis in all cell cycle phases. ATM is therefore 

believed to have a critical role in cell response after radiation exposure.181 Expression of pATM in 

circulating lymphocytes can be used as a sensitive biomarker of radiation-induced DNA 

damage. This could facilitate a biological assessment of the acute adverse effects of radiation 

exposure.182 

γ-H2AX and pATM are sensitive biological markers and can detect radiosensitive individuals 

against low dose radiation. These markers can be measured using flow cytometry or 

immunohistochemistry techniques allowing detection of radiation-induced DNA damage at 

low doses < 1mGy.172 Both proteins are, however, only useful for measuring the acute, transient 

response to radiation induced DNA damage. pATM and γ–H2AX in circulating lymphocytes 

can, therefore, be used as sensitive biomarkers of measuring the acute phase of radiation-

induced DNA damage/repair.  

 

8-oxoguanine DNA glycosylase-1 (OGG1) 

Environmental causes such as ionising radiation induce the production of reactive oxygen 

species (ROS) which, in turn, causes DNA damage. ROS induced oxidative DNA damage 
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primarily damage guanine because it has the lowest oxidation potential among the DNA bases. 
183, 184 Guanine's oxidised product 7,8-dihydro-8-oxoguanine (8-oxoG) is the most predominant 

DNA oxidative lesion in the genome.183 – 185 It is estimated that up to 100,000 8-oxoG lesions 

can be formed daily in DNA per cell.184, 186 Therefore, 8-oxoG could be used as a biomarker of 

ionising radiation induced oxidative stress.184, 187 8-oxoG is mutagenic protein as it has the 

ability to pair with adenine instead of cytosine, which result in a G:C to T:A transversion during 

DNA replication.184, 187 , 188 – 190 In eukaryotic cells, to prevent 8-oxoG accumulation and its 

mutagenic effects, 8-oxoG is repaired by 8-oxoG DNA glycosylase 1 (OGG1) through base 

excision repair (BER) pathway.184, 185, 188, 191 - 193 OGG1 is a DNA glycosylase with an 

associated apurinic/apyrimidinic (AP) lyase activity that cleaves DNA at abasic sites via a β-

elimination mechanism.194, 195 The process of recognition and repair of 8-oxoG by OGG1 is 

well understood, and it represents one of the oldest DNA base excision repair pathways. 193, 194, 

205 OGG1 antibody can be used as a validated biomarker of base oxidation using techniques 

such as flow cytometry and immunocytochemistry.197, 198  

 

1.3.5.2 Cytogenetic biomarkers  

Ionising radiation induces double strand DNA breaks which are considered the most 

deleterious forms of DNA damage as they are difficult to repair.199, 200 If unrepaired, double 

strand breaks can result in chromosomal instability, deletions and rearrangements such as 

translocations and inversions that can lead to gene mutations.126 These can be detected using 

techniques such as fluorescence in situ hybridisation (FISH).201  These types of chromosomal 

abnormalities have been detected in lymphocytes of both patients and hospital staff after 

chronic exposure to low dose radiation.72, 175, 202 

The frequency of chromosomal aberrations in circulating lymphocytes between children 

underwent interventional cardiac procedures was higher compared with control group. This 

was suggested to be used as an endpoint of mutagenesis and a surrogate biomarker of increased 

the life attributable risk of cancer.203 Particularly, prospective cohort studies have shown a 

significant association between high chromosomal change frequency in peripheral human 

lymphocytes and the risk of cancer.204   

Chromosomal translocations have been found years after occupational radiation exposure and 

having been passed on from irradiated stem cells to descendent cells, in radiological 

technicians.171 Technological advances using a semi-automated FISH-based micronucleus-

centromere assay have shown that, even when interventionists had very low radiation exposure 
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as reported by their standard dosimetry, they still showed evidence of relatively high levels of 

chromosomal damage.205 The frequency of chromosomal abnormalities correlates well with 

the duration of occupational radiation exposure.206   

Radiation induced chromosomal abnormalities in dividing cells result in production of 

micronuclei, which are extranuclear bodies that originate from chromosomal fragments or 

whole chromosomes that are not included in the daughter nuclei during mitotic division. 

Micronuclei not only can be used as biological dosimeter for radiation exposure in peripheral 

lymphocytes, but also as a predictor of increased cancer risk based on reports connecting high 

micronuclei frequency and cancer development.207 – 209 Somatic DNA damage was therefore 

studied after chronic low-dose X-ray radiation exposure among interventional cardiologists 

working in high-volume cardiac catheterisation services. Interventional cardiologists had 

higher micronuclei levels (somatic DNA damage) when compared with clinical cardiologists 

(controls), micronuclei frequency correlated significantly with the number of years of 

practice/exposure.206 

Among similar cohort of interventionists, there was an association between higher micronuclei 

frequency and X-ray repair cross-complementing-3 (XRCC3) Thr241Met genetic 

polymorphism, which is considered as an indicator of low DNA damaged repair capacity.210, 

211  

Radiation induced cell death and tissue damage was measured in interventionists who exposed 

to long term low dose radiation by studying their serum cell free-DNA levels and mitochondrial 

DNA fragments. Exposed operators showed higher levels of cell free DNA and mitochondrial 

DNA compared with their non-exposed colleagues. This was further analysed to show high-

exposure interventionists had significant increased levels of cell free DNA and mitochondrial 

DNA compared to low-exposure cohort.212 

Mitochondrial DNA (mtDNA) is vulnerable to oxidative stress, e.g. ionising radiation, as it 

lacks histone protection with limited DNA repair capacity. The 4977-bp mitochondrial 

(mtDNA4977) deletion is the most common deletion of mtDNA. Deletions affect 

mitochondrial function, compromising energy production efficiency, resulting in harmful 

reactive oxygen species production.213 Therefore, mtDNA alterations such as the 4977-bp 

mitochondrial deletions were linked to many diseases, for example, cataract, cardiomyopathy 

and neuropathy. Hence, it has been suggested that mtDNA could be used as a promising 

biomarker of oxidative damage such as occupational chronic low dose radiation exposure.214   

Interventionists have higher levels of mtDNA4977 deletions in their peripheral blood after long 

term low dose radiation exposure, compared with their unexposed colleagues. The increase in 
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levels of radiation induced mtDNA4977 deletions indicates that mitochondrial dysfunction 

could be a common target of ionising radiation, resulting in radiation induced occupational 

health risks.215, 216  

This mitochondrial dysfunction is found to have a major role in carcinogenesis, as in a meta-

analysis of 1613 cancer cases, mitochondrial DNA mutations and deletions, particularly, the 

mtDNA 4,977 bp deletion was detected in different types of cancers such as leukaemia, breast, 

colorectal, gastric, head and neck cancer.213, 217  

 

1.3.5.3 Genetic biomarkers 

Genome transcription analysis of cells exposed to low doses of radiation has shown an increase 

in the expression of genes for DNA repair (DDB2, XRCC4), cell cycle checkpoints (CDKN1A, 

GADD45A) and apoptosis (PUMA).218 - 220 Significant changes in gene expression e.g. DDB2, 

XRCC4 and BAX, have also been reported in patients undergoing CT angiography, and have 

implications for patients who undergo complex endovascular aortic repair and subsequent 

regular CT surveillance.221, 222 

 

1.3.5.4 Epigenomic Biomarkers 

MicroRNAs (miRNAs), are noncoding RNAs that post-transcriptionally regulate gene 

expression that become dysregulated in many pathologies. Circulating miRNAs have low inter-

individual variability and can be measured in samples of serum and plasma.219, 223, 224. Brain-

specific miR-134 was significantly downregulated in the serum of interventional cardiologists, 

particularly, among high-exposure group. This brain-specific miRNA is involved in brain 

synapse development with effect on memory and learning abilities, and is also dysregulated in 

pathologies such as Alzheimer’s, epilepsy, and glioblastomas. Thus, radiation induced brain-

specific miR-134 dysregulation advocates that brain damage could be a potential long-term 

effect of head exposure among interventionists.225, 226   

1.4 Lymphocytes biology 
Two cell lines arise from pluripotent stem cells; these cells are the backbone of the immune 

system. Two lineages are: (i) the lymphoid lineage which produces lymphocytes, and (ii) the 

myeloid lineage which produces phagocytes (monocytes, macrophages, and neutrophils) and 

some other cells such as red blood cells, granulocytes (neutrophils, basophils, and eosinophils), 

mast cells and dendritic cells (Figure 14). 
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Figure 1.14 Human hematopoietic tree of different cell compounds (Adapted from 
Juzenas et al., Nucleic Acids Research, 2017)   
Different human hematopoietic cell components and there common cell differentiation (CD) 
surface markers e.g., myeloid and lymphoid lines.  
 

1.4.1 T-Lymphocytes (T Cells) 

In adults, lymphocytes are 20 to 40 % of white blood cells. T Cells are found either in the 

circulation or concentrated in central lymphoid organs and tissues, such as spleen, tonsils, and 

lymph nodes. T lymphocytes main subpopulations are Cytotoxic T cells, Helper T cells, 

Regulatory cells, Memory cells and NKT cells (Figure 1.15)  
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Figure 1.15 Lymphocytes main subpopulations (Adapted from Dong et al., Nature 
Reviews Immunology, 2010)  
Main subpopulations of lymphocytes and there common cell differentiation (CD) surface 
markers e.g cytotoxic T cell (CD3+ CD8+ ), T helper cell (CD3+ CD4+), Regulatory cells 
(CD3 and CD25), Memory cells (CD3, CD44, and CCR7), and NKT cells (CD3 and TCR)  
 

Life cycle of T lymphocytes 

Lymphoid precursor cells migrate from the bone marrow to the thymus where they divide and 

differentiate into T cells. T cells acquire antigen receptors and differentiate into helper or 

cytotoxic T cells. These cell types are similar in appearance, but different in their function and 

cell surface receptors e.g., CD4 and CD8. Most of T cells die before they leave the thymus, so 

that those T cells that released into the circulation are the ones capable of identifying foreign 

antigens. These cells then circulate to blood to the lymphoid tissues, where if suitably 

stimulated, they further multiply to take part in the immune response. In humans, large numbers 

of T cells are produced in the neonatal period, but production gradually slows down during 

adulthood, and is diminished in old age associated thymus atrophy. Cell-mediated immunity 

however persists throughout life, because of T cells that emerge from the thymus continue to 

divide and function for life.227   

 

1.4.2 B Lymphocytes (B-Cells) 

They are lymphocyte subtype, and they mature in the bone marrow. They play an essential role 

in the humoral immunity element of the adaptive immune system. B lymphocytes are found in 

blood, lymph nodes, spleen, tonsils and other mucosal tissues. They constitute about 5–25% of 

all human blood lymphocytes.  

 

1.4.5 Role of lymphocytes in studying the biological effect of radiation  

Radiation induced decrease in peripheral blood cells was observed in patients with cancer when 

they underwent radiotherapy. Further analysis found that circulating lymphocytes were the 

most radiosensitive cells amongst the erythroid, myeloid and lymphoid lineage cells to ionising 
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radiation which sometimes required years to recover after the radiotherapy course.228 – 233 

Deeper phenotyping studies showed circulating T lymphocytes were more sensitive and their 

levels were further reduced compared with B lymphocytes, when patients were exposed to 

ionising radiation during radiotherapy sessions.234, 235  

Circulating lymphocytes are not only sensitive to radiation but also accessible, and it requires 

minimal medical intervention for their sampling and collection from individuals. Therefore, 

this approach allowed investigators to study the acute biological consequences of low-dose 

radiation exposure among individuals by collecting their lymphocytes and analysing the effect 

of radiation using different biomarkers. For example, Löbrich et al., used lymphocytes to 

measure gamma-H2AX foci from patients underwent computed tomography examination to 

evaluate radiation induced double strand DNA breaks.72 Investigators also used peripheral 

blood T lymphocytes to measure the biological effect of radiation in patients underwent cardiac 

catheterization procedures, considering T lymphocytes sensitivity to radiation and their easy 

accessibility.177 

1.5 The biological effect of radiation exposure 
When exposed to ionising radiation, the amount of energy absorbed in the body tissues and 

organs initiates biochemical changes at the cellular. The harmful effects of ionising radiation 

can be divided into deterministic and stochastic effects. Deterministic effects (tissue reactions) 

result from radiation-induced cell death and organ dysfunction. These are characterised by a 

threshold radiation dose above which the severity of injury increases with increasing delivered 

dose. These effects only occur with relatively high radiation exposures and are usually evident 

within hrs or days of a radiation exposure.236 - 240  

The most common deterministic effects are skin lesions and lens opacities.241, 242 

Radiation-induced skin injury can be a serious complication of endovascular interventions. 

Transient erythema occurs at doses of 2 to 5Gy, whereas permanent epilation, ulceration, and 

desquamation are seen at higher doses. Skin injury usually appears 4 weeks after exposure and 

can last many weeks, particularly if secondary infection occurs.35 

 The incidence of radiation-induced skin injury is thought to be less than 0.01% of 

fluoroscopically guided interventions; however, it is likely to be under-reported or 

misdiagnosed.243 One recent report evaluated 400 percutaneous coronary interventions and 

found six patients with mild erythema that was displayed within 4 weeks after the procedure. 

The minimal skin dose for injury was 6 Gy.244   
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The peak skin dose (PSD) is the highest dose delivered to any individual portion of the skin 

during a procedure and determines the risk of injury. In a study in Guy’s and St Thomas’ 

Hospital, PDS was measured using Gafchromic films that were placed between the operating 

table and the patient and found that skin doses were 0.8Gy (0.46 - 1.44) for thoracic 

endovascular aortic repair (TEVAR), 0.71Gy (0.44-13.7) for infra-renal endovascular aortic 

repair (IEVAR) and 1.3Gy (0.7-8.7) for branched endovascular aortic repair / fenestrated 

endovascular aortic repair (BEVAR/FEVAR). These data support similar results from other 

groups.42, 245 Skin injuries should, therefore, be unlikely in patients undergoing EVAR.246 

Nevertheless, others have found that the threshold for possible radiation-induced skin damage 

of 2Gy is exceeded in 29% of EVAR procedures.247   

Skin cancer directly related to radiation from an interventional procedure has not been reported 

although the risk of basal cell carcinoma was found to be increased in large cohort of US 

radiology technicians as a result of radiation exposure before the age of 30.248  A recent survey 

of 466 interventional cardiologists, electrophysiologist, nurses and technicians revealed higher 

incidences of skin lesions, cataracts, hypertension, and hypercholesterolemia compared with 

non-radiation-exposed workers, with increasing incidence in those who had worked for more 

than 16 years.249   

 

Radiation effect on the eyes such as posterior subcapsular cataracts are considered as the most 

frequently sub-type of cataracts associated with ionising radiation exposure. It was believed 

that radiation-induced cataracts form deterministically, with thresholds of 5 Gy/single 

exposures and 8 Gy/protracted exposures. However, more recent data suggest that cataracts 

may form stochastically, without a threshold dose, and potentially in response to the damage 

of a single cell.250  

 Several studies suggest that lens opacification occurs at exposures lower than 2 Gy and that 

there may be no dose threshold.251 - 253   

Studies among Chernobyl clean-up workers, A-bomb survivors, astronauts, residents of 

contaminated buildings and interventional clinicians have also found that there is an increased 

incidence of lens opacities at doses below 0.5 Gy.254 It has also been proposed that cataracts 

can occur after only 0.1Gy doses, thus supporting a non-threshold model.255, 256   

Whether deterministic or stochastic in nature, cataracts can be found in up to 50% of 

interventional cardiologists.257 The current literature suggests that there is at least a three to 

six-fold increased risk of posterior subcapsular has been reported in interventional cardiologists 

compared with unexposed individuals.258 - 260  
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Posterior subcapsular lens changes characteristic of ionising radiation exposure have been 

found in up to 50% of interventional cardiologists and 41% of nurses and technicians compared 

with less than 10 % of controls.261   

The Retrospective Evaluation of Lens Injuries and Dose (RELID) trial also reported the 

significantly increased risk of cataracts in interventionalists. 258- 260     

Eye exposures are higher for thoracic endovascular aortic repair [TEVAR, (0.57 ± 0.41)], 

branched endovascular aortic repair [BEVAR, (0.70 ± 0.65)] and fenestrated endovascular 

aortic repair [FEVAR, (0.69 ± 0.46)] when compared infra-renal endovascular aortic repair 

[IEVAR, (0.47 ± 0.34)].262   

 Renal and mesenteric vessels embolisation procedures have been shown to be associated with 

the higher lens doses (60μSv per procedure).263  

 Therefore, in 2011, the International Commission on Radiological Protection (ICRP) reduced 

the safe dose limit from 150mSv in a year for the lens to 20mSv per year, averaged over 5 

years, with no single year exceeding 50 mSv.257 

 

Radiation induced carotid artery stenosis can result from the radiation effect causing an 

increase in carotid intima-media thickness, carotid stenosis and consequently a higher risk of 

cerebrovascular events, such as transient ischemic attack and stroke. Patients with newly 

diagnosed nasopharyngeal carcinoma, developed significantly carotid artery stenosis after 

radiotherapy compared to pre-radiation group (56/71 vs. 11/51, respectively).264  

Intima-medial thickness severity was found to be proportional to the duration of radiotherapy. 

As a result, this has led to an increased risk of stroke in patients aged < 60 years irradiated for 

head and neck tumours.365   

Similar results were reported with a significantly higher 10-year incidence of cerebrovascular 

events, in patients with head and neck cancer treated with radiation alone (34%), compared to 

patients who underwent surgery and radiotherapy (25%) or surgery alone (26%).266 These 

cerebrovascular events would indeed have a great impact on the quality of life of survivors of 

head and neck malignancies.  

Stochastic effects may occur by chance without a threshold level of dose. The probability, but 

not severity, of these effects is related to the dose, the development of a malignancy as a result 

of radiation exposure is the most common stochastic effect.  

Ionising radiation is one of the few established causes of neural tumours.172, 267 The incidence 

of nervous system tumours in atomic bomb survivors was dose related with increased risk of 
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tumour development following exposure to equivalent doses of radiation as low as <100 

mSv.268, 269  

Radiation-induced cancer risk estimates are based mainly on epidemiological studies of 

exposed human populations, incorporating data from atomic bomb survivor studies, as well as 

medical and occupational radiation studies. The linear-non-threshold (LNT) model remains the 

most appropriate risk model for low doses where the risk of cancer proceeds in a linear fashion 

and that there is no radiation dose, no matter how low, that can be considered completely safe.24, 

35 Although a linear relationship is assumed with between radiation exposure and malignancy 

studies have found that, when using biomarkers for DNA double-stranded break (DSB) such 

as ɣ-H2AX foci, the response to low-dose radiation is not linear and instead higher than 

expected from the extrapolation of high-dose data. Radiation exposure may, therefore, be even 

more harmful than is currently predicted using estimates from the LNT model. The use of 

biological markers such as ɣ-H2AX foci has been shown to increase the estimate of lifetime 

attributable cancer mortality five-fold.177 

Early epidemiological studies of occupational radiation exposure in medicine prior to 1950 

identified an excess risk of death from cancer, with increased rates of leukaemia, skin and 

breast malignancies.4 A review of epidemiological studies of radiologists and technicians 

reported an increase in mortality from leukaemia among workers employed before 1950 and 

this was associated with duration of work involving radiation exposure in the early years.270 

Radiologists who worked for more than 40 years are reported to have a cancer-related mortality 

risk of 40%.271, 272    

In cardiologists, the BRAIN study reported a significantly higher radiation exposure to the left 

and centre of the cranium compared with the right.2 It has, therefore, been suggested that 

chronic low dose exposure has resulted in the development of left sided brain and neck tumours 

in interventionists, with glioblastoma multiforme the most common type of brain tumour.2, 3  

 However, more robust evidence is still needed due to the lack of large cohort studies with long 

term follow up.273  There have been several studies reporting the risk of occupational radiation 

exposure. Medical x-ray workers have a 20% increased risk of cancer when compared with 

other medical specialists.249, 274  

To my knowledge, there are no longitudinal studies that monitor the long-term health effects 

of radiation on cardiovascular interventionists using biomarkers that might explain the 

association between protracted exposure to low doses of ionising radiation and increased risk 

of cancer. 

 



 50 

1.6 Variation in inter-individual sensitivity to 

radiation exposure 
Current radiation protection strategies assume that all team members have the same sensitivity 

to radiation exposure and require the same level of protection. Although, there is an 

accumulating evidence from various studies suggesting variation in individuals’ susceptibility 

to ionising radiation due to different genetic and lifestyle factors. Radiosensitivity means the 

sensitivity of cells, tissues or organs to the effect of ionising radiation. Epidemiological studies 

among atomic bomb survivors showed there was a variation in incidence of radiation induced 

malignancies based on factors such as age, gender and smoking.275   

When patients underwent radiotherapy, individuals responded differently to radiation, and 

radiotherapy specialists noticed a variability in their patients’ susceptibility to radiotherapy 

doses with acute and late tissue toxic reactions.276 This variable response to standard 

radiotherapy courses and risk of developing radiation induced second cancer was explained 

due to factors such as patients’ age, gender, lifestyle factors, primary cancer type, other 

treatments including chemotherapy, radiotherapy modalities and genetic predisposition.277, 278 

This finding raised the question about identifying patients who could be hypersensitive and are 

at risk of developing acute or late radiation toxicity.  

One way to identify patients at higher risk of radiosensitivity, is by clinical phenotyping of 

individuals with rare syndromes secondary to mutations in genes crucial to the process of 

identifying DNA damage and/or its repair. 

A strong example of the defected repair mechanism is a mutated ataxia telangiectasia gene, 

that leads to the Ataxia Telangiectasia syndrome. Patients with this syndrome show severe side 

effects such as skin injuries and even death during or after ionising radiation exposure e.g. 

radiotherapy.279 Nijmegen breakage syndrome (NBS) is another example due to mutation in 

the gene producing NBS1 protein which plays an important role in DNA damage repair and 

cell cycle checkpoints. Patients with this syndrome display radiation hypersensitivity 

associated with higher risk of developing non-Hodgkin’s lymphoma and brain cancer.280  

Patients with AT and NBS syndromes showed a higher level of chromosomal aberrations in 

their lymphocytes when they were exposed to radiation and compared to healthy individuals.281  

These studies of individuals with known genetic mutations displaying clinical phenotypes 

helped us to establish a connection between genetics and high radiosensitivity. However, it 

remained challenging to identify subtle variation in inter-individual sensitivity, therefore 
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scientists studied levels of cell death when exposed to radiation among a relatively 

homogeneous population. This showed a significant variation in cells apoptotic response when 

their blood exposed to the same amount of ionising radiation.282 Also, the ability of individuals 

to repair their radiation induced DNA damage after exposure during computed tomography 

examinations varied as measured by the number of gamma-H2AX foci.72  

Consequently, scientists concluded that the variability in radiosensitivity could be due to 

generic factors only such as age, gender and lifestyle or due to both generic and genetic factors, 

thus a genetic profiling of suspected hypersensitive patients was encouraged using surrogate 

biomarkers to identify risk of developing acute or late radiation toxicity. Nevertheless, the 

connection between the radiosensitivity and risk of developing cancer has not been strongly 

established due to lack of long-term longitudinal studies.276  

 

1.7 Rational of the present study 
Minimally invasive endovascular aortic intervention holds great promise of the treatment of 

aortic aneurysms particularly in patients with multiple comorbidities and challenging anatomy.  

This is associated with great modifications and increasing the complexity of these procedures 

to enable inserting endografts in challenging aneurysm anatomy.  

These fluoroscopy guided procedures are associated with inevitable ionising radiation 

exposure that might put patients and operators at risk of biological changes secondary to this 

exposure. This is particularly important to operators who are at risk of long term cumulative 

low dose exposure that might put them at risk of hazardous radiation effects such as 

malignancies.  

Epidemiological studies reported on the risk of radiation induced health effects on individuals 

mainly originated from major incidents associated with high dose exposure such as Hiroshima 

and Nagasaki. Recently, reports on adverse effects among interventionists, suggested increase 

risk of cataract, blood and brain tumours. These hazards were thought to be related to radiation 

exposure throughout their career time. This has caused a major concern in the interventional 

community considering the expanding in the use of fluoroscopy guided interventions.  

The advent of DNA damage biomarkers such as phosphorylated H2AX and ATM showed a 

promise to measure the biological effect of radiation exposure during the acute phase, that 

effect never used to be measurable in the past. This encouraged recent studies to use these DNA 

damage biomarkers to evaluate the acute response of patients up on radiation exposure during 
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diagnostic and therapeutic interventions. Strong evidence of radiation induced DNA damage 

was detected among these patients by an upregulation of their DNA damage biomarkers.  

Nevertheless, operators’ response to radiation, has not been studied up to date. Similar to 

patients, operators might respond to radiation exposure by DNA damage biomarkers 

upregulation. Operators’ response might vary among themselves, an indicator of required 

individualised radiation protection strategies. Therefore, it is important to determine whether 

there is variation between operators’ sensitivity to radiation exposure. It is also essential to 

identify the extent of protection achieved by conventional protection equipment, and role of 

extra protection such as leg guards.  

 

1.8 Hypothesis 
 

The radiation exposure to both patient and operator during endovascular aortic repair impacts 

peripheral blood cells, including the induction of DNA damage/repair in circulating 

lymphocytes.  

1.9 Aims 
1. To carry out a retrospective analysis of peri-operative changes in peripheral blood cell 

numbers after aortic repair. 

2. To measure markers of acute DNA damage/repair in circulating lymphocytes isolated from 

patients and operators after open and endovascular aortic repair.  

3. To determine if operators show any differential sensitivity to DNA damage induced by 

ionising radiation  
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CHAPTER 2 

Analysis of peri-operative changes in circulating 

numbers of peripheral blood cells after aortic 

aneurysm repair 

 

2.1 Introduction 
Changes in the numbers of peripheral blood cells have been observed in patients after surgery, 

which may affect the innate and adaptive immune responses and, in turn, increase patient 

susceptibility to post-operative infection and/or sepsis.283 - 287 After surgery, the number of 

peripheral leukocytes, such as neutrophils and monocytes, has been observed to increase, 

whilst the number of lymphocytes typically decreases.288  

Anaesthesia and surgical trauma from major abdominal surgery, such as laparotomy and 

oesophagectomy, are associated with activation of inflammatory responses, including 

increased programmed lymphocyte death.285, 286, 289   This apoptosis of lymphocytes is not 

observed in less traumatic procedures such as cholecystectomy.290, 291   

After major cardiac surgery requiring cardiopulmonary bypass, a drop in the number of 

circulating lymphocytes is thought to occur as part of the systemic inflammatory surgical stress 

response.292 Cardiopulmonary bypass induces hyperoxygenation, which produces free oxygen 

radicals, causing oxidative injury and inducing peripheral lymphocyte cells apoptosis.293, 294  

Anaesthetic agents, particularly Sevoflurane and Isoflurane, can also cause post-operative 

lymphocytopenia, and induce apoptosis of lymphocytes in a dose-dependent manner.295  

 

2.2 Aims 
The aim of this part of the study was to carry out a retrospective analysis of changes in 

peripheral blood leukocytes, monocytes and lymphocytes count after endovascular and open 

aortic repair.  
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2.3 Study design and methods 
 

2.3.1 Changes in peripheral blood cell count after aortic aneurysm repair  

All patients who underwent endovascular or open aortic aneurysm repair between June 2010 

and January 2015 in Guys’ and St Thomas’ Hospital were included in the study. As part of the 

routine management protocol, patients undergoing aortic repair would have a pre-operative and 

daily post-operative full blood count. The pre- and post-operative full blood counts were 

collated from the hospital electronic patient records. Peripheral leukocytes, monocytes and 

lymphocytes counts were compared in patients after open aneurysm repair, infra-renal 

(IEVAR), and branched and fenestrated endovascular aneurysm repair (BEVAR/FEVAR). 

 

2.3.2 Statistical analysis  

For comparison of paired groups, the paired t-test was used. For comparison of two groups, 

Mann-Whitney test was used for non-parametric data. Two-way analysis of variance 

(ANOVA) was used for comparison of data with more than two groups and Bonferroni post-

hoc analysis was used to measure differences between groups. Continuous data is expressed as 

mean ± standard error of the mean (SEM). P values <0.05 were considered as statistically 

significant. Analysis was carried out using GraphPad Prism v7.0 (GraphPad Inc., USA) and 

SPSS v22 (IBM Inc., USA). 

 

2.4 Results 
 

2.4.1 Patient demographics 

Peripheral blood cell counts were included for 96 patients who underwent endovascular aortic 

aneurysm repair (EVAR), out of which 57 patients underwent IEVAR and 39 patients who 

underwent branched/fenestrated BEVAR/FEVAR. Data were also collected for 35 patients who 

underwent conventional open aortic aneurysm repair, between June 2010 and January 2015. 

Open aneurysm repair group was younger than IEVAR and BEVAR/FEVAR cohorts (P=0.004, 

for both by Mann-Whitney test, Table 2.1). Other co-morbidities such as hyperlipidaemia, 

coronary artery disease, renal and chronic obstructive diseases were more common among 

IEVAR and BEVAR/FEVAR compared to open repair patients (P=0.005, 0.0001, 0.02, 0.008, 

respectively, for both by Mann-Whitney test, Table 2.1). Invasive open aneurysm repair was 
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associated with more extended hospital stay than minimally invasive endovascular IEVAR and 

BEVAR/FEVAR; however, that was not significant but had an effect on the number of data 

points available at each day post-operatively in each group for seven days following 

intervention. 

Changes in the peri-operative peripheral blood cells numbers were not adjusted for the above 

factors e.g., age, length of stay, coronary and renal diseases that might have affected outcomes. 

Complex BEVAR/FEVAR were associated with longer fluoroscopy time, and higher radiation 

exposure measured by dose area product (DAP) compared to standard IEVAR (P<0.0001, for 

both by Mann-Whitney test, Figure 2.1). 

 

 

 

Table 2.1 Subject demographics for analysis of peripheral blood cells during aortic repair                                                               
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Figure 2.1 Radiation exposure during endovascular aortic aneurysm repair 

 (A) Fluoroscopy time in minutes was longer during BEVAR/FEVAR than IEVAR, (B) 

Similarly, Dose Area Product (DAP) in mGy.cm2 was higher in complex EVAR procedures 

(BEVAR/FEVAR) compared to IEVAR (*P<0.0001, for both by Mann-Whitney test). 

 

 

2.4.2 Changes in leukocytes count 

White blood cell count was retrospectively studied in patients when they underwent open 

(n=35, Table 2.2) and endovascular aortic repair (IEVAR, n=57, Table 2.3, BEVAR/FEVAR, 

n=39, Table 2.4). There was a significant increase in leukocytes count in day one after 

intervention (P<0.0001, for all groups by Wilcoxon matched pairs signed rank, Figure 2.2). 

The increase in leukocyte numbers peaked on day 2 and returned towards pre-operative levels 

by day 3 (Figure 2.3). There was no significant variation in these changes among open repair, 

IEVAR and BEVAR/FEVAR approaches (Figure 2.3).  
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Table 2.2 Changes of leukocytes count in the open AAA repair group 

 
 
 

         

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

Pre Day 1 % Day 2 % Day 3 % Day 4 % Day 5 % Day 6 % Day 7 %
5.7 8.6 150.8772 14.6 256.1404 13.1 229.8246 13.4 235.0877 8.9 156.1404 8 140.3509 9.3 163.1579
5.2 9.5 182.6923 8.9 171.1538 10.1 194.2308 9.7 186.5385 7.2 138.4615 10.3 198.0769
8.4 12.1 144.0476 14.7 175 9 107.1429 7.8 92.85714
9.2 10.5 114.1304 9 97.82609 10.1 109.7826 9.5 103.2609 13.6 147.8261 16.7 181.5217
6.5 8 123.0769 7.4 113.8462 7.8 120 5.8 89.23077 5.3 81.53846
5 6.5 130 8.2 164 10.9 218 11.8 236 14.5 290 14.1 282 20 400
6.5 8.3 127.6923 9.4 144.6154 10.2 156.9231 9.1 140 9.2 141.5385
9.7 12.9 132.9897 14.2 146.3918 12.7 130.9278 8.7 89.69072 10.6 109.2784 12.6 129.8969
9.1 14.2 156.044 10.2 112.0879 9.2 101.0989 11.6 127.4725 10.4 114.2857 11.3 124.1758 10.9 119.7802
9.8 8.7 88.77551 11.1 113.2653 10.4 106.1224 8.5 86.73469 7.5 76.53061 6.6 67.34694
9.7 14 144.3299 15.7 161.8557 13.2 136.0825 10.1 104.1237 9 92.78351
9.5 14.6 153.6842 15.9 167.3684 12.6 132.6316 14.4 151.5789 16.3 171.5789 13.7 144.2105
8.3 8.6 103.6145 10.6 127.7108 11.7 140.9639 10.1 121.6867 8.7 104.8193 6.3 75.90361 7.7 92.77108
6.5 12.8 196.9231 11.1 170.7692 9 138.4615 6.8 104.6154 8.6 132.3077 8.6 132.3077 10.5 161.5385
9.1 17.2 189.011 12.7 139.5604 16.6 182.4176 14.4 158.2418 9.9 108.7912
6.9 8.8 127.5362 9 130.4348 7 101.4493 6 86.95652 5.6 81.15942 7.3 105.7971 7.8 113.0435
9.4 15.1 160.6383 15.1 160.6383 13.6 144.6809 13.2 140.4255 10.4 110.6383 7.5 79.78723 7 74.46809
8 9.5 118.75 12.2 152.5 10.5 131.25 9.8 122.5 9.8 122.5 10.7 133.75 11 137.5
9.9 15.2 153.5354 14.6 147.4747 18 181.8182 19.1 192.9293 19.9 201.0101 14.6 147.4747 15.7 158.5859
6.2 11.3 182.2581 13 209.6774 6.2 100 7.6 122.5806 6.3 101.6129 8.6 138.7097 10.9 175.8065
6.7 10 149.2537 10.8 161.194 9.7 144.7761 7.1 105.9701 6.9 102.9851 9 134.3284
8.7 14.3 164.3678 14 160.9195 13.1 150.5747 10.6 121.8391 11.4 131.0345 9.7 111.4943
8.8 11.3 128.4091 11.1 126.1364 12.4 140.9091 13.5 153.4091 9.5 107.9545
8.7 8.3 95.4023 13 149.4253 11 126.4368 12.8 147.1264 12.2 140.2299 13.4 154.023 11.1 127.5862
9.5 10.3 108.4211 11.4 120 9.6 101.0526 9.2 96.84211 8 84.21053
6.6 9.1 137.8788 10.1 153.0303 8.9 134.8485 6.1 92.42424 7.3 110.6061 8 121.2121 6.7 101.5152
8.9 14.4 161.7978 10.4 116.8539 10.3 115.7303 10.1 113.4831 8.8 98.8764 7.5 84.26966
8.7 15.6 179.3103 12.8 147.1264 14.3 164.3678 13.4 154.023 10.6 121.8391 10.1 116.092
7.5 9.4 125.3333 7.7 102.6667 8.1 108 7 93.33333 9 120 9.4 125.3333
9.8 17.1 174.4898 11.5 117.3469 9.1 92.85714 13 132.6531 10.6 108.1633 16.8 171.4286
10.9 12.3 112.844 15.3 140.367 17.2 157.7982 16.5 151.3761 18.7 171.5596 17 155.9633 17.4 159.633
9.4 17.9 190.4255 15.5 164.8936 14.2 151.0638 12.1 128.7234
9.7 11.9 122.6804 16.6 171.134 10.4 107.2165 6.4 65.97938 7.1 73.19588
6.2 13.5 217.7419 16.5 266.129 12.3 198.3871 8.3 133.871 6.2 100 10.1 162.9032 6.8 109.6774
6.1 8.3 136.0656 8.9 145.9016 6.8 111.4754 7.5 122.9508 7.6 124.5902
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Table 2.3 Changes of leukocytes count in the IEVAR group 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

Pre Day 1 % Day 2 % Day 3 % Day 4 % Day 5 % Day 6 % Day 7 %
8.1 12.6 155.5556 9.6 118.5185
6.1 9.2 150.8197 10.1 165.5738 7 114.7541
6.5 7.5 115.3846 6.3 96.92308 10.2 156.9231 6 92.30769 6.4 98.46154 5 76.92308 5.8 89.23077
8.2 12.9 157.3171 11.9 145.122 7.7 93.90244
9 12 133.3333 19.8 220 21.5 238.8889 22.2 246.6667 15.8 175.5556 10.8 120 13.7 152.2222
7.6 10.6 139.4737 14.7 193.4211 12.9 169.7368 11.8 155.2632
6.4 13.3 207.8125 20.9 326.5625 17.5 273.4375 14.8 231.25 16.6 259.375 19.4 303.125
9.7 12.1 124.7423 14.9 153.6082 11.3 116.4948 8.2 84.53608
10.9 12.1 111.0092 16.8 154.1284 11.9 109.1743
7.8 16 205.1282 14.7 188.4615
11.5 17.1 148.6957 19.8 172.1739 17.7 153.913 13.1 113.913
15.7 17 108.2803 22.1 140.7643 21.6 137.5796 18.1 115.2866 15.4 98.08917 15.8 100.6369 16.3 103.8217
6.1 7.8 127.8689
8.3 8.5 102.4096 10.4 125.3012 14.2 171.0843 11.3 136.1446 9.3 112.0482 9.2 110.8434 8.3 100
7.7 13.9 180.5195
4.7 8.7 185.1064 11.1 236.1702 8.4 178.7234 6.7 142.5532
8.3 10.5 126.506 11.7 140.9639
16.2 12.5 77.16049 15 92.59259 12.6 77.77778
10.5 16.9 160.9524 19 180.9524
5.6 12 214.2857 11.1 198.2143 5.5 98.21429
7 10 142.8571 9.5 135.7143 8.1 115.7143 6.3 90
10.8 11.2 103.7037
6.6 9.3 140.9091 9.8 148.4848
6.8 13.4 197.0588 19.3 283.8235 15.4 226.4706 8.7 127.9412 5.3 77.94118
10.2 6 58.82353 5.4 52.94118
12.4 10.5 84.67742 10.3 83.06452 7.7 62.09677
8.3 13.8 166.2651 17.3 208.4337
7.7 12.1 157.1429
6.9 23.2 336.2319 24.9 360.8696 17.8 257.971 9.7 140.5797
5.4 7.1 131.4815 8.7 161.1111
8.5 12.8 150.5882 13.8 162.3529
9.6 10.4 108.3333 11.7 121.875
8.6 7 81.39535 8.1 94.18605 5.8 67.44186 19.9 231.3953 15.6 181.3953 11.4 132.5581
5.4 12.2 225.9259
8.4 11.1 132.1429 12.9 153.5714 11 130.9524
9.3 10.6 113.9785 16.7 179.5699 11.5 123.6559 9.1 97.84946 8.4 90.32258 9.1 97.84946
7.7 10.4 135.0649 10.8 140.2597 10.1 131.1688 7.4 96.1039 5.8 75.32468
4.9 5.6 114.2857 5.7 116.3265 5.9 120.4082 7.2 146.9388 6.8 138.7755
5.3 10.6 200
7.7 13.9 180.5195 10.1 131.1688 8.9 115.5844
8.7 11.9 136.7816 15.5 178.1609
4.9 20.4 416.3265 22.5 459.1837 19.3 393.8776 17.2 351.0204 14 285.7143 9.1 185.7143
6.9 12.2 176.8116
6.2 9.8 158.0645 4.6 74.19355 5.2 83.87097 4.9 79.03226 5 80.64516 5.5 88.70968
8.6 10.3 119.7674
7.4 11.6 156.7568 14.5 195.9459 11.9 160.8108
9.2 12 130.4348 14.8 160.8696
5.7 8.8 154.386 10.4 182.4561
6.4 12 187.5 12.6 196.875
11.2 15.8 141.0714 15.9 141.9643 14.2 126.7857 11.2 100 11.2 100 10 89.28571
11.6 9.1 78.44828
6 8.7 145 10.7 178.3333
5.5 6 109.0909 7.5 136.3636 6.2 112.7273 5.6 101.8182 5.2 94.54545 5.2 94.54545 4.3 78.18182
12.2 27.8 227.8689 13.1 107.377 13.9 113.9344 13.4 109.8361
10.9 13.7 125.6881 13.9 127.5229
33.9 18.3 53.9823 25.6 75.51622 27.8 82.0059 25.5 75.22124 12.9 38.0531 11.6 34.21829 15.9 46.90265
7.3 16.2 221.9178 12.9 176.7123
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Table 2.4 Changes of leukocytes count in the BEVAR/FEVAR group 

 
 

Pre Day 1 % Day 2 % Day 3 % Day 4 % Day 5 % Day 6 % Day 7 %
5.2 9.1 175 7.1 136.5385 6.9 132.6923 6.4 123.0769 8.6 165.3846
6.9 12.1 175.3623 10.8 156.5217 7 101.4493
5.3 8.1 152.8302 6.7 126.4151 7 132.0755 5.7 107.5472
9 15.8 175.5556 14.8 164.4444 12.6 140 9.8 108.8889 9.8 108.8889 10.2 113.3333 11.4 126.6667
6.2 8.9 143.5484 13.6 219.3548
8 9.8 122.5 10.3 128.75
11.6 17.6 151.7241 10.2 87.93103 13.9 119.8276 5.1 43.96552
6.1 9.4 154.0984 11.2 183.6066 9.9 162.2951 8.3 136.0656
8.1 17 209.8765
7.5 10.5 140 13.4 178.6667 8.7 116 9.4 125.3333 9.4 125.3333
6.7 11.8 176.1194 8.6 128.3582 9.3 138.806
6.2 9.9 159.6774 13.7 220.9677
6.3 14.7 233.3333 19.3 306.3492 16.2 257.1429 10.7 169.8413 9 142.8571 8.9 141.2698
8.1 17.4 214.8148 13.8 170.3704 11 135.8025 11.5 141.9753 9.5 117.284 10.4 128.3951 11.1 137.037
4.1 7.9 192.6829 10.1 246.3415 7.7 187.8049 6.5 158.5366
10.5 12 114.2857 10.1 96.19048 10 95.2381 10.5 100
6.6 6.1 92.42424 6.1 92.42424 5.3 80.30303 6.4 96.9697 7.2 109.0909 8.4 127.2727 8 121.2121
8.6 9.3 108.1395
8 13.6 170
7.9 31.3 396.2025 34.4 435.443 22.4 283.5443 15.9 201.2658 11.3 143.038 11.9 150.6329 13.5 170.8861
9 10.5 116.6667 12.5 138.8889 15.1 167.7778
10.8 14.5 134.2593 17.3 160.1852 15.1 139.8148
8.6 16.3 189.5349 10 116.2791
11.4 14.4 126.3158
7.3 11.5 157.5342 14 191.7808 16.4 224.6575 10.9 149.3151 8.1 110.9589
7.7 15.4 200 17.2 223.3766 17 220.7792 14.7 190.9091 12.7 164.9351 13.3 172.7273
8.4 23.8 283.3333 18.4 219.0476 14.4 171.4286 11.6 138.0952 9 107.1429 8.8 104.7619
8.1 9.4 116.0494 10.6 130.8642 13.3 164.1975 11.2 138.2716 10.4 128.3951 7.6 93.82716 11.6 143.2099
7.2 8.5 118.0556 10.3 143.0556 9.8 136.1111
8.7 9.3 106.8966 11.6 133.3333 10.5 120.6897
9.5 11.1 116.8421 11.1 116.8421 12.9 135.7895 11 115.7895
12.6 17.2 136.5079
12.4 13.6 109.6774 14.5 116.9355 16 129.0323
5.8 7.7 132.7586 10.3 177.5862 10.9 187.931 10.2 175.8621 6.8 117.2414 6.6 113.7931 6.4 110.3448
6.3 11.7 185.7143 9.7 153.9683
8.2 19 231.7073 17.1 208.5366
6.2 10.4 167.7419 10.8 174.1935 11.9 191.9355 7.2 116.129 10.1 162.9032 11 177.4194 13.6 219.3548
12.2 20 163.9344 23.6 193.4426 17.6 144.2623 13.3 109.0164 11.5 94.2623 12.3 100.8197
9.2 11.2 121.7391 22.4 243.4783 21.3 231.5217 16.9 183.6957 12.4 134.7826 13.6 147.8261
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Figure 2.2 Changes of leukocyte count after aortic aneurysm repair 

(A) Leukocytes count increased on day one after open aneurysm repair, (B) Leukocytes count 

increased on day one after IEVAR, (C) Leukocytes count increased on day one after 

BEVAR/FEVAR (*P<0.0001, for all by Wilcoxon matched pairs signed rank test).  
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Figure 2.3 Leukocytes count changes during the perioperative aneurysm repair period 

(A) Leukocytes count increased after day one from open repair, IEVAR and BEVAR/FEVAR, 

to reach the peak on day then dropped gradually afterwards. (B) Leukocytes percentage of 

change from the baseline showed similar trend of an increase on day one after open repair, 

IEVAR and BEVAR/FEVAR, reached the peak on day two then recovered over 7 days post-

intervention. No significant difference in leukocytes count changes between open and 

endovascular procedures.  
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2.4.3 Changes in lymphocytes count  

Peripheral lymphocytes counts were retrospectively studied in patients after open (n=35, Table 

2.5) and endovascular aortic repair (IEVAR, n=57, Table 2.6, BEVAR/FEVAR, n=39, Table 

2.7). Lymphocytes count dropped in day one after open repair, IEVAR and BEVAR/FEVAR 

(P<0.0001, for all groups by Wilcoxon matched pairs signed rank, Figure 2.3). Lymphocyte 

numbers started then to recover over 7 days following interventions. These changes in the 

absolute lymphocytes numbers after open repair, IEVAR, and BEVAR/FEVAR varied 

significantly (P=0.002 and 0.0001, respectively by Two-way analysis of variance test, Figure 

2.4). There was no significant difference between IEVAR and BEVAR/FEVAR groups. 

Lymphocytes percentage of change from the baseline showed similar trend and, however only 

varied significantly between the open repair and BEVAR/FEVAR group (P=0.0006 by Two-

way analysis of variance test). No statistically significant difference was observed between 

open and IEVAR lymphocytes percentage of change from the baseline.  

Post-operative lymphocytes drop was significantly greater on day one after BEVAR/FEVAR 

compared with IEVAR and open repair (P=0.01, for both by Mann-Whitney test, Figure 2.5A). 

We also noted a slower recovery rate of lymphocyte count a week after BEVAR/FEVAR 

compared with open AAA repair (P=0.04 by Mann-Whitney test, Figure 2.5B). There was a 

minimal difference between open aneurysm repair and IEVAR groups on day one and after a 

week from intervention, but this difference was not great enough to be statistically significant.  
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Table 2.5 Changes of lymphocytes count in the open AAA repair group 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

Pre Day 1 % Day 2 % Day 3 % Day 4 % Day 5 % Day 6 % Day 7 %
1.2 0.6 50 0.6 50 0.8 66.66667 0.7 58.33333 0.9 75 0.8 66.66667 0.9 75
0.8 0.5 62.5 0.7 87.5 1 125 0.3 37.5 0.5 62.5 0.6 75
1.1 0.8 72.72727 1.2 109.0909 0.3 27.27273 0.5 45.45455
2.5 0.9 36 1.1 44 1.3 52 1.7 68 2.4 96 2.2 88
1.5 0.5 33.33333 0.7 46.66667 0.7 46.66667 0.6 40 0.6 40
1.2 0.3 25 0.3 25 0.3 25 0.5 41.66667 0.6 50 0.7 58.33333 0.8 66.66667
1.4 0.6 42.85714 1.1 78.57143 1.1 78.57143 0.8 57.14286 1.4 100
2.9 2.3 79.31034 1.8 62.06897 1.7 58.62069 2.2 75.86207 2.3 79.31034 2.3 79.31034
2 1.6 80 1.5 75 1.5 75 0.7 35 1.4 70 1.5 75 1.9 95
2 1 50 1.1 55 0.9 45 1.3 65 0.9 45 1 50
3.1 1.7 54.83871 1.1 35.48387 1.2 38.70968 1.3 41.93548 1.4 45.16129
1.6 1 62.5 1.3 81.25 1.6 100 1.7 106.25 1.3 81.25 1.1 68.75
2.9 0.8 27.58621 1.7 58.62069 1.9 65.51724 1.1 37.93103 1.8 62.06897 1.3 44.82759 1.4 48.27586
1.5 1.3 86.66667 2.2 146.6667 1.5 100 1.4 93.33333 1 66.66667 0.9 60 1.2 80
2.2 1 45.45455 0.9 40.90909 1.5 68.18182 1.4 63.63636 1.3 59.09091
1.9 0.5 26.31579 0.8 42.10526 1.8 94.73684 1.1 57.89474 1 52.63158 0.9 47.36842 1.2 63.15789
0.7 0.8 114.2857 3.6 514.2857 0.7 100 4.4 628.5714 4.3 614.2857 2.3 328.5714 2.3 328.5714
1.7 1 58.82353 1.5 88.23529 1.4 82.35294 1.7 100 1.7 100 1.6 94.11765 2 117.6471
2 1.7 85 1.8 90 1.3 65 0.8 40 2 100 1.8 90 1.6 80
1.4 0.6 42.85714 1 71.42857 0.6 42.85714 0.6 42.85714 0.6 42.85714 0.7 50 1 71.42857
0.7 0.6 85.71429 0.4 57.14286 0.3 42.85714 0.5 71.42857 0.6 85.71429 0.6 85.71429
2.7 1.1 40.74074 1.4 51.85185 1 37.03704 1.1 40.74074 1.5 55.55556 1.5 55.55556
3.3 1.1 33.33333 0.9 27.27273 1.2 36.36364 1.2 36.36364 1.7 51.51515
2.3 1.4 60.86957 2.2 95.65217 2 86.95652 2.3 100 3.1 134.7826 2.8 121.7391 2.8 121.7391
1.4 0.9 64.28571 0.8 57.14286 1.2 85.71429 1.3 92.85714 1.2 85.71429
1.8 0.4 22.22222 0.5 27.77778 0.7 38.88889 0.5 27.77778 0.8 44.44444 0.8 44.44444 0.5 27.77778
1.9 1.2 63.15789 1.1 57.89474 0.9 47.36842 1.2 63.15789 1.1 57.89474 1.7 89.47368
3.3 1.6 48.48485 1.7 51.51515 2.1 63.63636 1.2 36.36364 1.6 48.48485 1.4 42.42424
2 0.8 40 1.6 80 1.5 75 1.7 85 1.3 65 1.4 70
2.2 1.5 68.18182 1.2 54.54545 1.3 59.09091 1.4 63.63636 1.6 72.72727 2.4 109.0909
2 0.7 35 0.6 30 0.7 35 0.7 35 0.9 45 1.2 60 1 50
2.2 1.8 81.81818 1.2 54.54545 1 45.45455 0.7 31.81818
2.7 1.1 40.74074 1.3 48.14815 1.4 51.85185 1.3 48.14815 1.5 55.55556
1.6 1.9 118.75 1.2 75 0.9 56.25 0.9 56.25 0.7 43.75 0.5 31.25 0.9 56.25
0.7 0.5 71.42857 0.5 71.42857 0.3 42.85714 0.7 100 0.9 128.5714



 64 

Table 2.6 Changes of lymphocytes count in the IEVAR group 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

Pre Day 1 % Day 2 % Day 3 % Day 4 % Day 5 % Day 6 % Day 7 %
1.8 0.5 27.77778 0.9 50 0.8 44.44444
1.6 1.6 100 1.5 93.75 1.1 68.75 1.3 76.47059
1.7 0.5 29.41176 0.9 52.94118
1.7 0.9 52.94118
2.5 0.8 32 1.1 44
0.7 0.4 57.14286
2 0.8 40 1.1 55
0.3 0.8 266.6667 0.9 300 1.3 433.3333
2.1 0.9 42.85714 2 95.2381 1.5 71.42857
0.7 0.5 71.42857 0.3 42.85714 0.2 28.57143
3.1 0.3 9.677419 0.8 25.80645 1.2 38.70968 1.3 41.93548 1 58.82353
1.7 1.1 64.70588 1 58.82353 0.9 52.94118 1.1 64.70588 0.6 35.29412 1.2 85.71429 2.1 150
1.4 1.9 135.7143 1.5 107.1429 1.5 107.1429 1.6 114.2857 1.2 85.71429 1.9 146.1538
1.3 0.8 61.53846 1.2 92.30769 0.9 69.23077 1 76.92308 0.8 61.53846 1 76.92308
1.3 0.3 23.07692 0.9 69.23077 0.8 61.53846 1 76.92308
1.5 1.7 113.3333
2.3 1.7 73.91304 3.1 134.7826 0.8 57.14286
1.4 1.1 78.57143 0.5 35.71429 2.4 171.4286 0.8 57.14286 0.7 50 1 52.63158
1.9 0.5 26.31579 0.9 47.36842 1.4 70
2 1.1 55 0.8 40 1.1 55 0.9 45 1.2 80
1.5 0.4 26.66667 0.9 60
1.3 0.7 53.84615 0.7 53.84615
2.3 1.6 69.56522 1.2 52.17391 1.1 47.82609 1.2 63.15789
1.9 1.2 63.15789 0.8 42.10526 1 52.63158 1.1 57.89474 0.9 47.36842 1.4 73.68421
1.9 1.5 78.94737 1.3 68.42105 1.4 73.68421
1.6 1 62.5 1.5 93.75
1.2 0.5 41.66667 0.8 66.66667 0.9 75 1 83.33333 0.8 53.33333
1.5 0.6 40 1 90.90909
1.1 0.2 18.18182 0.9 81.81818 0.7 63.63636 0.6 54.54545 0.9 81.81818
1.4 0.7 50 1 71.42857 0.7 50 0.9 64.28571
1 0.7 70 0.6 60
1.4 0.7 50 0.8 57.14286 1 71.42857
1.2 0.9 75 0.7 58.33333 0.5 41.66667 0.7 58.33333
2.2 1.3 59.09091 0.8 36.36364
2.1 0.6 28.57143 1.8 85.71429
2.1 1.5 71.42857 1.1 52.38095 0.6 31.57895
1.9 1.2 63.15789 1.7 89.47368 0.9 47.36842 0.4 21.05263 0.6 35.29412
1.7 1.2 70.58824
1.8 1.2 66.66667 1.3 72.22222 1 55.55556 2.2 66.66667
3.3 1.3 39.39394 1.7 51.51515 1.5 45.45455 1.5 45.45455 1.8 150
1.2 0.3 25 0.2 16.66667 0.6 50 1 83.33333 0.8 72.72727
1.3 1.3 100
2.5 1.5 60 1.2 48 1.3 52
3.4 2.6 76.47059 2.6 76.47059 1.1 68.75
1.6 0.8 50 1.1 68.75 1 62.5 1.7 106.25 0.8 42.10526
1.9 0.5 26.31579
1.1 0.6 54.54545 0.6 54.54545 0.5 45.45455 0.5 45.45455 0.9 81.81818 0.7 43.75
1.6 1 62.5
2.2 0.8 36.36364 1.2 54.54545 1.1 50
2 1.6 80 1 50
1.9 1.4 73.68421
1.7 0.9 52.94118 0.6 35.29412 0.9 56.25
1.6 0.7 43.75 1.2 75 0.8 50 1 62.5 0.9 56.25 1.2 54.54545
2.2 0.6 27.27273 0.8 36.36364 0.8 36.36364 0.7 31.81818
3.2 1.5 46.875 1.9 59.375 1 31.25
1 0.7 70 1 100 0.8 80 0.8 80 1.2 120 1.2 80 1.7 170
1.9 0.6 31.57895 1 52.63158
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Table 2.7 Changes of lymphocytes count in the BEVAR/FEVAR group 

 

Pre Day 1 % Day 2 % Day 3 % Day 4 % Day 5 % Day 6 % Day 7 %
1.3 0.2 15.38462 0.4 30.76923 0.6 46.15385 0.6 46.15385
2.4 0.4 16.66667 1.1 45.83333 1.2 50 1.1 45.83333 1.3 54.16667
1.6 0.5 31.25 0.8 50
2.3 0.6 26.08696 1.1 47.82609
2.5 1.4 56
1.1 0.6 54.54545 0.6 54.54545 0.8 72.72727 0.4 36.36364 0.7 63.63636 0.5 45.45455
2 1.1 55 1.2 60 1.4 70 1.2 60
1.9 1.4 73.68421
2.8 1 35.71429 1.1 39.28571 0.5 17.85714 1.2 42.85714
1.4 0.2 14.28571 0.1 7.142857 0.3 21.42857 0.5 35.71429 1 71.42857 1.2 85.71429 1.3 92.85714
2 0.7 35 1 50
1.2 0.5 41.66667
1.3 0.4 30.76923 0.6 46.15385 0.7 53.84615
2.4 0.5 20.83333 0.7 29.16667 0.6 25 0.9 37.5 1 41.66667 1 41.66667 1.2 50
2.1 0.5 23.80952 0.5 23.80952 0.3 14.28571 0.2 9.52381
0.8 0.3 37.5 0.5 62.5 0.6 75 0.8 100
1.4 0.8 57.14286 0.9 64.28571 1 71.42857 0.8 57.14286 1 71.42857
2.3 1.2 52.17391 1.8 78.26087 1.1 47.82609 0.7 30.43478 0.7 30.43478 0.7 30.43478 1.8 78.26087
1.8 0.8 44.44444 1.2 66.66667 1.1 61.11111
2.1 0.3 14.28571 0.7 33.33333 0.4 19.04762 1 47.61905 0.9 42.85714 1 47.61905 0.7 33.33333
1.1 0.9 81.81818 0.9 81.81818 1.2 109.0909
2.5 0.9 36 1.2 48 1.2 48
2 0.7 35 1 50
3.3 2 60.60606
2.2 0.9 40.90909 0.8 36.36364 1 45.45455 0.9 40.90909 1.2 54.54545
1.3 0.5 38.46154 0.5 38.46154 0.5 38.46154 0.4 30.76923 0.9 69.23077 1.2 92.30769
2.4 1 41.66667 1.5 62.5 1.3 54.16667 1.5 62.5 1.4 58.33333 1.6 66.66667
2 2.2 110 1 50 1.5 75 0.7 35 0.7 35 0.8 40 0.7 35
1.6 0.8 50 1 62.5 1.1 68.75
1.3 0.8 61.53846 0.8 61.53846 0.9 69.23077
2.1 0.8 38.09524 1 47.61905 1.3 61.90476 0.8 38.09524
2.4 1.2 50
1.7 0.5 29.41176 0.7 41.17647 1 58.82353
1.7 0.4 23.52941 0.6 35.29412 0.7 41.17647 0.7 41.17647 0.6 35.29412 0.7 41.17647 0.8 47.05882
1.3 0.6 46.15385 0.6 46.15385
2.2 0.6 27.27273 1.5 68.18182
1.9 0.9 47.36842 1.2 63.15789 1.1 57.89474 1.1 57.89474 1.1 57.89474 0.9 47.36842 1.4 73.68421
2.3 1.8 78.26087 1.9 82.6087 1.9 82.6087 1.3 56.52174 1.4 60.86957 1.6 69.56522
0.8 0.8 100 0.7 87.5 0.9 112.5 0.8 100 0.9 112.5 1 125
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Figure 2.3 Changes of lymphocytes count after aortic aneurysm repair 

(A) Lymphocytes count decreased on day one after open aneurysm repair, (B) Lymphocytes 

count decreased on day one after IEVAR, (C) Lymphocytes count decreased on day one after 

BEVAR/FEVAR (*P<0.0001, for all by Wilcoxon matched pairs signed rank test).  
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Figure 2.4 Perioperative changes of lymphocytes count after aortic aneurysm repair 

(A) Lymphocytes count decreased after day one from open repair, IEVAR and BEVAR/FEVAR, 

and then recovered gradually over 7 days post-intervention. The changes in lymphocytes count 

varied significantly between the open group and IEVAR and BEVAR/FEVAR groups (P=0.002 

and 0.0001, respectively by Two-way analysis of variance test). No significant difference 

between the two endovascular groups.  (B) Lymphocytes percentage of change from the 

baseline showed similar trend of a drop on day one after open repair, IEVAR and 

BEVAR/FEVAR, then recovered over 7 days post-intervention. The percentage of changes in 

lymphocytes count varied significantly between the open group and BEVAR/FEVAR group 

(P=0.0006 by Two-way analysis of variance test). No significant difference between open 

repair and IEVAR groups. 
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Figure 2.5 Changes of lymphocyte count in Day 1 and Day 7 after aortic aneurysm repair  

(A) On day one after aneurysm repair, the percentage of drop of lymphocytes count after 

BEVAR/FEVAR greater than IEVAR and Open AAA repair (*P=0.01, for both by Mann-

Whitney test, Figure A). (B) A week later, lymphocytes count recovered in open AAA repair 

quicker than BEVAR/FEVAR group (*P=0.04 by Mann-Whitney test, Figure B). 
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2.4.4 Changes in Monocytes count  

Monocytes cell numbers were retrospectively studied in patients when they underwent open 

(n=35, Table 2.5), IEVAR (n=57, Table 2.6), and BEVAR/FEVAR (n=39, Table 2.7). There 

was a significant increase in monocytes numbers on the first post-operative day after open 

(P=0.003, Figure 2.5A), IEVAR (P<0.0001, Figure 2.5B) and BEVAR/FEVAR (P=0.01, by 

Wilcoxon matched pairs signed rank test, Figure 2.5C).  

In all groups, monocytes count increased after day one to reach the peak on day two then 

recovered gradually afterwards. The changes in monocytes absolute numbers varied 

significantly between the open group and the IEVAR and BEVAR/FEVAR groups (P=0.002 

and 0.003, respectively by Two-way analysis of variance test, Figure 2.7). No significant 

difference between the two endovascular groups. Monocytes percentage of change from the 

baseline showed similar trend over 7 days post-intervention, however there was no significant 

difference observed among all groups. 
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Table 2.8 Changes of monocytes count in the open AAA repair group 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

Pre Day 1 % Day 2 % Day 3 % Day 4 % Day 5 % Day 6 % Day 7 %
0.6 0.9 150 1.2 200 0.9 150 1.1 183.33 0.9 150 0.9 150 1 166.66
0.4 1 250 1 250 0.8 200 0.6 150 0.6 150 0.9 225
0.8 1.3 162.5 1.8 225 0.7 87.5 1.1 137.5
0.6 0.8 133.33 0.6 100 0.7 116.66 0.9 150 1.1 183.33 0.8 133.33
0.5 0.7 140 0.9 180 1 200 0.8 160 1 200
0.5 0.6 120 0.4 80 0.4 80 0.7 140 1.2 240 1.3 260 1.6 320
0.6 0.9 150 1.1 183.33 0.9 150 1 166.66 1.1 183.33
0.7 1.5 214.28 1.6 228.57 1.4 200 1.2 171.42 1.5 214.28 1.8 257.14
0.8 1.4 175 1.1 137.5 0.8 100 0.7 87.5 0.7 87.5 0.9 112.5 0.9 112.5
1 1 100 1.3 130 0.9 90 1 100 0.9 90 0.9 90
1.3 2 153.84 1.9 146.15 1.6 123.07 1.5 115.38 1.4 107.69
0.9 1.2 133.33 1.3 144.44 1.1 122.22 1.3 144.44 0.8 88.88 1 111.11
0.7 0.4 57.14 0.7 100 0.8 114.28 0.7 100 0.6 85.71 0.7 100 0.8 114.28
0.5 1.3 260 1.6 320 1.3 260 1 200 1.3 260 1.2 240 1.1 220
0.7 0.3 42.85 0.8 114.28 1.3 185.71 1.2 171.42 1 142.85
1 0.1 10 0.5 50 0.4 40 0.5 50 0.7 70 0.5 50 0.4 40
1.8 1.4 77.77 0.9 50 1.1 61.11 0.8 44.44 0.7 38.88 0.2 11.11 1 55.55
0.6 0.7 116.66 1.2 200 0.9 150 1.1 183.33 1.1 183.33 1.2 200 1.2 200
0.9 1.8 200 1.8 200 1.8 200 2.3 255.55 3 333.33 2 222.22 1.6 177.77
0.7 0.9 128.57 1.3 185.71 0.6 85.71 0.8 114.28 0.7 100 0.9 128.57 1.2 171.42
0.5 0.8 160 0.6 120 0.6 120 0.6 120 0.6 120 0.6 120
0.8 0.9 112.5 1.3 162.5 1 125 1 125 1.1 137.5 1.1 137.5
0.7 0.8 114.28 0.9 128.57 1.1 157.14 0.9 128.57 0.9 128.57
0.7 0.4 57.14 1.3 185.71 0.9 128.57 1 142.85 1.2 171.42 1.2 171.42 1.2 171.42
0.6 0.9 150 1.1 183.33 1 166.66 0.8 133.33 0.8 133.33
0.7 0.6 85.71 0.8 114.28 0.7 100 0.6 85.71 0.9 128.57 0.9 128.57 0.7 100
0.8 1.2 150 1.2 150 1.1 137.5 1 125 0.9 112.5 0.8 100
0.6 1.1 183.33 1.2 200 1.1 183.33 0.9 150 1 166.66 0.8 133.33
0.8 0.8 100 0.8 100 0.8 100 0.7 87.5 0.8 100 0.8 100
0.7 1.4 200 1.2 171.42 0.7 100 1.2 171.42 1.1 157.14 1.5 214.28
1.1 1 90.90 1.2 109.09 1.2 109.09 0.8 72.72 1.1 100 1 90.90 1 90.90
0.7 1.6 228.57 1.4 200 1.1 157.14 0.8 114.28
1.1 1.1 100 1.5 136.36 1 90.90 0.8 72.72 1.1 100
0.6 0.9 150 1.2 200 1 166.66 0.7 116.66 0.6 100 1 166.66 0.5 83.33
0.5 0.6 120 0.7 140 0.4 80 0.7 140 1 200
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Table 2.9 Changes of monocytes count in the IEVAR group 

 
 
 
 
 
 
 
 
 
 

Pre Day 1 % Day 2 % Day 3 % Day 4 % Day 5 % Day 6 % Day 7 %
0.7 0.9 128.57 0.7 100 0.5 71.42
1 1.1 110 1 100 0.8 80 0.7 70
0.4 0.9 225 0.7 175
1 1.1 110
0.8 1.4 175 1.9 237.5
0.4 0.6 150
0.6 0.9 150 1.1 183.33
0.6 1.1 183.33 1.1 183.33 1 166.66
0.9 1.2 133.33 1.1 122.22 1.3 144.44
0.6 1.2 200 1 166.66 0.6 100
0.9 0.9 100 1.2 133.33 1.2 133.33 0.9 100
0.6 1.2 200 1.6 266.66 1.5 250 1.1 183.33 1.1 183.33 1.2 200 1.4 233.33
0.8 1.5 187.5 1.8 225 1.3 162.5 1.3 162.5 0.9 112.5 0.9 112.5 1.1 137.5
1 1.4 140 1.9 190 1.1 110 1.1 110 1.2 120 1.3 130
0.4 0.5 125 0.8 200 0.6 150 0.7 175
0.5 1.1 220
0.8 1.2 150 1.4 175
0.6 0.6 100 0.4 66.66 1.2 200 0.6 100 0.6 100 0.5 83.33 0.5 83.33
0.6 1 166.66 0.7 116.66
0.6 1.3 216.66 1.7 283.33 1.2 200 1.2 200 2 333.33 1.7 283.33
0.9 1 111.11 1.6 177.77
0.5 0.8 160 1 200
0.8 1 125 1.5 187.5 1 125
0.7 1 142.85 1 142.85 0.9 128.57 0.7 100 0.5 71.4 0.6 85.71 0.7 100
0.5 1.3 260 1.3 260 0.8 160
0.5 0.8 160 1.1 220
0.5 1.1 220 0.8 160 0.9 180 0.9 180 0.8 160
0.5 0.8 160
0.7 1.1 157.14 1.6 228.57 1 142.85 1 142.85 1.1 157.14 1.6 228.57
0.4 0.6 150 0.6 150 0.7 175 0.5 125
0.8 0.5 62.5 0.6 75
0.5 0.5 100 0.6 120 0.6 120
0.3 1.2 400 1 333.33 0.7 233.33 0.6 200
0.4 0.9 225 0.9 225
0.9 0.9 100 1.4 155.55
0.8 0.8 100 1.2 150
0.5 0.6 120 0.7 140 0.6 120 0.4 80 0.3 60 0.3 60
0.4 1 250
0.5 0.7 140 0.9 180 0.4 80
0.7 0.8 114.28 1 142.85 0.8 114.28 0.6 85.71 0.8 114.28 1 142.85
0.6 0.2 33.33 0.3 50 0.6 100 0.8 133.33 0.6 100
0.5 0.8 160
0.6 1.3 216.66 0.3 50 0.8 133.33
0.5 0.8 160 1.2 240
0.7 1.1 157.14 1 142.85 0.7 100 1.1 157.14 0.9 128.57 0.9 128.57
0.8 1.1 137.5
0.4 0.8 200 0.3 75 0.4 100 0.3 75 0.4 100 0.4 100
0.5 0.6 120
1 1 100 1.7 170 1.3 130
0.6 0.6 100 0.9 150
0.5
0.4 0.7 175 0.6 150
0.6 0.5 83.33 0.8 133.33 0.5 83.33 0.4 66.66 0.4 66.66 0.5 83.33 0.5 83.33
1.5 2.2 146.66 1.4 93.33 1.4 93.33 1.3 86.66
0.5 0.5 100 0.8 160
1 0.5 50 1 100 0.6 60 0.8 80 0.8 80 0.8 80 1 100
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Table 2.10 Changes of monocytes count in the BEVAR/FEVAR group 

 
 
 
 
 
 
 
 
 
   
 

Pre Day 1 % Day 2 % Day 3 % Day 4 % Day 5 % Day 6 % Day 7 %
0.6 0.7 116.66 0.7 116.66 0.8 133.33 0.7 116.66 0.9 150
0.5 0.8 160 0.9 180 0.8 160 0
0.5 0.6 120 0.5 100 0.6 120 0.5 100
0.5 0.5 100 0.3 60 0.1 20 0.3 60 0.4 80 0.5 100 0.2 40
0.4 0.6 150 1.2 300
0.8 0.7 87.5 1 125
0.9 0.5 55.55 0.4 44.44 0.08 8.88 0.2 22.22
0.4 0.7 175 1 250 0.9 225 0.6 150
0.7 2.2 314.28
0.8 0.7 87.5 1.2 150 0.8 100 0.8 100 1.1 137.5
0.9 0.9 100 1.1 122.22 1.1 122.22
0.4 0.7 175 1 250
0.4 1 250 1.4 350 1.1 275 0.9 225 0.8 200 0.8 200
0.5 0.7 140 1 200 0.7 140 0.9 180 0.2 40 0.3 60 0.8 160
0.3 0.4 133.33 0.7 233.33 0.5 166.66 0.5 166.66
0.5 0.7 140 0.8 160 0.7 140 0.3 60
0.7 0.2 28.57 0.2 28.57 0.3 42.85 0.4 57.14 0.8 114.28 0.7 100 0.9 128.57
0.9 0.7 77.77
0.8 0.7 87.5
1.3 2.5 192.30 1.7 130.76 1.1 84.61 1.4 107.69 1.5 115.38 1.5 115.38 1.8 138.46
0.6 0.8 133.33 1 166.66 1.4 233.33
0.9 0.9 100 1 111.11 0.8 88.88
1.6 0.7 43.75 0.5 31.25
0.9 1.3 144.44
0.7 0.9 128.57 1.1 157.14 1.3 185.71 0.7 100 1 142.85
0.5 0.9 180 1 200 1 200 0.6 120 1 200 1.3 260
0.6 1.4 233.33 1.7 283.33 1.4 233.33 1.3 216.66 1.1 183.33 1.1 183.33
0.6 0.5 83.33 0.4 66.66 0.9 150 0.6 100 0.5 83.33 0.4 66.66 0.6 100
0.9 0.9 100 1.4 155.55 0.4 44.44
0.4 0.7 175 1 250 0.7 175
1 0.9 90 1.7 170 1.5 150 0.9 90
0.9 0.5 55.55
1.1 1 90.90 1.3 118.18 1.1 100
0.4 0.6 150 1 250 0.8 200 0.7 175 0.6 150 0.6 150 0.8 200
0.6 0.7 116.66 0.5 83.33
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Figure 2.6: Perioperative changes of monocytes count on day one post aortic aneurysm 

repair 

(A) Monocytes count increased on day one after open aneurysm repair (*P=0.003), (B) 

Monocytes count increased on day one after IEVAR (*P<0.0001), (C) Monocytes count 

increased on day one after BEVAR/FEVAR (*P=0.01), by Wilcoxon matched pairs signed rank 

test.  
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Figure 2.7: Perioperative changes of monocytes count during aortic aneurysm repair 

(A) Monocytes count increased after day one from open and endovascular infra-renal (IEVAR) 

and complex (BEVAR/FEVAR) aortic aneurysm repair, to reach the peak on day two then 

dropped gradually afterwards. The changes in monocytes count varied significantly between 

the open group and the endovascular (IEVAR and BEVAR/FEVAR) groups (P=0.002 and 

0.003, respectively by Two-way analysis of variance test). No significant difference between 

the two endovascular groups. (B) Monocytes percentage of change from the baseline showed 

similar trend of an increase on day one after open and endovascular aortic repair, reached the 

peak on day two then recovered over 7 days post-intervention. No significant difference in the 

percentage of changes of monocytes between all groups. 
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2.5 Discussion 
Previous studies reported on the effect of surgical stress on patients during the peri-operative 

period. The systemic response to surgical injury, infection, ischaemia and reperfusion injury is 

regulated by both neuroendocrine and immune system. Surgical stress involves activation of 

hypothalamo–pituitary–adrenal (HPA) axis and release of inflammatory cytokines e.g., tumour 

necrosis factor (TNF)-a, interleukin (IL)-1b, IL-6 and IL-8.296, 297  

 

There is an initial post-operative pro-inflammatory response which leads to not only immune 

activation at the site of injury, but also induces a systemic anti-inflammatory response that in 

turn causes suppression of cellular immunity. This anti-inflammatory response is thought to be 

adaptive in restricting inflammation to the site of injury, preventing inflammatory damage to 

tissue and organs and limiting undesirable systemic immune reactions toward newly exposed 

host determinants.298, 299   

 

In this part of the study, a retrospective analysis of changes in peripheral blood leukocytes, 

monocytes, and lymphocytes count was carried out after open repair, IEVAR, and 

BEVAR/FEVAR. One of the study limitations is that retrospective study risks not capturing 

all data for more robust conclusions. In particular, more invasive open aneurysm repair, more 

complex patients, and/or patients with post-operative complications would have a longer 

hospital stay than straightforward minimally invasive endovascular IEVAR. This could have 

affected the number of data points available at each day post-operatively in each group for 

seven days following intervention. Additionally, the reported changes in the peri-operative 

peripheral blood cells numbers were not adjusted for the other factors, e.g., age, gender, 

smoking, that might have affected outcomes. Nevertheless, the reported outcomes could help 

on shedding some lights on the variations of peripheral blood cells during different approaches 

of aortic aneurysm repair and differences among open, infra-renal (IEVAR) and complex 

(BEVAR/FEVAR) endovascular aortic aneurysm groups. 

 

2.5.1 Leukocytes 

Patients after total hip and knee replacement showed an increase in their white blood cell count 

to approximately 3x106 cells/ml over the first two post-operative days. This leukocytosis could 

be explained as part of the normal systemic inflammatory response to surgery.300  These 
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changes possibly occur after aortic surgery due to various factors such as tissue injury, aortic 

clamping, reperfusion injury and/or wound repair.301   

After aortic aneurysm repair, studies found that leukocytosis was associated with cytokine 

cascade activation that triggers the systematic inflammatory response and possibly multiorgan 

failure.301 - 304 

This response was more pronounced in open aneurysm repair, particularly ruptured aneurysms, 

compared to endovascular intervention.302, 305 This observed leukocytosis was even higher in 

patient who developed sepsis after abdominal aortic aneurysm repair.306 Patients with 

leukocytosis after open aneurysm repair had higher risk of early mortality and inferior long-

term survival.307 From our study, on day one after interventions, leukocytes numbers increased 

in open and endovascular (IEVAR and BEVAR/FEVAR) groups, reaching the peak on day 

two then recovering afterward. However, there was no difference in postoperative leukocyte 

numbers between all cohorts, suggesting radiation exposure during endovascular repair did not 

affect leukocyte number changes after IEVAR and BEVAR/FEVAR compared to open repair. 

 

2.5.2 Lymphocytes 

During the peri-operative period of major surgery, significant changes were observed in 

circulating leukocytes including drop in lymphocyte numbers.299, 308, 309 

In a study, lymphocyte count dropped significantly on day five in patients underwent surgery 

e.g., laparotomy, open and laparoscopic nephrectomy, and hernia repair. After major surgery, 

this count drop was more evident in T lymphocytes rather than B lymphocytes.299 

Other reports suggested that the mitogenic response of circulating lymphocytes to the T-cell 

mitogen phytohemagglutinin and/or concanavalin A is potentially altered by major surgery. In 

these reports, the degree of lymphocyte suppression correlates with the complexity of surgery 

or severity of injury. In addition, the degree of lymphocyte suppression correlates with the 

subsequent development of infectious complications and mortality.310 – 313 These reports 

suggest that major surgical injury can lead to depression of the mitogenic response of 

lymphocytes, resulting in subsequent development of infectious complications.314 

A study of peri-operative Fas mediated apoptosis showed that circulating lymphocytes in the 

early perioperative period are susceptible to Fas-mediated apoptosis, which may cause 

depletion of circulating lymphocytes after surgery. These numbers were significantly 

decreased on days 1 and 4 after surgery (P<0.02, P<0.05, respectively) and returned to 

preoperative levels 7 days after surgery.285 Similar results were observed in patients who 



 77 

underwent oesophagectomy, as lymphocytes apoptosis was evident by DNA fragmentation and 

PCR products for the T-cell receptor gamma (TCR-gamma) variable region gene that were 

found in the serum DNA of these patients until day 5.  

These results suggest that transient T-cell apoptosis occurs in the early post-operative period 

after oesophagectomy.290 This post-operative T-cell apoptosis is also believed to be mediated 

through cytokines such as TNF-alpha and IL-6.296, 297 Lymphocytes apoptosis was found to be 

associated with greater post-operative infectious complications.315  

 

Our data for open surgery group showed similar trends as we observed a drop in lymphocytes 

count in patient after open AAA repair. However, the reduction in circulating lymphocytes was 

more pronounced after complex endovascular procedures (BEVAR/FEVAR) compared with 

open AAA repair (P=0.0001) over 7 days following interventions, particularly with greater 

drop in lymphocytes after BEVAR/FEVAR on day one (P=0.01) compared to open repair, 

which might reflect the effect of radiation exposure during complex BEVAR/FEVAR and may 

be further supported by the slower recovery of lymphocyte count we observed after 

BEVAR/FEVAR compared with open AAA repair (P=0.04). Complex branched and 

fenestrated repair necessitates a higher radiation exposure for the patient (Figure 2.1) and this 

may account for the fact that the drop-in lymphocyte count was more prominent for this group 

compared with standard EVAR. These changes in lymphocyte numbers reflect the sensitivity 

of lymphocyte cells to radiation exposure. There was a minimal difference between open 

aneurysm repair and IEVAR groups on day one and after a week from intervention, but this 

difference was not great enough to be statistically significant.  

 

Radiation induced decrease in peripheral blood cells was observed in patients with cancer when 

they underwent radiotherapy. Further analysis found that circulating lymphocytes were the 

most radiosensitive cells amongst the erythroid, myeloid, and lymphoid lineage cells to 

ionising radiation which sometimes required years to recover after the radiotherapy course.228 

- 233 

Deeper phenotyping studies showed circulating T lymphocytes were more sensitive and their 

levels were further reduced compared with B lymphocytes, when patients were exposed to 

ionising radiation during radiotherapy sessions.234, 235 

Radiation induced lymphocytopenia could be a sign of acute radiation syndrome (ARS), which 

occurs when individuals are exposed to at doses greater than 1 Gy and associated with damage 

to blood cells, particularly circulating lymphocytes that show drop in their numbers 12 to 48 
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hrs after exposure. The decrease and rapidity of decrease in lymphocyte count could be an 

indicator of exposed radiation dose, as the higher the exposed dose, the more rapid and severe 

the decrease in lymphocytes. The kinetics of radiation induced lymphocytopenia is previously 

described and demonstrated in Andrew’s curves (Figure 2.6). Radiation exposure to 1-2 Gy 

results in drop of 60% of the circulating lymphocytes, while higher dose exposure > 8 Gy 

diminishes lymphocyte count by 94%.316 

Lymphocyte depletion kinetics can be used to predict radiation induced drop in the absolute 

neutrophil count and predicts haematopoietic precursor cells damage results in progressive 

neutropenia, thrombocytopenia, and anaemia.316, 317  

  

Studies explained that radiation-induced lymphocytopenia is the result of direct toxicity to 

circulating lymphocytes as radiation traverses the irradiated field. The flow rate of circulating 

oxygenated blood in capillaries is slow (0.3 mm/sec). Therefore, when ionising radiation passes 

through networks of blood vessels to reach the deep targets, radiation induced reactive oxygen 

radicals are generated by water and oxygen radiolysis in the blood vessels and directly destroy 

circulating lymphocytes.318 - 321     
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Figure 2.6 Andrews’ curves show radiation induced lymphocytopenia kinetics (Adapted 
from Andrews GA, et al., 1965.) 
Andrew’s curves (lymphocyte depletion curves) demonstrate radiation induced lymphocyte 
depletion kinetics.  
 
 
 
2.5.3 Monocytes 

Monocyte numbers increased but not significantly after laparotomy, open and laparoscopic 

nephrectomy, and hernia repair. 299 Similar trends were observed in orthopaedics patients after 

total hip and total knee replacement.300  

Our study also showed that monocytes numbers increased on day one after open and 

endovascular aortic repair (Figure 2.6). This could be explained as a response to the surgical 

stress that induces not only systemic endocrine-metabolic response but also influences the 

function of the monocytes and leukocytes leading to various systemic responses. When the 

postoperative clinical course was evaluated between patients undergoing an oesophagectomy. 

The development of systemic inflammatory response (SIRS) was significant immediately after 
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oesophagectomy. This was associated with high CD11b expression on monocytes and the 

TNF-alpha production of monocytes are considered as a response to surgical stress and related 

to the amount of tissue damage and surgical injury.300 

This could explain the finding of significant variation in monocytes count between open AAA 

repair and IEVAR (P=0.002), and BEVAR/FEVAR (P=0.003), as monocyte numbers returned 

to the baseline after minimally invasive endovascular repair while open AAA repair patient 

maintained higher monocyte levels in their blood (Figure 2.7). 

 

2.6 Summary  
After open and endovascular aortic aneurysm repair, there are changes in the circulating blood 

cells. Surgical trauma initiates a systemic inflammatory response that causes an increase in the 

number of leukocytes and monocytes. Ionising radiation during EVAR might have resulted in 

a more pronounced drop in circulating lymphocytes than open surgery. These cells are the most 

sensitive subpopulation of peripheral blood leukocytes to ionising radiation. Therefore, the 

radiation exposure during EVAR, particularly complex BEVAR/FEVAR, may account for the 

temporal changes in circulating lymphocytes we have observed in the present retrospective 

analysis. 
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CHAPTER 3 

Optimisation of analysis of DNA damage/repair 

biomarkers  

3.1 Introduction  
Ionising radiation deposits direct energy to the cellular nucleic acid and generates reactive 

oxygen/nitrogen species. This interaction damages the cellular DNA structure by causing base-

pair alterations, nucleotide modifications, and single and/or double-strand DNA breaks.75 As a 

response to this DNA damage, cell cycle checkpoint response is activated to promote DNA 

repair. These repair mechanisms trigger the activation of DNA repair proteins and the induction 

of transcription factors. 

Expression of DNA damage/repair biomarkers, such as γ-H2AX and pATM in circulating cells 

(e.g., lymphocytes), can be a sensitive biomarker of radiation-induced DNA damage. The 

number of γ-H2AX foci in lymphocytes, for example, correlates with the amount of radiation-

induced double-strand DNA breaks.322 

ATM is believed to play an essential role in all cell cycle checkpoints after ionising radiation 

exposure, with ATM-deficient cells more susceptible to radiation-induced chromosomal 

damage and apoptosis.127 This part of the study aimed to optimise a flow cytometry-based 

method for measuring γ-H2AX and pATM in lymphocytes from patients and operators after 

EVAR. 

 

3.2 Aims 
To optimise a method to measure radiation induced DNA damage/repair biomarkers γ-H2AX 

and pATM in circulating lymphocytes and haematopoietic cells from whole blood.  
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3.3 Methods of optimisation of analysis of DNA 

damage/repair biomarkers  
3.3.1 Patient with AAA and controls 

Patients with AAA undergoing endovascular and open repair as well as young healthy controls 

were recruited into this study. Controls were matched for age, sex, clinical confounding factors 

(including co-morbidities and medication) and environmental factors, such as smoking. 

Exclusion criteria included patients with leukemia or lymphoma, patients currently on 

chemotherapy or radiotherapy, patients who had received radiotherapy in the last 6 months and 

those exposed to scintigraphy within the last 7 days. This study was approved by the London‒

City & East Research Ethics Committee (16/LO/1111) following the principles of the 

Declaration of Helsinki, and written informed consent was obtained from each participant. 

Blood was taken before, immediately after, and 24hrs following open/endovascular 

procedures.  

 

3.3.2 Chemically induced γ-H2AX 

Lymphocyte DNA double-strand breaks can be induced using DNA topoisomerase II (topo2) 

inhibitor, Etoposide, which is widely used in treatment of cancer as chemotherapy. DNA 

topoisomerase II (topo2) inhibitors stabilise cleavable complexes between topo2 and DNA; 

collisions of DNA replication forks with these complexes convert them into DNA double-

strand breaks.323 

 

3.3.2.1 Flow cytometric analysis of chemically induced γ-H2AX in lymphocytes 

Intracellular γ-H2AX expression on circulating lymphocytes was examined by fluorescence-

activated cell sorting (FACS) using the following procedures, 

 

• Peripheral venous blood was collected from the antecubital vein into 

ethylenediaminetetraacetic acid (EDTA) anti-coagulated tubes (BD Vacutainer, UK). 

• Blood samples (2ml) were incubated with 100μM and 200μM of Etoposide (Merck 

Millipore, Germany) for 24hrs in 37˚C.  

• Negative control blood tubes were incubated without Etoposide stimulation for same 

duration at the same temperature.  
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• Red blood cells were lysed, and cells were fixed using 10ml of BD Phosflow Lyse/Fix 

Buffer (BD Bioscience, USA) for 10mins 37˚ C.  

• A wash buffer solution containing phosphate buffered saline (PBS)/0.5% bovine serum 

albumin (BSA) was added (5x dilution) to halt lysis and fixation, the sample centrifuged for 

5mins at 400g, washed in FACS buffer and centrifuged again. 

 

For lymphocyte fluorescein isothiocyanate conjugated mouse anti-human CD3 (FITC- anti 

CD3, Miltenyi Biotec, Appendix 6.2) staining, blood tubes were divided into 2 groups (Figure 

3.1): 

Group A: tubes with anti-CD3 antibodies before the permeabilisation step  

Group B: tubes stained with anti-CD3 antibody after the permeabilisation step 

• Group A: Samples were incubated with 10μL human Fc receptors (FcR) blocking reagent 

(Miltenyi Biotec, UK) for 10mins on ice, followed by incubation with 20μL (concentration 

0.5μg/mL) of FITC-CD3 antibody (Miltenyi Biotec) for 30mins on ice in the dark.  

• Both groups were washed and permeabilised with 3ml of ice-cold Perm Buffer III added 

dropwise (BD Phosflow, BD Bioscience, USA) on ice for 30mins.  

• Cells were washed twice and stained for γ-H2AX using 5μL (concentration of 0.3μg/mL) 

of antihuman allophycocyanin (APC) γ-H2AX antibodies (BD Bioscience, USA, Appendix 

6.2) to all the tubes (100 μL blood) on ice for a further 60mins in the dark.  

• FITC anti-CD3 antibodies (20μL, concentration 0.5μg/mL) were also added to Group B 

samples. 

• Cells were then resuspended in 1mL PBS/0.5% BSA buffer.  

• To exclude dead cells, 10uL Hoechst was added 5mins prior to analysis.  

• Samples were then analysed using a MACSQuant flow cytometer (Miltenyi Biotec). 

 

A MACSQuant flow cytometer (Miltenyi Biotec) is equipped with red and blue lasers with 

excitation wavelengths of 633nm and 388nm respectively. Controls included unstained (for 

voltage settings) for appropriate gating of γ-H2AX. Allophycocyanin-conjugated IgG isotype 

control antibodies (BD Biosciences and BioLegenad) were used in fluorescence minus one 

sample for appropriate gating of γ-H2AX. Compensation was carried out using labelled beads 

(CompBeads Plus, BD Biosciences). Lymphocytes were identified according to forward scatter 

(size) and side scatter (granularity) properties after gating out doublets, and gating on cells 

staining positive for CD3. The percentage of lymphocytes expressing γ-H2AX was quantified. 
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Data for all flow cytometric acquisitions in this study were analysed using FlowJo v10 software 

(Flow Jo, USA). 

 

 

                                 

                                  
Figure 3.1 Flow chart of measuring Etoposide induced DNA damage in CD3+ T 
lymphocytes  
Collected blood samples were divided into two groups; Group A: CD3 staining before 
permeabilisation, and Group B: CD3 staining after permeabilisation. Each group was then 
subdivided to permeabilised and non-permeabilised samples (control). Each subgroup was 
incubated with 200uM, 100uM Etoposide and control).  
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3.3.2.2 Stimulation and intracellular staining of PBMCs  

Peripheral blood mononuclear cells (PBMCs) were isolated from whole blood to reduce the 

number of cells being stimulated. 100mls of blood were collected from from the antecubital 

vein into EDTA tubes and was diluted 1:1 with Dulbecco’s Modified Eagle Medium (Sigma, 

UK) containing 4.5g/L glucose and L-glutamine (Lonza, UK), layered on Ficoll-Paque Plus 

(GE Healthcare, UK) and centrifuged for 30 mins at 400g. PBMCs were removed and washed 

in wash buffer. Any remaining red cells were lysed with 5mls of red blood cell lysis solution 

(PharmLyse, BD Biosciences) for 5 mins. 5 × volume of buffer was then added to halt lysis 

and the cells centrifuged at 400g. Following red cells lysis, PBMCs were incubated with 

100µM Etoposide for 30 mins in 37˚C. Cells were then fixed, permeabilised and stained as 

previously mentioned in section 3.3.2.1.  

 

3.3.2.3 Phorbol 12-myristate 13-acetate (PMA) stimulation of whole blood and PBMCs  

For further optimisation of cell permeabilisation, lymphocytes intracellular signaling was 

measured using intracellular flow cytometric techniques.  I took the opportunity of in-house 

optimised protocol to measure Mitogen-activated protein kinase (MAPk) and Signal transducer 

and activator of transcription 1 (Stat1) in order to validate my cell permeabilisation method.  

Phorbol 12-myristate 13-acetate (PMA) stimulation of whole blood and PBMCs separately was 

carried out to measure phosphorylated forms of the downstream signaling molecules Stat1 and 

MAPk.  

200mls blood were collected in EDTA tube and divided in to 100ml for PBMCs isolation and 

100ml for whole blood sample. PBMCs were isolated as mentioned in Section 3.3.2.2), both 

groups were then lysed with red blood cell lysis solution (PharmLyse, BD Biosciences) for 5 

minutes. 5xvolume of buffer was then added to halt lysis and the cells centrifuged at 400g. 

Following red cells lysis, cells were then stimulated with 10ng/mL phorbol 12-myristate-

acetate (PMA, 400nM for whole blood and 40nM for PBMCS), for 15 mins at 37oC. The cells 

were then fixed in 4% PFA, T lymphocytes were stained with FITC anti-CD3 antibodies as 

previously explained. This followed by cell permeabilision in Perm buffer III for 10 mins prior 

to staining for anti-phosphorylated MAPk and Stat1 for 30mins in ice. Cells were then washed 

with wash buffer and then analysed with FACS machine as previously mentioned in section 

3.3.2.1. Intracellular phosphorylation was compared between stimulated lymphocytes and 

unstimulated lymphocytes. 
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3.3.2.4 Etoposide induced γ-H2AX in whole blood using CytoFix/CytoPerm 

As chemically induced phosphorylated H2AX could not be detected with previous Lyse/Fix 

buffer and Perm Buffer III. γ-H2AX upregulation was examined in Etoposide-induced whole 

blood using BD Cytofix/Cytoperm fixation/Permeabilization Kit (BD Bioscience, USA) as the 

following: 

1. Blood collected as mentioned earlier in section 3.3.2.1. and incubated with Etoposide 

(75uM) in 37˚for 4 hrs.  

2. Red cells were lysed with BD Pharmlyse buffer then washed with wash buffer.  

3. Cells were fixed and permeabilised using 500µL of BD Cytofix/Cytoperm Fixation/ 

Permeabilization solution in the dark in room temperature for 20mins.  

4. Cell were then washed and incubated for 10mins in 10µL BD Perm/Wash™ Buffer (Fetal 

Bovine Serum and saponin).  

5. 2 mL BD Perm/Wash™ buffer was added to cells prior to further wash and then were 

incubated for 10 minutes at RT in the dark.  

6. Following sampling centrifugation for 5 minutes at 400g, cell pellets were blocked with FcR 

Blocking reagent (Miltenyi Biotec). 

7. Cells were then stained with APC- Mouse anti-H2AX (BD Bioscience, USA) in the dark for 

45mins, and washed with wash buffer prior to running flow cytometric analysis. 

 

3.3.2.5 Etoposide induced γ-H2AX in PBMCs using Cell Signaling Buffer Set A 

Another cell fixation and permeabilisation kit was used in order to detect and quantify amount 

of phosphorylated H2AX in CD3+ T lymphocyte cells. The advantage of Cell Signaling Buffer 

Set A (Miltenyi Biotec, UK) is that it provides separate agents for each cell fixation and 

permeabilisation which gives the opportunity for anti-CD3 staining after fixation and before 

permeabilisation step as the following: 

1. PBMCs were isolated from whole blood using Ficoll-Paque Plus (GE Healthcare, UK) as 

previously mentioned in section 3.3.2.2. 

2. Remaining red cells were lysed with red blood cell lysis solution (Pharmlyse, BD 

Biosciences) for 5 mins, and then washed using wash buffer and spun for 5mins in 400g.  

3. Cells were then incubated with 75µM Etoposide for 18hrs in 37˚C.   

4. After further washout, cells were fixed with 250uL of Cell Signaling Set A Inside Fix.  

5.This was followed by cell washout and then permeabilisation slowly with 3ml of chilled Cell 

Signaling Buffer Set A Perm Buffer III on ice for 30 mins.  
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6. After further washout, samples (500μL) were incubated with 10μL human FcR blocking 

reagent (Miltenyi Biotec, UK) for 10 mins on ice. 

7. Cells were stained in the dark with APC-Mouse anti-γ-H2AX antibodies (BD Bioscience, 

USA) in ice for 60 mins.  

8. Stained cells were washed once and then resuspended in wash buffer before proceeding with 

FACS analysis as previously explained.  

 

3.3.2.6 Comparison between Cytofix/Cytoperm and Cell Signaling Set A buffers 

In order to achieve an optimum detection of γ-H2AX from stimulated bloods cells, a 

comparison between cell fixation and permeabilisation (BD Cytofix/Cytoperm and Miltenyi 

Cell Signaling Set A) buffers was carried out as the following: 

1. Blood samples were collected as previously mentioned and aliquoted into 2ml in Eppendorf 

tubes and incubated with Etoposide (450uM) in 37˚ for 24 hrs.  

2. Red cells were lysed using BD Pharmlyse for 5 mins, and then washed using wash buffer 

and spun for 5mins in 400g. 

3. Samples were split into two groups: Cytofix/Cytoperm protocol group, and Cell Signalling 

Set A protocol group.  

Both protocols were carried out as mentioned earlier simultaneously under same conditions.  

 

Cytofix/Cytoperm protocol:  

1. Cell fixation and permeabilisation with Cytofix/Cytoperm, as mentioned in section 3.3.2.4. 

2. Cell were then washed and incubated in Perm/wash buffer for 10 mins.  

3. After further washout, cell pellet was incubated with human FcR blocking reagent. 

4. Cell staining with APC-Mouse anti-γ-H2AX antibodies (BD Bioscience). 

5. Stained cells were washed, and then resuspended in wash buffer before FACS analysis. 

 

Cell Signalling Set A protocol:  

1. Samples were then fixed with 250uL Inside Fix from Cell Signalling Buffer Set A. 

2. After washout, cells were permeabilised with 3ml of Cell Signaling Perm Buffer III.  

3. Cell pellet was washed then incubated with human FcR blocking reagent. 

4. Cell staining with APC-Mouse anti-γ-H2AX antibodies (BD Bioscience). 

5. Stained cells were washed and then resuspended in wash buffer before FACS analysis. 
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3.3.2.7 Etoposide induced γ-H2AX using Cell Signaling Set A buffers 

1. Blood samples were collected as previously mentioned and aliquoted into 2mls. 

2. Samples were then stimulated with Etoposide (150 uM) in 37˚for 4 hrs.  

3. Red cells were then lysed with BD Pharm Lyse for 5 mins. 5 × volume of buffer was then 

added to halt lysis and the cells centrifuged at 400g.  

4. After washout, cells were fixed with Inside Fix (250ul) in room temperature for 10 mins, 

then washed out with wash buffer and centrifuged for 5mins in 400g. 

5. Cells were incubated with FITC- anti-CD3 antibodies in the dark in 4° C for 10 mins.  

6. This followed by cell permeabilisation with Perm Buffer A in ICE for 30 mins.  

7.Cells were then stained with APC- Anti- γ-H2AX in room temperature in the dark for 30 

mins.  

8. Cell pellets were washed and resuspended in wash buffer prior to running flow cytometry 

analysis using the following settings. 

 

 

3.3.3 Radiation induced γ-H2AX 

 
3.3.3.1 X-ray machine radiation induced γ-H2AX  

In parallel with using chemically induced DNA damage, we also used irradiated blood samples 

to optimise a flow cytometric method for detecting γ-H2AX levels in CD3+ T lymphocytes.  

Blood samples were collected from volunteers in EDTA containing tubes, then divided into 3 

groups: irradiated, positive control (Etoposide), and negative control (Figure 3.2) 2ml in each 

tube. Samples were then kept in a water bath at 37˚C and transferred to the X-ray machine 

(Philips Healthcare, the Netherlands).  

Blood tubes were exposed to different radiation doses (Table 3.1); negative and positive 

controls were kept in a water bath. For positive Control: Etoposide (200µM) was added to 2 

ml blood and incubated for 24 hrs at 37˚C. 

RBCs were lysed, fixed, and then incubated with anti-human CD3 antibodies followed by cell 

permeabilisation and staining with γ-H2AX antibodies as described above. Flow cytometry 

machine settings and acquisitions were set as previously mentioned. 
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Figure 3.2 Flow chart for the x-ray irradiated blood samples 
Collected blood samples were divided into 3 groups; Irradiated (samples were exposed to an 
increasing radiation exposure doses), positive control (Etoposide) and negative control.  
 

 

Table 3.1 Radiation exposure measurements from x-ray machine  

 
 

 

3.3.3.2 Micro-CT radiation induced γ-H2AX  

Blood samples were collected and transferred to micro-CT scanner in 37˚C in water bath. 

Samples (0.5ml whole blood in Polypropylene Eppendorf Safe-Lock tubes, Eppendorf UK) 

were irradiated for 10 and 20 mins (Table 3.2). Radiation doses could not be measured using 

micro-CT scanner as its only designed for obtaining imaged. Negative control (non-irradiated) 

and positive control (Etoposide stimulated) were kept in water bath at 37˚C. 
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Red cells were lysed, and cells were fixed, stained CD3 antibodies, and permeabilised before 

staining with anti γ-H2AX antibodies as described above.  

 

Table 3.2 Radiation exposure measurements from micro-CT scanner              

 
   

 

3.3.3.3 Radiotherapy machine radiation induced γ-H2AX 

Blood samples from healthy volunteers were collected and exposed in Polypropylene 

Eppendorf Safe-Lock tubes (1ml each) to radiation doses between 100 and 1000 mGy using a 

Darpac 2000 (Gulmay Medical) x-ray unit (energy: 80 kVp [half-value layer, 2.0mmAL], 6.9 

mA, applicator: 8 cm diameter) positioned ≈25 cm from the x-ray source (Figure 3.3). 

Irradiated blood samples were taken back to the lab, RBCs lysed, cells were fixed, stained CD3 

antibodies, and permeabilised before staining with anti γ-H2AX antibodies as described above. 

 

                           
Figure 3.3 In vitro irradiation of blood samples using Darpac 2000 (Gulmay Medical) x-
ray unit  
Blood containing Polypropylene Eppendorf Safe-Lock tubes (1ml each) were placed in a rack 
under Darpac 2000 (Gulmay Medical) x-ray unit and exposed to known radiation doses.  
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3.3.3.4 Reliability of radiation induced γ-H2AX measurement protocol  

Further to successful detection of radiation induced γ-H2AX using aforementioned technique 

and radiotherapy machine as source of radiation. Methodology reliability was tested using 

blood samples from the same healthy volunteer and exposed to a range of radiation doses 

(10mGy to 500mGy) at multiple occasions. Exposed samples were lysed, cells were fixed, 

stained with CD3 antibodies, then permeabilised before γ-H2AX staining and flow cytometric 

analysis as explained in detail above.  

 

 
3.3.4 Chemically induced pATM  

 
3.3.4.1 Etoposide induced pATM in PBMCs using Cytofix/Cytoperm 

PBMCs were isolated from whole blood as previously mentioned in 3.3.2.2 and stimulated 

with Etoposide (50uM) for 4 hrs at 37˚. After further washout, samples were blocked with FcR 

blocking reagent for 10 mins on ice. T lymphocytes were then stained with 10μL of FITC 

conjugated mouse antihuman CD3 antibody for 30 mins on ice in the dark.  

Cells were washed and then fixed and permeabilised using Cytofix/Cytoperm buffer (250uL) 

and incubated in the dark in 4˚C for 20 mins. After a further washout, cells were incubated 

with phycoerythrin-conjugated (PE) antihuman pATM antibodies (Biolegend, UK, Appendix 

6.2) in ice for 60 mins. Stained cells were washed once and then resuspended in 500μL wash 

buffer before proceeding with FACS analysis as previously explained. 

 

3.3.4.2 Etoposide induced pATM in PBMCs using Cell Signalling Buffer Set 

PBMCs were isolated from whole blood as previously mentioned in 3.3.2.2 and stimulated 

with Etoposide (50uM) for 4 hrs at 37˚. Cells were fixed using Inside Fix buffer in the dark in 

Room Temperature for 10 mins. Cells then washed and permeabilised with 1 ml of ice-cold 

Perm Buffer III for 30 mins. After further washout, samples were blocked with FcR blocking 

reagent for 10 mins on ice. Cells were then stained with PE antihuman pATM antibodies in ice 

for 60mins. Stained cells were washed once and then resuspended in 500μL wash buffer before 

proceeding with FACS analysis as previously explained. 

 

3.3.4.3 Etoposide induced pATM in whole blood using Cell Signalling Buffer Set 

Blood samples were collected and incubated with Etoposide (50uM) for 4hrs at 37˚. Red cells 

were then lysed, followed by cell membrane fixation using Inside Fix buffer. T lymphocytes 
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were then stained with 10μL of FITC mouse antihuman CD3 antibody for 30 mins on ice in 

the dark. Samples were tested with Flow cytometry to check efficacy of the CD3+ T 

lymphocytes staining. 

Cells then washed and permeabilised with 1 ml of ice-cold Perm Buffer III for 30 mins. After 

further washout, samples were blocked with FcR blocking reagent for 10 mins on ice. Samples 

were stained with PE antihuman pATM antibodies (1 and 5uL) in ice for 60 mins. Control 

samples were stained with PE conjugated IgG Isotope (1 & 5uL) for appropriate gating of 

pATM. Stained cells were washed once again and then resuspended in 500μL wash buffer 

before proceeding with FACS analysis as previously explained.  

 

3.3.4.4 Etoposide induced pATM in T lymphocytes 

Blood samples were collected and incubated with Etoposide at 3 different concentrations (50, 

100 and 200uM) for 4hrs at 37˚. Red cells were then lysed, this followed by cell membrane 

fixation using Inside Fix buffer. T lymphocytes were then stained with 10μL of FITC mouse 

antihuman CD3 antibody for 30 mins on ice in the dark. Samples were tested with Flow 

cytometry to check efficacy of the CD3+ T lymphocytes staining. 

Cells then washed and permeabilised with 1 ml of ice-cold Perm Buffer III for 30 mins. After 

further washout, samples were blocked with FcR blocking reagent for 10 mins on ice. Samples 

were stained with PE antihuman pATM antibodies (1 and 5uL) in ice for 60 mins. Control 

samples were stained with PE conjugated IgG Isotope (1 & 5uL) for appropriate gating of 

pATM. Stained cells were washed once again and then resuspended in 500μL wash buffer 

before proceeding with FACS analysis as previously explained.  

 

 

3.3.5 Peri-operative changes of DNA damage/repair biomarkers  

Patients are exposed to ionising radiation throughout EVAR procedures, therefore in this part 

of the study we aimed to study the acute biological effect of radiation in patients when they 

undergo EVAR. To study this biological effect of radiation during the acute phase, changes in 

levels of DNA damage biomarkers γ-H2AX & pATM were measured in patients’ lymphocytes 

during the perioperative period of EVAR. DNA damage biomarkers upregulation after EVAR 

is compared to similar cohort of patients who underwent open aortic aneurysm surgical repair. 
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Blood samples were collected from patients in ethylenediaminetetraacetic acid tubes prior to, 

immediately and 24hrs after endovascular aortic repair procedure. Red blood cells were lysed 

using Pharmlyse for 10mins and then washed in 0.5% BSA/PBS for 5 mins at 4°C. Cells were 

then fixed using Inside Fix 10mins at room temperature, followed by staining with FITC-mouse 

anti-human CD3 antibody for 30mins on ice in the dark. Cell membranes were then 

permeabilized on ice using Perm Buffer III and washed before staining for APC- mouse anti-

human γ-H2AX and PE- mouse anti-human pATM. This followed by samples analysis on a 

MACSQuant flow cytometer using the previously mentioned settings.  

 

 

3.3.6 γ-H2AX and pATM expression in T lymphocyte subsets 

After identifying γ-H2AX and pATM activation in CD3+ T lymphocytes in operators after 

endovascular aortic repair procedures. A further assessment is carried out to measure peri-

operative changes of γ-H2AX and pATM in T lymphocytes subpopulations CD4+ T Helper 

and CD8+ Cytotoxic T cells in operators after performing endovascular aortic interventions. 

We then studied a deeper phenotyping of CD4+ T Helper and CD8+ Cytotoxic T cells, to 

identify γ-H2AX and pATM in their naïve (CD45RO-/CCR7+), central memory 

(CD45RO+/CCR7+) and effector memory (CD45RO+/CCR7-) subpopulations 

 

3.3.6.1 Flow cytometric analysis of T lymphocytes subpopulations  

In order to identify T lymphocytes subsets, we optimised a flow cytometric method to detect 

signals from multiple cellular surface markers simultaneously. This could be challenging due 

to the possibility of interference of signals on excitation from one immunofluorescent marker 

to another. If this happens, false readings of cellular markers excitations can occur, which result 

in inaccurate detection of certain cell types in order to measure their radiation induced DNA 

damage.  

Therefore, various steps of optimisation were carried out to ensure accurate detection of each 

cell type and its associated radiation induced DNA damage. First step of this optimisation 

process was to detect each cellular surface marker individually on live cells, fixed cells, and 

fixed and then permeabilised cells (Figure 3.4)   
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Figure 3.4 Flow chart of optimisation of FACS assessment of T lymphocytes 
subpopulations   
Steps of the optimisation process to detect T lymphocytes subpopulation surface marker 
individually on live cells, fixed cells, and fixed and then permeabilised cells 
 

 

Staining on live cells: 

Blood samples collected from a healthy volunteer; red cells were lysed as previously 

mentioned. After washing the cells twice, cells were blocked using FcR block on ice for 15 

mins. Cell pellets were resuspended in wash buffer and then aliquoted out into multiple 

samples. This allowed to stain for individual cell surface markers CD3, CD4, CD8, CCR7 

(CD197), and CD45RO (Appendix 6.1). Stained samples were then processed using a 

MACSQuant flow cytometer and adjusting machine settings accordingly.  

 

Staining on fixed only cells: 

After collecting blood samples and red cell lysis, samples were divided into 2 groups 

(unstained/control and stained). After washing cells twice, they were blocked using FcR block 

on ice for 15 mins. Cell pellets were resuspended in wash buffer and then aliquoted out into 

multiple samples. Cells were stained with CD3, CD4, CD8, CCR7 (CD197), CD45RO 

separately. All samples were then fixed with Inside Fix for 10 mins. After cell wash, cell pellets 

resuspended in wash buffer and analysed using a MACSQuant flow cytometer. 
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Staining on fixed and permeabilised cells: 

After collecting blood samples and red cell lysis, samples were divided into 2 groups (control 

and stained). After washing the cells twice, cells were blocked using FcR block on ice for 15 

mins. Cell pellets were resuspended in wash buffer and then aliquoted out into multiple 

samples. Samples were stained with CD3, CD4, CD8, CCR7 (CD197), CD45RO separately. 

All samples were then fixed with Inside Fix and after wash, cells were permeabilised with Perm 

buffer III for 30 mins in ice. Cells were then washed prior to analysis with a MACSQuant flow 

cytometer. 

 

3.3.6.2 Flow cytometric analysis of T lymphocytes subpopulations in fixed cells 

After previous results, in order to ensure the accuracy of the signal received from cell surface 

marker excitation, another flow cytometric analysis was carried out. As demonstrated in the 

flow chart below (Figure 3.5), samples were collected, and red cells were lysed. After cell 

pellet wash, cells were fixed as mentioned above. Fixed cells were stained individually with 

cell surface markers CD3, CD4, CD8, CD45RO and CCR7. A sample from each stained tube 

was processed for flow cytometric analysis. The rest of stained fixed cells were permeabilised 

with Perm Buffer III. After a further cell wash, samples were processed using a MACSQuant 

flow cytometer. 
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Figure 3.5 Flow chart of optimisation of FACS assessment of T lymphocytes 
subpopulations  
Flow chart of optimisation method of flow cytometric analysis of individual staining of T 
lymphocytes subpopulations surface markers on fixed only cells and fixed, then stained and 
permeabilised cells.  
 

 

3.3.6.3 γ-H2AX & pATM changes in T lymphocytes subpopulations 

After identifying CD3+ T lymphocytes subpopulation using the flow cytometric technique, a 

further assessment is carried out to measure peri-operative changes of γ-H2AX and pATM in 

T lymphocytes subpopulations CD4+ T Helper and CD8+ Cytotoxic T cells in operators after 

performing endovascular aortic interventions.  

Samples were collected, and red cells were lysed. After cell pellet wash, cells were fixed as 

mentioned above. Fixed cells were stained individually with cell surface markers CD3, CD4, 

CD8, CD45RO and CCR7. This was followed with cell membrane permeabilisation with Perm 

Buffer III. After a further cell wash, cells were incubated with γ-H2AX & pATM prior to final 

wash and analysis with MACSQuant flow cytometer.  
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3.3.7 γ-H2AX and pATM expression in haematopoietic stem/progenitor cells 

After identifying γ-H2AX and pATM activation in CD3+ T lymphocytes in operators after 

endovascular aortic repair procedures. A further assessment is carried out to measure peri-

operative changes of γ-H2AX and pATM in haematopoietic stem cells (HSCs, CD45- CD38-

CD34+ CD90+) and haematopoietic stem/progenitor cells (HSPCs, CD45- CD38+ CD34+ 

CD90-). 

 

 

3.3.7.1 Flow cytometric analysis of haematopoietic stem/progenitor cells  

A flow cytometric method was optimised to detect signals from multiple cellular surface 

markers simultaneously specific to these cell types. Therefore, various steps of optimisation 

were carried out to ensure accurate detection of each cell type and its associated radiation 

induced DNA damage. First step of this optimisation process was to detect each cellular surface 

marker individually on live cells, fixed cells, and fixed and then permeabilised cells from blood 

samples collected from healthy individuals (Figure 3.6).  

 

               
 

Figure 3.6 Flow chart of optimisation of FACS assessment of HSCs/ HSCPs 
Steps of optimisation process to detect cellular surface markers on live cells, fixed cells, and 
fixed and then permeabilised cells from blood samples. 
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Staining on live cells: 

Blood samples collected from a healthy volunteer; red cells were lysed as previously 

mentioned. After washing the cells twice, cells were blocked using FcR block on ice for 15 

mins. Cell pellets were resuspended in wash buffer and then aliquoted out into multiple 

samples. This allowed to stain for individual cell surface markers CD45, CD14, CD56, CD34, 

CD38, and CD90 (Appendix 6.1). Both CD14 and CD56 were on the same dump laser channel 

to be excluded. Stained samples were then split in to two tubes each, one processed using a 

MACSQuant flow cytometer and adjusting machine settings accordingly, other samples used 

in the next steps of optimisation.  

 

Staining on fixed only cells: 

Further to previous steps, cells were stained with CD45, CD14, CD56, CD34, CD38, and 

CD90, were fixed with Inside Fix for 10 mins. After cell wash, cell pellets resuspended in wash 

buffer and then split in to two tubes each, one processed using a MACSQuant flow cytometer 

and adjusting machine settings accordingly, other samples used in the next steps of 

optimisation.  

 

Staining on fixed and permeabilised cells: 

Further to previous steps, cells were permeabilised with Perm buffer III for 30 mins in ice. 

Cells were then washed prior to analysis with a MACSQuant flow cytometer. 

 

 

3.3.7.2 Analysis of haematopoietic stem/progenitor cells in fixed cells 

After previous results, cell surface markers CD38, CD90, CD14/56 and CD45 were 

successfully detected, nevertheless CD34 was not detected. Consequently, cell surface staining 

was carried out on fixed cells as demonstrated in the flow chart below (Figure 3.7). Samples 

were collected, and red cells were lysed. After cell pellet wash, cells were fixed as mentioned 

above. Fixed cells were stained individually with cell surface markers C34, CD38, CD90, 

CD14/56 and CD45. A sample from each stained tube was processed for flow cytometric 

analysis. The rest of stained fixed cells were permeabilised with Perm Buffer III. After a further 

cell wash, samples were processed using a MACSQuant flow cytometer. 
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Figure 3.7 Flow chart of optimisation of FACS assessment of fixed HSCs/HSCPs 
Steps of optimisation to identify cell surface marker staining on fixed and fixed then 
permeabilised haematopoietic stem/progenitor cells 
 

 

3.3.7.3 Analysis to identify haematopoietic stem/progenitor cells from PBMCs 

To maximise chances of identifying CD34 and CD90 positive cells, peripheral blood 

mononuclear cells (PBMCs) were isolated from whole blood to reduce the number of cells 

being stimulated.  

A hundred millilitres of blood were diluted 1:1 with Dulbecco’s Modified Eagle Medium 

(Sigma, UK) containing 4.5g/L glucose and L-glutamine (Lonza, UK), layered on Ficoll-Paque 

Plus (GE Healthcare, UK) and centrifuged for 30 mins at 400g. PBMCs were removed and 

washed in wash buffer. Any remaining red cells were lysed with 5 mls of red blood cell lysis 

solution for 5 mins. Wash buffer was then added to halt lysis and the cells centrifuged at 400g. 

Following red cells lysis, PBMCs were blocked with FcR block and then stained with 

individual cell surface markers CD434, CD38, CD90, and CD45. Stained samples were then 

split in to two tubes each, one processed using a MACSQuant flow cytometer and adjusting 

machine settings accordingly, other samples used in the next steps of optimisation (Figure 3.8).  
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Figure 3.8 Flow chart of optimisation of FACS assessment of HSCs/HSCPs isolated from 
PBMCs 
Step of optimisation process to detect cellular surface markers on live cells, fixed cells, and 
fixed and then permeabilised cells from blood samples. 
 

 

Staining on fixed only cells: 

Further to previous steps, cells were stained with CD45, CD34, CD38, and CD90, were fixed 

with Inside Fix for 10 mins. After cell wash, cell pellets resuspended in wash buffer and then 

split in to two tubes each, one processed using a MACSQuant flow cytometer and adjusting 

machine settings accordingly, other samples used in the next steps of optimisation.  

 

Staining on fixed and permeabilised cells: 

Further to previous steps, cells were permeabilised with Perm buffer III for 30 mins in ice. 

Cells were then washed prior to analysis with a MACSQuant flow cytometer. 

 



 101 

3.3.7.4 γ-H2AX & pATM changes in haematopoietic stem/progenitor cells 

Further to previous steps, bloods were collected from operators to measure levels of γ-H2AX 

and pATM in their circulating hematopoietic stem cells (HSCs, CD45- CD34+ CD38- CD90+) 

and haematopoietic stem/progenitor cells (HSPCs, CD45- CD34+ CD38+ CD90-).  

Blood samples (100 mls) were collected from operators before and immediately after complex 

EVAR. Ficoll cell separation was carried out as previously described, and red cell lysis was 

carried out. PBMCs were blocked with FcR block and then stained with individual cell surface 

markers CD434, CD38, CD90, and CD45. 

Samples were then fixed with Inside Fix for 10 mins. After cell wash, cell pellets were 

permeabilised with Perm buffer III for 30 mins in ice. Cells were then washed prior to staining 

with γ-H2AX & pATM for 30 mins in the dark prior to analysis with the flow cytometer. 

 

 

3.3.8 Radiation induced DNA base damage  

Ionising radiation causes DNA damage indirectly by production of reactive oxygen species. 

ROS mainly damage DNA guanine base due to its low oxidation potential among all DNA 

bases.192, 193 

When guanine is oxidised, 7,8-dihydro-8-oxoguanine (8-oxoG) is produced. 8-oxoG has 

mutagenic effects, and therefore its rapidly repaired by 8-oxoG DNA glycosylase 1 (OGG1) 

through base excision repair (BER) pathway. OGG1, therefore, could be used as a validated 

biomarker of radiation induced base oxidation.  

 

3.3.8.1 Reactive oxygen species measurement in lymphocytes 

In order to detect radiation induced DNA base damage, it was essential to first be able to 

identify the production of reactive oxygen species. Consequently, H2O2 induced oxidative 

stress was used to optimise a flow cytometric protocol to measure ROS in lymphocytes.  

H2O2 causes the oxidation of 2’-7’ dichlorofluorescin (H2DCF) to 2’-7’dichlorofluorescein 

(DCF) which is highly fluorescent and enables measurement levels of ROS using flow 

cytometry.324 - 327 

In order to optimise a flow cytometric protocol to measure radiation induced reactive oxygen 

species (ROS) in lymphocytes, blood samples were stimulated with H2O2 (100uM) for 15 and 

30 mins then samples incubated in ice to halt further stimulation. RBCs lysed with lysis buffer 

and samples washed. ROS dye (CM-H2DCFDA, Life Technologies, UK) was added, and 
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samples incubated in water bath for 30 mins then proceeded to flow cytometry analysis with 

gating on lymphocytes using forward and side scatter.  

 

3.3.8.2 Hydrogen peroxide induced OGG1 in CD3+ T lymphocytes 

Blood samples collected from a heathy volunteer and stimulated with Hydrogen peroxide (500 

and 1000uM) and then cells were fixed using Cell Signaling Set A and stained with FITC anti 

CD3 antihuman antibodies as described earlier. Cells were also stimulated with Etoposide as 

mentioned earlier. Cells were then permeabilised with Perm buffer III and stained with PerCP 

antihuman 0.5ug/ml OGG1 (Novus Biologicals, UK), 0.3ug/ml APC- γ-H2AX and 0.1ug/ml 

PE-pATM antibodies (Appendix 6.2). All samples were then analysed with flow cytometry 

using previously mentioned settings.  

 

 

3.3.8.3 Radiation induced OGG1 in CD3+ T lymphocytes 

When operators carried out IEVAR procedures, their blood samples were analysed for both 

base oxidation and DNA DSBs using OGG1, and γ-H2AX and pATM biomarkers. As 

previously mentioned, using our optimised flow cytometric analysis to measure these 

biomarkers.  

 

 

3.3.9 Immunocytochemistry analysis of γ-H2AX in CD3+ T lymphocytes 

 

3.3.9.1 Immunofluorescence staining of T lymphocytes 

Blood samples were collected from healthy volunteers and RBCs were lysed as 3.3.2.5.  Cells 

were then fixed by incubation in 4% Paraformaldehyde for 10 mins at room temperature. Cells 

were washed and incubated with mouse anti-human FITC-CD3 (Miltenyi Biotec, UK) for 30 

mins in room temperature in the dark. Cells were washed and mounted on slides using 

Vectashield anti-fade mounting media with DAPI (4,6-diamidino-2-phenylindole, Sigma-

Aldrich, UK). Slides were sealed onto a coverslip and images were taken using a Nikon 

microscope with an Olympus 40x and 20x magnification and analysed using ImageJ (NIH, 

USA) software.  
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3.3.9.2 Immunohistochemistry of chemically induced γ-H2AX in T lymphocytes 

Whole blood samples were stimulated with Etoposide in order to induce γ-H2AX upregulation 

as per section 3.3.2.5. After stimulation with Etoposide, RBCs were lysed, and cells fixed. 

Following CD3 staining as per section 3.3.2.5 mouse anti-human antibodies for 30 mins in 

room temperature in the dark.  

Cells were then washed and permeabilised with 0.5% Triton X-100 (Sigma-Aldrich) for 30 

mins in ice. After washing, cells were incubated with a purified gamma H2AX (5ug/ml; Bio-

Legend) primary antibody followed by secondary staining with donkey-antimouse cy3 

(5ug/ml; Jackson ImmunoResearch Laboratories) antibody. Cells were washed and mounted 

on slides using Vectashield anti-fade mounting media with DAPI. Images were taken using a 

Nikon microscope with an Olympus 40x and 20x magnification and analysed using ImageJ 

(NIH) software. 

 

3.3.9.3 Immunohistochemistry of radiation induced γ-H2AX in T lymphocytes 

Blood samples were collected, lysed and fixed. Cells were then stained with CD3 antibodies, 

then permeabilised and stained with γH2AX antibodies as described above.  

 

3.3.9.4 Immunocytochemistry analysis of γ-H2AX in isolated T lymphocytes  

Blood samples were collected from an operator before and immediately after radiation 

exposure, when he carried out a complex EVAR procedure.  

Red cells were lysed and washed. Rest of cells were fixed as described above. Samples were 

then incubated with anti-CD3 immunomagnetic microbeads for 30 mins following by positive 

selection of labelled lymphocytes using LS Columns (Miltenyi Biotec, UK). Isolated CD3+ve 

cells were permeabilised using Triton X-100 for 30 mins in ice. Cell were then washed and 

stained with mouse anti-human gamma γH2AX (5ug/ml; Bio-Legend, UK), followed by 

secondary staining with donkey anti-mouse Cy3 (5ug/ml; Jackson ImmunoResearch 

Laboratories). After final washout, stained cells were mounted on slides using DAPI gel mount 

(Sigma-Aldrich, UK). Images were taken using a Nikon Confocal fluorescence microscope 

with an Olympus 100/1.30 oil lens. 
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3.4 Results of optimisation of analysis of DNA 

damage/repair biomarkers  
 

3.4.1 Chemically induced γ-H2AX 

 

3.4.1.1 Flow cytometric analysis of chemically induced γ-H2AX in lymphocytes 

When blood samples were stimulated with different concentration of Etoposide, I concluded 

the followings (Figure 3.9): 

1- Successful red cell lysis and cell fixation (Figure 3.9A) 

2- There was no difference in CD3 staining either before or after permeabilisation (Figure 3.9B 

& C) 

3- There was concern regarding permeabilisation due to lack of γ-H2AX signaling (Figure 3.9B 

& C) 

4- No γ-H2AX signals were detected which could be either due to fault stimulation with 

etoposide or inadequate cell permeabilisation (Figure 3.9B & C) 

 

To optimise etoposide stimulation and cell permeabilisation steps, stimulation, and 

intracellular staining of PBMCs was carried out. 
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Figure 3.9 Gating strategy to identify Etoposide induced γ-H2AX in CD3+ T-lymphocytes 
 (A) Flow cytometric dot blots showing fixed, lysed whole blood cells were blotted according 
to side (SSC) and forward (FSC) scatter. Doublets were excluded when cells were blotted 
according to their forward scatter heights (FSC-H) and forward scatter surface area (FSC-A). 
Gating strategy to identify CD3+ T-lymphocytes is demonstrated when cells blotted according 
to their SSC and CD3. T-lymphocytes CD3+ positive cells were then backgated to identify them 
among whole lymphocytes population according to cells SSC and FSC. (B) Group A, Flow 
cytometric dot blots showing expression of CD3+ T lymphocytes when cells were stimulated 
with Etoposide and permeabilised after staining with CD3 antibodies. (C) Group B, Flow 
cytometric dot blots showing expression of CD3+ T lymphocytes when cells were stimulated 
with Etoposide and permeabilised before staining with CD3 antibodies. CD3+ staining was 
not affected by the order of permeabilisation step, however no significant changes in 
percentage of γ-H2AX expressing CD3+ cells were identified particularly between 
permeabilised stimulated and unstimulated cells. 
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3.4.1.2 Stimulation and intracellular staining of PBMCs  

Etoposide induced γ-H2AX signalling was successfully detected in CD3+ T lymphocytes when 

stimulated PBMCs cells were isolated and permeabilised (Figure 3.10). However, anti-CD3 

staining was not as strong as previously illustrated in Figure 3.9.  

 

                   
Figure 3.10 γ-H2AX in CD3+ T-lymphocytes when Etoposide stimulated PBMCs 
(A) Flow cytometric dot blots showing PBMCs stimulated with Etoposide, permeabilised and 
stained with γ-H2AX and CD3 antibodies. Higher percentage of CD3+ cells expressed γ-H2AX 
when they were Etoposide Stimulated and Permeabilised. (B) Histograms showing higher 
expression of γ-H2AX in Etoposide Stimulated and Permeabilised T lymphocytes compared to 
Etoposide Stimulated and Non-permeabilised cells.  
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3.4.1.3 Phorbol 12-myristate 13-acetate stimulation of whole blood and PBMCs 

Even though, there was an increase in the MAPk signals in T-lymphocytes when PMA 

stimulated PBCMs, phosphorylation of MAPk and Stat1 was not detected in whole blood 

samples. Again, there was issue in anti-CD3 staining which could be secondary to fixation/ 

permabilising agents (Figure 3.11).  
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Figure 3.11 MAPk & Stat1 phosphorylation after PMA stimulation of whole blood and 
PBMCs 
(A) Flow cytometric dot blots showing expression of MAPk and Stat1 in permeabilised and 
non-permeabilised CD3+ T lymphocytes from PMA stimulated whole blood sample. (B) Flow 
cytometric dot blots showing expression of MAPk and Stat1 in permeabilised and non-
permeabilised CD3+ T lymphocytes from PMA stimulated PBMCs. The percentage of MAPk 
expressing CD3+ T lymphocytes increased only in PMA stimulated PBCMs, no changes of 
MAPk and Stat1 signals were identified in stimulated whole blood samples.  
 
 
 
 

 
 
 
 
 
 
 
 
 
 

Non-permeabilised       Permeabilised

MAPk 6.87%0.44%

Stat1 0.61%0.36%

CD3

PMA stimulated PBMCsB



 109 

3.4.1.4 Etoposide induced γ-H2AX in whole blood using CytoFix/CytoPerm 

There was an increase in intracellular signalling of γ-H2AX in Etoposide stimulated cells 

(Figure 3.12). However, there was no ability to identify CD3+ T lymphocytes as staining with 

anti-CD3 antibodies was not ideal before cell fixation as that might minimise the chances of 

missing detecting γ-H2AX considering its peak of 30-60 mins after exposure.  

Also, it is not possible to stain with anti-CD3 antibodies after cell membrane permeabilisation. 

Lymphocytes were identified using forward and side scattered during the flow cytometer data 

analysis. Also, comparison between permeabilised and non-permeabilised cells were not 

possible as for cell permeabilisation occurred immediately after cell fixation as per the 

manufacturer guidance.  

 
Figure 3.12 γ-H2AX in Etoposide induced whole blood using CytoFix/Cytoperm 
Flow cytometric dot blots showing an increase in γ-H2AX expressing lymphocytes percentage 
when they were Etoposide stimulated and stained from whole blood sample. 
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3.4.1.5 Etoposide induced γ-H2AX in PBMCs using Cell Signaling Buffer Set A 

When cell fixation and permeabilisation were carried out using Cell Signalling Buffer Set A. 

There was an increase in the percentage of cells expressing γ-H2AX (Figure 3.13) when 

PBMCs were stimulated with Etoposide, compared to negative controls. This reflected 

successful cell fixation and permeabilisation.  

 

 

  

 
Figure 3.13 γ-H2AX in Etoposide induced PBMCs Cell Signalling Buffer Set A 
Flow cytometric dot blots showing an increase in percentage of PBMCs expressing γ-H2AX 
when they are stimulated with Etoposide stimulated and then fixed and permeabilised using 
Cell Signalling Buffer Set A. 
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3.4.1.6 Comparison between Cytofix/Cytoperm and Cell Signaling Set A buffers 

From whole blood sample, γ-H2AX was detected using both kits however higher γ-H2AX was 

detected using Cell Signaling Set A buffer (Figure 3.14). Additionally, unstained-stimulated 

samples showed more false positive results in Cytofix/Cytoperm reagents (Figure 3.14A). 

Also, due to the difficulty in identifying CD3+ T lymphocyte using Cytofix/Cytoperm kit, 

optimised Cell Signaling Buffer Set A protocol was preferred over Cytofix/Cytoperm set.  

                 

                 
Figure 3.14 Etoposide induced γ-H2AX using Cytofix/Cytoperm and Cell Signaling Set 
A buffers in whole blood sample 
(A) Flow cytometric dot blots showing an increase in percentage of Etoposide induced γ-H2AX 
lymphocytes compared to unstimulated stained and unstained cells in whole blood sample 
using Cytofix/Cytoperm buffer, (B) Flow cytometric dot blots showing an increase in 
percentage of Etoposide induced γ-H2AX lymphocytes compared to unstimulated stained and 
unstained cells in whole blood sample using Cell Signaling Set A buffer 
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3.4.1.7 Etoposide induced γ-H2AX using Cell Signaling Set A buffers 

γ-H2AX was detected in Etoposide stimulated CD3+ T lymphocytes using Cell Signaling Set 

A buffers over shorter period of stimulation time of whole blood sample with identifying the 

upregulation of γ-H2AX in stained CD3+ T lymphocytes. From Figure 3.15, both unstimulated 

permeabilised and stimulated non-permeabilised samples could be good candidates for 

negative controls. However, a further analysis and a change of the gating strategy was required 

to minimise false positive findings. Therefore, further analysis comparing these to simulated 

permeabilised samples as shown in Figure 3.16.  

 

γ-H2AX was detected in Etoposide stimulated CD3+ T lymphocytes using Cell Signaling Set 

A buffers from whole blood sample. From Figure 3.16, gating strategy is illustrated to identify, 

either unstimulated permeabilised or stimulated non-permeabilised samples could be used as a 

more suitable as negative control. γ-H2AX levels in stimulated non-permeabilised were higher 

than γ-H2AX levels in unstimulated permeabilised CD3+ T lymphocytes. This suggests 

stimulated non-permeabilised samples could stand as more potential negative controls to 

minimise chances of detecting false positive signals, however unstimulated permeabilised 

remains as a good candidate for negative controls as it also showed low γ-H2AX levels.  

 

From previous optimisation of flow cytometric analysis of chemically induced γ-H2AX, we 

can identify subtle upregulation of γ-H2AX levels in CD3+ T lymphocytes from whole blood 

sample using Cell Signaling Set A buffers. Therefore, we proceeded to testing our optimised 

method in detecting radiation induced γ-H2AX levels in CD3+ T lymphocytes from in vitro-

irradiated whole blood sample.  
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Figure 3.15 Etoposide induced γ-H2AX in CD3+ T lymphocytes using Cell Signaling Set 
A buffers 
(A) Flow cytometric dot blots comparing Etoposide stimulation and cell permeabilisation in 
unstained γ-H2AX CD3+ T Lymphocytes, (B) Flow cytometric dot blots comparing Etoposide 
stimulation and cell permeabilisation in stained γ-H2AX CD3+ T lymphocytes. γ-H2AX stained 
and unstained CD3+ve T Lymphocytes when they were stimulated with Etoposide and 
permeabilised to identify suitable negative control. Both stimulated stained non-permeabilised 
and unstimulated stained permeabilised resemble good candidates for negative controls to 
stimulated permeabilised stained samples.  
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Figure 3.16 Gating strategy to detect Etoposide induced γ-H2AX in CD3+ T lymphocytes 
(A) Flow cytometric dot blots showing gating strategy to identify CD3+ T lymphocytes from 
whole blood samples, (B) Flow cytometric dot blots showing Stimulated non-permeabilised 
samples could stand as more potential negative controls due to higher γ-H2AX levels in 
stimulated non-permeabilised compared to unstimulated permeabilised CD3+ T lymphocytes. 
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3.4.2 Radiation induced γ-H2AX 

 

3.4.2.1 X-ray machine radiation induced γ-H2AX  

When blood samples were exposed to radiation and chemical stimulants (Figure 3.17), there 

was a successful detection of both radiation and chemical induced γ-H2AX signalling in CD3+ 

T lymphocytes. Additionally, the FACS technique detected a gradual increase in γ-H2AX 

signalling in CD3+ T lymphocytes in association with the increase in radiation doses.  

 

    
Figure 3.17 X-ray induced γ-H2AX in CD3+ T lymphocytes 
Flow cytometric dot blot showing a gradual increase in radiation indued in CD3+ T 
lymphocytes percentage that are expressing γ-H2AX in association with the increase in 
radiation doses.  
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3.4.2.2 Micro-CT radiation induced γ-H2AX  

Blood samples were collected and irradiated using Micro CT scanner and compared with 

chemically induced (Etoposide, positive control) samples. Radiation induced γ-H2AX was 

upregulated and successfully detected in CD3+ T lymphocytes as per Figure 3.18, however 

there was a difficulty in assessing radiation dose that was used to irradiate blood samples using 

micro-CT scanner.  

 

    

 
Figure 3.18 FACS analysis of CT radiation-induced γ-H2AX in T lymphocytes 
Flow cytometric dot blots showing gating strategy on CD+3 T lymphocytes expression γ-H2AX 
from whole blood samples that were irradiated in-vitro by Micro CT scanner and compared to 
chemically (Etoposide) induced samples (Positive control). There was an increase in 
percentage of CD3+ T lymphocytes expressing γ-H2AX when irradiated for 10 and 20 minutes, 
however there was a difficulty in assessing radiation dose used to irradiate blood samples.  
 
 
 
3.4.2.3 Radiotherapy machine radiation induced γ-H2AX 

Using another source of irradiation, radiotherapy DARPAC 2000 machine was used to 

irradiate blood samples with known radiation doses in-vitro. γ-H2AX was upregulated 

associated with the gradual increase in radiation doses (Figure 3.19).  
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Figure 3.19 An example of radiation-induced γ-H2AX in T lymphocytes using 
radiotherapy machine  
Flow cytometric dot blots radiation induced γ-H2AX upregulation increased in CD3+ T 
lymphocytes when exposed to gradually increasing radiation doses.   
 
 
 
 
3.4.2.4 Reliability of radiation induced γ-H2AX measurement protocol  

When our flow cytometric methodology reliability was tested using blood samples and exposed 

to a range of radiation doses (10mGy to 500mGy) at multiple occasions. There was a 

correlation between the percentage of γ-H2AX expression T lymphocytes and the radiation 

doses they are exposed to (P<0.001, r2=0.8, by Spearman nonparametric correlation test, Figure 

3.20). This strong correlation supported the flow cytometric technique reliability of measuring 

radiation induced γ-H2AX in CD3+ T lymphocytes.  

 

           
Figure 3.20 Correlation between γ-H2AX expression in CD3+ T lymphocytes and blood 
radiation dose  
Levels of γ-H2AX in CD3+ T lymphocytes correlated with blood radiation doses using Darpac 
2000 (Gulmay Medical) x-ray unit (P<0.001, r2=0.8, by Spearman nonparametric correlation 
test). 
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3.4.3 Chemically induced pATM  

 
3.4.3.1 Etoposide induced pATM in PBMCs using Cytofix/Cytoperm 

When PBMCs were isolated from whole blood and stimulated with Etoposide, pATM 

upregulation was not detected in PBMCs. In addition, CD3 staining was also unsuccessful, 

therefore Lymphocytes were gated on using forward and side scatter. T lymphocytes were not 

detected using flow cytometric analysis with Cytofix/Cytoperm reagents (Figure 3.21).  

 

                                  

 
Figure 3.21 FACS analysis of Etoposide induced pATM in PBMCs using 
Cytofix/Cytoperm 
Flow cytometric dot blots showing lymphocytes that were gated on from PBMCs using forward 
and side scatter. Neither Etoposide induced pATM upregulation nor CD3+ was T lymphocytes 
were detected using flow cytometric analysis with Cytofix/Cytoperm kit.  
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3.4.3.2 Etoposide induced pATM in PBMCs using Cell Signalling Buffer Set 

When PBMCs were isolated from whole blood and stimulated with Etoposide, pATM 

upregulation was successfully detected in lymphocytes (gated on using forward and side 

scatter) (Figure 3.22). This showed a promising result in using Cell Signalling Buffer Set for 

further optimisation to detect pATM expressing lymphocytes.  

 

                      

 
Figure 3.22 FACS analysis of Etoposide induced pATM in PBMCs using Cell Signaling 
Buffer  
Flow cytometric dot blots showing an increase in the percentage of lymphocytes that are 
expressing Etoposide induced pATM using Cell Signaling Buffer Set A compared to the 
unstimulated cells. 
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3.4.3.3 Etoposide induced pATM in whole blood using Cell Signalling Buffer Set 

T lymphocytes were successfully identified using CD3+ antibodies, and when stimulated with 

Etoposide, pATM was upregulated and detected using Cell Signalling Buffer Set A. Low 

volume pATM conjugated antibodies provided a satisfactory result and preferred over larger 

volume to avoid any false positive results from overstaining (Figure 3.23).  

 

 

 
Figure 3.23 FACS analysis of Etoposide induced pATM in T lymphocytes using Cell 
Signaling Buffer  
Flow cytometric dot blots showing antibody titration was carried out to optimise detection of 
Etoposide induced pATM expressing CD3+ T lymphocytes using Cell Signalling Buffer Set A.  
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3.4.3.4 Etoposide induced pATM in T lymphocytes 

When whole bloods samples were chemically stimulated by different concentrations of 

Etoposide, using our flow cytometric methodology, CD3+ lymphocytes were successfully 

identified and pATM upregulation was associated with the increase in Etoposide doses 

(Figure 3.24). 

 
Figure 3.24 FACS analysis of Etoposide induced pATM in T lymphocytes  
Flow cytometric dot blots showing an increase in CD3+lympchoytes expressing pATM in 
association with the increase in Etoposide doses. 
 
 

 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 



 122 

3.4.4 Peri-operative changes of DNA damage/repair biomarkers 

An example of measuring changes in levels of DNA damage biomarkers γ-H2AX & pATM in 

patients’ CD3+ T lymphocytes during the perioperative period of EVAR. DNA damage. γ-

H2AX & pATM were upregulated immediately after radiation exposure and recovered after 

24 hrs (Figure 3.25). 

 

 

 
Figure 3.25 FACS analysis of peri-operative γ-H2AX & pATM in patient’s T lymphocytes  
Flow cytometric dot blots showing radiation induced γ-H2AX & pATM levels in CD3+ T 
lymphocytes increased immediately after radiation exposure and normalised in 24 hrs. 
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3.4.5 γ-H2AX and pATM expression in T lymphocyte subsets 

 
3.4.5.1 Flow cytometric analysis of T lymphocytes subpopulations  

On further assessment of γ-H2AX and pATM expression in CD3+ T lymphocyte subsets, there 

was a successful detection of surface markers CD3, CD4, CD8, CCR7 (CD197), CD45RO 

when cells stained with them separately. Cell fixation and permeabilisation did not compromise 

flow cytometric detection of individual cell markers (Figure 3.26).  

                 
Figure 3.26 FACS dot blots of T lymphocytes surface markers  
Flow cytometric dot blots showing successful detection of all surface markers CD3, CD4, CD8, 
CD45RO and CCR7 on live, fixed, and fixed and then permeabilised cells. 
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3.4.5.2 Flow cytometric analysis of T lymphocytes subpopulations in fixed cells 

There was a successful detection of all surface markers CD3, CD4, CD8, CCR7 (CD197), 

CD45RO when cells stained with them separately. Cell fixation before staining for these 

surface markers followed by cell membrane permeabilisation did not compromise flow 

cytometric detection of individual cell markers (Figure 3.27). This encouraged us to proceed 

with further optimisation steps of carrying out multiple staining of all these surface markers on 

the same sample in order to identify targeted T lymphocytes subtypes.  

                  
Figure 3.27 FACS analysis of T lymphocytes subpopulations on fixed cells  
Flow cytometric dot blots showing successful detection of CD3, CD4, CD8, CCR7 (CD197), 
CD45RO on fixed and permeabilised cells. 
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3.3.5.3 γ-H2AX & pATM changes in T lymphocytes subpopulations 

γ-H2AX & pATM levels were identified in CD4+ T Helper and CD8+ Cytotoxic T cells, and 

their subsets naïve (CD45RO-/CCR7+, T(N)), central memory (CD45RO+/CCR7+, T(CM)) and 

effector memory (CD45RO+/CCR7-, T(EM)) (Figure 3.28, 29, 30). 

 

 
 

Figure 3.28 Gating strategy to identify T lymphocytes subpopulations 
An example of flow cytometric dot blots showing gating strategy to identify CD4+ T Helper 
and CD8+ Cytotoxic T cells, and their subsets naïve (CD45RO-/CCR7+, T(N)), central memory 
(CD45RO+/CCR7+, T(CM)) and effector memory (CD45RO+/CCR7-, T(EM)) from a blood 
sample. 
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Figure 3.29 γ-H2AX and pATM expression in CD4+ T lymphocytes after EVAR 
(A) Flow cytometric dot blots showing radiation induced γ-H2AX & pATM levels that were 
identified in CD4+ T Helper in an operator before and after exposure to radiation during 
EVAR, (B) Flow cytometric dot blots showing post-operative γ-H2AX & pATM levels that were 
identified in CD4+ T Helper subsets naïve (CD45RO-/CCR7+, T(N)), central memory 
(CD45RO+/CCR7+, T(CM)) and effector memory (CD45RO+/CCR7-, T(EM)). 
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Figure 3.30 γ-H2AX and pATM expression in CD8+ T lymphocytes after EVAR.  
(A) Flow cytometric dot blots showing radiation induced γ-H2AX & pATM levels that were 
identified in CD8+ Cytotoxic T cells in an operator before and after exposure to radiation 
during EVAR, (B) Flow cytometric dot blots showing post-operative γ-H2AX & pATM levels 
that were identified in CD8+ Cytotoxic T subsets naïve (CD45RO-/CCR7+, T(N)), central 
memory (CD45RO+/CCR7+, T(CM)) and effector memory (CD45RO+/CCR7-, T(EM)). 
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3.4.6 γ-H2AX and pATM expression in haematopoietic stem/progenitor cells 

As a first step on studying the effect of radiation on DNA damage/repair biomarkers γ-H2AX 

& pATM in haematopoietic stem/progenitor cells, cell surface markers CD38, CD90, CD14/56 

and CD45 were successfully detected as illustrated in Figure 3.31. Although, CD34 was not 

detected using this technique, and therefore another method of staining fixed cells rather than 

live cells was used as detailed below.  

                     

                     
Figure 3.31 FACS analysis of HSCs/HSCPs 
Flow cytometric dot blots showing that CD38, CD90, CD14/56 and CD45 were successfully 
detected but not CD34 in live, fixed, fixed and permeabilised cells.  
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3.4.6.2 Analysis of haematopoietic stem/progenitor cells in fixed cells 

There was a successful detection of surface markers CD38, CD14/56, and CD45 when cells 

stained with them separately. Although, CD34 and CD90 were not clearly detected using this 

protocol (Figure 3.32). Therefore, another technique was adopted using Ficoll cell separation 

protocol.   

 

 

 
Figure 3.32 FACS analysis of fixed HSCs/HSCPs 
Flow cytometric dot blots showing that CD38, CD14/56, and CD45 were detected when cells 
stained with them separately but not CD34 and CD90 in fixed and fixed and permeabilised 
cells.  
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3.4.6.3 Analysis to identify haematopoietic stem/progenitor cells from PBMCs 

To identify haematopoietic stem/progenitor cells from PBMCs, cell surface markers CD38, 

CD90, and CD45 were successfully detected in live, fixed only and fixed and permeabilises 

cells, as illustrated in Figure 3.33. Although, CD34 signals were detected in stained live cells, 

signals were reduced in fixed cells, and was further reduced in fixed and permeabilised cells. 

This could be challenging in measuring levels of γ-H2AX and pATM in fixed and 

permeabilised haematopoietic stem/progenitor cells.  

                         

                         
Figure 3.33 FACS analysis of HSCs/HSCPs isolated from PBMCs 
Flow cytometric dot blots showing that CD38, CD90, and CD45 were successfully detected in 
live, fixed only and fixed and permeabilises PBMCs. CD34 signals were detected in stained 
live cells only. 
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3.4.6.4 γ-H2AX & pATM changes in haematopoietic stem/progenitor cells 

When we studied γ-H2AX and pATM in haematopoietic stem/progenitor cells, we found a 

small number of HSCs or HSPCs were detected. This made it very challenging to identify any 

significant changes in γ-H2AX and pATM (Figure 3.34, 35 & 36).    

 
 

Figure 3.34 FACS gating strategy to identify HSCs/HSCPs isolated from PBMCs  
Flow cytometric dot blots showing a gating strategy to detect HSCs/HSPs, however a small 
number of HSCs or HSPCs were detected from 100ml blood sample.  
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Figure 3.35 FACS analysis of γ-H2AX and pATM expression in HSPCs after EVAR   
Flow cytometric dot blots showing γ-H2AX and pATM upregulation in HSPCs, however due 
to small number of HSPCs, γ-H2AX and pATM upregulation detection was difficult to assess. 
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Figure 3.36 FACS analysis of γ-H2AX and pATM expression in HSCs after  
Flow cytometric dot blots showing γ-H2AX and pATM upregulation in HSCs, however due to 
small number of HSCs, γ-H2AX and pATM upregulation detection was difficult to assess. 
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3.4.7 Radiation induced DNA base damage  

 
3.4.7.1 Reactive oxygen species measurement in lymphocytes 

Blood stimulated with H2O2 at two different time points, and ROS levels are detected using 

flow cytometric analysis of highly fluorescent ROS dye (CM-H2DCFDA). This demonstrates 

a successful stimulation of oxidative stress and optimised methodology to detect this oxidative 

stress (Figure 3.37).  

 
 

                  

 
Figure 3.37 FACS analysis of H2O2 induced oxidative stress in lymphocytes 
Flow cytometric dot blots showing ROS levels are detected using flow cytometric analysis of 
highly fluorescent ROS dye (CM-H2DCFDA) after 15 and 30 mins. 
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3.4.7.2 Hydrogen peroxide induced OGG1 in CD3+ T lymphocytes 

Blood stimulated with H2O2 at two different concentrations. DNA base oxidation was measured 

using OGG1, and γ-H2AX and pATM were measured to identify DNA DSBs through flow 

cytometric analysis. High doses of H2O2 induced both base oxidation and double stranded 

breaks which was reflected in the upregulation of OGG1, γ-H2AX and pATM biomarkers. This 

also demonstrates the high sensitivity of the methodology of measuring base (Figure 3.38). 

 

                          

 
Figure 3.38 FACS analysis of H2O2 induced lymphocytes 
Flow cytometric dot blots showing high doses of H2O2 induced the upregulation of OGG1, γ-
H2AX and pATM biomarkers in CD3+ T lymphocytes.  
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3.4.7.2 Radiation induced OGG1 in CD3+ T lymphocytes 

We observed an increase in both OGG1 and pATM explaining this observed upregulation in 

the operators CD3+  T lymphocytes is secondary to DNA base oxidation rather than DNA 

DSBs, confirmed by absence of γ-H2AX upregulation (Figure 3.39). Moreover, on further 

analysis of pATM expressing cells, they also expressed high levels of OGG1 compared to γ-

H2AX expressing cells.  

                                                          

 
Figure 3.39 FACS analysis of radiation induced DNA base oxidation in lymphocytes 
Flow cytometric dot blots showing both OGG1 and pATM were upregulated in operator’s 
CD3+ T lymphocytes when they performed IEVAR. pATM expression CD3+ lymphocytes also 
expressed high percentage of OGG1, in contrast to γ-H2AX expressing cells. 
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3.4.8 Immunocytochemistry analysis of γ-H2AX in CD3+ T lymphocytes 

 

3.4.8.1 Immunofluorescence staining of T lymphocytes 

From a whole blood sample, CD3+ T lymphocytes were successfully stained with FITC-CD3 

antibodies (Green) and identified using the previously explained immunohistochemistry 

technique. 

 
Figure 3.40 Immunofluorescence staining of T-lymphocytes from blood samples 
(A) Blood cell nuclei stained with DAPI (blue), (B), T-lymphocytes, (white arrows), stained 
with both DAPI (blue) and CD3 fluorescent antibodies (green).  
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3.4.8.2 Immunohistochemistry of chemically induced γ-H2AX in T lymphocytes 

From a whole blood sample, CD3+ T lymphocytes were successfully stained with CD3 (Green, 

Figure 3.41A and D) and expressed γ-H2AX (Red, Figure 3.41 B, E and F) when cells were 

chemically stimulated with Etoposide.  

 

 
Figure 3.41 Etoposide induced γ-H2AX in T lymphocytes  
(A) Unstimulated T lymphocytes cells stained with DAPI (blue) and CD3 (green). (B) Etoposide 
induced T lymphocytes are expressing γ-H2AX stained with DAPI (blue), CD3 (green) and γ-
H2AX (pink).  (C-E) an example of γ-H2AX expressing T lymphocyte stained by DAPI, CD3, 
γ-H2AX, and (F) DAPI, CD3 and γ-H2AX all merged.  
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3.4.8.3 Immunohistochemistry of radiation induced γ-H2AX in T lymphocytes 

From an operator blood sample, the post-operative stimulated cells showed γ-H2AX (Red) 

was successfully identified in CD3 (Green) T lymphocytes compared to the pre-operative 

unstimulated cells. 

 
Figure 3.42 Immunofluorescence staining of radiation induced γ-H2AX in T lymphocytes 
In the Unstimulated image, T lymphocytes cells stained with DAPI (blue) and CD3 (green). 
While in the Stimulated image, Etoposide induced T lymphocytes are expressing γ-H2AX 
stained with DAPI (blue), CD3 (green) and γ-H2AX (pink).   
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3.4.8.4 Immunocytochemistry analysis of γ-H2AX in isolated T lymphocytes  

Isolated T lymphocytes from an operator, who performed EVAR procedure, showed 

upregulation of γ-H2AX (Figure 3.44) as a strong evidence of DNA damage that occurred as a 

consequence to radiation exposure that operator exposed to during the endovascular procedure. 

This upregulation was absent in the pre-operative isolated T lymphocytes (Figure 3.43).  

 

Figure 3.43 Immunofluorescence staining of radiation induced γ-H2AX in isolated T 
lymphocytes 
In the Pre-operative image, isolated T lymphocytes cells stained with DAPI (blue) only, while 
in the Post-operative image, radiation induced T lymphocytes are expressing γ-H2AX stained 
with DAPI (blue), and γ-H2AX (pink).   
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3.5 Discussion 
In this part of the study aimed to optimise a fully quantitative flow cytometric method to 

measure changes in peri-operative levels of γ-H2AX and pATM in the lymphocytes from blood 

samples from patients and operators. This technique among many advantages is able to detect 

extra and intra-cellular signals from hundred thousand of cells in few minutes.  

An optimised flow cytometric method was validated using negative (pre-exposure/ non-

exposed controls) and positive controls (chemically induced / radiation-induced) and compared 

with immunohistochemistry findings. Different reagents were used to optimise signals received 

from stimulated cells to measure γ-H2AX and pATM accurately. Flow cytometric analysis 

methodology was tested for reliability to ensure consistency and stability in measuring γ-H2AX 

and pATM levels. We also optimised a protocol to identify radiation-induced DNA base 

oxidation in operators performing endovascular interventions.  

Further optimisation was extended to measure γ-H2AX and pATM upregulation levels in T 

lymphocytes subpopulations to identify which subsets expressing higher levels of these DNA 

damage biomarkers. A protocol to measure DNA damage biomarkers in haematopoietic and 

progenitor stem cells was optimised to understand the effect of radiation exposure on stem 

cells. 

 

DNA damage/repair biomarkers, e.g., γ-H2AX and pATM, can be quantified either by 

immunofluorescence or flow cytometry.328 Studies have suggested these markers could be used 

as useful biomarkers of DNA damage in low dose radiation exposure when measured by 

immunofluorescence as a valuable biomarker of human low-level radiation exposure.329 In the 

immunofluorescence technique, numbers γ-H2AX foci, for example, are individually counted 

by microscopic evaluation. These foci were correlated with the flow cytometry assay signal 

after exposure to radiation (as low as 0.5Gy).330, 331 Immunofluorescence techniques are mainly 

operator dependent which can lead to human errors and bias. They can only count few numbers 

of cells per examination which might miss out slight changes between different samples 

resulting in inaccurate results. 

 

However, the flow cytometric method can quantify γ-H2AX and pATM upregulation in many 

cells (thousands or millions) in a short period (seconds to mins) by capturing fluorescence and 

accurately giving the count of γ-H2AX and pATM positive cells. This is facilitated by using 

fluorescence conjugated antibodies specific for γ-H2AX and pATM, and the positive cells are 
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automatically quantified. Flow cytometry offers a higher degree of precision of the duplicates 

due in no small number of cells analysed. This increased precision could allow the detection 

of an inter-individual variation in the DNA damage biomarkers signal at a given dose that was 

not detected using γ-H2AX foci counting. 330, 331 

The flow cytometric assay is fast, reliable, and it automatically calculates data minimises 

human interference. Even though flow cytometry has been used to quantify DNA damage, it is 

still not widely used to measure radiation-induced DNA damage biomarkers.332, 333  

 

To optimise my methodology, I induced DNA damage in blood cells using chemical 

stimulants, e.g., Etoposide and Phorbol 12-myristate 13-acetate, to achieve intracellular DNA 

damage to test techniques such as cell fixation and permeabilisation. Optimising cell fixation 

and permeabilisation were challenging in the begging, and therefore different reagents were 

tested, e.g., Cytofix/Cytoperm and Cell Signalling Set A. Another challenge was identifying 

CD3+ T lymphocytes via CD3 antibodies that adhere to their extra-cellar antigen. This step 

was compromised by cell permeabilisation to facilitate intracellular staining of DNA damage 

biomarkers. After many trials and errors, I overcame this challenge by following the order of 

cell fixation, CD3 staining followed by cell permeabilisation, and intracellular staining using 

Cell Signalling Set A reagents. A technique that became successful in detecting DNA 

damage biomarkers, e.g., H2AX, pATM, and OGG1 in CD3+ T lymphocytes. 

Using this optimised flow cytometric technique, I was able to study chemically and radiation-

induced DNA damage/repair biomarkers γ-H2AX and pATM in individuals' blood samples at 

the cellular level. Flow cytometry enabled me to incorporate multiple cell surface antibodies 

to identify lymphocytes subsets, e.g., CD4 and CD8, and to study the aforementioned DNA 

damage biomarkers in these subsets.  

I tried exploring the effect of radiation effect by measuring DNA damage biomarkers in 

haematopoietic stem/progenitor cells. However, these cell numbers were too low to draw any 

conclusions. 

DNA base oxidation and the effect of reactive oxygen species were examined using the 

optimized method to understand further the effect of radiation-induced DNA damage in 

operators when they performed low-dose endovascular intervention. This finding has not 

been explored before, to my knowledge.  
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This will enable me to study the effect of radiation exposure during the endovascular 

intervention in patients and operators and detect subtle changes in their DNA biomarkers at the 

cellular level. Furthermore, I successfully managed to measure changes in DNA damage 

biomarkers against a range of radiation doses in-vitro, which will enable me to understand the 

correlation between radiation exposure and the acute phase of radiation-induced DNA damage 

in individuals. Also, it will enable me to compare the individual response to radiation exposure 

by measuring their DNA biomarkers levels in-vivo and in-vitro to shed some light on operators' 

susceptibility variation to ionising radiation. This will have a significant implication for a better 

understanding of the occupational hazards of radiation exposure and ways of mitigating this 

effect. 

 

In this part of the study, a flow cytometric technique to measure γ-H2AX and pATM is 

optimised to study the immediate DNA damage in patients and operators exposed to radiation 

during endovascular aortic aneurysm repair. 

 
 

 

3.6 Summary 
A fully quantitative flow cytometric protocol was successfully optimised to measure changes 

of levels of γ-H2AX and pATM in blood samples. This will enable us to proceed with the next 

phase of the study to assess the biological effect of intraoperative radiation exposure in patients 

and operators during endovascular aortic repair.  
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CHAPTER 4 

Radiation Induced DNA Damage During 

Endovascular Intervention   

 

4.1 Introduction 
In the United Kingdom, there are thought to be 700 cancers diagnoses and 100 deaths per year 

attributed to radiation exposure during diagnostic and therapeutic interventions, but this is 

likely to be an under estimation.246, 334 

Endovascular aortic repair (EVAR), a fluoroscopically guided procedure, carries a significant 

burden of radiation exposure to both patient and operator. Fenestrated and branched 

endovascular aortic repair (FEVAR & BEVAR) are advanced forms of EVAR that require 

prolonged fluoroscopy guidance and multiple digital subtraction angiography acquisitions and 

therefore necessitate a higher radiation exposure to patients and medical staff. Previous studies 

reported that the amount of radiation exposure proportionally increased with the complexity of 

the EVAR procedure.42, 43, 47 

DAP and fluoroscopy time are considered as standard methods of measuring radiation exposure 

during fluoroscopically guided endovascular procedures.240 They are automatically generated 

by the fluoroscopy x-ray source, with minimal or no human interference, which makes them 

ideal tools for radiation exposure comparison between cases and institutions. Conventional 

dosimetry does not inform the biologically effects of radiation exposure for the individual after 

EVAR. Recent studies reported on biomarkers that showed promise on measuring this 

biological effect of radiation.229 - 231    

 

DNA damage/repair biomarkers such as γ-H2AX and pATM are used for biodosimetry during 

the acute phase after radiation exposure. These biomarkers can be measured in the individual’s 

circulating lymphocytes which are known to be cells that are highly sensitive to radiation. The 

aim of this part of the study is to measure these biomarkers in patients’ and operators’ 

circulating lymphocytes during the peri-operative period of EVAR e.g., pre, immediate and 

24hrs. The 24hr measurement after intervention to check wether biomarkers returned to their 
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baseline 24hrs after procedures to focus on the acute DNA damage response, followed by a 

DNA repair process as previously described by Löbrich et al., 2005.72   

 

4.2 Aims 
(1) To measure the DNA damage/repair markers, γ-H2AX & pATM in patients and operators 

after EVAR and open AAA repair and compare this to operators preforming percutaneous 

coronary intervention.  

(2) To study factors that impact γ-H2AX levels in operators  

 

4.3 Radiation Induced DNA Damage in Patients  
 

4.3.1 Methods:  

4.3.1.1 Study participants 

Blood samples were collected from patients who underwent endovascular and open aortic 

aneurysm repair at three different time points (prior to, immediately after and 24 hrs after 

procedure). This study was approved by the London‒City & East Research Ethics Committee 

(16/LO/1111) following the principles of the Declaration of Helsinki, and written informed 

consent was obtained from each participant. 

 

4.3.1.2 Procedural Details 

All endovascular procedures were carried out in the same hybrid suite, equipped with the 

Philips Allura Xper FD20 fixed X-ray imaging system (Philips Healthcare). Default settings 

used were a pulse rate of 7.5 pulses per second for background fluoroscopy and 2 frames per 

second for digital subtraction angiography acquisitions. For both fluoroscopy and 

cineangiography, an x-ray beam filtration of 1.5 mm Al combined with 0.4 mm Cu was used. 

The equipment setup and operating staff positioning were similar for IEVAR and 

BEVAR/FEVAR procedures.  

 

4.3.1.3. Peri-operative changes of peripheral blood cells in patients  

The pre- and post-operative full blood counts were collated prospectively from the hospital 

electronic patient records. Peripheral leukocytes, monocytes and lymphocytes counts were 
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compared in patients after open aneurysm repair, infra-renal (IEVAR), and branched and 

fenestrated endovascular aneurysm repair (BEVAR/FEVAR), similar to section 2.3.1. Changes 

of cells among the 3 groups were analysed using Two-way analysis of variance (ANOVA) and 

Bonferroni post-hoc analysis. 

 

4.3.1.4 Flow Cytometry 

To study this biological effect of radiation during the acute phase, changes in levels of DNA 

damage biomarkers γ-H2AX & pATM were measured in patients’ circulating lymphocytes 

during the perioperative period of EVAR. DNA damage biomarkers upregulation after EVAR 

was compared to similar cohort of patients who underwent open aortic aneurysm surgical 

repair. Venous blood samples were collected from patients, and red blood cells were lysed. 

Cells were then fixed followed by staining with CD3 antibody. This was followed by cell 

permeabilisation before staining for γ-H2AX and pATM antibodies. Samples were processed 

on a MACSQuant flow cytometer and analysed using FlowJo software. The detailed flow 

cytometric technique to study radiation induced γ-H2AX and pATM levels in peripheral blood 

cells are discussed in Chapter 3, “Optimisation of analysis of DNA damage/repair biomarkers”. 

 

4.3.1.5 Statistical Analysis 

Data were analysed using GraphPad Prism 8.0 (GraphPad Software Inc) and SPSS-22 (SPSS 

Inc). Nonparametric Wilcoxon signed rank, Mann-Whitney U and 2-way analysis of variance 

tests were used. A P value <0.05 was considered to be statistically significant. 

 

4.3.2 Results 

4.3.2.1 Patient and procedure characteristics 

A total of seventy-two patients were recruited to the study who underwent elective 

endovascular aortic repair, including 30 infra-renal EVAR and 42 complex BEVAR and 

FEVAR procedures. A cohort of controls included 14 patients who underwent open aortic 

aneurysm repair and were not exposed to radiation. Patients who underwent open repair were 

younger than the EVAR cohort. The sex, BMI and comorbidities did not, however, differ 

between the two groups. (Table 4.1, P value calculated using Fisher’s exact tests).  

 
 
 
 



 147 

Table 4.1 Patient and procedure characteristics 

 
Open repair= open abdominal aortic aneurysm repair. IEVAR=infra-renal endovascular 
aortic repair. BEVAR=branched endovascular aortic repair. FEVAR=fenestrated 
endovascular aortic repair. BMI=body mass index. HTN=hypertension. COPD=chronic 
obstructive pulmonary disease. DAP=Dose area product. 
 

 

 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

Characteristics Open repair 
(n=14)

IEVAR 
(n=30)

BEVAR/FEVAR
(n=42)

p value 
Open repair vs IEVAR

p value 
Open repair vs BEVAR

Age, years (median, range) 64.5 (48-79) 74 (63-88) 72 (58-86) <0.0001 <0.0001

Gender %

Male 100% 93.3% 90.5%

BMI (kg/m2) 27.45 (24.2 – 33.3) 26.2 (21- 37) 28 (17 – 39.3) 0.7 , 0.8

Comorbidities %

HTN 9 (4.3) 16 (53.3) 20 (47.6) 0.5 0.3

Dyslipidemia 5 (35.7) 12 (40) 11 (26.2) 0.9 0.7

Smoking 7 (50) 8 (26.7) 10 (23.8) 0.1767 0.09

COPD 4 (28.6) 8 (26.7) 7 (16.7) 0.9 0.4

Coronary artery diseases 2 (14.3) 6 (20) 12 (28.6) 0.7 0.4

Diabetes Mellitus 1 (7.14) 2 (6.7) 6 (14.3) 0.9 0.6

Cancer 2 (14.3) 7 (23.3) 5 (11) 0.6 0.9

Chronic kidney disease 0 7 (23.3) 10 (23.8) 0.7 0.0998

Cerebral vascular disease 0 1 (3.3) 2 (4.8) 0.99 0.99

Peripheral vascular disease 1 (7.14) 4 (13.3) 3 (7.1) 0.6 0.99

p value 
IEVAR vs BEVAR

DAP (mGy.cm2) 60016 (2264-144257) 173564 (33382-421562) <0.0001

Personal dosimeter (μSv) 313 μSv [112-2155] 1440 μSv [229-9999] < 0.0001

Screening time (mins) 24.39 (8.01-73.42) 77.15 (24.39– 142.4) <0.0001
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4.3.2.2 Radiation exposure during EVAR  

Complex, BEVAR/FEVAR procedures (n=22) were associated with 3-fold longer fluoroscopy 

time and higher DAP compared with infra-renal EVAR (n=14) (P<0.0001 for both, by Mann-

Whitney U test, Figure 4.1).  

     
Figure 4.1 Radiation exposure during EVAR 
Complex, BEVAR/FEVAR were associated with longer fluoroscopy time [P<0.0001, by Mann-
Whitney Test, median 23.44mins (8.01-73.42) vs 82.17(22.12- 133.4) and higher DAP 
compared with IEVAR [P<0.0001, by Mann-Whitney Test, median 56196 mGy.cm2 (2264- 
144257) vs 173564 (33382- 421526)]   
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4.3.2.3 Peri-operative changes of peripheral blood cells in patients during EVAR 

Peripheral blood cells were prospectively studied in patients when they underwent open (n=14) 

and endovascular aortic repair (IEVAR, n=30 & BEVAR/FEVAR, n=42, Figure 4.2). 

Leukocytes and Monocytes increased on day one following all interventions to peak on day 2 

then gradually returning to the baseline. No significant difference was associated with different 

interventions. However, Lymphocyte count dropped on day one after intervention and 

gradually recovered over the course of 7 days. There was a significant variation in these 

changes among open repair, IEVAR and BEVAR/FEVAR approaches (P<0.02, by Two Way 

ANOVA, Figure 4.2).  

                              
Figure 4.2 Perioperative blood cells changes in patients during aortic intervention 
Graphs showing the changes of patient’s peripheral blood cells when they underwent open 
AAA repair, IEVAR and BEVAR. Leukocytes and Monocytes increased on day one to reach 
peak on day 2 and then recovered gradually. Lymphocytes dropped after all interventions and 
recovered afterwards, with significant difference between different interventions (P<0.02, by 
Two Wany ANOVA test). 
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4.3.2.3 Peri-operative changes of DNA damage/repair biomarkers in patients  

Expression of both γ-H2AX and pATM in circulating lymphocytes significantly increased 

immediately after EVAR (IEVAR and BEVAR/FEVAR grouped together (P<0.0001 for both 

by Wilcoxon matched pairs signed rank test, Figure 4.3). There was no change in γ-H2AX or 

pATM expression at any time point during the perioperative period in lymphocytes from 

patients who had open abdominal aortic aneurysm repair in contrast to EVAR group 

(P<0.0001, by Two Way ANOVA test, Figure 4.3). Results were not adjusted for patients’ 

characteristics e.g., age, gender, or co-morbidities.  

 

Figure 4.3 Perioperative changes of γ-H2AX & pATM in patients  
Patient’s CD3+ T lymphocytes expressing γ-H2AX and pATM increased immediately after 
EVAR (P<0.0001 for both by Wilcoxon matched pairs signed rank test) compared to open 
repair (P<0.0001, by Two Way ANOVA test). Both markers recovered after 24 hrs. 
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4.3.2.4 Biological effects of branched and fenestrated EVAR 

Complex BEVARs and FEVARs (n=42) were associated with a greater increase in both γ-

H2AX and pATM expression compared with IEVAR (n=30) (P=0.01 for both by Bonferroni’s 

multiple comparisons test, Figure 4.4). Levels of both markers normalised 24 hrs after the 

procedure (P<0.0001 by Wilcoxon matched pairs signed rank test, Figure 4.4).  

 
Figure 4.4 γ-H2AX & pATM in patients who underwent IEVAR and BEVAR/FEVAR 
Patient’s CD3+ T lymphocytes expressing γ-H2AX and pATM levels after complex were higher 
compared to IEVAR (P=0.01 for both by Two Way ANOVA test), and recovered after 24 hrs.  
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4.4 Radiation Induced DNA Damage in Operators 
4.4.1 Radiation Induced DNA Damage in Vascular Operators During EVAR 

4.4.1.1 Methods: 

4.4.1.1.1 Study participants 

Blood samples were collected from vascular surgeons and interventional radiologists before, 

immediately after, and 24 hrs after they performed endovascular (infrarenal EVAR and 

complex branched and fenestrated EVAR [BEVAR & FEVAR]) and open aortic repairs.  

 

4.4.1.1.2 Procedural details 

As mentioned above (section 4.3.1.2) all procedures were carried out in the same hybrid suite 

with the aforementioned settings. At the start of each case, the under-table lead shielding was 

specifically checked to ensure that it was in the optimal position. A ceiling- mounted lead shield 

was available and positioned at the operators’ discretion for each procedure., Operators (n=15) 

wore standard protective lead garments which covered their trunks and upper thighs (0.35 mm 

thickness), leaded thyroid collars, and leaded goggles for all endovascular cases. Leg lead 

shields were not routinely worn. Studies were repeated on a cohort of 6 of the original 15 

operators but this time they were asked to wear lower leg lead shielding (0.5 mm thickness, 

XENOLITE–TB, DuPont Technology, Lite Tech, Inc) as additional protection to study the 

effect of radiation exposure on operators when legs were protected. 

 

4.4.1.1.3 Standard dosimetry 

Electronic dosimeters (Hitachi-Aloka Medical PDM-127; Hitachi Aloka Medical Ltd) were 

used to measure direct radiation exposure for operators. These devices recorded cumulative 

measurements of the dose equivalence of absorbed radiation in micro-Sieverts for each case. 

Dosimeters were attached to three different areas on the operator: (1) left breast pocket under 

the protective lead garment, (2) left breast pocket over the protective lead garment, and (3) left 

mid-leg. The dose-area product (DAP) and fluoroscopy time were recorded for all procedures 

(Figure 4.4). Lead radiation attenuation rate is measured by comparing under lead and over 

lead doses for IEVAR and BEVAR/FEVAR.  
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4.4.1.1.4 Flow cytometry 

To study this biological effect of radiation during the acute phase, changes in levels of DNA 

damage biomarkers γ-H2AX & pATM were measured in operators’ lymphocytes during the 

perioperative period of EVAR. DNA damage biomarkers upregulation after EVAR is 

compared to similar cohort of operators who performed open aortic aneurysm surgical repair. 

The same optimised protocol to measure levels of γ-H2AX and pATM expression in circulating 

lymphocytes was used as mentioned in section 4.3.1.3.  

Blood samples were collected from six operators after complex EVAR, and flow cytometric 

analysis was carried out, to study changes in γ-H2AX and pATM levels in CD3+ lymphocytes 

subsets, including CD8+ (cytotoxic) and CD4+ (helper) cells. These two cell subsets were 

further phenotyped into CD45RO-CCR7+ (Naïve), CD45RO+CCR7+ (Central Memory, 

TCM) and CD45RO+CCR7- (Effector Memory, TEM) cells.  

The biological effect of ionising radiation was also evaluated on operators’ circulating 

hematopoietic stem cells (HSCs, CD45- CD34+ CD38- CD90+) and haematopoietic 

stem/progenitor cells (HSPCs, CD45- CD34+ CD38+ CD90-) during EVAR. As radiation 

induced damage in these progenitor blood cell lines might provide an idea about potential long-

term biological hazards of occupational radiation exposure among medical staff.232 

To study DNA damage caused by base oxidation, circulating lymphocytes from operators 

performing IEVAR were analysed for the expression of DNA base oxidation biomarker 8-

oxoguanine DNA glycosylase-1 (OGG1). 

  

4.4.1.1.5 Variation in operators’ sensitivity to radiation exposure  

To study operators’ variation in their biological response to radiation exposure while 

performing EVAR, the amount of radiation was statically standardised by normalising the post-

operative γ-H2AX in each case to dose area product of that particular case to identify intra-

operative variation in operators’ susceptibility. 

Blood samples were then collected from six operators on three separate occasions and exposed 

in Polypropylene Eppendorf Safe-Lock tubes (1ml of blood in each tube) to radiation doses 

between 100 and 1000 mGy using a Darpac 2000 (Gulmay Medical) x-ray unit (energy: 80 

kVp [half-value layer, 2.0mmAL], 6.9 mA, applicator: 8 cm diameter) positioned ≈25 cm from 

the x-ray source. Irradiated samples were then analysed using the previously described standard 

optimised flow cytometric analysis to measure levels of in γ-H2AX in T lymphocytes.   
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4.4.1.2 Results: 

4.4.1.2.1 Operators and procedure characteristics 

A total of fifteen operators (13 males, 40 years of age [34-49], Table 4.2) carried out 

31endovascular (15 IEVAR and 16 BEVAR/FEVAR) and 14 open abdominal aortic aneurysm 

repair procedures.  

 

Table 4.2 Operators demographics  

            
 

4.4.1.2.2 Radiation exposure to operators during EVAR  

BEVAR/FEVAR was associated with longer fluoroscopy time and higher DAP (P<0.0001 for 

both by Mann-Whitney U test, Figure 4.5 A&B) compared with IEVAR.  

Operators’ chests received higher doses when they carried out BEVAR/FEVAR compared with 

IEVAR ([27 mSv [4-150] vs [11 mSv [4-74], P=0.02 by Mann-Whitney U test Figure 4.5 C).  

Wearing lead garments protected operators from the majority of amount radiation they exposed 

to while performing endovascular intervention measured by lead radiation attenuation rate 

(P<0.0001 for by Mann-Whitney U test, Figure 4.6A & B). There was no difference in lead 

radiation attenuation rate between standard and complex EVAR cases (Figure 4.6C). The 

unprotected lower leg region received a significant amount of radiation in both IEVAR and 

BEVAR/FEVAR procedures (Figure 4.4C) 

 

Operator Age
(years)

Gender 

Years of
Interventional Interventional

sessions/month
Sampled For 

IEVAR/ 
BEVAR/FEVAR

Sampled for open AAA 
repair

As 
Trainee

As 
Consultant

1 42 M 3 6 3 Yes No
2 36 M 7 0 4 Yes Yes
3 43 M 5 7 1.5 Yes Yes
4 39 M 2 2 4 Yes Yes
5 48 M 4 10 24 Yes No
6 40 M 4 3 3 Yes No
7 34 M 4 0 12 Yes Yes
8 45 M 10 8 6-8 Yes No
9 39 F 13 1 2-4 Yes Yes
10 37 M 6 4 4 Yes Yes
11 36 M 7 0 6 Yes Yes
12 49 M 5 14 20 Yes No
13 41 M 7 6 5 Yes Yes
14 40 F 10 0 5 Yes No
15 42 M 7 0 12 Yes Yes
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Figure 4.5 Radiation exposure to operators during EVAR 
(A) Operators performed BEVAR/FEVAR exposed to longer fluoroscopy time [(P<0.0001 by 
Mann Whitney Test, median 24.78mins (14.06 - 49.39) vs 94.39 (40.32- 133.9)] and, (B)  higher 
radiation doses measured by dose area product [P<0.0001 by Mann Whitney test, median 
189927 mGy.cm2 (108919-417006)], (C) Operators’ leg dosimeters showed higher exposure 
during BEVAR/FEVAR particularly leg doses. 
 

 

               
Figure 4.6 Operators’ lead garment protection effect during EVAR 
(A) Lead garments protected operators from majority of radiation doses when they performed 
IEVAR and, (B) during BEVAR/FEVAR (P<0.0001 by Mann Whitney Test for both). (C) 
However, no difference lead attenuation rate was observed between EIVAR and 
BEVAR/FEVAR. 
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4.4.1.2.3 Acute phase operators’ response to radiation during EVAR  

The expression of γ-H2AX and pATM in operators’ circulating lymphocytes significantly 

increased immediately after EVAR (IEVAR and BEVAR/FEVAR grouped together) 

(P=0.0003 and P=0.0005, respectively by Wilcoxon matched pairs signed rank test, Figure 

4.7). There were no changes in these DNA damage biomarkers in operators after open aortic 

aneurysm surgical repair (Figure 4.7). 

 

 
Figure 4.7 Perioperative changes of γ-H2AX & pATM in operators  
Operators’ T lymphocytes expressing γ-H2AX and pATM significantly increased immediately 
after they performed EVAR (P=0.0003 and P=0.0005, respectively by Wilcoxon matched pairs 
signed rank test) compared to after open repair (P<0.0001, by Two Way ANOVA test). Both 
markers recovered after 24 hrs. 
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4.4.1.2.4 Biological effects when operators performed complex EVAR 

The post-operative expression of γ-H2AX and pATM was significantly higher in operators 

performing BEVAR/FEVAR, compared with IEVAR (P=0.0003, 0.007 respectively by Two 

Way ANOVA test). Only the level of pATM increased in the lymphocytes of operators who 

carried out IEVAR (P=0.04 by Wilcoxon matched pairs signed rank test). The expression of 

both markers recovered to baseline levels in all operators after 24 hrs (Figure 4.8).  

 

 

                     

     
Figure 4.8 γ-H2AX & pATM in operators who performed IEVAR and BEVAR/FEVAR 
γ-H2AX and pATM upregulation was higher in operators performing BEVAR/FEVAR 
compared with IEVAR (P=0.0003, 0.007, by Two Way ANOVA test). Only pATM was 
upregulated after IEVAR (P=0.04 by Wilcoxon matched pairs signed rank test).  
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4.4.1.2.5 Changes in γ-H2AX & pATM in operators’ T lymphocyte subpopulations 

γ-H2AX and pATM expression significantly increased in CD4+ T helper (P=0.02, P=0.04, 

respectively by Wilcoxon matched pairs signed rank test, Figure 4.9A) and CD8+ cytotoxic T 

(P=0.03, P=0.02, respectively by Wilcoxon matched pairs signed rank test, Figure 4.9B) cell 

subpopulations when operators performed complex EVAR.  

           
Figure 4.9 γ-H2AX & pATM expression in operators’ CD4+ and CD8+ T lymphocytes 
(A) BEVAR/FEVAR induced γ-H2AX and pATM upregulation operators’ CD4+ T helper 
(P=0.02, P=0.04, respectively by Wilcoxon matched pairs signed rank test and (B) CD8+ 
cytotoxic T (P=0.03, P=0.02, respectively by Wilcoxon matched pairs signed rank test) cell 
subpopulations. 
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Post-operative γ-H2AX expression was relatively higher in T helper lymphocytes compared 

with cytotoxic T cells (P=0.04, by Bonferroni’s multiple comparisons test, Figure 4.10). 

 
Figure 4.10 Comparison of γ-H2AX & pATM expression in operators’ CD4+ and CD8+ 
T lymphocytes 
Operators’ T helper cells expressed higher γ-H2AX levels compared with cytotoxic T cells 
(P=0.04, by Bonferroni’s multiple comparisons test), no difference in pATM expression level 
between two subpopulations. 
 

 

Deeper phenotyping showed a significant increase in γ-H2AX levels in CD4+ naïve and central 

memory cells compared with other subpopulations (n=6, P<0.05 and P=0.2 respectively by 

Bonferroni’s multiple comparisons test, Figure 4.10). 

                                           
Figure 4.10 γ-H2AX & pATM expression in T lymphocytes subpopulations after EVAR 
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Operators’ CD4+ naïve and central memory cells expressed higher γ-H2AX levels compared 
with other subpopulations (P<0.05 and P=0.2 respectively by Bonferroni’s multiple 
comparisons test). 
 
4.4.1.2.6 Changes in γ-H2AX & pATM in haematopoietic stem/progenitor cells 

Both γ-H2AX and pATM expressions were studied in six operators’ haematopoietic 

stem/progenitor cells. There were no observed significant changes in γ-H2AX or pATM in 

HSCs or HSPCs (n=6 operators, pre-operative means 0.96±0.19% vs post-operative 

0.98±0.21%, and pre-operative 1.26±0.40% vs post-operative 0.9±0.42%) or HSPCs (n=6, pre-

operative mean 1.81±0.46% vs post-operative 1.34±0.58%, and pre-operative 1.76±0.63% vs 

post-operative 1.21±0.62%). Nevertheless, the numbers of identifiable circulating HSCs/HPCs 

are very low (<200 cells compared with >20,000 lymphocytes, Figure 3.35 & 3.36). 

                             

4.4.1.2.6 EVAR is associated with DNA base oxidation in operators’ lymphocytes 

Upregulation of pATM, but not γ-H2AX, was found in operators’ lymphocytes after IEVAR. 

Therefore, we studied the changes of OGG1 expression in their lymphocytes as a marker of 

DNA base oxidation. Similar to pATM, OGG1 expression increased after IEVAR (P=0.03 by 

Wilcoxon matched pairs signed rank test) and also OGG1 expression was upregulated in the 

lymphocytes expressing pATM following IEVAR (P<0.03 by Wilcoxon matched pairs signed 

rank test, Figure 4.11). This is in contrast to γ-H2AX that did not change in their lymphocytes.  
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Figure 4.11 Operators’ OGG1, pATM and γ-H2AX expression after IEVAR 
(A) Flow cytometric dot blots showing operators’ T lymphocytes following IEVAR, pATM and 
OGG1 expression increased (P<0.03 for both by Wilcoxon matched pairs signed rank test) in 
contrast to γ-H2AX. OGG1 expression increased in the lymphocytes expressing pATM 
following IEVAR (P<0.03 by Wilcoxon matched pairs signed rank test). (B) Comparison 
between pre and post γ-H2AX, pATM and OGG1 expressing operator’s lymphocytes when they 
performed IEVAR.  
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4.4.1.2.7 Variation in operators’ sensitivity to radiation exposure 

4.4.1.2.7.1 Variation in operators’ γ-H2AX expression after EVAR 

In a further studying the biological effect of radiation exposure among operators, in a separate 

cohort of six operators (Table 4.3) who frequently perform endovascular interventions, γ-

H2AX expression varied significantly between different operators (P<0.0001 by two-way 

ANOVA, Figure 4.12), despite similar baseline levels pre-operatively.  

         

         Table 4.3 Operators demographics  

          
 

               
Figure 4.12 Peri-operative γ-H2AX changes in endovascular aortic repair operators  
Pre and post-operative operators’ γ-H2AX levels varied significantly when they performed 5 
procedures for each operator (P<0.0001 by Two way ANOVA). 
 

Operator Age
(years)

Gender 

Years of
Interventional Interventional

sessions/month
As 

Trainee
As 

Consultant

1 42 M 3 6 3
2 36 M 7 0 4
3 40 M 4 3 3
4 49 M 5 14 20
5 41 M 7 6 5
6 45 M 10 8 6-8
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There was a significant variation in the changes in γ-H2AX expression even after standardising 

the level of this expression to the amount of radiation exposure in the different cases (P<0.003 

by ANOVA, Figure 4.13).  

 

    
Figure 4.13 Variation in operators’ γ-H2AX expression after EVAR 
Post-operative levels of 6 operators’ γ-H2AX varied significantly after 5 endovascular aortic 
repairs for each operator (P<0.0001 by Two Way ANOVA test) when they were exposed to 
standardised radiation doses.  
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4.4.1.2.7.1 Variation in operators’ γ-H2AX in their CD3+ T lymphocytes in vitro 

Following this finding of the variation in the 6 operators’ response to radiation exposure, a 

further in-vitro analysis was carried out in a more controlled environment to eliminate any 

suggested variables such as intra-operative operators’ behaviours during x-ray exposure.  

There was a significant inter-individual variability in γ-H2AX on CD3+ T cells in response to 

a range of radiation doses (P<0.0001 by by Two-way analysis of variance test, Figure 4.14). 

The graph suggesting three different subgroups based on their response to radiation. For 

example, operator 3 showed the highest level of H2AX in-vitro and was among the high 

responders in-vivo too. Yet, operator 5 in vivo was a low responder despite being in the middle 

responders in-vitro. Therefore, it remains challenging to draw any conclusions from this part 

of the study considering low number of participants. Nevertheless, differences between in-vivo 

and in-vitro findings draw a great attention on multi-factors contribute to operators sensitivity 

to radiation exposure e.g., genetic, stress level, previous exposure, radiation protection 

strategies and intra-operative operators behaviours.  
 

 

                                       

               

Figure 4.14 Variation in operators’ γ-H2AX in vitro 
In-vitro, levels of γ-H2AX in operators’ CD3+ T lymphocytes irradiated in vitro were 
significantly different (P<0.0001, by Two Way ANOVA test) when their blood samples were 
irradiation to the same radiation doses.  
 



 165 

4.4.1.2.8 Role of operators’ leg protection in their response to radiation exposure 

To identify the role of extra radiation protection using lower leg guards, another cohort of six 

operators performing BEVAR/FEVAR procedures were asked to wear lower leg shielding 

(Figure 4.15A). Blood samples were collected before and after they had performed each 

procedure, and then analysed using the previously described flow cytometric analysis to 

measure levels of in γ-H2AX and pATM in their T lymphocytes in section 4.4.1.4. However, 

there were similar over the leg exposure measurements, DAP and fluoroscopy times in both 

cohorts of complex EVAR cases, during which the operators wore leg lead shielding and those 

carried out without leg protection (Figure 4.15B). 

 

                                   
Figure 4.15 Comparison between radiation exposure with and without leg protection 

(A) An operator is wearing leg lead guards (red arrows) with operators’ personal dosimeter 

doses when they performed BEVAR/FEVAR with and without leg shields. (B) Comparable 

operators’ radiation exposure when they performed BEVAR/FEVAR with and without leg 

protection. 

Operators’ Personal Dosimeters
With Leg Shields Without Leg Shields

28 16
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69 40
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153 416
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DAP (mGy.cm2) 189927 (108919-417006) 165895 (149430-434251) 0.8

Screening time (mins) 94.39 (40.32-133.9) 97.70 (55.36-141.1) 0.5

Personal Dosimeter 

(μSv)

74 (28-153) 145 (16-416) 0.2

A
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Wearing lower leg lead protection (n=9 cases) abrogated the lymphocyte γ-H2AX and pATM 

response in operators after BEVAR/FEVAR, with no change in the expression of either 

markers immediately after the procedure (P=0.01 Bonferroni’s multiple comparisons test, 

Figure 4.16). 

 

                  
Figure 4.16 Effects of lower leg guards in operators’ DNA damage biomarkers 
Expression of γ-H2AX and pATM in operators after BEVAR/FEVAR did not change when they 
wore leg protection compared to without protection (P=0.01 by Bonferroni’s multiple 
comparisons test). 
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4.4.2 Radiation Induced DNA Damage in Interventional Cardiologists During PCI 

In this part of the study, we extended our evaluation of biological effect of radiation exposure 

during interventional procedures to include percutaneous coronary intervention (PCI) 

performed by interventional cardiologists.  

This was to compare our findings of increased levels of DNA damage biomarkers among 

vascular surgeons and interventional radiologists when they carried out endovascular aortic 

repair to another cohort of interventionists such as interventional cardiologist who are also at 

risk of radiation exposure during performing interventional procedures such percutaneous 

coronary intervention and transcatheter aortic valve implantation.  

 

4.4.2.1 Methods 

4.5.1.1 Study participants 

Interventional cardiologists were recruited to the study and blood samples were collected from 

them prior to and after they carried out elective percutaneous coronary interventions.  

 

4.4.2.1.2 Procedural characteristics 

All cardiac intervention procedures were carried out in the same cardiac catheter laboratory, 

equipped with the Philips Allura Xper FD20 fixed X-ray imaging system. Default settings were 

similar to EVAR procedures with a pulse rate of 7.5 pulses per second for background 

fluoroscopy and 2 frames per second for digital subtraction angiography acquisitions, and an 

x-ray beam filtration of 1.5 mm Al combined with 0.4 mm Cu was used.  

 

4.4.2.1.3 Standard dosimetry 

Electronic personal dosimeters were used to measure direct radiation exposure to record 

cumulative absorbed radiation dose for each case, as previously outlined in section 4.3.2.3. 

Dosimeters were attached to the recruited interventional cardiologists in the same positions as 

was used for the vascular surgeons recruited in section 4.4.1.3.  

 

4.4.2.2.4 Flow cytometry 

Changes in levels of DNA damage biomarkers (γ-H2AX & pATM) were measured in 

interventional cardiologist’ lymphocytes during the peri-procedural period of percutaneous 

coronary intervention (PCI), using the same optimised protocol (as mentioned in section 

4.3.1.3)  
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4.4.2.2 Results 

4.5.2.1 Participants and procedure characteristics 

A total of six senior interventional cardiologists were recruited to the study and performed nine 

elective percutaneous coronary interventions (Table 4.4).  

 

Table 4.4 Interventional cardiologists’ details and their workload 

 

 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

Operator Age

Years of interventional Interventional 

sessions/week

Interventional 

cases / session

As 

Trainee

As

Consultant

1 46 8 9 3 3

2 62 8 22 2 4

3 53 5 18 4 4

4 36 6 1 3 5

5 52 5 16 2 3

6 42 8 5 1 3
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4.4.2.2.3 Radiation exposure during PCI compared to EVAR 

Interventional cardiologists radiation exposure during coronary intervention was measured 

with dose area product (DAP), screening/fluoroscopy time and operators’’ personal dosimetry 

(Figure 4.17A). We found that interventional cardiologists were exposed to less radiation per 

case compared with vascular surgeons. This was evident as dose area product (DAP) and 

fluoroscopy times that were more than three and two folds, respectively, lower during PCI 

compared with infra-renal endovascular aortic repair (P=0.01, 0.007 respectively by Mann-

Whitney U test, Figure 4.17B). Personal dosimetry similarly showed that the operator’s leg 

dose was nearly 6 folds lower for PCI compared with IEVAR (P=0.003 by Mann-Whitney U 

test). 

                              

    
Figure 4.17 Radiation exposure during percutaneous coronary intervention 
(A) Operators’ radiation exposure measured by DAP, Screening time and personal dosimetry 
when they carried out coronary intervention. (B) IEVAR is associated with longer radiation 
exposure time and higher doses compared with PCI (P=0.01, 0.007 respectively by Mann 
Whitney test,).  
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4.4.2.2.4 γ-H2AX and pATM expression in interventional cardiologists after PCI 

Immediately after percutaneous coronary intervention, both markers γ-H2AX and pATM 

increased significantly in interventional cardiologists’ CD3+ T lymphocytes, and then returned 

to their base line after 24 hrs (P=0.004, 0.01 by Wilcoxon matched pairs signed rank test, Figure 

4.18).  

             
Figure 4.18 Peri-operative changes of γ-H2AX and pATM in interventional cardiologists  
Both γ-H2AX and pATM expression was raised in interventional cardiologists immediately 
after they performed PCI and recovered after 24 hrs (P=0.004, 0.01 respectively by Wilcoxon 
matched pairs signed rank test). 
 

4.4.2.2.4 Comparison between PCI and EVAR induced γ-H2AX and pATM upregulation  

The magnitude of increase of γ-H2AX expression in cardiologists’ lymphocytes was more than 

IEVAR (P<0.0001 by Mann-Whitney U test), and similar to complex BEVAR/FEVAR (Figure 

4.19). pATM increased after PCI in interventional cardiologist similar to BEVAR/FEVAR 

levels however, there was no statically significant variation in the increased pATM between 

PCI and IEVAR. 

       
Figure 4.19 Changes of γ-H2AX and pATM expression after PCI and EVAR 
A comparison between γ-H2AX and pATM expression in operators’ when they performed PCI, 
IEVAR and BEVAR/FEVAR. Cardiologists performed PCI expressed higher levels of γ-H2AX 
in their CD3+ T lymphocytes compared to IEVAR operators (P<0.0001, by Mann Whitney 
test), and similar to BEVAR/FEVAR levels. pATM expression in cardiologists’ lymphocytes 
was as high as BEVAR/FEVAR but not high enough to be significant compared to IEVAR. 
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4.5 Discussion  
Humans experience cellular biological changes after exposure to ionising radiation, either 

accidental, while flying, during medical diagnostic/therapeutic procedures, or occupational 

exposure such as radiographers and nuclear workers. To accurately evaluate these radiation-

induced neurobiological changes, biological dosimetry is required to assess the level of 

radiation exposure and its effects on individuals’ cells and tissues. Ionising radiation directly 

deposits energy in nucleic acids in the cell. It indirectly generates reactive oxygen/nitrogen 

species, damaging the cellular DNA structure by causing base-pair alterations, nucleotide 

modifications, and single/double-strand DNA breaks.75 

 

This study has shown a significant upregulation of DNA damage/repair biomarkers, γ-H2AX, 

and pATM, in both patients’ and operators’ circulating lymphocytes immediately after EVAR, 

particularly after complex EVAR. These changes were not seen during open aortic aneurysm 

surgical repair in either cohort, suggesting that our findings are related to radiation exposure 

rather than, for example, a stress response. This was more pronounced particularly in operators 

after performing complex EVAR procedures, which were associated with 3-fold longer 

fluoroscopy time and higher DAP compared with infra-renal EVAR, findings that match 

previous reports from our institution and others.42, 43, 47, 48  

 

These expressions of γ-H2AX and pATM returned to their baseline 24 hrs after procedures 

suggesting that our observation was an acute response, followed by a DNA repair process as 

previously described by Löbrich et al., 2005.72  γ-H2AX and pATM dephosphorylation has 

been demonstrated to be correlated with DSB repair, suggesting that the kinetics of H2AX and 

ATM foci loss of these protein biomarkers might also be used as an indicator of individual 

susceptibility to low-dose radiation exposure.221, 329, 335 It is very important to point out that the 

kinetics of these biomarkers were not studied or measured and it is one of the limitation of this 

study.  

Double-strand breaks are the most dangerous DNA damage patterns after ionising radiation. In 

response to these double-strand breaks, ATM activation and phosphorylation of several 

downstream DNA repair and checkpoint proteins, including H2AX. Histone H2AX is 

phosphorylated within seconds to form γ-H2AX, with levels peaking at 30 min. Both 

phosphorylated H2AX and ATM have been reported as useful biomarkers for low-dose 

radiation exposure in lymphocytes and fibroblasts, compared to cytogenetic biomarkers (e.g., 
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dicentric chromosomes, micronuclei, and translocations), as H2AX and ATM foci formation 

can be detected as low as 1mGy.72, 177, 222, 329, 335 - 338 

Myocardial perfusion CT imaging induced activation of the DNA damage response pathways 

demonstrated by an increase in H2AX and ATM phosphorylation and significant up-regulation 

of genes associated with DNA damage.222  Low dose ionising radiation below one mGy during 

CT examinations resulted in a dose-dependent increase in γ-H2AX levels. These levels were 

also found to be negatively correlated with body size.339, 340,341 These biomarkers can be used 

as a quantitative biomarker for low dose radiation exposure, as DNA damage measured by γ-

H2AX levels in women exposed to chest-abdominal-pelvic CT was 8–10-fold higher than in 

patients had a chest CT only.329 Levels of DNA damage biomarkers were affected by CT scan 

protocols, as γ-H2AX foci were significantly higher helical compared to sequential CT 

examinations demonstrating a significant correlation to radiation dose measured by dose length 

product.342 Adjuvants to radiation for diagnostic or therapeutic purposes could worsen induced 

DNA damage. For example, iodine contrast was found to amplify DNA induced radiation 

damage in peripheral lymphocytes by approximately 30%, as patients who underwent contrast-

enhanced CT had an increased amount of DNA radiation damage and γ-H2AX foci level 

compared to unenhanced CT examinations.343 - 345 

 

18F-FDG PET/CT examination was found to increase levels of DNA damage biomarkers with 

peaks of radiation 18F-FDG PET/CT - induced DSBs were found 30 mins after FDG 

administration (radionuclide) and 5 mins after CT imaging. DSBs were strongly correlated with 

the dose length product.346   

A randomised controlled study compares DNA damage resulting from diagnostic, 

interventional coronary angiography, and coronary CT scans. Patients who underwent 

coronary angiography showed γ-H2AX higher levels than patients exposed to coronary CT 

scans. H2AX foci in patients undergoing fluoroscopically guided cardiovascular procedures 

showed a linear correlation to dose area product for specific examination regions (e.g., pelvic 

and leg arteries).335, 347   

T lymphocyte subsets' deeper phenotyping showed that both γ-H2AX and pATM were 

upregulated in T helper (CD4+) and cytotoxic cell (CD8+) subsets. γ-H2AX levels were 

significantly elevated in T helper cells and their CD4+ naïve and central memory cell subsets. 

Previous reports suggest that CD8+ cells are more sensitive to radiation-induced apoptosis in 

comparison with CD4+ cells.348 Our finding of higher expression of γ-H2AX and pATM in 

CD4+ cells could, therefore, be explained by the fact that radiation-induced CD8+ apoptosis 
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might have prevented the detection of γ-H2AX- upregulation because the CD8+ cells had died. 

This inverse correlation between γ-H2AX-expression and radiation-induced apoptosis in 

lymphocytes subsets was suggested by Horn et al., 2013.349  

No significant changes were observed in γ-H2AX and pATM expression in circulating 

hematopoietic stem cells (HSCs, CD45-/CD38-/CD34+/CD90+,) and haematopoietic 

stem/progenitor cells (HSPCs, CD45-/CD38+/CD34+/CD90-,). These cells circulate in very 

low numbers (<200). Therefore, it is very challenging to detect expression changes in these 

cells by flow cytometry. 

The significant increase in 8-oxoguanine DNA glycosylase-1 (OGG1) expression in operators’ 

lymphocytes after performing IEVAR suggests that radiation-induced DNA base oxidation 

most likely contributes to pATM upregulation rather than DNA double-stranded breaks.  This 

was evident by the absence of γ-H2AX significant upregulation when operators performed 

IEVAR.350   

 

Similar findings of an increase in both γ-H2AX and pATM in circulating lymphocytes were 

made in interventional cardiologists performing percutaneous coronary interventions. Even 

though PCIs are associated with lower radiation exposures than EVAR (roughly 6-fold lower 

than IEVAR), interventional cardiologists in the study perform more cases on each list (5-7 

cases/day) compared with vascular surgeons.  This may affect their sensitivity to radiation 

exposure or their DNA damage repair ability that might explain the upregulation of the two 

markers after low radiation dose PCI. This was also observed in studies from atomic bomb 

survivors, nuclear workers, and patients who received repeated low dose radiation showed an 

increased risk of radiation exposure's cumulative harmful effects.351 Although interventional 

cardiologists recorded low dose radiation exposure below the international allowed limits the 

International Commission on Radiological Protection (ICRP), they demonstrated a 

significantly higher amount of DNA damage measured by the frequency of chromosomal 

aberrations and micronuclei compared with their unexposed colleagues. This was also observed 

when microarray analysis of a cohort of interventional cardiologists showed multiple miRNAs 

dysregulation, particularly brain-specific miR-134, associated with Alzheimer's disease and 

glioblastomas.352 - 354   

Use of lower leg lead protection during complex BEVAR/FEVAR repairs that expose the 

operators to the most considerable amount of leg radiation completely abrogated the DNA 

damage/repair response previously detected without leg protection.  This is even though 

radiation exposure during the procedures was similar to when their legs were not protected, 
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suggesting that operators' legs and their long bones received the most significant amount of 

scattered radiation that manifests as DNA damage in circulating lymphocytes.355  

Our finding highlights the importance of operators ensuring that they wear lower leg lead 

protection and not rely solely on the lead skirt attached to the table for shielding the scatter 

radiation received from the x-ray source underneath the operating table.  

Irradiating blood taken from our cohort of operators in vitro with fixed doses of radiation 

resulting in different amounts of upregulation of γ-H2AX and pATM, a proxy that may suggest 

operators have various sensitivities to the radiation exposure. Nevertheless, there was a 

difference between in-vivo and in-vitro findings which draw a great attention on multi-factors 

contribute to operators sensitivity to radiation exposure e.g., genetic, stress level, previous 

exposure, radiation protection strategies and intra-operative operators behaviours. Individual 

radiation sensitivity is a known phenomenon and means that perhaps screening operators 

decide who are at higher risk from radiation exposure and possibly should not perform lengthy 

procedures that are reliant on fluoroscopic guidance.356  However, it remains challenging to 

draw any conclusions from this part of the study considering low number of participants.  

 

Summary: 
This study has shown that when patients and operators exposed to ionising radiation during 

endovascular aortic aneurysm repair, there circulating lymphocytes expressed a significant 

upregulation of DNA damage/repair biomarkers, γ-H2AX, and pATM. This acute response to 

radiation exposure was more pronounced after complex EVAR. Operators varied in their 

response to radiation exposure, which could be a tool to tailor individualised radiation 

protection strategies, taking in to account that lower leg shielding showed a significant role in 

mitigating the radiation induced DNA damage as per our study findings.  
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CHAPTER 5 

General discussion and future studies 
 

5.1 Discussion 
The health effects of radiation exposure during diagnostic and interventional procedures are 

increasingly becoming of great concern. Minimally invasive endovascular procedures are 

associated with a risk of inevitable radiation exposure to both the patient and medical staff. The 

advent of complex aortic aneurysm repair such as fenestrated and branched endovascular repair 

has now resulted in an even higher risk of radiation exposure.42, 45 

 

At a cellular level, ionising radiation can induce different forms of DNA damage, such as base 

damage, single-stranded, and double-strand breaks.199, 200 As a response to these double-strand 

breaks, the DNA repair process is activated, causing phosphorylation of transcription factors 

and proteins such as ataxia-telangiectasia mutated (ATM) and histone protein H2AX resulting 

in pATM and γ-H2AX, respectively. 

Both activated proteins (γ-H2AX and pATM) can be measured using flow cytometry or under 

immunofluorescence microscopy allowing detection of acute phase low radiation-induced 

DNA. Blood cells, in particular, circulating peripheral lymphocytes, are highly sensitive to 

radiation exposure.228 - 233 

Branched and fenestrated endovascular aortic repair (BEVAR/FEVAR) are advanced 

procedures used to treat challenging aortic aneurysms with a custom-made device and are 

associated with a higher amount of radiation exposure to both patients and medical staff 

members. The aim of this study was to investigate the acute effect of radiation exposure to the 

patient and medical staff performing endovascular aortic aneurysm repair by measuring the 

changes in γ-H2AX and pATM expression in circulating lymphocytes during the peri-operative 

period.  

5.1.1 Radiation induced H2AX and ATM phosphorylation in patient and operator  

The initial aim of this study was to develop a flow cytometric assay for measuring the 

expression of DNA damage biomarkers, γ-H2AX, and pATM, on circulating lymphocytes. 
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This was particularly challenging as the half-life of γ-H2AX is between 30-60 mins from the 

time of exposure.175 

In addition, there were no optimised protocols for the use of flow cytometry to measure these 

intracellular markers, and previous studies have utilised immunohistochemistry.72, 177, 357 

The benefit of flow cytometry is the ability to quantify levels of expression in a higher-

throughput way accurately. We optimised a flow cytometric method to measure γ-H2AX and 

pATM levels in circulating lymphocytes from blood samples. This method was validated using 

positive and negative controls, including samples from the open surgery group and pre-

exposure blood samples. This flow cytometric technique also compared well with conventional 

immunohistochemistry.72, 177, 357 

Following optimisation, γ-H2AX, and pATM levels in peripheral lymphocytes were measured 

during the peri-operative period of endovascular aortic intervention. Both DNA damage 

biomarkers (γ-H2AX and pATM) were studied in patients’ mononuclear cells from after they 

exposed to radiation from computerised tomography (CT) scans,72 and in children after cardiac 

catheterisation procedures.177  Levels of both γ-H2AX and pATM expression were upregulated 

in operators and patients immediately after the endovascular aortic repair. Neither of these 

DNA damage markers γ-H2AX and pATM was increased in the control cohort of patients and 

operators after open aneurysm repair. Previous studies showed that open aortic aneurysm repair 

causes a higher degree of stress-related response measured by cortisol levels and incidence of 

systemic inflammatory response syndrome in patients compared with minimally invasive 

endovascular aortic aneurysm repair. However, this is clear that stress does not trigger the DNA 

damage/repair mechanism. Therefore, the findings of the present study suggest that DNA 

damage is directly related to radiation exposure during endovascular procedures.358  

 

Neither γ-H2AX nor pATM has previously been studied in interventionists performing 

fluoroscopically guided aortic procedures. To our knowledge, the present study is the first to 

demonstrate elevated expression of these markers of DNA damage/repair in operators exposed 

to radiation.  

 

 

5.1.2 Higher risk of DNA damage in complex EVAR 

Compared to standard infra-renal EVAR, FEVAR and BEVAR are by large more challenging 

complex procedures that require prolonged screening time and higher use of radiation. These 
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procedures are, therefore, generally associated with greater radiation exposure to both the 

patient and the operator.42, 47, 48, 50 The present study found that complex aortic procedures are 

associated with approximately a 3-fold longer fluoroscopy time, a 2-fold increase in dose area 

product (DAP), and 2-fold higher personal dosimetry readings for the operator at leg level 

compared to infra-renal endovascular aortic repair. This is similar to our previous and other 

centers’ measurements of radiation during these procedures. 42, 47, 48, 50 These detected high 

levels of ionising radiation were reflected in the biological level as FEVAR & BEVAR were 

associated with a greater upregulation in both patient’s and operators’ DNA damage 

biomarkers in their circulating blood cells.  

 

5.1.3 Variation in individual susceptibility to radiation  

As part of this study, in order to identify variation between individuals’ response to radiation 

exposure, operators’ blood was collected and irradiated in vitro using a range of doses that 

exceeded usual occupational exposure to induce an amplified response with the purpose of 

revealing subtle differences in radiation sensitivity between individuals. This was carried out 

in a controlled environment and a standard manner on multiple occasions and γ-H2AX was 

measured using the same optimised flow cytometric method as used for the clinical part of our 

study.  

Our analysis showed that there was an inter-individual variable in γ-H2AX response in the 

lymphocytes of operators when their blood samples were exposed to the same radiation doses. 

This observation suggests that interventionists’ susceptibility to radiation-induced DNA 

damage may vary, and safe exposure limits may not apply universally.  

 

Variation in individual radiosensitivity is a phenomenon that has been established in atomic 

bomb survivors, who showed a variable response to radiation exposure and differed in their 

propensity to develop radiation-induced malignancies.310 Individual sensitivity to radiation is 

also thought to account for difference in response to radiotherapy in patients treated for 

malignancy.276 

Some genetic mutations, such as ataxia telangiectasia and Nijmegen breakage syndromes, are 

known to predispose individuals to a higher risk of radiation induced malignancy.279, 280  One 

wonders, however, how many more subtle, and perhaps as yet unknown, a genetic link to radio-

susceptibility exist that dictate the individual’s risk after exposure. 
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Identifying subtle variability in individuals’ susceptibility to ionising radiation remains 

challenging, but some studies suggest that measuring the radiation-induced DNA 

damage/response after exposure could be a surrogate for radiosensitivity. This was observed 

when patients were exposed during computed tomography examinations as studied by counting 

the number of gamma-H2AX foci.72 

When micronuclei assay was used to study in vivo and in vitro irradiated lymphocytes from 

different individuals, researchers found a significant variation in the amount of radiation-

induced unrepaired DNA breaks at the time of cell division. It is also suggested that 

individuals’ radiosensitivity depends on the variability of the efficiency of DNA damage repair 

and its’ resulted cell apoptosis.359 For example, DNA damage repair gene RAD51 was 

negatively correlated to the number of radiation-induced micronuclei and was suggested to be 

a marker for assessing individuals’ radiosensitivity.360  

However, a long-term follow-up study to connect interventionists’ radiosensitivity to 

developing radiation-induced malignancies is required.276 

This finding highlights the importance of future work in designing an individual risk profile in 

order to individually calculate the risk of radiation-induced cancer and to determine what 

radiation levels they can safely be exposed to.177  

 

5.1.4 Effective DNA repair mechanism 

Even though our finding of upregulation of γ-H2AX and pATM expression was detected 

immediately after the endovascular intervention, these levels returned to baseline 24 hrs after 

the procedure in patients and operators. This is secondary to the successful DNA repair process, 

which was previously reported in patients exposed to radiation.72, 175 This observation could 

suggest that operators might need to avoid operating in two consecutive days in order to allow 

for adequate DNA repair. Further radiation exposure within 24 hrs might halt the repair process 

and result in mis-repaired genes that eventually might result in carcinogenesis.361 – 362   

 

Further long-term follow-up studies are now required to identify if repeated low dose 

occupational exposure results in non or mis-repaired radiation-induced DNA damage and a 

consequently higher risk of mutagenesis and cancer development.    
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5.1.5 Biological assessment of cumulative low dose exposure 

Calculations of cancer risk from ionising radiation exposure are mainly based on 

epidemiological studies such as from the atomic bomb survivors of Hiroshima and Nagasaki. 

These estimates of cancer risk are predominantly suitable for moderate to high radiation 

doses.35, 363, 464 However, it is inappropriate to apply these risk estimates to occupational 

repeated exposures to low-dose radiation. Therefore, low dose induced cancer risk is calculated 

based on linear extrapolation using epidemiological data from high dose exposures. This 

calculated risk could be questionable as it does not take into account, for example, individual 

variation in response to radiation exposure, age, gender, and general health condition.365 – 366 

Biological markers, such as γ-H2AX and pATM, showed to be a very useful tool to study 

individual response during the acute phase. However, a long-term study in a larger cohort of 

medical staff is required using biological markers during endovascular interventions to lineate 

the direct relationship between exposure and its resulted cancer risk.  

 

5.1.6 DNA damage in lymphocyte subpopulations 

Further phenotyping of CD3+ T lymphocytes was carried out to determine which subset is 

particularly sensitive to radiation-induced DNA damage and whether this might predict long-

term health consequences.  

There was a postoperative rise in γ-H2AX and pATM in both T helper and cytotoxic cell 

populations (patients or operators), with a relatively higher expression of postoperative γ-

H2AX in CD4+ T helper compared with CD8+ cytotoxic T cells. Other studies have also shown 

that CD8+ cells are more sensitive to radiation-induced apoptosis than CD4+ cells.348 

Radiation-induced apoptosis of CD8+ cells might even have under-estimated higher levels of 

γ-H2AX in lymphocytes. 

 

Deeper T helper and cytotoxic T cell phenotyping showed postoperative γ-H2AX upregulation 

was significantly higher in CD4+ naïve and central memory cells compared with other 

subpopulations.  Previous studies reported a significant drop in naïve and central memory cell 

levels in mice when they were exposed to ionising radiation, which is consistent with the 

findings of a decrease of naïve T cell numbers among atomic bomb survivors.367, 368     

Radiation-induced DNA damage in these lymphocytes’ subsets might contribute to 

chromosomal instability, which could be the first step towards lymphoid neoplasia such as 

lymphoma, multiple myeloma, and leukemia.369 
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5.1.7 Operators’ DNA base damage during infra-renal EVAR 

Operators performed infra-renal aortic repair (IEVAR) showed a significant increase in 8-

oxoguanine DNA glycosylase-1 expression in their CD3+ lymphocytes. This reflects evidence 

of radiation-induced DNA base oxidation operators’ circulating lymphocytes.191 This also 

explains that the observed upregulation of pATM but not γ-H2AX in their lymphocytes after 

standard infra-renal EVAR, as pATM, is upregulated in response to both DNA base oxidation 

as well as double-strand breaks. 

 

5.1.8 Advances in radiation protection strategies  

Individuals, as well as institutions, have a great responsibility to tackle this imminent risk of 

radiation-induced health risks. Individual training, availability, and appropriate use of 

protective equipment and reliable radiation governing regulations are the way forward as 

fundamental radiation protection strategies.  

 

5.1.8.1 Leg shields  

Various occupational radiation protection tools that are available to the medical staff, such as 

lead aprons, thyroid collars, lead eye protection, and ceiling-suspended leaded shields.370 

Operators do not routinely wear lower leg guards, although below table lead shielding is 

particularly crucial for minimising scatter radiation.371  When our operators wore lower leg lead 

shielding during complex aneurysm repair, this mitigated the previously detected γ-H2AX and 

pATM radiation-induced upregulation in the same individuals.  

This finding demonstrates that scatter radiation received at the operator lower part of the body 

was responsible for the majority of DNA damage occurs in lymphocytes. This observation 

matched our measurement of a 2-fold higher radiation level detected by operators’ dosimetry 

at leg level when they performed BEVAR/FEVAR.  

 

This result stresses the importance of using lower leg shielding as an essential occupational 

radiation protection strategy. One source of this high scatter radiation dose is the increase in 

using fixed-imaging systems to produce higher quality images contrasted to lower quality 

mobile c-arm. Nevertheless, that is associated with a significantly higher amount of scatter 

radiation.372 
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This observation, indeed, should encourage operators to use lower leg shielding as a routine 

method of protection rather than an optional method. Also, health care institutions should 

ensure the availability of these leg shields for their staff to use to minimise long term radiation 

occupational hazards.  

 

5.1.8.2 Suspended Personal Radiation Protection Systems 

One of the most recently used radiation protection equipment is the suspended radiation 

protection system (e.g., Zero-Gravity TM, Tidi products, Fenton, MI), which provides 

individual radiation protection. When using this system, operators do not have to suffer the 

burden of wearing heavy aprons throughout lengthy procedures.  

Due to its suspended system, it allows the use of thicker lead protection (e.g., 1mm rather than 

0.5mm), which covers a large surface area of the operator’s body, down to the knees. Studies 

have shown that the suspended system provides greater protection to the chest, thyroid, and 

feet compared with conventional lead aprons.373 

Its leaded-acrylic face-shield protects the front and sides of the head, which offered more than 

80% protection compared with standard lead aprons with the ceiling and table-supported 

shields.374 The zero-gravity system provides better eye protection than lead glasses, lead 

aprons, ceiling, and table-mounted shields; this is most probably due to coverage from all 

angles.375, 376 Survey studies, amongst suspended protection system users, reported that the 

new system is more comfortable with less burden on the shoulder and lower back and less 

restrictive compared with conventional protection equipment. The main disadvantages are the 

cost of the system; particularly, as it only offers protection to the primary operator. 

 

5.1.8.3 Real-time dosimetry  

Medical facilities are responsible for medical staff dose monitoring to reduce the chances of 

exceeding the recommended dose limits published by the International Commission on 

Radiological Protection (ICRP).35 

Monitoring these levels requires all staff to wear their dosimeter at all times while on duties 

that involve exposure to radiation. New methods of real-time monitoring of exposure have 

become available, and these might play an essential role in increasing operators’ self-awareness 

to improve their intraoperative behaviours.  
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Greater awareness of exposures is required amongst medical staff, and they should be trained 

to appropriately follow radiation protection recommendations and minimise occupational 

radiation exposure and its long-term hazardous consequences.  

 

Vascular surgeons are at higher risk of exposure to significant radiation doses compared with, 

for example, interventional cardiologists performing the percutaneous coronary intervention. 

From our observations, our vascular operators were exposed to approximately 6-fold higher 

amounts of radiation during IEVAR compared with percutaneous coronary interventions, 

accepting that interventional cardiologists operate more frequently.  

 

5.1.8.4 Role of image fusion in radiation protection  

Recent advances in x-ray guided EVAR procedures encouraged using 3D CT overlays, which 

is now started to be used in a few major vascular centres to carry out endovascular particularly 

complex procedures e.g., branched/fenestrated EVAR.  

Image fusion uses a preoperative patient’s CT scan, which is converted into a 3D model. This 

3D model overlays the intra-operative real-time fluoroscopy images and automatically aligned 

to the patient’s bony landmarks to produce a fused two-dimensionally and three-dimensional 

images. This new 3D overlaying technique provides a precise real-time intra-operative 

identification of target vessels and landmarks. 3D CT overlay reduces operative time, amount 

of radiation, contrast dose, complications, and improve patient outcome. In a comparison 

between 2D, 3D, and image fusion guided FEVAR/BEVAR, DAP was the lowest when image 

fusion guidance was used. 3D guided complex procedures, however, recorded the shortest 

fluoroscopy time.377 

 

5.1.8.5 Alternative guidance to endovascular aneurysms repair  

A small number of enthusiasts in the UK, Europe and USA are studying and optimising the 

role of endovascular robotic surgery for aortic aneurysm repair.378 Although endovascular 

robot consoles provide an effective radiation protection method and avoid the burden of 

wearing lead aprons, these advanced robotic techniques remain unable to carry out complex 

endovascular tasks, particularly those that require haptic feedback 

Few vascular centres worldwide are experimenting with the role of using magnetic resonance 

instead of conventional ionising radiation as a guide for endovascular aortic aneurysm repair. 

This technique will avoid the risk of radiation exposure.  However, it remains in its infancy, 
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and a lot of modifications are required to achieve similar outcomes achieved by ionising 

radiation guided interventions.379 

 

Other imaging modalities, such as intravascular ultrasound (IVUS) can provide operators with 

more intraoperative details. IVUS in an operator dependent technique and requires special 

training to interpret the data acquired. It can provide data that enable interventionists to identify 

atherosclerotic plaques sites and visceral vessels ostia. This can help in identifying target 

visceral vessels to facilitate stent-graft placements and visceral vessels cannulation, and 

consequently reduces the amount of radiation exposure during the procedure.380 

 

5.1.8.6 Pharmacological/biological radioprotection 

Studies suggest that antioxidants, such as thiol compounds, vitamin A, E, and C, showed 

promise as free radical scavengers, which can be an effective radiation protection strategy. 

These agents stabilise free radical molecules by either transferring hydrogen atoms or electrons 

to free radicals. This antioxidant effect is not specific to radiation-induced free radicals but can 

also be used to protect from any other oxidative stress-related activators.381 

In a study, oral antioxidants such as ascorbate and N-acetylcysteine were found to be protective 

from radiation-induced-DNA damage, measured by gamma-H2AX foci. This was observed 

when antioxidants were given to patients before exposure to diagnostic imaging compared to 

the control group who did not take oral antioxidants. Therefore, antioxidants may provide an 

effective strategy to protect patients and interventionists from radiation-induced DNA damage. 

However, a long-term randomised control trials are required to study further their radiation-

induced protective effect. 

Gene and stem cell therapies might also provide a solution to mitigate hazardous radiation 

effects by tissue regeneration; however, these novel therapies remain in their primitive 

phase.381- 383 

 

5.1.9 Occupational medical staff training and monitoring 

Medical staff training on dose awareness and radiation protection is vital to minimise the effect 

of occupational radiation exposure. All interventional team members must receive standard 

training in radiation protection during fluoroscopically guided procedures, radiation safety, and 

how to use personal protection equipment. In some countries, a minimum of twenty hrs of 

initial training and periodic updates are required. Formal radiation safety training varies across 
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specialties. In the USA, for example, about than 2% of the interventional cardiology board exit 

exam content involves radiation-related issues to ensure a satisfactory level of radiation safety 

and awareness of its potential risks.384  

In the UK, the new curriculum and training programme for vascular surgery trainees ensures 

trainees will receive regular training on policies of radiation protection and safety. Also, they 

are trained on principles and indications for vascular imaging, including dangers of ionising 

radiation, safe practice, monitoring of ionising radiation, and how to keep the radiation dose to 

a minimum by use of appropriate strategies. Trainees are also familiarised with regulations and 

requirements in the use of ionising radiation. All interventional team members are encouraged 

to attend Ionising Radiation (Medical Exposure) Regulations (IRMER) training courses.385  
 

All operators engaged in procedures that involve radiation exposure should be very familiar 

with the “As Low as Reasonably Achievable (ALARA) principles” to minimise this exposure 

throughout interventions.386 These principles include reducing the fluoroscopy rate where 

applicable, reducing the number of cinefluorography runs, and avoiding specific angulation 

such as left anterior oblique projection, which exposes the operating team to the highest amount 

of scatter radiation.45  

All staff members are also encouraged to wear their dosimeters at all times, with cumulative 

doses monitored regularly by the internal medical physics department to avoid exceeding the 

internationally agreed limits of occupational exposure.  

 

5.1.10 Implications of the study findings 

This study was well received nationally and internationally since it was disseminated in a 

highly respected international journal and presented in multiple national and international 

meetings.  

The study findings draw great attention to the acute effect of radiation-induced DNA damage, 

particularly among interventionists when they performed endovascular interventions. A novel 

finding raised concerns about the short and long term of occupational radiation exposure 

among vascular, radiology, and cardiology specialists. Therefore, as a response to my study's 

alarming results and the associated increasing concern of vascular intervention-related 

occupation hazards, the European Society of Endovascular Surgery has commissioned a 

committee to put in place European Society for Vascular Surgery (ESVS) radiation safety 

guidelines for endovascular aneurysm repair (EVAR) procedures to cover areas such as how 
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to set up the operating environment, considerations for patients, staff exposure, and best 

radiation safety practice.  

Recovering the DNA damage biomarkers within 24 hours following radiation exposure could 

suggest avoiding operating in two consecutive days to allow the damaged DNA to be repaired 

prior to further exposure; a finding might be considered in the guidelines too.  

 

The striking findings of the critical role of personal protection equipment, particularly lower 

leg shields, in mitigating radiation-induced DNA damage have encouraged many vascular 

centres to revise their risk assessments and standard operating procedures. More awareness and 

further work to reach a consensus are required to specify the minimal mandatory radiation 

protection personal equipment required in the health care settings.  

 

Patients' reported DNA damage after endovascular intervention in this study urges more 

transparency about intra- and post-operative radiation risks associated with aortic intervention 

when discussing the benefits and risks of interventions with patients. 

 

5.1.10 Limitations of the study 

A few limitations of this study should be considered carefully when interpreting the study 

results and recommendations. One limitation was the retrospective analysis of peri-operative 

changes of peripheral blood cells in patients when they underwent aortic interventions due to 

the variability of the length of hospital stay and its associated variable availability of blood 

count results following major invasive open aortic repair compared to minimally invasive 

endovascular intervention. 

The present study recruited operators in a single vascular/cardiology centre, resulting in a 

relatively low number of participants in particular subsections of the study, e.g., operators’ 

sensitivity to radiation and the effect of radiation on interventional cardiologists.  

Also, we did not study the relationship between the acute response (γ-H2AX and pATM levels) 

to radiation exposure and chronic low-dose radiation damage and the possibility of increased 

cancer risk. This would require longitudinal measurements in a larger cohort of operators with 

long-term prospective follow-up. 
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5.1.11 Future studies 

A better understanding of radiation-induced DNA damage and repair is required. It is also 

essential to take into account factors such as age, sex, comorbidities, and chronicity of exposure 

and variation in individual susceptibility to radiation.  

A study of the relationship between the acute response (γ-H2AX and pATM levels) and the 

residual damage that has accumulated over years of chronic exposure is important.  Cytogenetic 

biomarkers can be used to demonstrate and quantify biological damage resulting from chronic 

exposure to low dose ionising radiation in vascular interventionists. Cytogenetic techniques, 

including solid staining and multiplex fluorescence in situ hybridization (mFISH) could be 

used to analyse patients and operators’ blood samples for chromosome aberrations.425 

Quantitative polymerase chain reaction (qPCR) techniques could be used to analyse for 

aberrations in mitochondrial DNA.426  Measurement of miRNAs, which are highly stable, 

could represent a useful tool in identifying the molecular connection between occupational 

chronic low dose radiation exposure and potential radiation induced health risks.225, 226 Monte 

Carlo modelling is a method that can estimate the effective dose of radiation absorbed by the 

patient and operator during EVAR. Therefore, it would be beneficial for relating the effective 

radiation dose to the expression of DNA damage/repair markers over a longer period of time.46  

It would be beneficial to identify an individual risk profile and accurately calculate the risk of 

cancer to individuals. This will guide us to predict how much radiation each individual can be 

safely exposed to without increasing the risk of mutagenesis. Also, this risk profiling should 

be matched with operator intra-operative behaviour. This would provide us with a good plan 

of tailoring an individual radiation protection study taking in to account all previous factors in 

order to maximise the success rate of these strategies.   

A longitudinal multi-centre study recruiting a larger number of interventionists is required to 

study their response to radiation exposure, variation in their response, and the effect of radiation 

protection strategies in mitigating radiation-induced adverse events. This includes studying 

multi-factors affecting operators’ radiation susceptibility, such as wearing lower leg shields, 

zero gravity lead suits, and frequency of operating duties. It will be beneficial to study the 

radiation-induced biological effect across interventional specialties for better risk stratification 

per specialty rather. This would be better than the generalised risk assessment that was 

suggested not to be applicable considering our results among interventional cardiologists 

compared to vascular surgeons.  
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Appendix 
 
 

6.1 Primary antibodies used for flow cytometric 

techniques to study DNA damage/repair biomarkers 

 
 
 
 
 
 
 
 
 
 
 

Antibody Conjugated 
fluorophore

Concentration
µg/mL

Source

CD3 FITC 0.5 Miltenyi Biotec

CD4 Viogreen 0.5 BD Biosciences

CD8 APC/Cy7 0.5 BD Biosciences

CD45RO PE/Cy7 0.5 BD Biosciences

CCR7 PerCP 0.5 BioLegend

CD14 Vioblue 0.25 BD Biosciences

CD45 Vioblue 0.5 BD Biosciences

CD34 PerCP 0.5 Miltenyi Biotec

CD38 Vioblue 0.5 Miltenyi Biotec

CD90 PE/Cy7 0.5 Miltenyi Biotec

CD34 PerCP/Cy7 0.5 Miltenyi Biotec

CD38 Vioblue 0.5 Miltenyi Biotec

CD56 Vioblue 0.5 Miltenyi Biotec
pATM PE 0.1 BioLegend

γ-H2AX APC 0.3 BD Biosciences

OGG1 PerCP 0.5 Novus Biologicals
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6.3 Publications, presentations, and published 

abstracts 
 
Publications and presentations relate to this work include: 
 
6.3.1 Publications 

1. Patel, A. S., El-Sayed, T., Cho, J. S., Kelly, J. A., Ludwinski, F. E., Saha, P., Lyons, O. 

T., Smith, A., & Modarai, B. (2018). Response by Patel et al to Letter Regarding 

Article, "Radiation Induced DNA Damage in Operators Performing Endovascular 

Aortic Repair". Circulation, 137(24), 2680–2681. 

https://doi.org/10.1161/CIRCULATIONAHA.118.034639 

2. El-Sayed, T., Patel, A. S., Cho, J. S., Kelly, J. A., Ludwinski, F. E., Saha, P., Lyons, O. 

T., Smith, A., Modarai, B., & Guy’s and St Thomas’ Cardiovascular Research 

Collaborative (2017). Radiation-Induced DNA Damage in Operators Performing 

Endovascular Aortic Repair. Circulation, 136(25), 2406–2416. 

https://doi.org/10.1161/CIRCULATIONAHA.117.029550 

 

6.3.2 Published abstracts  

1. El-Sayed, T., Patel A.S., Cho, J.S., Kelly J.A., Ludwinski, F.E., Saha, P. & Modarai B. 

(2018). Radiation Induced DNA Damage in Operators Performing Endovascular Aortic 

Repair. Journal of Vascular Surgery. 67(3),986. 

2. El-Sayed, T., Patel A.S., Saha, P., Lyons, O., Ludwinski, F., Bell, R., Patel, S., Donati, 

T., Zayed, H., Sallam, M., Wilkins, J., Tyrrell, M., Dialynas, M., Sandford, B., Abisi, 

S., Gkoutzios, P., Black, S., Smith, A. & Modarai B. (2016). Radiation-Associated 

DNA Damage in Operators During Endovascular Aortic Repair. European Journal of 

Vascular and Endovascular Surgery. 52 (3), 279-422.  

3. El-Sayed, T., Patel A.S., Saha, P., Lyons, O., Ludwinski, F., Bell, R., Patel, S., Donati, 

T., Zayed, H., Sallam, M., Wilkins, J., Tyrrell, M., Dialynas, M., Sandford, B., Abisi, 

S., Gkoutzios, P., Black, S., Smith, A. & Modarai B. (2016). Endovascular Aortic 

Repair Is Associated with Activation of Markers of Radiation Induced DNA Damage 

in Both Patients And Operators. European Journal of Vascular and Endovascular 

Surgery. 2016;52 (3), e55-e56. 
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6.3.3 Published Chapters 

1. Patel, A.S., El-Sayed, T., Smith, A. & Modarai, A. (2017). Cellular markers of radiation damage during 

EVAR. Charing Cross International Symposium Update Book. 

 

 

6.3.4 Oral presentations  

1. El-Sayed, T., Patel A.S., Saha, P., Lyons, O., Ludwinski, F., Bell, R., Patel, S., Donati, 

T., Zayed, H., Sallam, M., Wilkins, J., Tyrrell, M., Dialynas, M., Sandford, B., Abisi, 

S., Gkoutzios, P., Black, S., Smith, A. & Modarai B. (2016). Radiation-Associated 

DNA Damage in Operators During Endovascular Aortic Repair. European Society of 

Vascular Surgery, Copenhagen, 2016 

2. El-Sayed, T., Patel A.S., Saha, P., Lyons, O., Ludwinski, F., Bell, R., Patel, S., Donati, 

T., Zayed, H., Sallam, M., Wilkins, J., Tyrrell, M., Dialynas, M., Sandford, B., Abisi, 

S., Gkoutzios, P., Black, S., Smith, A. & Modarai B. (2016). Endovascular Aortic 

Repair Is Associated with Activation of Markers of Radiation Induced DNA Damage 

in Both Patients And Operators. British Society of Endovascular Therapy, Warwick, 

2016 
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6.4 Prizes and awards 
 

1. The Best Oral Presentation, European Society of Vascular Therapy (BSET) Annual 

Meeting, Copenhagen, Denmark, 2016 

 

2. The Aortic Abstract Prize, British Society of Endovascular Surgery (ESVS) Annual 

Meeting, Warwick, UK, 2016 

 

3. The Gold Medal, Yorkshire Vascular Forum, Leeds, UK, 2018 
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