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Abstract 
 
Background: A bone bruise is defined as a traumatically involved, geographic, 

and nonlinear area caused by trabecular microfractures. Its occurrence in the 

injured knee is commonly associated with approximately 70% of anterior cruciate 

ligament (ACL) injuries, primarily due to forces transferred to subchondral bone 

during the impact between the tibia and femur. Bone bruises provide additional 

information regarding the mechanism of ACL injury. These bruises would be occult 

on radiographs and arthroscopy; thus, MRI is the ideal tool to detect these 

pathologies due to the presence of haemorrhage and oedema. Common findings 

in the injured knee as a result of increased water content due to trabecular 

microfractures. Bone bruises are clinically concerning and may be associated with 

knee pain after ACL injury.  
 
Purpose: To evaluate the use of diffusion-weighted magnetic resonance imaging 

(DW-MRI) in the evaluation of bone bruising associated with ACL injury. 

 

Materials and methods: The study was divided into three phases: phantom, 

volunteer, and patient scanning phases. The phantom phase was used to evaluate 

MR scanner performance and optimise the DW-MRI sequences.  The volunteer 

phase was used for further optimisation of this sequence on healthy participants 

and to quantitatively analyse the diffusion characteristics of normal cancellous 

bone.  The patient phase involved acquiring routine knee scans and optimised 

DWI sequences on patients with ACL injury-related bone bruises.  Routine and 

DWI sequences were repeated for patients with ACL injury-related bone bruises at 

three, post-injury, time intervals (3-8 weeks, 3 months, and 6 months) to 

demonstrate temporal changes in bone marrow signal intensity and measured 

apparent diffusion coefficient (ADC) values.  Quantitative analyses for both 

volunteer and patient phases involved selecting different regions-of-interest (ROIs) 

and measuring ADC values on locations associated with ACL-related bone 

bruising [anterior, medial and lateral ROIs in the medial and lateral femoral 

condyles (FC), medial and lateral tibial condyle (TC)] with different b-values of 50, 

600 and 800s/mm2 and correlate finding with KOOS and Tegner scales. 
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Results: The phantom phase demonstrated that the optimised DWI sequence was 

valid and could be employed in the clinical setting.  DWI, in association with ADC 

maps, were able to detect differences between normal and abnormal cancellous 

bone marrow in healthy volunteers and patients.  The ADC values of areas of 

bone bruising were significantly higher than those for normal bone marrow in 

healthy participants.  The mid-lateral femoral condyles (M-LFC) and the postero-

lateral tibial condyles (P-LTC) regions in patients with ACL injury had the highest 

mean ADC values: 0.87 (±0.22), 0.73 (±0.24), respectively in the acute and 

chronic phase; however, these values decreased over time. 

 

Conclusion: DWI and ADC are novel techniques that have potential clinical value 

in the diagnosis of ACL injury-related bone bruises and can be added to the 

conventional knee MRI sequence scanning protocol to gain additional insights into 

injury severity and patient recovery. 
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Chapter 1: Introduction 
 

 

1.1. Musculoskeletal Injuries 
 

Musculoskeletal (MSK) injuries may occur for different reasons, with activity-

related injuries accounting for the vast majority of presentations (Hootman et al., 

2002).  According to Atkinson et al. (2008), sports activities have become an 

essential part of life in modern society, providing physical and psychological 

benefits.  Studies have demonstrated that regular sports activities can prevent 

illnesses such as: osteoporosis, diabetes, cardiovascular disease, depression and 

some types of cancer, and with the increased awareness of the importance of the 

health effects associated with physical fitness, the participation in athletic activities 

has increased among all age group (Atkinson et al., 2008; Margheritini and Rossi, 

2011).  Therefore, the associated injury rates and the overall number of injuries 

have also increased (Atkinson et al., 2008).  This increase in MSK injuries 

particularly impacts on the joints, with acute traumatic knee injuries being one of 

the most common sports-related presentations to the emergency department 

(Browne and Barnett, 2016) and, according to Atkinson et al. (2008), the most 

commonly injured area of the body that is treated by orthopaedic surgeons. 

 

 

1.2. Anterior Cruciate Ligament Injuries 
 

The anterior cruciate ligament (ACL) is one of the four main ligaments in the knee, 

which work together in order to stabilise and strengthen the knee joint.  In addition, 

the ACL prevents the tibia from shifting too far forward on the femur.  According to 

Nacey et al. (2017), the ACL is the most commonly injured major ligament in the 

knee joint.  During ACL injury, a combination of large external forces, together with 

the ligament’s vulnerabilities during certain loading conditions, lead to a violent 

impact between the femoral and tibial articular cartilage which is transferred to the 

adjacent bone resulting in bleeding, swelling and oedema (Patel et al., 2014).  
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ACL injuries commonly occur in sports involving contact and collision and such 

injuries may lead to long-term sequelae (Jones and Wilson, 2010). 
 

 

1.3. Bone Bruising 
 

The mechanism of injury for ACL rupture will result in bone marrow oedema, also 

referred to as a bone bruise.  Bone bruising has a high prevalence (80%), with 

distinct patterns related to the mechanism of injury (Filardo et al., 2019).  Ucar et 

al. (2012) define bone bruising as a collection of microscopic fractures that present 

in the subchondral bone with marrow oedema, infarct and haemorrhage due to 

micro-trabecular fractures, as theses bruises are a collection of blood and other 

fluids.  Roemer et al. (2009) have also shown that signal alterations associated 

with bone bruises may be seen in conjunction with trauma, chronic cartilage 

damage, and osteoarthritis, as an idiopathic entity or as a concomitant feature of 

other pathologies such as osteonecrosis, inflammation, or tumour.  According to 

Boks et al. (2007), the time taken for bone bruises to resolve, i.e., their natural 

history, can vary significantly.  This can depend on the severity of the initial injury, 

its mechanism, the location, number and size of the bone bruises, osteochondral 

involvement, the presence of osteoarthritis (OA), patient age, sex, weight, 

workload on the joint, together with the treatment and rehabilitation approach 

(Boks et al., 2007; Davies et al., 2004). 

 

1.4. The blood supply to bone 
 

The main blood supply to healthy bones is from one or more of the principal 

nutrient arteries, which penetrate the cortex into the medullary sinusoids, and then 

exit via numerous small veins. The cortical bone is perfused by a mixture of 

arterial blood originating from the main nutrient arteries as well as from the 

separate, smaller periosteal arteries (Marenzana and Arnett, 2013). Healthy bone 

requires a substantial blood flow to supply the requisite nutrients and oxygen, and 

to prevent the build-up of acid, carbon dioxide, and other metabolic waste 

products. Estimates of the proportion of the cardiac output received directly by the 
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skeleton range from about 5.5%-11%.  The rich perfusion of bone reflects the 

requirements of the bone cells (osteocytes, osteoblasts, and osteoclasts), as well 

as the marrow (haematopoietic lineage cells, adipocytes, and stromal cells), and 

the endothelial cells. The long bones form from embryonic cartilage rudiments that 

are invaded by blood vessels and bone cells and the vascular supply of bone 

allows rapid growth, remodeling (including mechanical responsiveness) that is not 

possible in cartilage, which is essentially avascular (Marenzana and Arnett, 2013). 

 

The oxygen consumption of human bone decreases with age, accompanied by 

decreased vascular conductance. Marenzana and Arnett (2013) demonstrated that 

Doppler ultrasound measurements showed that vascular resistance was about 

50% higher and the femoral artery blood flow was about 30% lower in old men 

(average age 64 years) compared with young men (average age 28 years). 

Perfusion MR imaging of elderly women with osteoporosis showed a reduced 

femoral blood flow, in association with increased marrowfat compared with non-

osteoporotic subjects. 

 

Marenzana and Arnett (2013) also demonstrated that the increased vascular 

stiffness and resistance due to calcification of the muscle walls of large vessels is 

an important contributor to reduced systemic blood flow in the elderly subjects. 

There is a well-known reciprocal relationship between mineral deposition in major 

blood vessels and mineral in bone, which can be demonstrated as a kind of 

‘vicious cycle’.  Decreased perfusion of bone will tend to lead to decreased 

medullary partial pressure oxygen (pO2) which will favour reduced bone formation 

and increased osteoclastic resorption. The resulting chronic net efflux of calcium 

from the bones into the blood supply might, in turn, be expected to favour 

mineralisation of vessel walls. 

 

Hypertension is a key reversible risk factor in cardiovascular disease, which is 

strongly associated with aging. Hypertension is correlated with reduction in BMD in 

women and proposed as a risk factor for osteoporotic fractures. Furthermore, 

several common systemic disorders such as: anaemia, diabetes, and chronic 

obstructive pulmonary diseases can also potentially impair vascular perfusion of 
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bone, with associated bone loss. Smoking, which delivers the vasoconstrictor 

nicotine, is also strongly associated with bone loss (Marenzana and Arnett, 2013). 
 

1.5. Bone biology, impact of fracture, and fracture healing 

Bone is a mineralised connective tissue that consists of water, mineral and organic 

matrix and has multiple functions such as: the support and protection of tissues, 

locomotion, storage of minerals and fats, and blood production via the bone 

marrow.  The four main types of cells composing bones are: bone lining cells, 

osteoblasts, osteocytes, and osteoclasts (Florencio-Silva et al., 2015).  

The cortical bone is organised into Haversian systems, called “osteons,” consisting 

of concentric layers of bone and a central canal, which supplies blood, and have a 

longitudinal orientation. The trabecular bone is formed with interconnecting plate-

like structures which tend to be oriented toward the stresses placed on the bone 

(Florencio-Silva et al. 2015).  

Bones in the load-bearing skeleton must be strong, able to show stiffness under 

high loads, and to absorb energy without fracturing. Despite its inert appearance, 

bone is a highly dynamic organ that can adapt to external forces by changing 

density and shape, however, repetitive loading will lead to fatigue damage 

occurring (Florencio-Silva et al., 2015; Dittmer and Firth, 2017).   

Bone tissue may change its structure by two processes: modeling and remodeling. 

Modeling occurs during growth to adulthood, whereby sequential phases of bone 

formation and bone resorption alter bone shape and size under the control of 

mechanical and genetic factors. Remodeling is the process by which bone tissue 

is replaced with new bone via the bone multicellular unit (BMU) and is a strictly 

controlled, coordinated process involving osteocytes, osteoblasts, and osteoclasts. 

The combination of bone modeling and remodeling allows the bone to adapt to 

injury and mechanical forces (Dittmer and Firth, 2017).  

Florencio-Silva et al. (2015) described the unique ability of bone to respond to 

injury or increased mechanical demand. Bone can repair itself by directing 

remodelling to the damaged site. The directed remodelling repairs cracks and 
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fatigue damage. Furthermore, there is apparently a random (Parfitt terms this 

stochastic) remodelling, which may act to continually renew bone (Bose and 

Bandyopadhyay, 2017). This prevents the accumulation of older, densely 

mineralised bone, which is more brittle. Furthermore, the two major types of cells 

that control bone remodelling are the osteoblasts osteoclasts (Florencio-Silva et 

al., 2015; Dittmer and Firth, 2017; Bose and Bandyopadhyay 2017). The 

osteoblasts originate from mesenchymal stem cells in the marrow stroma that can 

alternatively differentiate into chondrocytes or adipocytes.  The osteoclasts are 

derived from cells in the haematopoietic line, from precursors of macrophages; 

these precursors are found in the marrow and in the circulation. 

Bone fractures may appear as a result of excessive mechanical force applied to 

normal bone, normal forces applied to a bone weakened by an underlying disease 

process (pathologic fracture), or preexisting microdamage (Dittmer and Firth, 

2017).  Under the right conditions, bone can truly undergo regeneration. 

Furthermore, many of the processes that occur during fracture repair are similar to 

those that occur during formation of the skeleton.  Fracture healing may be divided 

into two types: primary and secondary fracture healing.  

Primary fracture healing appears when there is a precise reduction of the fracture 

and the two bone ends are directly aligned. The perfect alignment of the fracture 

ends allows cutting cones to form; osteoclasts resorb bone on either side of the 

fracture line, and this is followed by bone formation, ultimately leading to 

reformation of cortical osteons. Despite adequate internal fixation, in practice there 

is often a small gap between the fracture ends and this is initially in-filled with 

woven bone, which then undergoes osteoclastic bone remodelling and 

reestablishment of osteons, a repair process known as gap healing (Florencio-

Silva et al., 2015; Dittmer and Firth, 2017). 

Secondary fracture healing is the most common form of fracture repair and 

appears with casting, splinting, intramedullary pins, and external skeletal fixators, 

and it consists of: haematoma formation and acute inflammation; a reparative 

phase with callus formation, and, finally, a remodeling and modeling phase, 
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whereby bone may eventually return to its original form (Florencio-Silva et al., 

2015; Dittmer and Firth, 2017). 

1.6. Long-term Sequalae 
 
Clinical studies of patients suffering knee trauma have observed a significant risk 

of subsequent development of osteoarthritis (OA) (Amin et al., 2008; Atkinson et 

al., 2008) with osteochondral damage associated with underlying bone bruising 

being a key factor.  Ratzlaff and Liang (2010) have demonstrated that patients 

with a history of ACL tears comprise an estimated 25% of the overall knee OA 

population.  Studies have shown that the resolution of bone bruising can vary 

considerably and can lead to on going knee pain, with progressive bruising 

thought to be a precursor of symptomatic arthritis following ACL reconstruction 

(DeAngelis and Spindler, 2010; Costa-Paz et al., 2001). 

 

 
1.7. Magnetic Resonance Imaging 
 

Imaging has an important role in identifying and assessing these bone bruises 

and it also provides an opportunity to monitor their resolution and natural history.  

Magnetic resonance imaging (MRI) is the method of choice for the detection and 

assessment of acute and chronic knee injuries.  Roemer et al. (2009) 

acknowledge that bone bruises exhibit typical signal characteristics on MR 

images.  They indicate that MRI is the ideal imaging modality to assess these 

abnormal marrow changes, which cannot be readily visualised by conventional X-

ray or ultrasound technology.  Several authors have characterised the MR 

appearances of bone bruises, indicating that they are best characterised as ill-

defined subchondral areas of high signal intensity (SI) on T2-weighted (T2W) or 

proton density-weighted (PDW) fat suppressed (FS) fast spin echo (FSE) MR 

sequences with decreased SI on T1-weighted (T1W) FSE sequences when 

compared with the adjacent unaffected bone marrow (Roemer et al., 2009; 

Mandalia and Henson, 2008).  T2W FSE sequences reflect the presence of 

increased tissue water, which may be associated with trauma-induced soft tissue 

and/or bone marrow oedema, acute haemorrhage, or infarction, and therefore are 
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useful for determining the acuteness and severity of the injury-induced tissue 

damage.  Diagnostic information can be also gained from short tau inversion 

recovery (STIR) sequences, where the signal from normal medullary fat is 

suppressed with the increased water associated with bone bruising appearing 

hyperintense such that it can be identified with higher sensitivity (Mandalia and 

Henson, 2008). 

 

 

1.8. Diffusion-weighted Imaging 
 

Diffusion-weighted imaging (DWI) is an advanced MRI technique that allows 

noninvasive examination of tissue, with the signal in images acquired with this 

sequence based on the random motion i.e., diffusion of water molecules and 

tissue susceptibility (Ward et al., 2000; Klengel et al., 2017).  Baliyan et al. (2016) 

indicate that DWI provides qualitative and quantitative data about tissue diffusion 

properties, and it is quantitatively evaluated by the parameter called the apparent 

diffusion coefficient (ADC).  Tissues rich in free water have high diffusion 

coefficient resulting in low signal intensity in DW images and high signal intensity 

in ADC map images.  Conversely, tissues containing bound water have a reduced 

diffusion coefficient, with high signal intensity in DW images, with corresponding 

hypointensity evident on ADC maps (Delin et al., 2013).  These authors 

demonstrated that including DWI and ADC mapping with the standard sequences 

when imaging the knee post-trauma enhances the specificity and increases the 

sensitivity of MRI for diagnosing knee injuries, compared with using the standard 

sequences alone (Klengel et al., 2017). 
 

 

1.9. Research Aim 
 

The focus of the current work was the characterisation of the potential role of DWI 

in the evaluation of knee bone bruising associated with acute ACL injury.  The 

research was directed towards expanding the current evidence-base relative to 

this pathological process through novel cross-sectional and longitudinal studies. 
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This clinical feasibility study aimed to evaluate the potential for DWI to add-value 

in the evaluation of knee bone bruising associated with ACL injuries. Clinical 

feasibility studies explore the possibility of conducting a particular clinical 

intervention, in a particular geographical region, with the overall objective of 

optimising the process (Rajadhyaksha, 2010). The overall research aim was to 

evaluate the use of DW MRI for evaluating the severity of bone bruising 

associated with ACL injury within a specific age range. 

 

The achievement of this aim involved the following objectives: 

• to develop an optimised DW MR scanning protocol for use in the knee; 

• to characterise bone bruising using qualitative and quantitative MRI data 

acquired within 3-8 weeks of injury and at 3- and 6-months post-injury; 

• to compare MRI data with other clinical data derived from validated patient 

outcome questionnaires at each time-point. 

 

 

1.10. Logic and Structure of the Work 

 

The overall structure of this work was chosen to reflect the stages involved in the 

achievement of the research aim and associated objectives.  A review of the 

significance of ACL injury and the impact of the associated complications provided 

the background to this work and facilitated the development of an overall project 

plan.  The individual aims and hypotheses relating to each of the experimental 

phases of the investigative work undertaken are presented within separate 

chapters. 

 

 

1.11. Research Design 

 

1.11.1. Literature Review 
 

Initially, an in-depth review of the literature was performed and was ongoing over 

the duration of the research study.  Principal headings within the literature review 
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related to ACL injury, bone bruising pathophysiology, together with its natural 

history, imaging characteristics and the importance of and challenges associated 

with longitudinal follow-up. 

 

1.11.2. Research Phases 
 

The research protocol and plan together with the associated ethical 

considerations and approval processes which were necessary to conduct this 

work are presented in Chapter 3.  The various experimental phases of the 

research are systematically presented in Chapters 4 to 6, detailing the 

methodology, results, discussion, and conclusions of each respective study 

phase.  This experimental, clinical validity-based research was divided into three 

phases: 
 

Phase One: involved a phantom-based technical parameters study.  It was 

undertaken to optimise the technical parameters of the DWI pulse sequences 

being tested, evaluate the associated image quality and MR scanner performance 

using phantoms comprising different concentrations of Copper Sulphate solution. 

This process was then followed by clinical validity experimental studies of the 

optimised DW sequences in human participants undertaken in two further phases. 

 

Phase Two was a volunteer scanning phase involving an investigation of the 

application of the experimentally optimised DWI sequences for the determination 

of bone marrow characteristics in the normal knee joint of healthy volunteers. 

 

Phase Three, the final patient scanning phase, involved imaging patients with 

ACL injuries and involved using the optimised DWI sequences for the 

determination of bone marrow characteristics for the assessment of ACL injury-

related bone bruises at different time points. 

 

A case report series of patients who were scanned at the three defined time points 

post injury is presented in Chapter 7.  An overview of the research undertaken is 

captured in the Figure 1.1. 
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Figure 1.1 A schematic diagram illustrating the research undertaken and 

information presented in Section 1.11. 
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Chapter 2: Literature Review 
 

 

2.1. Background 
 

In 1988, Wilson et al., first introduced the term bone marrow oedema to describe 

the cause of trauma-induced, debilitating hip and knee pain.  These researchers 

found that conventional radiographs and standard direct investigations such as 

arthroscopy showed either nonspecific osteopenia or no skeletal or soft tissue 

abnormalities.  However, ill-defined high signal intensity regions within the bone 

marrow were recognised on T2-weighted magnetic resonance imaging (T2W-

MRI).  Based on this discrepancy between the radiographic and specialist imaging 

appearances of the bone marrow following trauma, Wilson et al. (1988) introduced 

the term bone marrow oedema to emphasise the central characteristic of this 

condition, that of increased tissue water.  These researchers proposed that the 

pathogenesis of the bone marrow changes they observed involved reactive 

hyperaemia, increased blood pooling, oedema and possible microfracture of the 

trabecular subchondral bone, which altered the bone marrow signal intensity 

evident in MR images.  Over time, the term ‘bone bruise’ was introduced instead of 

bone marrow oedema to reflect its trauma-related nature. Bone bruise signal 

alterations may be seen also in conjunction with chronic cartilage damage and 

osteoarthritis, as an idiopathic entity, or as a concomitant feature of other 

pathologies such as osteonecrosis, tumor or inflammation (Roemer et al., 2009). 

 

According to Ucar et al. (2012), bone bruises can be defined as a collection of 

microscopic fractures that present in the subchondral bone with associated 

marrow oedema, infarct and haemorrhage due to microtrabecular fractures. 

 

The trabecular and cortical bone are the two key regions of bone. The trabecular 

bone shows a characteristic network of lamellar bone plates and rods that 

presents with less homogeneity, less density, and a lesser degree of parallel 

orientation than the cortical bone.  The trabecular bone is supplied by diffusion 

from the surrounding bone marrow as there are no vessels within trabeculae. 
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Trabecular bone is surrounded by cortical bone, but the strength and the thickness 

of the cortical shell depends on the location. For example, long bones show a 

higher cortex-to-trabecular bone volume ratio than vertebrae and the diaphyseal 

areas of long bones show a higher cortex-to-trabecular bone ratio than the 

metaphyseal areas. The cortical bone is stiffer than trabecular bone and able to 

resist higher ultimate stresses, but it is also more brittle. In vitro, trabecular bone 

can withstand strains up to 30%, but the cortical bone only 2% (Osterhoff et al., 

2017). 

 

Osterhoff et al. (2017) stated that while the biomechanical behaviour of cortical 

bone is rather uniform, trabecular bone demonstrates a wide variability in stiffness 

and strength.  This variability depends on the trabecular bone’s apparent density. 

Due to its heterogeneity, the apparent density, and thus the trabecular bone 

modulus, can vary 100-fold from one location to another within the same 

metaphysis.  

 

Besides apparent density, stiffness and strength of trabecular and cortical bone 

depend on the loading direction, indicating its anisotropic microstructure. In 

general, bone can resist higher compression loads than tension loads, and higher 

tension loads than shear loads. In line with this, the trabecular connectivity inside a 

bone contributes more to the bone’s biomechanical strength than the trabecular 

thickness or the bone mineral density. The mechanical response to loading varies 

widely between trabecular and cortical bone.  For instance, the cortical bone 

shows small load carrying capacity when loaded beyond its range of elastic 

deformation both with compression and tensile loads. In contrast, for trabecular 

bone, the load carrying capacity is insignificant after tensile fracture, but even 

larger than for cortical bone after compressive fracture.  Each bone’s location in 

the body and the forces acting on it determine its characteristic microstructure and 

composition (Osterhoff et al., 2017).  

 

Mandalia and Henson (2008) have explained the underlying mechanisms, 

acknowledging that bone bruises may result from trauma or chronic sports-related 

injury to the marrow itself that breaks the microscopic blood vessels resulting in 
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spilling out of the blood instead of maintaining flow within the normal vascular 

network. 

 

In the literature, various synonymous terms have been used for bone bruises such 

as: bone contusion and occult bone injury (Pedowitz et al., 2008).  Boks et al. 

(2014) have indicated that occult bone injuries are so-called because no 

abnormalities are seen on projection radiographs and/or arthroscopy because 

these lesions are hidden by the overlying cartilage.  In another investigation, 

Mandalia and Henson (2008) stated that knee trauma with negative radiographic 

findings frequently showed subchondral infarctions on magnetic resonance 

imaging; however, at arthroscopy, for the majority of these patients normal 

overlying cartilage was found.  This lack of consistency in the terminology and its 

application to the MR image appearances associated with increased water within 

bone marrow can lead to misinterpretation and/or underreporting.  Although bone 

bruising is described in relation to various bones and joints including vertebrae, 

elbow, knee, ankle and calcaneum, the majority of evidence in literature regarding 

bone bruising refers to that occurring in the knee joint (Ucar et al., 2012; 

DeAngelis and Spindler, 2010; Mandalia and Henson 2008).  

 

 

2.2. Anterior Cruciate Ligament Structure 
 

The weight-bearing knee joint is stabilised by primary and secondary stabilisers.  

As recognised by Gokeler et al. (2019), ligaments play a primary role in 

strengthening and stabilising the knee joint, while secondary knee stabilisation is 

achieved through the muscles surrounding the knee, both of which work to ensure 

reliable joint function.  Support of each knee joint is achieved through two strong 

cruciate ligaments, the anterior and posterior cruciate ligament (ACL/ PCL), 

comprising bands of fibrous tissue, with further reinforcement provided by two 

collateral ligaments, one on the medial side and another on the lateral side which 

prevent translation of the tibia on the femur (Figure 2.1) (Abulhasan and Grey, 

2017). 
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The function of the cruciate ligaments has been characterised and summarised by 

several authors (Gokeler et al., 2019; Arliani et al., 2012).  The ACL primarily 

controls the physiologic anterior motion of the knee joint and plays an important 

role in the stabilisation of the knee by restricting anterior translation of the tibia and 

rotational forces at the femur.  The PCL prevents posterior knee joint 

displacement, with loss of its restraining action permitting posterior tibial motion at 

the joint. 

 
 

Figure 2.1: The main four ligaments supporting the knee joint (Cimino, Volk and 

Setter, 2010). 
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The ACL extends from the most posterior aspect of the medial surface of the 

lateral femoral condyle (LFC) to the medial side of the anterior tibial plateau.  It is 

anterolateral to the posterior cruciate ligament (Figure 2.2) and is divided into two 

anatomical and functional bundles based on their tibial insertion sites: the 

anteromedial (AM) and the posterolateral (PL) ACL bundle (Arliani et al., 2012; 

Markatos et al., 2013; Sonnery-Cottet and Colombet, 2016).  The fibres of the AM 

bundle are classified as isometric, with those of the PL bundle fibres considered 

anisometric.  Therefore, the length of one portion of the ACL fibres differs during 

flexion-extension movements.  During flexion, the PL bundle crosses over the AM 

bundle at the femur; while the femoral insertion of the PL bundle forms an arc 

around the AM bundle’s femoral insertion (Figure 2.3) (Sonnery-Cottet and 

Colombet, 2016). 
 

 

  
 

Figure 2.2: Demonstrates both cruciate ligaments and their anatomical relations 

to the femur and tibia.  Image (a): ACL (1) in an anterior view of the flexed knee.  

Image (b): PCL (1) and ACL (2) seen in a flexed knee (adapted from Arliani et al., 

2012). 
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ACL bundles behaviour during with knee flexion 

 

 
 

Figure 2.3: Relative movement of the anteromedial (AM) and posterolateral (PL) 

ACL bundles during knee flexion (adapted from Sonnery-Cottet and Colombet, 

2016). 
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2.3. Anterior Cruciate Ligament Injury 

 

Knee injuries are common among athletes as the knee joints are weight-bearing 

and subject to a combination of direct, indirect, translational and rotational forces 

encountered in many sports-related activities.  Naraghi and White (2016) 

recognise the often significant morbidity associated with such injuries, with many 

resulting in chronic functional impairment.  Thefse authors further acknowledge 

the anterior cruciate ligament (ACL) as the most commonly injured of the knee 

ligaments, frequently requiring surgical reconstruction to restore joint stability 

(Naraghi and White, 2016).  According to Patel et al. (2014), the significant 

increase in sports participation and athletic activities in recent years has led to a 

concomitant increase in ACL injuries in both male and female athletes.  Based on 

their research, Zhang et al. (2019) concluded that ACL injury is not only costly 

from health and financial aspects, but can also result in severe impairment of 

patients’ functional activities and independence, compromising the range of 

motion associated with both normal and athletic function (Zhang et al., 2019). 

 

Sonnery-Cottet and Colombet (2016) have indicated that ACL tears may be partial 

or complete.  Partial tears can involve a single or both bundles to varying degrees 

and can range from a minor to a high-grade, near-complete tear.  While minor 

tears involve just a few fibres, high-grade tears involve almost all of the ACL fibres.  

Tears of the AM bundle of the ACL are more common, and this bundle is more 

prone to injury when the knee is flexed, whereas the PL bundle is at risk with 

internal rotation and hyperextension injuries.  As recognised by Temponi et al. 

(2016) partial tears account for 10% to 28% of ACL injuries.  Increased intra-

substance signal on MR images, distortion and abnormal orientation of the ACL or 

attenuation of fibres were interpreted by these authors as being indicative of a 

partial tear.  However, Sonnery-Cottet and Colombet (2016) further acknowledged 

that up to 23% of partial tears could not be distinguished from a normal ligament or 

complete tear by using the above, established, ACL injury grading criteria.  

Several authors have indicated that distinguishing between partial and complete 

ACL tears based on their MR image appearances is challenging (Hash, 2013; 

Sonnery-Cottet and Colombet, 2016).  Kam et al. (2010) showed that the detection 
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of chronic ACL tears is less accurate as the ACL may not be visualised on MRI, 

due to the thickening of ACL fibres, presence of oedema, and the ACL is replaced 

by a fluid signal in the lateral intercondylar notch. They also stated that most of the 

indirect signs that are presented at the time of injury, are often absent by the time 

of examination. 

 

Hash (2013) reported that most secondary signs such as bone bruising and 

haemarthrosis, are not helpful as these can be seen in both partial and complete 

ACL tears. Haemarthrosis is a condition of articular bleeding into the joint cavity 

which can occur after an injury or, more commonly, in bleeding disorders such as 

haemophilia. Patients will typically present with swelling, pain, and a decreased 

range of motion of the involved joint. Different disorders and diseases can cause 

haemarthrosis (Potpally et al., 2021), however, categorisation is generally divided 

into postoperative, traumatic, and non-traumatic. The post-operative recurrent 

haemarthrosis is usually associated with total knee arthroplasty and has also been 

described as an uncommon complication following arthroscopy. Traumatic injuries 

are the most common cause of hemarthrosis and typically occur in the setting of 

intra-articular injury with osseous, ligamentous and/or cartilage damage leading to 

a bloody synovial fluid collection. Non-traumatic haemarthrosis can be caused by 

a several of bleeding disorders that are either acquired or hereditary. Acquired 

bleeding disorders include advanced liver or renal disease, vitamin K deficiency, 

disseminated intravascular coagulation or anticoagulation medication use. 

Hereditary bleeding disorders include haemophilia and other inherited coagulation 

factor deficiency disorders (Potpally et al., 2021). 

 

Van Dyck et al. (2011) demonstrated that 13% of tears in 172 patients with 

arthroscopic correlation were incorrectly identified as partial or complete tears 

based on appearances in knee MR images acquired with a 3 Tesla (3T) MRI 

scanner.  In another study by the same group, it was reported that the accuracy of 

MR image-based diagnosis of partial tear in 51 patients with an arthroscopically-

confirmed partial ACL tear ranged between 25% and 53% for two blinded, 

experienced MSK radiologists (van Dyck et al., 2012).  Using MR images alone, 
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16% and 23% of the partial tears were independently diagnosed as full ACL 

ruptures by the two expert radiologists. 

 

According to Sonnery-Cottet and Colombet (2016), suitable strategies can be 

used to differentiate partial and complete ACL tears.  Partial tearing is typically 

diagnosed through a combination of clinical, MR imaging and arthroscopic 

examination as required.  The three most accurate clinical tests for the 

assessment of ACL rupture are the Lachman’s test followed by the anterior 

drawer test and the pivot shift test.  Temponi et al. (2015) showed that the 

Lachman’s test is the most sensitive and specific in the diagnosis of acute ACL 

tear and generally superior to both anterior drawer test and the pivot shift test with 

a sensitivity of 87% and a specificity of 93%.  In the Lachman test the patient 

positioned supine with their injured knee flexed 20-30 degrees. The examiner then 

uses one hand to stabilise the distal femur, while using the other hand to grasp 

the proximal tibia in an attempt to sublux the tibia forward while keeping the femur 

stabilised. This test is considered positive if there is excessive anterior translation 

of the proximal tibia greater than the unaffected knee endpoint and also a lack of a 

firm endpoint (Temponi et al. 2015). 

 

However, complete tearing of the ACL can be diagnosed by clinical examination 

based on a positive Lachman’s test with a hard end point.  The difficulties 

associated with confirming the diagnosis of partial ACL tears using only clinical 

evaluation have led to research into quantitative tool-based measurements of 

knee laxity to improve diagnostic certainty.  However, as determined by Temponi 

et al. (2015), these measurements have not improved the accuracy of ACL tear 

due to the 50% false negative rate, even in cases of complete tears.  The clinical 

diagnosis will be reinforced by imaging findings and knee laxity measurements 

but, ultimately, can only be confirmed through arthroscopy. 

 

Radiological examination obtained together with measurements of the differential 

anterior translation have been shown to be essential for diagnosing ACL tears 

(Temponi et al., 2015).  In lateral radiographs, a little translation of the medial and 

lateral knee joint compartments in relation to the normal side can be seen in 
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subjects with partial tears, while in those individuals with complete ACL tears, 

significant translation is seen.  Along with clinical evaluation and measurement of 

the differential anterior translation, MRI is recognised as important for providing a 

diagnosis and guiding and defining the best treatment.  Temponi et al. (2015) 

reported sensitivity, specificity, and accuracy values of 77%, 97% and 95%, 

respectively for 3T MRI in the diagnosis of partial ACL tearing (Temponi et al., 

2015).  MR image appearances may suggest that ACL injuries are present but do 

not have the capacity to confirm this or provide a functional assessment on the 

remaining knee joint components. 

 

Although 1.5T MRI of the knee is standard in clinical practice and performs well in 

assessing internal joint derangement, limitations have to be considered. In 

particular, assessing abnormalities of the hyaline articular cartilage and lateral 

meniscus may be challenging.  The current literature suggests that 3T systems 

offer clinical benefits compared to 1.5T systems (Hash, 2013).  The higher field 

strength increases SNR, potentially allowing thinner sections and higher in plane 

spatial resolutions resulting in better visualisation of anatomical and pathological 

structures (Wong et al., 2009; Hash, 2013).  Wong et al. (2009) compared the 

standard clinical studies obtained at 1.5 and 3T in the same patients concerning 

visualisation of menisci, ligaments, and cartilage, and assessed these 1.5 and 3T 

studies concerning abnormalities of cartilage using arthroscopy as a standard of 

reference.  The researchers stated that 3T systems have high sensitivity and 

specificity in diagnosing knee meniscus, cartilage, and ligamentous pathology and 

also improved the diagnostic confidence and improved visualisation of ligaments 

and cartilage abnormality at the knee in comparison with 1.5T systems. 

 

Naraghi and White (2016) have described the MR appearances of the normal and 

abnormal ACL.  The normal ACL appears as a linear, low signal intensity intra-

articular structure extending from its origin toward its distal insertion.  An 

interruption in the fibres, with high-signal intensity characteristics resulting from 

oedema and haemorrhage, indicates a complete ACL tear.  While the MR 

characteristics of partial ACL tears include increased signal within the ligament, 

together with thickening or redundancy, the accurate diagnosis of this injury 
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remains challenging (Naraghi and White, 2016). 

 

Temponi et al. (2015) state that MR images acquired in particular orientations or 

scanning planes are necessary in order to improve the sensitivity and specificity of 

MRI for the diagnosis of partial tears and to facilitate the distinction between 

complete and partial tears(Temponi et al., 2015).  Van Dyck et al. (2011) have 

suggested that MR scanning planes orientated axial and parallel to the long axis 

of the knee joint are most helpful in maximising diagnostic accuracy.  Further, 

Hash (2013) showed that the axial plane is essential for delineating and 

differentiating partial from complete tears, particularly in the proximal and mid-

portion of the ACL.  However, in this region, the distal fibres of the ACL may be 

more difficult to accurately assess on standard axial images due to poor 

delineation of its bundles distally and partial volume averaging.  Despite this, axial 

MR images allow for the clear identification of the discrete mid anteromedial, 

posterolateral and proximal ACL bundles. 

 

Acute distal partial tears are most easily visualised in sagittal or coronal knee MR 

images (Hash, 2013).  Due to its oblique course, the ACL should routinely be 

visualised in two or three sagittal sections (Figure 2.4 b & d).  Naraghi and White, 

(2016) reported that the specificity of knee MRI for ACL detection is higher for 

sagittal than for coronal plane images.  They also concluded that the ACL is best 

visualised in sagittal plane two-dimensional (2D) FSE MR images and in isotropic, 

three-dimensional (3D) FSE images.  Hash (2013) further concluded that the 

acquisition of axial- and coronal-oblique images improved the diagnostic accuracy 

in comparison with standard orthogonal imaging planes. 

 

Arthroscopic examination of the ACL remains the gold standard for assessing 

ACL tears (Naraghi and White, 2016).  It has been shown that arthroscopy makes 

it possible to categorise the type of partial tear and can confirm with certainty if the 

tear is complete or partial.  Further, when used in combination with clinical 

examination, MRI facilitates determination of the optimal type of reconstruction in 

cases in which surgical treatment is indicated (Naraghi and White, 2016; Temponi 

et al., 2015; Arliani et al., 2012). 
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The treatment of an ACL injury needs to be individualised and appropriate for 

each patient’s needs.  Understanding the risk factors leading to ACL injury is an 

important step to prevent exacerbation.  According to Ratzlaff and Liang (2010), 

the risk factors associated with injury can be divided into extrinsic factors derived 

from outside the body such as environmental risk factors and intrinsic factors 

derived from inside the body such as anatomic and hormonal risk factors.  

Identifying patients at low-risk and high-risk of progression of a clinically deficient 

ACL is essential for providing therapeutic guidance.  Low-risk patients are usually 

individuals with low physical demands, without related injuries or instability, and 

with negative clinical tests.  The signs and symptoms of ACL injury in low-risk 

patients generally tend not to progress and can be treated conservatively. 

 

High-risk patients typically present with clinical instability and lifestyles that are 

associated with an increased risk of new injury.  Hash (2013) has indicated that 

surgical intervention with ACL reconstruction is the best option in these cases.  

Further, Arliani et al. (2012) acknowledge that surgical ACL reconstruction is the 

standard treatment among athletes with the aim of restoring the stability and 

functional range of movement of the injured knee.  Surgical options in patients 

with partial ACL tear include single-bundle or complete ACL reconstruction, and 

this is usually undertaken in individuals with symptomatic instability or those at risk 

for developing ACL insufficiency.  Markatos et al. (2013) concluded that the risk of 

developing ACL insufficiency is related to the severity of injury and can exceed 

85% when more than 75% of the ligament is damaged.  More recently, Naraghi 

and White (2016) confirmed that ACL reconstruction has become a widely 

accepted surgical procedure, acknowledging that its utilisation will continue to 

increase given that the ACL is one of the most commonly injured ligaments during 

high-impact sporting activities. 
 

 

2.3.1. Mechanism of ACL Injury and Bone Bruises 
 

While the precise mechanism of ACL injury is not universally agreed upon, it is 
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accepted that two general mechanisms exist: contact and noncontact ACL injury 

(Viskontas et al., 2008).  These authors determined that 86% of patients with ACL 

rupture described a noncontact mechanism, with only 14% providing a history of a 

contact mechanism (Viskontas et al., 2008).  Contact ACL injuries occur when a 

valgus force is applied to a planted or fixed leg, leading to an impaction of the 

lateral femoral condyle (LFC) into the lateral tibial condyles (LTC) and therefore 

rupture of the ACL.  In contrast, in the noncontact mechanism, ACL rupture can 

result from an eccentric quadriceps contraction in a slightly flexed knee, that 

culminates in a valgus movement about an internally rotated tibia (Sonnery-Cottet 

and Colombet, 2016; Temponi et al., 2015; DeAngelis and Spindler, 2010).  Data 

in a prospective study undertaken by Choi et al. (2019) revealed that the injury 

pattern in noncontact ACL injuries is the product of anterior translation affecting 

the medial and lateral compartments. 

 

The size and precise location of bone bruises usually speak to the mechanism of 

knee injury (Jelic and Masulovic, 2011).  Fayad et al. (2003) categorised subjects 

into several ACL injury mechanism groups based on the locations of bone bruises 

as determined from MR images.  Injury mechanism groups included the pivot-shift 

flexion and extension, hyperextension-varus and hyperextension valgus 

mechanisms.  These researchers found that approximately 63% of all 88 subjects 

showed either a pivot-shift flexion or pivot-shift extension mechanism of injury 

(Fayad et al., 2003).  The pivot-shift flexion mechanism was associated with bone 

bruising involving the posterior lateral femoral condyles (LFC) and posterior lateral 

tibial condyles (LTC) bone bruises.  In contrast, the pivot-shift extension 

mechanism was associated with anterior LFC and posterior LTC bone bruises.  

However, both extension or flexion pivot-shift mechanisms lead to the formation of 

an LFC and posterior LTC bone bruising, with the specific location of the LFC 

bone bruise associated with the subjects’ degree of flexion during the ACL trauma 

(Fayad et al., 2003). 

 

Kaplan et al. (1999) and Zhang et al. (2019) addressed the possible relationship 

between the presence of bone bruises in the medial compartment and the loading 

patterns encountered during ACL injuries.  The researchers in these two studies 
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differed in the way that they classified an increased prevalence of medial 

compartment bone bruises in terms of a specific mechanism of injury. 

 

Viskontas et al. (2008) investigated how the degree of bone bruising was related 

to the severity of the contact versus noncontact injury and the prognosis relative to 

resultant knee function.  These researchers found that bone bruising was more 

frequent, more intense and deeper on the LTC for noncontact ACL injuries.  

Moreover, (Zhang et al., 2019) determined that bone bruising in the medial 

compartment was seen more frequently than previously reported, particularly in 

the noncontact group. 

 

Prevalence of bone bruise in the MRI of patients affected by ACL lesions has 

been investigated in most of the selected studies, showing a wide range from 12 

to 96% (Filardo et al., 2019). This heterogeneity can be explained by several 

factors, such as the differences of the analysed populations in terms of bone 

bruise joint distribution, mechanism of trauma, age, sex, activity, and BMI, with the 

population or sample size in each paper also potentially adding statistical noise for 

the smaller studies. Tervonen et al. (1991) studied patient activity at the time of 

knee injury in 27 patients with resultant knee bone bruising and found that 78% of 

bone bruises were associated with trauma related to sporting activities, 11% with 

domestic activities and 11% with trauma due to motor vehicle accidents.  A similar 

analysis made by Atkinson et al. (2008), who evaluated 538 patients with knee 

bone bruising and showed that 45% of the bruises were associated with trauma 

incurred during sporting activities, 52% with domestic activities and 3% with motor 

vehicle accidents respectively.  The difference in the frequency of bone bruising in 

the two studies could be due to sample size differences.  Pedowitz et al. (2008) 

demonstrated that young athletes involved in kicking, hurdle jumping and sprinting 

activities are at the highest risk of ACL injury-related bone bruising.  Further, 

DeAngelis and Spindler (2010), showed high rates of bone bruising linked to ACL 

injury in soccer players. 
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2.3.2 Epidemiology of and Gender Differences Associated with ACL Injuries 
 

According to Patel et al. (2015), the incidence of athletic injuries in females has 

increased significantly, attributable to the escalating popularity of sports 

participation.  Young female athletes may be competing at high levels in individual 

or team-based sporting activities prior to achieving skeletal maturity (Patel et al., 

2015).  Participating in one sport throughout the year leads to overuse of specific 

anatomical regions and provides little cross training.  According to Templeton et 

al. (2008), the musculoskeletal (MSK) system is acknowledged as one body 

region in which an individual’s sex has significant impact on the prevalence 

disease and/or disability. 

 

There is growing evidence that female athletes are at higher risk than their male 

counterparts for certain types of injuries.  ACL injuries and bone bruises are some 

of the most common sports-related injuries, each of which can be sustained by 

both sexes.  Understanding of the sex-specific differences may help to manage 

these injuries and optimise an individual’s recovery ( DeAngelis and Spindler, 

2010; Johnson et al., 1998).  O’Connor et al. (2016) acknowledge that different 

risks factors may increase the female athletes injuring the ACL, including 

environmental, hormonal, genetic, neuromuscular, anatomical and biomechanical 

factors. 

 

The incidence of noncontact ACL injuries in sports involving jumping, cutting or 

pivoting activities has been shown to be 2 to 8 times greater in female than in 

male athletes participating in the same sports (Fitzharris et al., 2017; Patel et al., 

2015).  As reported by Patel et al. (2015), epidemiological studies predict that one 

in every hundred high school female athletes will sustain an ACL trauma during 

her four-year playing career, while for college female athletes, the number is 

approximately one in ten during their playing careers. 

 

According to a report commissioned by the Irish Sports Council in 2013, football 

has the highest participation statistics in Ireland (10.6%), ahead of its Gaelic 

counterpart (3.9%).  Gaelic games (Gaelic football and hurling) are Ireland’s 
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national sports.  Gaelic games are multidirectional contact games that necessitate 

players performing at a high level of intensity and velocity.  While participation in 

sport provides numerous health and social benefits, an innate risk of injury exists.  

Decreasing injury incidence in most sports begins by gaining an understanding of 

the epidemiology of injury associated with that sport.  Subsequently, therapeutic 

intervention can be evaluated. 

Over a one-year period, O’Connor et al. (2016) prospectively examined the 

epidemiology of injury in adolescent participants in Gaelic games (292 male 

adolescent Gaelic footballers and hurlers (mean age 15.7 ± 0.8 years)).  These 

researchers reported that lower limb injuries predominated (football 74.7%, hurling 

58%), particularly in the knee (18.7%, 20.0%) and ankle (12.0%, 10.0%).  

Furthermore, match-related injuries were more frequent than training injuries, 

which were attributed to the higher intensity, effort and physicality associated with 

participation in a competitive match.  Over a quarter of injuries sustained by 

adolescent Gaelic footballers (26.7%) and hurlers (26.5%) were consistent with 

overuse. 

 

Fitzharris et al. (2017) established the first prospective cohort study to report injury 

prevalence, incidence and injury patterns among League of Ireland footballers 

during one full season (28 games, March to November 2014).  A total of 152 

injuries were sustained, providing an injury incidence of 1.08 injuries per player.  

Forty-four players sustained at least one injury, providing an epidemiological 

incidence proportion for first injury of 0.314.  Thus, the average probability of 

sustaining at least one injury was 31.4%.  Players spend 75% of their exposure 

time in training but have an approximately fivefold risk of injury during a match.  

The top three sites of injury were the thigh (28.3%), followed by the ankle (20.4%) 

and the knee (11.1%).  These common sites of injury accounted for 59.7% of all 

injuries.  Therefore, unsurprisingly muscle strains and ligament sprains were the 

two most common injuries.  Muscle strains accounted for over half (50.1%) of all 

injuries, followed by sprains (20.3%) and contusions (12.5%).  Injuries were most 

common (54.6%) during noncontact activity, mainly running (30.9%) also twisting 

(7.9%) and landing from a jump (7.2%).  Contact injuries accounted for 34.9% of 

all injuries, and these were attributed to player collision (22.4%) and tackling 
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(11.2%).  Overuse injuries accounted for 4.6% of the injuries sustained.  Sixteen 

per cent (n=24) of all injuries were recurrent. 

 

2.4. Significance of Bone Bruising Associated with ACL Injury 
 

The association between bone bruising and ACL injury is well known (Ucar et al., 

2012).  Mandalia and Henson (2008) acknowledge that bone bruises result from 

the impact and translation of the femur on the lower leg and constitute a footprint 

within the marrow left at the time of the ACL rupture. 

 

Brandser et al. (1996) have stated that bone bruising is the most important second 

sign for the diagnosis of ACL injury with sensitivity and specificity values of 82% 

and 90%, respectively.  These authors suggest that reliance on the secondary 

signs for diagnosis is not necessary if the primary signs are evident to indicate the 

integrity of the anterior cruciate ligament.  The primary signs include abnormalities 

of the ligament itself, such as complete disruption of fibres, abnormal contour or 

abnormal signal in the region of the ligament (DeAngelis and Spindler, 2010; 

Johnson et al., 1998).  However, if the primary signs are not discernible, then the 

presence of bone bruising in the postero-lateral tibial plateau is main secondary 

sign to facilitate the diagnosis of ACL tear.  Further clinical studies have confirmed 

that the most extensive bone bruising is observed in patients following an injury to 

the ACL (Atkinson et al., 2008; Mandalia and Henson 2008).  Davies et al. (2004) 

investigated the short-term outcome of and concurrent injuries associated with 

bone bruising in 30 patients (age range 17-39 years) with acute knee injury and 

associated bone bruises evident on MRI.  The researchers found that 20 of 30 

patients (66.7%) had associated ACL injuries, seven of thirty patients (23.3%) had 

collateral ligament or meniscal injuries with no ACL injury and 3 of 30 patients 

(10%) had no associated ligamentous injuries. 

 

Several studies have reported that more than 80% of bone bruising is associated 

with complete ACL rupture at the time of ACL injury (DeAngelis and Spindler, 

2010; Bretlau et al., 2002).  In an earlier study, Vellet et al. (1991) evaluated the 

MR imaging findings of 120 patients with knee injury and determined that 79% of 
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bone bruises were associated with ACL injuries and 53% with medial collateral 

ligament (MCL) injuries.  Miller et al. (1998) have stated that the prevalence of 

trabecular microfractures i.e., bone bruising in patients with isolated MCL injuries 

is less than half that of their incidence in patients with ACL injuries.  These 

authors attribute this to the fact that the bone bruises associated with MCL injuries 

are not subchondral or because less force is associated with MCL injuries than 

with ACL injuries. 

 

The time to resolution of bone bruises has been much debated, with literature 

evidence reporting variations ranging from three weeks to two years.  An early 

study of this subject suggested that bone bruises resolve within twelve weeks 

following acute trauma (Lynch et al., 1989), whereas more recent studies by 

Costa-Paz et al. (2001) and Graf et al. (1993) have shown that bone bruises can 

persist much longer.  Atkinson et al. (2008) suggested that the variability in the 

time to resolution for bone bruising could be related to several factors including: 

bone bruising extent, the severity of the causative injury and the presence or 

absence of other correlated internal derangements of the knee joint.  In their study 

involving 1,546 patients with knee bone bruising, the frequency of knee bone 

bruising was approximately 41% in the early several days of injury, decreasing to 

approximately 10% at one year, with 95% of patients were diagnosed within a 

time period less than 26 weeks post injury.  Previous studies have also suggested 

that bone bruising could be related to early degenerative changes in the overlying 

cartilage (Davies et al., 2004; Johnson et al., 2000; Vellet et al., 1991). This 

degeneration may be the result of the lack of support to the cartilage provided by 

weak, bruised bone that was not protected from early weight-bearing during the 

post injury treatment phase. 

 

It has been suggested that while bone bruising of the knee is a benign condition, it 

is not entirely symptomless (Lee and Yao, 1989) bring associated with increased 

disability in patients with ACL rupture (Davies et al., 2004).  Several studies have 

demonstrated that bone bruises are clinically concerning and may be associated 

with knee pain after ACL injury (Mandalia and Henson, 2008; DeAngelis and 

Spindler, 2010).  It is therefore recognised that the short-term physical and 
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psychosocial consequences of an ACL injury are significant.  ACL injury may 

cause pain, muscle weakness, reduced range of motion, knee instability with a 

reduction in physical activity levels and sports participation.  ACL injuries are also 

associated with long-term clinical sequelae that include osteochondral lesions, 

meniscal tears and an increased risk of early onset osteoarthritis (DeAngelis and 

Spindler, 2010). 

 

Atkinson et al. (2008) have acknowledged that the increased use of magnetic 

resonance imaging (MRI) for the evaluation of knee injuries has increased the 

awareness of bone bruising as a clinical and diagnostic entity (Figure 2.4c).  The 

current interest in bone bruising has occurred primarily due to its clinical 

importance for predicting and characterising the time course of recovery and 

resultant clinical outcome.  These authors acknowledge that patients with bone 

bruises associated with traumatic events have higher levels of pain with more 

extensive joint effusion, slower return to normal motion and protracted clinical 

recovery (Atkinson et al., 2008; Pedowitz et al., 2008).  Wright et al. (2007) 

evaluated the clinical outcome of bone bruising in twenty-three patients and 

showed the average time to return to pre-injury activity levels was 3.2 months, 

with 91% of patients returning to normal activity within six months or less. 

 

Pedowitz et al. (2008) have also shown that bone bruising involving the knee can 

cause acute bone pain, swelling of the soft tissue surrounding the bone, 

weakness and/or resisted activation of the involved muscle, functional loss in the 

joint and tenderness at the site of injury.  Johnson et al. (2000) prospectively 

studied forty patients with ACL injury, dividing the patients into two groups: the 

first group having twenty normal patients without bone bruising and the second 

group comprising twenty patients with known knee bone bruising.  The latter 

cohort were found to have a higher pain score, larger joint effusions requiring a 

longer period for dissipation and restoration of normal range of motion compared 

with the contralateral, unaffected knee. 

 

In terms of the natural history of bone bruises, Atkinson et al. (2008), and more 

recently, Ucar et al. (2012) reported that bone bruising resolves within a period of 
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time.  Histologic evidence reported in literature has suggested that more severe 

ACL injury causes haemorrhage, microfracture in the bone and necrosis of 

osteocytes, whereas less severe joint injury causes bone marrow oedema without 

obvious injury to the cellular elements.  Therefore, Atkinson et al. (2008) highlight 

that the type and severity of knee trauma might influence the timing of radiologic 

and MR image appearances and the severity of the clinical symptoms.  Ucar et al. 

(2012) have reported that bone bruising associated with less severe injury 

generally resolves in a short time.  In addition, the frequency of bruising at a given 

point in time is sensitive to the time interval from the time of injury to performance 

of the MRI scan, where time-zero provides the greatest chance of identifying a 

bone bruise (Atkinson et al., 2008).  Ariyoshi et al. (1997) showed that bone 

bruising took an average of 13 weeks to resolve in 5 patients studied following 

acute knee trauma with isolated acute bone bruising evident on MRI, with all 

cases symptom-free within two weeks.  However, Bretlau et al. (2002) found that 

bone bruising was still present in 69% of recruited patients after 16 weeks and in 

12% after one year. 

 

Davies et al. (2004) reported that the follow up MRI scan of 30 patients with bone 

bruising after acute knee trauma showed a reduction in bone bruising severity on 

MR images acquired at 12 to14 weeks, with a reduction in bone bruise volume of 

greater than 50% evident in 80% of patients.  These authors further determined 

that the volume of bone bruising evident at a given time point and its speed of 

resolution was found to be unrelated to the type of meniscal or ligamentous injury, 

but instead, related to the volume of initial bone bruising present and the presence 

or absence of an osteochondral injury (Davies et al., 2004). 

 

In another investigation, Boks et al. (2007) performed follow-up MRI scans on 80 

post-trauma patients (age range: 18-65 years) at four different time periods: 3 

weeks, 10 weeks, 6 months and 12 months to demonstrated the natural course of 

knee bone bruises.  These researchers studied the relationships between time to 

healing of all 157 MR-detected bone bruises and the related variables including 

age, sex, number of bone bruises, sports load, workload and osteoarthritis.  They 

also separately investigated the relationship between the resolution of individual 
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bone bruises and lesion location, size, type and other variables at six and at 

twelve months.  The study identified a median bone bruise healing time of 42.1 

weeks.  While sex, obesity, sports activity, workload, location and severity of bone 

bruise were not associated with the natural course of bone bruising, the factors of 

age, pre-existing osteoarthritis and the number and type of bone bruise were 

found to have prognostic value. 

 

Although posttraumatic knee bone bruises are common and previous studies 

have described their natural history, the timing of the appearance of the bone 

bruises in the acute phase has had only limited study and with few studies 

indicating when the bone bruise was first evident in MR images.  Blankenbaker et 

al. (2008) developed an animal model of a bone bruise to determine the timing of 

MR signal intensity changes in the bone marrow post bone trauma.  These 

researchers performed serial of MRI scans on 15 traumatised knees of 8 female 

swine at 1, 6, 12 and 30 hours post injury.  The researchers concluded that MRI 

could detect bone bruises in swine knees as early as one hour post injury but in 

some cases, bone bruises were not evident until 30 hours post trauma. 

 

In summary, literature evidence confirms that the time required for the resolution 

of post ACL injury-induced bone bruising varies between three weeks and two 

years.  Therefore, long-term, prospective studies, such as the current research, 

are required to identify the factors that affect the MR imaging time course and 

appearance of bone bruising and to map and evaluate its natural history. 

 

 

2.5. Role of MRI in Evaluating ACL and Bone Bruising Status Post Knee 
Trauma 
 

The tissues within the human musculoskeletal (MSK) system have unique 

physiological and structural features that allow them to move, support, and 

stabilise the human body over the course of a lifetime (Beattie, 2011).  Impairment 

of these tissues often occurs following injury or disease and is likely to be the 

central source of pain, weakness and functional loss.  Magnetic resonance 
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imaging (MRI) has been shown to be effective at demonstrating the anatomic and 

physiologic basis for MSK abnormalities, thereby improving patient management 

decisions and clinical outcomes following disease or injury (Beattie, 2011). 

 

Several studies have recognised MRI as the imaging modality of choice for knee 

joint evaluation in the context of trauma or disease (Nacey et al., 2017; Kizilogos 

et al., 2013).  These authors classified MRI as the most sensitive imaging 

technique to evaluate the complex anatomy within and around this joint and to 

facilitate the diagnosis of trauma and disease-related changes to the bone 

marrow, menisci, cartilage, ligaments and muscle.  Furthermore, MRI can be used 

to grade pathology severity, avoid unnecessary diagnostic arthroscopy, guide 

therapeutic decision-making and predict clinical and functional outcome for a wide 

range of trauma- and non-trauma-related knee joint pathologies (Naraghi and 

White, 2016). 

 

Scanning the knee joint requires high spatial resolution and excellent contrast 

resolution to visualise the very small anatomical structures comprising this joint, 

together with the changes associated with pathology.  Cho et al. (2014) 

demonstrated that all these requirements can be met using MRI, which has the 

ability to evaluate knee joint anatomy and pathology ranging from articular 

cartilage lesions to ligamentous injuries and bone bruises.  MRI, with its excellent 

soft-tissue contrast characteristics, achievable through variable image weighting 

and tissue suppression techniques, has established itself as the primary modality 

for evaluating knee joint injuries.  Kizilgoz et al. (2013) conclude that it consistently 

demonstrates high accuracy for the depiction of trauma-induced effects on the 

internal structures of the knee joint, providing important information about 

associated changes in the bone marrow and soft tissues within and around knee 

joint.  Furthermore, MRI has obvious advantages as a non-invasive and non-

ionising imaging technique; therefore, it is considered a safe technology for initial 

imaging evaluation and subsequent follow-up imaging to monitor the post-

treatment healing process (Khoo et al., 2011). 
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In many imaging centres, including those within the Irish healthcare sector, MR 

evaluation of the knee joint is most commonly undertaken with 1.5 or 3 Tesla MR 

scanner incorporating dedicated phased array radiofrequency (RF) knee coils 

(Naraghi and White 2016).  The multi-planar imaging capabilities of MRI have 

facilitated the evaluation of the obliquely oriented anatomical structures, 

advocating the acquisition of multiple oblique imaging planes for assessment of 

ligamentous injuries of the knee. 

 

Literature evidence confirms that transverse, sagittal and coronal plane MR 

images acquired using a range of pulse sequence types including spin echo (SE), 

fast spin echo (FSE), short tau inversion recovery (STIR) and gradient echo (GE) 

and image weightings (T1-weighted (T1W), T2-weighted (T2W) and proton 

density-weighted (PDW)), acquired with and without fat saturation (FS), continue 

to form the basis of a standard knee MR imaging protocol utilised in the clinical 

setting (Lin et al., 2018) (Figure 2.4).  Kam, Chee and Peh (2010) showed that the 

T2W FSE sequence acquired in the sagittal oblique plane optimally demonstrates 

the cruciate ligaments, being associated with greater sensitivity, specificity and 

accuracy for an ACL tear than T1W SE-based sequences.  They concluded that 

T2W FSE images are able to detect areas of effusion and oedema that affect the 

ligament (Kam, Chee and Peh, 2010), additionally acknowledging that axial and 

coronal images are essential for correlation, particularly when the ACL is not well 

defined in sagittal oblique images. 

 

Filograna et al. (2018) showed that MRI plays a crucial role in characterisation of 

bone marrow signal intensity.  Different T1 and T2 tissue relaxation properties 

allow accurate depiction and differentiation of trauma-induced bone marrow from 

the signal intensity of normal bone marrow.  Tendons, ligaments and menisci have 

a highly ordered collagen ultrastructure that interferes with the movement and 

relaxation of water molecules such that they appear uniformly hypointense on all 

conventional pulse sequences (Figure 2.4b).  However, Westbrook and Talbot 

(2019) state that tearing or degeneration of these structures interferes with the 

collagen uniformity, manifesting as increased signal intensity in the affected 

regions (Figure 2.4d). 
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Figure 2.4: The MR appearances of the anatomical structures comprising the 

knee joint (MR images acquired from a healthy volunteer and patient subject 

scanned during this research): 
 

Image (a) Coronal-STIR and Image (b) Sagittal-T2W FSE images demonstrating 

the signal intensity (SI) patterns associated with normal bone marrow and a 

normal intact ACL (blue arrow); 

Image (c) Coronal-STIR showing the bone bruise pattern in the femoral condyle 

region associated with acute ACL tear, evident as an area of high signal intensity 

due to the presence of marrow oedema; 

Image (d): Sagittal T2W FSE image demonstrates the intrasubstance signal, 

distortion and thickening associated with an ACL rupture (blue arrow). 
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The normal ACL is seen as an oblique band of low signal intensity on MR images 

acquired with all sequences, with some high signal striations seen within the distal 

ligament due to the interposition of fat or synovium (Filograna et al., 2018) (Figure 

2.4b). Patel et al. (2015) determined that MRI has high sensitivity and specificity 

greater than 95% in diagnosing acute complete ACL tears. MRI is less accurate 

and more challenged in the detection of chronic ACL tears due to the oedema and 

thickening of ACL fibres may have already subsided. 

 

The primary MRI findings associated with an acute, complete ACL tear include 

non-visualisation of the ACL, discontinuity of the ligament with abnormal high 

signal intensity due to the haemorrhage and oedema, abnormal morphology such 

as a thickening, retracted or wavy appearance and angulation towards the 

horizontal plane (Figure 2.4d).  An acute partial tear can be diagnosed by the 

absence of the primary signs of complete ACL tear in conjunction with high signal 

intensity changes at the insertions with a normal ACL course or high signal 

intensity within the mid-substance of the ACL.  Kam et al. (2010) further indicate 

that the non-visualisation of the ACL on one sequence with visualisation of the 

fibres on other MRI sequences or the bowing or undulating course of an otherwise 

intact ACL are also indicative of a partial ACL tear. 

 

Tsai et al. (2004) characterised the morphological changes on MR images to 

differentiate complete ACL tears from partial tears.  Although certain features like 

ligament thinning or wavy ligaments are suggestive of partial tears, confident 

determination of partial tears can be challenging.  The difficulty in differentiating 

complete and partial ruptures can be partially attributed to the presence of 

haemorrhage resulting from the trauma, which is evident as an area of high SI on 

T2W FSE images, which can in turn obscure areas of high signal intensity 

associated with tears involving ligament fibres. 

 

MRI is less accurate in the detection of chronic ACL disruption because the 

oedema and thickening of ACL fibres may have already subsided.  Most of the 

indirect signs, which are present at the time of injury, are often absent by the time 

of examination.  Kam et al. (2010) demonstrated that chronic tears are difficult to 
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diagnose with MRI.  Typically, the ACL cannot be visualised and is replaced by a 

fluid signal in the lateral intercondylar notch, known as the empty notch sign.  

More commonly, the ligament appears thin, with some residual fibres present and 

may demonstrate an abnormal posterior slope ( Kam et al., 2010).  MR images 

can also be evaluated for secondary signs that are typically associated with ACL 

tears.  Acute traumatic bone marrow oedema in the lateral compartment and the 

anterior displacement of tibia are the most common secondary signs for the 

diagnosis of complete ACL tears (Figure 2.4c).  The presence of secondary signs 

corroborates with the diagnosis of ACL tear.  However, as (Zhang et al., 2019) 

caution, the absence of these signs does not exclude the presence of an ACL 

tear. 

 

Klengel et al., (2017) acknowledge the particular usefulness of T2W-FSE with fat 

suppression and STIR sequences for the detection and characterisation of the 

bone marrow changes associated with trauma-induced bone bruising.  Bone 

bruises are best diagnosed on fluid-sensitive sequences such as T2W images and 

appear as an area of increased signal intensity that reflects the presence of 

oedema.  Moreover, STIR sequences (Figure 2.4c) optimise diagnostic sensitivity 

by suppressing the signal from normal medullary fat such that bone bruising can 

be more readily visualised (Westbrook and Talbot, 2019). 

 

Beattie, (2011) has stated that conventional MRI pulse sequences are effective for 

diagnosing, staging and characterising a range of MSK pathologies distinct from 

surrounding normal tissue, in particular, defining their extent, composition and 

compartmental involvement.  Therefore, an MR scanning protocol comprising 

STIR, T1W and T2W FSE-based MR images facilitates the detection and 

diagnosis of abnormalities in MSK tissues, including the ACL and the femoral and 

tibial bone marrow, with a high degree of accuracy (Klengel et al., 2017).  

However, as indicated by Subhawong et al. (2014), conventional MRI principally 

involves the qualitative interpretation of the signal intensity changes reflecting 

variations in T1 and T2 relaxation times of normal and abnormal tissue.  While 

these conventional MR sequences have high detection sensitivity, nonetheless, 

diagnostic challenges may remain in terms of differentiating the MR signal 
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intensity characteristics representing trauma- or pathology-related change from 

those of normal tissue.  This occurs when differences in internal physiologic 

events between tissues are not definitively discernible in MR images (Filograna et 

al., 2018).  Khoo et al. (2011) acknowledge the challenge encountered when 

pathologies have similar MR appearances with standard sequences, limiting the 

specificity of image analysis, which can in turn decrease diagnostic confidence.  It 

is for this reason that diffusion-weighted imaging (DWI), for which image contrast 

reflects the differential rate of water molecule diffusion between tissues, has in 

recent years been increasingly included in MSK MR scanning protocols (Klengel 

et al., 2017). 

 

 

2.6. Diffusion-weighted Imaging (DWI) Background, Physical Principles 
and Concepts 
 

Human body tissue comprises up to 60% of water present as intracellular and 

extracellular fluid within the body (Baliyan et al., 2016).  The diffusion of water 

molecules in biological tissue follows a pattern according to tissue properties and 

structure (Figure 2.5).  Chilla et al. (2015) have recognised that this diffusion 

pattern can be disturbed and the amount of diffusion can be altered in diseased 

tissue relative to that in surrounding normal tissue in many pathological conditions.  

In diffusion-weighted (DW) images, it is the differential rate of water molecule 

diffusion between tissues that is responsible for the resultant image contrast 

(Beattie, 2011).  Studying these changes in tissue diffusion characteristics, 

reflected in the resultant signal intensity (SI) changes in DW MR images, improves 

disease detection (Baliyan et al., 2016; Chilla et al., 2015). 

 

Diffusion-weighted imaging (DWI) is a non-contrast, functional MR scanning 

technique that provides primary information that is typically interpreted in 

combination with conventional MR imaging sequences (Beattie, 2011).  Literature 

evidence acknowledges that DWI has long been recognised as the gold-standard 

for brain imaging to facilitate detection of early signs of stroke and other brain 

abnormalities (Beattie, 2011).  However, due to advances in magnetic field 
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homogeneity, gradient performance characteristics, RF coil technology and DW-

sequence design, DWI is increasingly integrated into MSK MR scanning protocols 

to enhance diagnostic accuracy, guide management decisions and predict 

outcome (Subhawong et al., 2014). 

 

 

 

 
 

Figure 2.5: Illustrating the diffusion pattern in (a) free water and (b) restricted 

water (adapted from Westbrook and Talbot, 2019) 

 

 

The diffusion of water molecules within tissue is exponentially related to resultant 

signal intensity i.e., pixel brightness within the DW-MR image.  Signal intensity 

differences displayed by defined regions-of-interest (ROIs) within anatomical 

structures within the scanned field-of-view (FOV) reflect differences in the rate of 

movement of water molecules within and between those regions.  The signals 

evident in diffusion-weighted images can therefore be thought of as reflecting the 

speed of motion of water molecules and are thus different from the source of signal 

intensity differences evident in the commonly utilised T1W, T2W, and PDW FSE 

MR images, in which SI is strongly related to the concentration of water rather than 
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its actual movement (Beattie, 2011). 

 

The magnitude of diffusion and the resultant SI in DW images depends on the 

surrounding tissue environment (Chilla et al., 2015).  The term “increased diffusion” 

is used relative to low cellularity tissue in which water molecule diffusion is high and 

is represented by low signal intensity on DW MR images with a corresponding high 

apparent diffusion coefficient (ADC) and high signal intensity.  However, the term 

“restricted diffusion” is used in the case of a highly cellular tissue in which the 

amount of diffusion is reduced i.e., weak diffusion and is represented by a strong 

hyperintensity on DW MR images, with a corresponding low ADC (Dallaudière et 

al., 2015).  Diffusion is termed anisotropic in a restricted medium, where the 

amount of diffusion is not equal in all direction and the motion of water molecules is 

limited according to the direction of the obstruction.  In contrast, diffusion is termed 

isotropic in a free medium, where water molecules can diffuse freely and the 

diffusion rate is equal in all direction. 

 

To generate a DW MR image, diffusion gradients can be added to conventional MR 

sequences, such as a SE-based sequence, where the readout signal is made 

dependent on applied diffusion gradients (Baur et al., 2003) (Figure 2.6).  Two 

identical gradient pulses of magnitude, G are shown on the diffusion gradient line 

Gd, one dephasing and one exactly opposite rephasing gradient are applied 

symmetrical to the 180° refocusing RF pulse.  Gradient one introduces a phase 

shift to the magnetic moments of hydrogen (1H) protons in tissue based on their 

positions along the axis of this gradient.  However, changes induced by gradient 

one will not be completely undone by the second gradient if the 1H protons move or 

diffuse during the time interval between the diffusion gradient applications such that 

there will be signal attenuation.  The signal loss due to the net movement of 1H 

protons is given by Stejskal-Tanner equation: 
 

S(b)=S0e−bD 
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where S(b) is the (b-value ‘b’) or signal received for that particular gradient value; 

S0 is the strength of signal without any diffusion gradient applied, and D refers to 

the ‘Apparent Diffusion Coefficient’ (ADC). 
 

 
 

Figure 2.6: Two gradient pulses, equal and opposite in effect, added to a SE-

MR pulse sequence as shown on diffusion gradient line (Gd).  Each gradient pulse 

has an amplitude (G), a duration δ and is applied within a time interval, Δ, and are 

applied symmetric to the 180° refocusing RF pulse (adapted from Chilla et al., 

2015).  

 

 

2.6.1 b-values in Diffusion-weighted Imaging 
 

The sensitivity of a DW MR image to water molecule diffusion depends on the 

pulse sequence parameter known as the b-value: 
 

b = (γGδ)2 (∆−𝜹
𝟑
) 

 

where γ is a constant, given as 42.58 MHz/T and refers to the gyromagnetic ratio 

for the hydrogen proton.  The b-value is a parameter, typically given in units of 

seconds per square millimetre (s/mm2), that reflects the acquisition setup, i.e., the 

duration of the diffusion gradient (δ), the gradient amplitude (G), and time interval 

between the two diffusion gradients (Δ) (Baur et al., 2003).  The b-value 
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determines the degree of diffusion weighting measured, with higher b-values 

resulting in increased sensitivity to diffusion.  Lower b-values, with resultant 

stronger T2 weighting, provide images with high signal-to-noise ratio (SNR), but 

low sensitivity to diffusion.     

 

Beattie, (2011) has explained that the selection of b-value during the set-up of a 

diffusion-weighted pulse sequence influences the strength and magnitude of the 

diffusion gradient and therefore describes the sensitivity of the sequence to 

diffusion and the degree of diffusion weighting displayed in the resultant DW 

images.  If a b-value of 0 s/mm2  is selected, the diffusion sensitising gradients are 

not applied and free water, such as fluid within the knee joint, appears 

hyperintense (bright) in DW-MR images due to the intrinsic T2W and the long T2 

relaxation time of water. 

 

Khoo et al. (2011) indicate that in clinical MR imaging practice, a range of b-

values, typically two or more, is utilised when acquiring DW images to interrogate 

the water diffusion characteristics of tissues.  This approach is further supported 

by Koh et al. (2012), who acknowledge that two b-values usually suffice for most 

routine clinical applications of DWI because the sequence acquisition time will be 

prolonged when more b-values are incorporated into the sequence.  Where DWI 

is utilised as the contrast mechanism to differentiate tissues based on their 

cellularity, these authors also acknowledge that the sensitivity of the DW 

sequence to molecular diffusion increases with increasing b-value, with values 

between 600 and 1,000 s/mm2 typically chosen. 

 

Literature evidence confirms the sensitivity of DW images acquired at high b-value 

to the detection of even small areas of restricted diffusion associated with 

pathological processes (Dallaudière et al., 2015; Han et al., 2015).  However, 

(Khoo et al., 2011; Bhojwani et al., 2015) recognised that DW images acquired at 

high b-values to maximise diffusion sensitivity have lower SNR, which reduces 

anatomical visibility, making it more challenging to correctly localise any areas of 

high signal intensity representing restricted diffusion.  Therefore, in selecting the 

range of b-values for a particular anatomical region and pathological process to be 
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evaluated, it is important to balance the sensitivity of diffusion achievable at high 

b-values with the associated SNR penalty.  For this reason, an intermediate b-

value of 300 - 500 s/mm2 may be chosen to minimise the SNR loss, preserve 

anatomical visibility while retaining some sensitivity to diffusion, an approach 

adopted for the current research.  Neubauer et al. (2012) and Bhojwani et al. 

(2015) acknowledge that lower b-values of 50 - 100 s/mm2, while maximising 

SNR, are associated with low sensitivity to diffusion, reducing their sensitivity to 

detecting restricted diffusion in tissue. 

 

The contrast characteristics of b = 0 s/mm2 DW images are such that freely 

diffusing water, such as cerebrospinal fluid (CSF) and joint fluid, display high SI 

due to its inherently long T2 relaxation time.  However, with increasing b-values, 

the tissue signal becomes progressively more attenuated, which first becomes 

apparent in fluid due to the movement of water molecules over a relatively large 

distance during the time interval between the application of the increasingly 

stronger diffusion-sensitising gradients (Figure 2.7) (Koh et al., 2012).  Since 

water molecule diffusion is significantly impeded in highly cellular tissues, both 

normal and pathological, the low magnitude of diffusion can only be detected with 

strong, highly sensitive diffusion gradients reflected in a high b-value, typically of 

800 - 1000 s/mm2.  Thus, at high b-values, highly cellular tissues, whether normal 

or pathological, appear persistently hyperintense (bright) against a darkening 

background of tissues with lower cellularity (Khoo et al., 2011). 

 

In this context, the utility of DW images in optimising the detection and 

characterisation of musculoskeletal pathologies such as tumour, abscess, 

ligament tear and bone bruising is reliant upon the differential diffusion 

characteristics between the pathology and the surrounding normal tissue within 

the image field-of-view.  Thus, with increasing b-value, the SI decay observed in 

tissues generally follows a biexponential behaviour; the initial exponential 

behaviour is due to signal losses caused by blood flow, with the second 

exponential behaviour is due to extravascular, extracellular water diffusion motion.  

Since movement of water molecules is not free but impeded, Khoo et al. (2011) 

state that tissue diffusivity is often termed the apparent diffusion coefficient (ADC). 
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Figure 2.7: Axial DW-MRI of the knee demonstrate the changes in DW image 

contrast characteristics in areas containing normal and abnormal bone marrow (a) 

normal bone marrow Vs. (b) bone bruise demonstrated as an area of high signal 

intensity in the mid-lateral femoral condyle region. (DW knee MR images acquired  

from a healthy volunteer and patient subject scanned during this research). 

 

 

Furthermore, when the b-value is high, for example b=1000, a heavily diffusion-

weighted image is obtained with high diffusion sensitivity even if the degree of 

water molecule diffusion is low (Dallaudière et al., 2015).  Chilla et al. (2015) 

acknowledge that the effect of diffusion is more pronounced in images acquired at 

higher b-values, with tissues having restricted diffusion appearing hyperintense, 

while tissues with free diffusion evident as hypointense regions in the image.  

Conversely, if b=0, a T2W image is obtained with no diffusion weighting.  

Therefore, Dallaudière et al. (2015) indicate that DW-MR images must be 

assessed visually, comparing the images obtained with a high b-value to those 

obtained with intermediate and low b-values.  The difference in signal intensity 

between DW images acquired at different b-values reflects the degree of water 

molecule diffusion which can improve the sensitivity for pathology detection. 
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Beattie (2011) has further highlighted the importance of acquiring DW images at 

different b-values given that different anatomical structures have different cellular 

components, therefore requiring different b-values to optimally display the 

diffusion characteristics of normal tissue and any pathology present. 
 

 

 
 

Figure 2.8: Axial diffusion-weighted MR images of the knee demonstrating ACL-

related bone bruising in the femoral condyle region, obtained with different b-

values (a) low b-value: b=50 s/mm2 (b) high b-value: b=800 s/mm2.  (Images were 

acquired from a patient subject scanned during this research). 
 

DW image (a) with low b-value has higher image quality due to higher SNR. DW 

image (b) with high b-value displays reduced image quality due to lower SNR.  On 

both images, the high SI of areas of bone bruising associated with restricted 

diffusion are evident.  However, the magnitude of this signal intensity is greater at 

b=50 s/mm2, reflecting the effects of T2 shine-through. 
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2.6.2 Concept of the Apparent Diffusion Coefficient (ADC) 
 

Since a diffusion-weighted sequence is typically a modified SE-based MR pulse 

sequence, all DW images have T1W and T2W contrast as well as the intended 

diffusion contrast.  Therefore, sometimes, when there is high signal evident on a 

DW image, it might be due to an effect known as T2 shine-through rather than to 

true restricted diffusion.  This effect occurs due to the presence of a large amount 

of long T2 fluid within a tissue or lesion (Chilla et al., 2015) (Figure 2.8a).  

Therefore, Dallaudière et al. (2015) recommend that the signal intensity evident in 

any DW image should be interpreted in comparison with that evident in 

conventional T1W and T2W images.  These authors further indicate that to 

eliminate the T2 shine-through effect, complete diffusion maps, known as apparent 

diffusion coefficient (ADC) maps, are derived from DW images generated from at 

least two b-values.  This approach facilitates accurate signal intensity 

interpretation in DW images and disease quantification.  ADC maps generated 

from b-values of 0 to 1000 s/mm2 can be obtained and these have been found to 

be more sensitive than DW images alone, as they are influenced only by the 

magnitude of water molecule diffusion (Dallaudière et al., 2015; Aydin et al., 2011). 

 

Subhawong et al. (2014) indicate that the ADC value is the first-line assessment 

technique for DWI data and is a quantitative measure of Brownian motion, where 

high ADC values are seen in a cellular region that allows free diffusion of water 

molecules, whereas low ADC values are observed in highly cellular micro-

environments in which diffusion within tissue is limited by an abundance of cell 

membranes.  Beattie (2011) showed that the ADC can be estimated by using 

additional magnetic field gradients employed within a DW sequence, with the ADC 

value for a defined region-of-interest (ROI) within an ADC map image expressed 

quantitatively as mm2.s-1.  Although ADC can be influenced by any type of motion 

occurring within a voxel, it has been shown to accurately represent the movement 

of water molecules.  The average signal intensity within each pixel over several 

DW images can be calculated by the image processing system that is used to 

generate the ADC maps, within which defined ROIs can also be selected to derive 

ADC values for specific regions of normal anatomy and pathology (Beattie 2011). 
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While a mean, maximum or minimum ADC can be calculated, Dallaudèire et al., 

(2015) state that the mean ADC is typically used because the minimum ADC value 

has been shown to better correlate with histological findings.  The ADC value can 

be calculated as the slope of the log of the signal intensity ratios of the 

corresponding voxels in two images versus the net b-value (Dallaudèire et al., 

2015): 
 

ADC ≅ 𝐈𝐧 𝐒(𝒃𝟐)
𝐒(𝒃𝟏)

 • 𝟏
𝒃𝟏!𝒃𝟐

 

 

 

Additionally, to avoid T1W and T2W effects within the images, ADC maps also 

permit the objective quantification of diffusion within a specified region of normal 

and/or abnormal tissue.  Furthermore, the diffusion changes within tissue and the 

signal intensity on the ADC map are directly related such that if diffusion is free 

within a tissue, it is shown as an area of high signal intensity within the ADC map, 

while a tissue with lower diffusion due to increased cellularity appears as a 

hypointense region on the corresponding ADC map. 

 

 
 

Figure 2.9: Axial Knee DW-MRI, (a) normal knee (b) knee with post ACL-injury 

related bone bruises.  (DW knee MR images acquired during the current study). 
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2.7. Diffusion-weighted Imaging (DWI) of Traumatic Knee Injury 
 

In recent years, technological advances in MR technology have facilitated an 

enhanced role in clarifying the anatomical as well as the physiological sources of 

patients’ symptoms.  Published literature has shown an increasing application of 

DWI and ADC mapping for the qualitative and quantitative assessment of trauma-

induced damage to the anatomical structures forming the knee joint, including 

primary effects on the ligaments, mainly the ACL, and secondary effects of bone 

bruising, cartilage and musculature (Bhojwani et al., 2015; Klengel et al., 2017). 

 

 

2.7.1. Application of DWI in Traumatic Knee Injury 
 

Delin et al. (2013) compared morphological MR imaging and ADC mapping for the 

differentiation of complete and partial ACL tears.  These researchers determined a 

specificity of 96% and a sensitivity of 94% for ADC maps in diagnosing complete 

ACL rupture, which was higher than the 87% specificity and 50% sensitivity 

achieved when using conventional T1W and T2W FSE-based sequences with fat 

saturation.  The conventional and DW knee MR images were acquired with a 1.5T 

Siemens scanner and an eight-channel high-resolution phased array knee RF coil.  

DW images at two b-values were acquired, 0 and 600 s/mm2.  The study 

demonstrated that using DW imaging for evaluating the effects of traumatic knee 

injuries can improve the differentiation of complete from partial ACL tear and that 

the interpretation of ADC maps may be more powerful than morphological MR 

imaging alone in differentiating complete and partial ACL tears (Figure 2.10). 
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Figure 2.10: A complete ACL tear in a 60-year-old woman is not easily visible 

with T2W FSE images alone.  Image (a) and (b) Sagittal T2W FSE images with fat 

saturation. A partial ACL tear with some continuous ligament fibres (fine arrows) 

visible within the oedema.  Image (c) and (d) Sagittal slice ADC maps, showing 

complete ACL tear (large arrows) (Delin et al., 2013). 

 

 

Sotoodeh et al. (2014) evaluated the role of single-shot echo planar imaging (SS-

EPI) DWI pulse sequence in diagnosing patellar chondromalacia in 31 individuals 

(12 healthy subjects and 19 patients) using 1.5T GE MRI scanner.  The mean 

ADC values were measured in patellar cartilage in the healthy and 

chondromalacia patient groups using two b-values 0 and 600 s / mm2.  The 

researchers found that DWI facilitated detection of early-stage patellar 
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chondromalacia and assisted in the detection of cartilage defects.  The ADC value 

in patellar chondromalacia group was significantly higher than the healthy group.  

The mean ADC value was 1.34× 10-3 mm2 /s in the patients group and 1.07× 10-3 

mm2 /s and in the healthy group. 

 

In another study, Xu et al. (2011) scanned 72 subjects, healthy group (n=30) and 

patients with early cartilage injury (n= 42) using conventional MR sequences and 

EPI-DWI sequence acquired using a 3T Philips MR scanner and 8-channel 

phased array knee coil.  Mean ADC values were calculated using b-value= 600 

s/mm2.  The researchers found that DWI is a valuable tool, providing reliable 

quantitative measurements to facilitate the early diagnosis of articular cartilage 

injures.  ADC maps demonstrated changes in articular cartilage in early trauma in 

the absence of significant morphological changes.  In the early stages of cartilage 

injury, the ADC values were found to be significantly higher than in normal 

cartilage.  The mean ADC values of cartilage in early injury group and healthy 

group were 1.78 ±0.35 ×10-3 mm2/s and 1.44 ±0.17 ×10-3 mm2/s, respectively.  The 

authors concluded that quantitative DWI is a valuable tool in the diagnosis of early 

articular cartilage injury that may guide early clinical treatment, intervention and 

prevent the irreversible changes in cartilage. 

 

Krajnc, Rupreht and DrobniI (2015) evaluated the use of DWI in the investigation 

of chronic, sports activity-related disturbances of growth plates of the knee joints 

of eleven 14 years-old adolescent soccer players before and after intensive sports 

participation.  MRI scans were performed on a 3T GE Signa Excite scanner using 

8-channel transmit-receive knee coil.  Conventional MRI involved the acquisition 

of the PDW-FSE sequence in multiple planes and DWI was undertaken with the 

SS-EPI method at two b-values: b = 0 and 400 s/mm2.  The researchers 

demonstrated that the PDW-FSE sequence produced mages with excellent spatial 

and contrast resolution, justifying its routine use in knee MR scanning protocols.  

While projection radiographs and conventional MRI failed to demonstrate growth 

plate abnormalities in the absence of pain, DWI enabled the detection of subtle, 

activity-related changes in the growth plates of asymptomatic adolescent soccer 

players.  The calculated ADC values in the growths plates were lower than mean 
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values for free water (2.80 × 10−3 mm2/s) but higher than ADC values for normal 

bone marrow (0.15 to 0.23 × 10−3 mm2/s).  The authors concluded that having a 

quantitative imaging tool for growth plate evaluation is essential to delineate 

potentially harmful sporting activities and to prevent or modify them accordingly to 

avoid long-term adverse effects on the growing skeleton. 

 

 

2.8. DWI for the Assessment of Bone Bruising in the Knee Joint 
 

Technical limitations initially made DWI applications in the MSK system 

challenging.  However, interim developments in MR scanner technology, including 

high-field 3T scanners, high-performance gradients, phased-array radiofrequency 

(RF) coils with increasing numbers of coil elements, parallel imaging and 

optimised ultrafast EPI DWI sequences have facilitated the routine integration of 

DWI into MSK MR imaging protocols, including those for evaluating the knee, 

providing more consistent image with higher SNR and spatial resolution (Moore et 

al., 2014).  (Mandalia and Henson, 2008; Filardo et al., 2019) have reported that 

DWI generates MR images sensitive to the diffusion characteristics of water 

molecules in tissue and has shown itself to be more sensitive to standard pulse 

sequences for pathology detection and longitudinal follow up in many MSK 

regions.  Bone bruising involving the knee joint is one such pathological change for 

which DWI has shown potential to map the temporal changes in these bone 

marrow lesions (Filardo et al., 2019). 

 

Ward et al. (2000) scanned 50 patients with knee pain within two weeks of trauma 

using a dedicated quadrature knee coil on a 1.5T scanner.  The researchers 

analysed the diffusion characteristics of normal and posttraumatic bone marrow 

using images acquired with two different b-values, 0 and 980 sec/mm2.  ADC 

maps were analysed and ADC values calculated for areas of normal marrow and 

compared with values recorded in areas of trauma-induced bone bruising.  The 

study findings indicated that normal bone marrow showed minimal diffusion, with a 

mean ADC value of 0.15 × 10-5 cm2/sec, while areas of bone bruising had 

markedly increased diffusion, with a mean ADC value of 0.8 × 10-5 cm2/sec (range: 
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0.4 - 1.3 cm2/sec).  The researchers concluded that marrow injury with trabecular 

damage post knee trauma allows increased movement or diffusion of interstitial 

water relative to normal marrow such that the magnitude of diffusion change 

reflects the severity of marrow injury. 

 

In a more recent study, Klengel et al. (2017) compared SS-EPI DWI derived ADC 

maps with fat-saturated PDW TSE imaging for the detection of bone marrow 

lesions post knee trauma.  MRI was performed with two Siemens 1.5T scanners 

with a dedicated eight-channel phased array knee coil.  Calculated ADC values for 

areas of bone bruising were (1.1 ± 0.16) X 10
-3 mm

2
/sec (range, [0.67–1.45] X 10

-3 

mm
2
/sec).  The authors concluded that ADC map images improved the diagnostic 

performance since they were more sensitive than corresponding FS-PDW TSE 

images for detection of trauma-related bone marrow lesions within the knee.  

Since more bone marrow lesions were detected on the ADC maps than on FS-

PDW FSE images, DW-MRI with high ADC values was considered the best 

indicator of the severity of a bone bruise.  However, a recognised limitation of this 

study was the decision not to include healthy controls, such that ADC values for 

normal marrow were not measured.  

 

In conclusion, DWI is a promising technique that may be readily added to the 

standard MR imaging protocols for detecting, characterising and staging various 

MSK pathologies, including bone bruising associated with ACL injury.  DWI can 

noninvasively quantify physiological events including the diffusion of water 

molecules in tissue, increasing understanding of the mechanisms by which trauma 

or disease influence MSK tissues.  Furthermore, DW imaging may provide critical 

insight into the way in which interventions influence fluid flow within normal and 

abnormal MSK structures, such as bone bruises, and, in turn, how these changes 

are related to pain and functional outcome.  Measured ADC values show promise 

in terms of grading the severity of MSK tissue injuries, including bone bruising, and 

assist in the consideration of an appropriate differential diagnosis.  Literature 

evidence has shown that the use of ADC maps in association with DWI sequences 

will provide higher accuracy in detecting MSK pathologies and providing diagnostic 

information. 
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Although bone bruises associated with ACL injury can be identified on 

conventional MR images, particularly those acquired with STIR and fat suppressed 

FSE-based sequences, the additional inclusion of DW images in the knee 

scanning protocol provides opportunity to better define the nature of the 

components of this abnormality.  This may, in turn, allow for better understanding 

of the biophysical properties of bone bruises by providing both qualitative and 

quantitative data which may be obtained at different time points to map the time 

course of these lesions.  The technical factors, optimal timing and clinical 

importance of signal intensity changes on DW images together with the associated 

measured ADC values for normal and ACL injury-related knee bone bruising 

requires further evaluation and is the focus of the current research. 
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Chapter 3: Research Protocol 
 

3.1. Overall Research Plan 
 

This research was divided into three research phases, the first two phases were 

experimental, pre-clinical phases, while the final third phase was the clinical phase 

(Figure 3.1). 
 

 
 

Figure 3.1. Summary of the research phases 

• DWI sequence optimisation using MRI phantoms at 
three different clinical sites, utilising MR scanners 
provided by three different vendors.	

• Qual i ty assurance (QA) test ing and SNR 
measurements. 

Phase One:  
Phantom-

Based 
Optimisation 

•   Applying the optimised DWI sequence on healthy 
volunteers (normal knee joint anatomy). 

•   Quantitative analysis to characterise the DW MR 
image appearances and ADC values for normal knee 
joint bone marrow.  

Phase Two: 
Volunteer 
Scanning 

•  Applying the standard knee MR protocol and the 
optimised DWI sequence on patients with ACL 
injury to characterise the size, location, and extent 
of ACL injury-related bone bruising. 

• Quantitative analysis / ADC measurements of 
areas of bone bruising in patients at three time 
points to monitor any changes in bone marrow 
signal intensity on routine and DW images and in 
measured ADC values for bone marrow over time. 

•  All participants were asked to complete two 
validated patient outcome questionnaires, (KOOS) 
and Tegner Activity Scale, at each imaging time 
point to faciliate comparison between clinical 
findings, treatment approach, and MR imaging 
findings, and for correlations to be investigated. 

Phase Three: 
Patient 

Scanning 
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The first research phase was used to optimise the technical parameter settings for 

the DWI pulse sequence and was achieved using different cylindrical MRI 

phantoms containing different concentrations of copper sulphate solution.  As 

recommended by Celik (2016), these phantoms were used to evaluate the 

performance of the MRI scanners, determine image quality, reduce image 

artefacts and measure signal-to-noise ratio (SNR) of images acquired using 

sequences comprising the standard knee MR imaging protocol and those acquired 

using the optimised DWI sequence.  

 

Following phase one of the sequence optimisation process, the optimised DWI 

pulse sequence was then used to scan the knees of healthy volunteers.  This 

healthy volunteer scanning phase was used to ensure the chosen technical 

parameters for the DWI sequence, arising from the phantom-based imaging, 

would result in optimal image quality when use in human participants / clinical 

imaging.  It was anticipated that the DW images acquired from this healthy 

volunteer cohort would also provide an insight into the MR appearances of the 

normal anatomical structures of the knee joint and the apparent diffusion 

coefficient (ADC) values for normal bone marrow as a precursor to their use, as a 

comparator, in the later clinical study.  

 

Finally, when the research team were satisfied with the optimised DWI sequences, 

based on an objective assessment of its performance for quantitative indices of 

MR image quality and the absence of artefacts, the optimised sequence was then 

applied in the clinical setting for the assessment of patients following ACL injury.  

In this final phase of the research, the optimised DWI sequence was included as 

an adjunct sequence to the routine clinical sequences to scan patients with ACL 

injury and to assess associated bone bruising.  Together with the pulse sequences 

comprising the standard knee MR scanning protocol, the DWI sequence was used 

to characterise any post-injury changes in signal intensity within the distal femoral 

and proximal tibial bone marrow, to temporally map changes in marrow signal 

intensity over time, and in the ADC values calculated for defined regions of interest 

(ROIs).  ADC values were calculated for defined areas of normal marrow and bone 

bruise regions for three different time points during the acute phase (3-8 weeks 
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post-injury), and additionally at 3- and 6-months post-injury to explore possible 

changes in the ADC values over the time course of healing relative to visible 

changes in MR signal intensity in the displayed MR images.  Two validated patient 

outcome questionnaires, the Knee Injury and Osteoarthritis Outcome Score 

(KOOS) (Appendix I) and the Tegner Activity Scale (Appendix II) were completed 

by participants at all attendances for MR imaging post-injury in order to enable a 

comparison between self-reported patient outcomes and MR imaging findings. 

 

 

3.2. Ethical Considerations 
 

The phantom phase, phase one of this research work utilised for sequence 

optimisation, was performed in three different clinical institutions using scanners 

from three different MRI vendors, all with the same field strength, 3.0 Tesla (T).  

Since this phase was phantom-based, and did not require the participation of 

human participants, it was conducted under an exemption from full ethical 

approval issued by University College Dublin Human Research Ethics Committee 

Life Sciences (Research Ethics Exemption Reference Number: LS-E-16-46-

Alqattan-McNulty). 

 

The subsequent research phases, involving the MR imaging of human 

participants; health volunteers in phase two and patients in phase three, required 

full ethical approval from the institutional human research ethics committee in the 

clinical institutions and a subsequent exemption from full approval from University 

College Dublin.  Full ethics applications (Appendix III), together with supporting 

documentation were submitted to the Institutional Review Boards (IRBs) of each of 

three clinical institutions, with approvals granted (Appendix IV) as follows:  
 

• Clinical site 1: March 8th, 2017 (Reference: CNOH 2017/ETH/SH-DCEO-

0030); 

• Clinical site 2: September 25th, 2018 (Reference: MMUH 1/378/1971); 

• Clinical site 3: February 2nd, 2019 (Reference: SSC SAREB13-05-19AA-

EF). 
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All three of the above IRB approvals were supported by an exemption from full 

institutional approval by the University College Dublin Human Research Ethics 

Committee Life Sciences (Research Ethics Exemption Reference Number: LS-E-

18-145-Alqattan-McNulty).  The research study protocol, study summary, healthy 

volunteer and patient consent forms, healthy volunteer and patient information 

leaflet, healthy volunteer research study information flyer, and study notices for 

clinicians for each clinical site (Appendices V, VI, and VII) were approved by the 

respective IRBs. 

 

All participants were scanned using the standard knee MR imaging protocol 

utilised at each clinical site together with the optimised DWI sequence, resulting in 

a total scan time of 30 minutes for each participant. 

 

All volunteer and patient participants were required to complete a departmental-

specific MRI safety screening questionnaire with the radiographer to ensure that it 

was safe for each individual to enter the MR room environment and be scanned.  

In line with ethical principles advocated by the World Medical Association (2013) 

and recommendations from the Council of Europe regarding protection of human 

rights in biomedical research (Council of Europe, 1997) written informed consent 

was obtained from all participants which required that an information leaflet 

explaining the purpose of the study, the benefits of taking part and possible risks 

was provided to all participants in advance to enable them to make an informed 

choice as to whether or not to participate in this study.  In following this approach, 

the author also wanted to maximise each participant’s cooperation during the knee 

MR scanning process and considered that this would be more likely if they knew 

what to expect and had control over the decision whether or not to participate.  

Enrolment in the study only took place if informed consent to participate was 

obtained and the associated forms completed and signed.  As recommended by 

Manti and Licari (2018), participants were informed of and retained the capacity to 

withdraw from the study at any time without penalty. 
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To ensure only those participants appropriate to the meeting the defined aims of 

this research were approached and invited to participate, inclusion and exclusion 

criteria were defined to optimise internal validity and reduce confounding bias.  

This approach ensured that volunteer participants would have normal distal 

femoral and proximal tibial bone marrow and that patient participants would have a 

similar clinical history, likely to result in a specific pattern of bone bruising (Ward et 

al., 2000).  These criteria are outlined and individually justified in Chapters 5 and 

6.  Healthy volunteers were recruited to this research through notices posted on 

student notice boards in University College Dublin and in the clinical sites.  

Patients with a history of recent ACL injury were recruited to the study through 

written study notices e-mailed to their orthopaedic surgeon, sports medicine 

physician or sports physiotherapist, who then gave permission for the research 

team to contact prospective patient participants.  
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Chapter 4: Phase One (Phantom-based Technical 
Parameter Study): Optimisation of Diffusion-weighted 
MRI Pulse Sequences 
 

 
4.1 Background 
 
The challenge in magnetic resonance imaging (MRI) is to generate images having 

desired contrast characteristics and minimal artefacts from the signal derived from 

excited Hydrogen (1H) protons precessing within the static magnetic field of an MR 

scanner.  This can be achieved by combining pulses from both gradient and 

radiofrequency (RF) systems according to timed intervals into an MR pulse 

sequence (Ansorge and Graves, 2006).  Westbrook and Talbot (2019) have stated 

that understanding the steps comprising MR imaging pulse sequences is essential 

to understanding and interpreting MR image appearances.  Roth and Deshmukh 

(2017) outline the effect of k-space filling on the efficiency of MR signal acquisition 

and image formation.  These authors further describe how pulse sequences 

influence MR image appearances in terms of the image.  

 

This chapter is divided into two main parts.  The first part consists of an overview 

of the pulse sequences commonly utilised for knee MR imaging together with the 

diffusion-weighted imaging (DWI) sequence evaluated during this research, to 

include the type, function and purposes of each sequence.  The second part will 

introduce and evaluate phase one of this research, the phantom-based technical 

phase, which was used in optimising the diffusion-weighted pulse sequence 

parameters prior to the use of this sequence for human subject imaging. 

 

 

4.2 Part One: Pulse Sequences for Knee MR Imaging 
 

MRI examination of the post-trauma knee can be performed using a range of pulse 

sequences incorporating different scanning techniques, which will be described 
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and evaluated in this section.  Several authors acknowledge that there are two 

basic types of MR pulse sequences: spin echo (SE) which use a 90° 

radiofrequency (RF) pulse followed by a 180° refocusing RF pulse and gradient 

echo (GRE) pulse sequences which involve application of a partial flip angle and 

gradient re-phasing of the free induction decay (FID) signal (McRobbie et al., 

2018; Roth and Deshmukh, 2017).  Other pulse sequences utilised for knee joint 

assessment are variations of these two basic sequence types, incorporating 

different flip angle magnitudes and timing parameters, producing images of 

varying contrast and spatial resolution characteristics. 

 

 

4.2.1 Spin Echo Pulse Sequence 

 

The conventional spin echo (SE) pulse sequence is a fundamental pulse 

sequence in clinical MR imaging practice, comprising a 90° RF excitation pulse 

followed by a 180° refocusing RF pulse to generate a spin echo (Westbrook and 

Talbot, 2019).  The 90° excitation pulse flips the net magnetisation vector (NMV) 

into the transverse plane, where it precesses in phase, inducing a voltage in the 

RF receiver coil called the FID.  Since the FID decays rapidly, it is insufficient and 

weak for high-quality MR image formation, the 180° refocusing RF pulse is applied 

after the time TE/2 to move the NMV through 180°.  This in turn causes the 

magnetic moments of the 1H protons to move back into phase coherence, thereby 

increasing the magnitude of the transverse magnetisation and induced MR signal, 

which is known as a spin echo (Westbrook and Talbot, 2019; Weishaupt et al., 

2008). 

 

Oei, Ginai and Hunink (2007) have indicated that if a SE-based sequence is 

included within the protocol for knee MR imaging, the resultant image weighting 

and contrast characteristics will reflect the T1 differences between normal tissues 

and disease processes.  These researchers acknowledge that in the context of the 

post-trauma knee, T1W SE images demonstrate high contrast resolution between 

the hyperintense subcutaneous and intermuscular fat and the hypointense 

ligaments, tendons and joint fluid.  The surrounding musculature and bone marrow 
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display intermediate signal intensity depending on the relative amount of water 

present in these tissues, with bone bruises appearing more hypointense relative to 

adjacent normal marrow (Oei, Ginai and Hunink, 2007).  The short repetition time 

(TR) and echo time (TE) associated with T1W SE sequences helps to optimise 

their inherent SNR and T1-weighting, while also minimising the scan time. 

 

 

4.2.2 Fast/ Turbo Spin Echo Pulse Sequence 
 

The fast or turbo spin echo (FSE/TSE) pulse sequence was developed as a 

technique to significantly reduce the overall acquisition time by decreasing the 

number of TR intervals that had to be applied to fill k-space for each slice 

(McRobbie et al., 2018).  This is achieved by introducing an echo train (ET) of 

multiple 180° refocusing RF pulses after the 90° RF excitation pulse, generating 

multiple spin echoes equivalent to the number of 180° RF pulses.  These multiple 

echoes are utilised to fill several k-space lines during each TR interval (McRobbie 

et al., 2018).  The amplitude and polarity of the phase encoding gradient 

continually change to enable a different k-space line to be filled with MR signal 

data.  These authors indicate that filling multiple k-space lines per TR interval 

reduces the total number of RF pulse applications required to fill all the k-space 

lines as defined by the phase matrix value. 

 

In the context of knee MR imaging, Naraghi and White (2014) have acknowledged 

that the scan time advantage provided by the FSE sequence allows the selection 

of higher matrix values to increase spatial resolution, thereby improving the 

boundary definition between adjacent small anatomical structures without 

adversely affecting scan time.  Hashemi et al. (2017) have stated that the 

reduction in scan time also minimises the risk of motion-related artefacts and their 

effect of partially or fully obscuring normal anatomy and signal intensity changes 

associated with pathology.  Furthermore, these authors acknowledge the reduced 

sensitivity of FSE/ TSE sequences to signal loss and distortion associated with 

metal artefact induced by in situ orthopaedic hardware due to the rephasing effect 

of the multiple 180° RF pulses in the echo train. 
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While the TR and TE times chosen for FSE/TSE sequences can generate T1W, 

T2W and PDW images (Table 4.1).  The most common FSE/TSE sequences 

comprising the post trauma knee MR scanning protocol are demonstrated in 

Figure 4.1.  This sequence design is particularly useful for the acquisition of T2W 

and PDW MR images of the knee as the long TR interval required contributes to a 

longer scan time, which is minimised by the long echo train utilised (Ansorge and 

Graves, 2016).  Klengel et al. (2017) acknowledge that the PDW FSE sequence 

serves as a “screening sequence” and has high sensitivity for most pathologic 

conditions affecting the knee joint.  However, these authors indicate that T2W FSE 

images have high sensitivity for tissue water, which is increased both in ACL tear 

and in the associated bone bruising, resulting in a hyperintense appearance.  The 

integration of fat suppression into the T2W FSE sequence further improves the 

sensitivity for bone bruising detection in the knee (Naragi and White, 2016). 

 

Table 4.1: Range of pulse sequence parameters for each MRI sequence (adapted 

from McRobbie et al., 2018; Klengel et al., 2017) 

 

MRI sequences Repetition Time (TR) 
(msec) 

Echo Time (TE) 
(msec) 

T1-Weighted (T1W) Short (300 - 600) Short (9 - 11) 

T2-Weighted (T2W) Long (3,000 - 5,000) Long (80 - 120) 

STIR 3,000 - 4,000 30 - 35 
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Figure 4.1: Demonstrates the most common MR sequences comprising the post 

trauma knee MR scanning protocol ( MR images acquired from a healthy 

volunteer and patient subject scanned during this research). 

 

a) Sagittal T2W FSE,  

b) Coronal T2W FSE 

c) Coronal STIR MR images  

 

 

 

4.2.3 Inversion Recovery Pulse Sequence 
 

With the advent of high field strength systems, 1.5T and above, turbo inversion 

recovery (IR) sequences were developed and have gained widespread clinical use 

due to their ability to suppress signal from fat or water to selectively influence 

tissue contrast within an efficient scan time, thereby improving diagnostic accuracy 

(Bitar et al., 2006).  For knee MR imaging, the focus is on the suppression of fat 

signal.  IR pulse sequences begin with a 180° inversion pulse which inverts the 

magnetisation of all tissues after which recovery of the magnetisation commences 

(Hashemi et al., 2017).  After a specific time interval, known as the time to 

inversion (TI), which, for fat suppression, is set to approximately 150 ms at 1.5T 



 63	

and 180 ms at 3T, the NMV of fat will have recovered to the transverse xy-plane or 

the null point.  At this point, the IR sequence follows the format of a FSE-based 

sequence, with the application of a 90° RF excitation pulse followed by a train of 

180° refocusing RF pulses, each generating a spin echo. 

 

In the context of knee MR imaging, the Short Tau Inversion Recovery (STIR) pulse 

sequence, which achieves suppression of fat signal, has been used extensively in 

musculoskeletal (MSK) imaging to improve the contrast resolution between 

hypointense suppressed fat and hyperintense signal associated with fluid-based 

pathology.  Roemer et al. (2009) have noted the particular effectiveness of the 

STIR sequence in depicting the high signal associated with injury-related bone 

marrow oedema, otherwise known as bone bruising, against a background of the 

suppressed signal from normal fatty bone marrow. 

 

A combination of conventional MRI sequences: T1W, T2W, PDW sequences, with 

or without fat suppression, are still used as a standard knee MR imaging protocol 

in radiology departments worldwide, and generally provide high SNR, high spatial 

resolution, and high sensitivity in detecting knee abnormality and pathology 

(Kızılgöz, Hasan, and Hekimoğlu, 2013). 

 

Klengel et al. (2017) showed that the PDW FSE sequence had high sensitivity for 

most pathologic conditions affecting the knee joint and theT2W FSE images had 

high sensitivity for tissue water, which is increased both in ACL tear and in the 

associated bone bruising, resulting in a hyperintense appearance. Naragi and 

White (2016) and Roemer et al. (2009) discuss the use of STIR sequence, which 

achieve suppression of fat signal, being extensively used in MSK imaging to 

improve the contrast resolution between hypointense suppressed fat and 

hyperintense signal associated with fluid-based pathology. 

 

With recent technological advances, Dallaudière et al (2015) stated that DWI and 

apparent diffusion coefficient (ADC) mapping have been introduced as an adjunct 

to the routine MR imaging protocol to increase sensitivity and specificity for the 

diagnosis and staging of many pathological conditions.  Ward et al. (2000), Filardo 
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et al. (2019) showed that while marrow bruises may be identified on fat-

suppressed sequences, however, DWI and ADC maps provide information on the 

severity of bone bruising and the likely impact on healing and functional recovery. 

They also confirmed that the use of DWI sequences in combination with 

conventional MR sequences can increase sensitivity for diagnosing knee 

abnormalities. The authors of these studies did not specify sensitivity and 

specificity values for individual sequences.  

 

 

4.2.4 Spin-Echo-based Echo Planar Imaging Diffusion-weighted Imaging 
Sequence 

 

The echo planar imaging (EPI) technique is the fastest approach for the 

acquisition of MR signal data (Westbrook and Talbot, 2019; Hashemi et al., 2017).  

The concept of k-space filling in EPI is different from that in conventional SE 

imaging, which involves sequential, line-by-line filling by the echoes produced 

during each TR interval.  As a result, two of the factors influencing the scan 

acquisition time in SE imaging include the TR interval and the number of phase 

encoding steps required to fill k-space.  In contrast, with EPI sequences multiple 

lines of k-space are filled with MR signal data after one RF excitation, significantly 

reducing the scan acquisition time.  Similar to a conventional SE sequence, image 

contrast in a SE-based echo planar imaging (SE-EPI) DWI sequence is achieved 

by the 90° and 180° RF pulse combination.  However, instead of a train of 180° 

refocusing RF pulses, in SE-EPI the frequency-encoding gradient oscillates rapidly 

from a positive to a negative amplitude, after the initial 90°/180° RF pulse 

combination, forming a train of echoes (Westbrook and Talbot, 2019; Poustchi-

Amin et al., 2001).  The number of k-space lines (echoes) collected in a single 

shot is called the ‘echo train length’ by GE and the ‘EPI factor’ by Siemens and 

Philips. 

 

The single shot EPI (SS-EPI) DWI sequence is more commonly utilised in clinical 

practice than multi-shot EPI, with all of k-space filled for a given slice following one 

application of the RF excitation pulse (Hashemi et al., 2017).  However, since the 
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image acquisition matrix is typically no larger than 128x128, the spatial resolution 

characteristics of images acquired with the SE-EPI DWI sequence are limited 

(Westbrook and Talbot, 2019).  This limitation might be an issue, particularly when 

qualitatively and quantitatively evaluating the diffusion characteristics of small 

regions within normal and abnormal knee joints during the planned clinical phases 

of this research study. 

 

Poustchi-Amin et al. (2001) demonstrated that the lack of RF refocusing pulses is 

responsible for the unique qualities of SE-based EPI DWI, which include T2W 

images with increased sensitivity to off-resonance effects and associated phase 

coherence loss.  When the train of RF refocusing pulses are absent as in SS-EPI, 

the spinning 1H protons accumulate a phase error, leading to positioning errors in 

the PE direction, causing significant chemical shift artefact.  However, spectral fat 

suppression techniques, which are used routinely incorporated into all SE-based 

EPI DWI sequences, usually resolve, or at least minimise, the severity of chemical 

shift artefact (Hashemi et al., 2017; Poustchi-Amin et al., 2001).  An additional 

EPI-related artefact also appears because of chemical-shift effects that of 

geometric distortion, which is particularly apparent at the interfaces of tissues with 

different susceptibilities such as air-bone-tissue interfaces (Yoshida et al., 2016).  

Westbrook and Talbot (2019) state that blurring and ghosting artefacts are other 

artefacts that seen in EPI, which appears due to T2* decay during image 

acquisition, with the resultant reduced echo amplitudes causing blurring and loss 

of spatial resolution. 

 

Half field-of-view (FOV) ghosts occur in EPI acquisitions as a result of small errors 

in the shape and timing of the readout gradients (Westbrook and Talbot 2019).  

This leads to variances between echoes acquired with positive and negative 

readout gradients.  A ghost of the real image is shifted in the phase-encoding (PE) 

direction by one half of the FOV due to these errors.  Since it is difficult to 

eliminate these errors, correction is usually achieved during image reconstruction 

using information performed during a reference scan (Westbrook and Talbot 

2019).  Poustchi-Amin et al. (2001) have suggested that off-resonance effects in 

EPI sequences can be resolved or minimised by reducing the echo train time; 
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swapping the PE and frequency-encoding (FE) directions, which will result in PE 

direction being oriented along the natural axis of symmetry of the imaged organ.  

For SS-EPI, off-resonance effects can be minimised by reducing the spatial 

resolution through the use of a coarser image matrix and higher-performance 

imaging gradients; however, the former approach is not ideal for imaging small 

anatomical structures such as the knee joint. 

 

The many artefacts associated with EPI-based DWI sequences, described above, 

usually cause image quality degeneration and inaccurate ADC values (Yoshida et 

al., 2016).  The SS-EPI DWI sequence gives priority to achieving rapid MR image 

data acquisition before signal loss occurs due to competing signal decay; 

therefore, DW-MR images are usually of lower spatial resolution than 

conventional, non-diffusion-based MR images.  MR image contrast is also an 

essential issue since higher contrast resolution is very helpful in accurately 

delineating areas of abnormality to determine ADC values from defined regions-of-

interest (ROIs).  In addition, DW images also suffer from low SNR owing to the 

diffusion and long TE.  High-resolution DW-images with high SNR and fewer 

image artefacts are essentials in this research study to get accurate qualitative 

and quantitative DWI analysis of the normal and abnormal bone marrow of the 

knee in the following clinical phases.   

 

 

 

4.2.5 Readout Segmentation of Long Variable Echo Trains Pulse Sequence 
for DWI 
 

To address some of the challenges associated with standard SS-EPI DWI, a 

number of modified EPI-based sequences for DWI have been introduced in recent 

years.  One such sequence designed by Siemens is the Readout Segmentation Of 

Long Variable Echo trains (RESOLVE) technique is a multi-shot DW sequence, 

which is based on the multi-shot readout-segmented-EPI (MS-RS-EPI) sampling 

scheme (Hayes et al., 2014; Koyasu et al., 2014).  RESOLVE incorporates a 2D 

non-linear correction for motion-induced phase errors and supports parallel 
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imaging (iPAT) using the generalised auto-calibrating partially parallel acquisition 

(GRAPPA) technique (Hayes et al., 2014; Koyasu et al., 2014).  A subset of raw 

data points in the readout direction only are sampled by the MS-RS-EPI technique; 

therefore, a very short EPI echo spacing, with a typical value of 360 µs, can be 

used.  The EPI echo spacing in RESOLVE is significantly shorter than that used 

for SS-EPI, which decreases the degree and severity of susceptibility and blurring 

artefacts, making it possible to generate DW images with higher spatial resolution 

(Hayes et al., 2014; Koyasu et al., 2014; Porter and Heidemann, 2009). 

 

Generally, multi-shot DW sequences are susceptible to image artefacts that occur 

due to motion during the diffusion preparation, leading to shot-to-shot phase errors 

(Porter and Heidemann, 2009). In multi-shot EPI, k-space data are acquired in 

multiple excitations, and because of the multiple excitations, multi-shot EPI 

combined with DWI is sensitive to patient motion during the application of diffusion 

gradients. Motion corrupts the data from each excitation differently, producing 

phase errors and k-space shifts which vary from shot-to-shot. 

 

Correcting motion artefacts in multi-shot DWI is an area of on going research.  

Several techniques have been developed which retrospectively remove the 

artefacts using estimations of the motion-induced phase errors and k-space shifts. 

The majority of these methods employ the use of navigator echoes to estimate the 

phase and shift errors.  

 

Hayes et al. (2014) stated that, this problem can be addressed using navigator 

phase correction by sampling data from the centre of k-space at each shot; with 

this data then used to monitor and correct the phase variation between shots. 

These authors showed that the non-rigid body motion which is caused by CSF 

pulsation around the brain and spinal cord for example leads to two-dimensional 

non-linear phase variation in image space, which requires 2D navigator data to 

correct for.  This type of correction can be managed by the MS-RS-EPI sampling 

scheme because, unlike the more routinely used interleaved EPI sequence, the 

Nyquist sampling condition is fulfilled at each shot and there is no aliased signal 

contribution in the image domain to affect the phase correction procedure (Hayes 
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et al., 2014). 

 

As shown in Figure 4.2. after the spin excitation and diffusion preparation, the 

RESOLVE technique uses two EPI readouts to obtain data from two spin echoes 

respectively at each shot.  The first spin echo is obtained to sample a region of k-

space called a readout segment in which contiguous data samples are collected 

for a subset of readout (kx) points and for all phase-encoding (ky) points. A variable 

pre-phase gradient is performed along the readout (x) axis before the EPI readout 

to control an offset along kx; therefore, a variable readout segment is sampled at 

each shot (Hayes et al., 2014). 

 

As shown in Figure 4.3, in the k-space trajectory, full k-space coverage is provided 

by the combination of data from several readout segments, with typical protocols 

necessitating 5, 7 or 9 shots to obtain the full data set, based on the spatial 

resolution required.  The second SE is acquired to sample the central readout 

segment at each shot, as a result data for the 2D non-linear navigator correction 

are provided  (Zhao et al., 2016; Hayes et al., 2014).  This is obtained in the image 

domain as a complex multiplication before the data from the individual segments 

are combined to perform the final image.  The RESOLVE sequence utilises a 

reacquisition scheme that has been adopted to the case of 2D-navigator for extra 

reduction of the effect of motion-induced phase errors.  This confirms that readout 

segments with severe phase errors, that cannot be extracted by the 2D navigator 

correction, are discarded and replaced by reacquired data (Hayes et al.,  2014).  
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Figure 4.2: Pulse diagram for the RESOLVE sequence, demonstrating RF 

pulses and magnetic field gradient pulses for the phase-encoding (GP), readout 

(GR), spatial encoding along slice (GS) and diffusion-encoding (GD).  The gradients 

with the symbol have an amplitude that is different at each spin excitation to 

control an offset in the (kx) direction, such that the imaging echo samples a 

different readout segment at each shot.  In contrast, at the centre of k-space the 

navigator echo always samples a fixed 2D region (adapted from Hayes et al., 

2014). 
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Figure 4.3: Depiction of the k-space coverage for the RESOLVE sequence.  A 

five-shot acquisition is shown in this example that divides k-space into five 

segments along the readout direction.  Within each shot, EPI readout is used to 

sample a subset of readout (kx) points and all phase-encoding (ky) points.  The 

second echo (navigator) is always used to sample the central readout segment; 

therefore, a 2D reference data set from the centre of k-space is provided and used 

to obtain a non-linear phase correction (adapted from Hayes et al., 2014). 
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4.3 Part Two: Phantom-based Optimisation of the Pulse Sequences 
comprising the Knee MR Imaging Protocol at Participating Clinical Centres 
 

 

4.3.1 Introduction 
 

Due to the complex nature and high accuracy demands of MRI scanners, Kaljuste 

and Nigul (2014) indicate that this imaging technique is very vulnerable to image 

quality and technical problems.  Dietrich et al., (2008) have demonstrated that 

various artefacts can occur during MRI such as susceptibility and chemical-shift 

effects, with some affecting the quality of the images acquired during the 

examination, which may obscure or mimic pathology. Understanding the physical 

origin of artifacts can help to manage these artifacts through pulse sequence and 

image protocol design. There are several possibilities to avoid or reduce artifacts 

by small modifications of the pulse sequences such as adapted receiver 

bandwidths or echo times, by parallel imaging, by small additional cushions 

(Dietrich et al., 2008). 

 

 Despite the many advances in MR technology since the paper by Dietrich et al., 

(2008), artefacts remain problematic in MRI.  Therefore, when embarking on 

research involving comparative studies of MR image appearances and quality 

criteria, MRI images obtained using different MRI scanners have to achieve the 

same clinical and technical standards, which make regular quality assurance (QA) 

fundamental to the consistent operation of MRI scanners (Kaljuste and Nigul, 

2014). 

 

Qiu et al., (2013) have stated that examining the quality of MR images is an 

essential part of QA and quality control (QC).  Several studies have demonstrated 

the advantages of using phantoms (test objects) to examine the quality features in 

clinical MRI.  Kato et al., (2005) have stated that MR-specific phantoms have an 

essential role in checking the technical features and functional operation of MRI 

equipment, its calibration and in the development of new pulse sequences in terms 

of choosing the optimal combination of technical parameters.  MRI phantoms used 



 72	

for such purposes must have the following features: relaxation times and dielectric 

properties equivalent to those of human tissues and homogenous throughout the 

phantom; easy to handle with physical and chemical stability over an extended 

time (Kato et al., 2005). 

 

Specific phantoms have been made for MRI QA tests, the most commonly utilised 

are the MagNET, Eurospin and American College of Radiology (ACR) phantoms 

(Kaljuste and Nigul, 2014).  Manufacturers of MRI scanners also provide and 

recommend their own QA phantoms and test processes; however, standards, 

protocols and phantoms for these tests are generally vendor- and scanner model-

specific and tend to focus on the electronic circuits and the stability of mechanical 

components.  The construction of test phantoms as well as QA test procedures 

from different MRI scanner manufacturers vary, such that the test results are 

typically not directly comparable.  On the other hand, the MagNET, Eurospin and 

ACR phantoms are independent of scanner manufacturer and model, and focus 

on MR image quality features, making it possible to obtain the same QA tests on 

different MRI scanners to facilitate their comparison (Kaljuste and Nigul, 2014). 

 

 

4.3.2 First Research Phase - Phantom Scanning Phase 

 
The phantom imaging phase was recognised as an essential initial phase of this 

research.  Koh and Thoeny (2010) have noted that appropriate phantoms are 

beneficial in the optimisation of parameters associated with DW-MRI sequences 

because they enable both quantitative and qualitative assessment of critical 

criteria concerning SNR, CNR, distortion and the presence and severity of 

artefacts.  While, using phantoms does not remove the need for imaging of 

volunteer participants when developing a new MR scanning protocol, including 

sequence optimisation, it decreases the need for volunteers particularly during the 

early phases of protocol development as the phantom avoids the variation in body 

habitus that may be evident between volunteer participants (Winfield et al., 2014). 

 

Furthermore, phantoms provide stability, repeatability and measurement data to 
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facilitate quantitative comparisons between defined indices of MR image quality for 

MR images acquired using standard knee MR imaging sequence routinely utilised 

in the clinical setting and DWI sequences designed to enable the evaluation of 

bruising associated with marrow oedema affecting the bones of the knee joint.  

Lavdas et al. (2013) demonstrated that tissue-equivalent diffusivity phantoms play 

an important role in the optimisation of existing imaging protocols used for DW-

MRI or when testing the usefulness of novel pulse sequences for DW-MRI. 

 
4.3.3 Aim 
 

The aim of this phantom-based imaging phase of this research was to evaluate, 

analyse and optimise the performance of the clinical magnetic resonance system 

including: pulse sequence parameter optimisation, particularly relative to the timing 

parameters repetition time (TR), echo time (TE), and inversion time (TI) where 

appropriate, field-of-view (FoV) size, matrix size, thickness, number and alignment 

of slices, signal-to-noise ratio (SNR), spatial resolution, parameter-related MR 

image artefacts, and any imaging processing that may have been necessary.  

 

 

4.4 Methods and Materials  
 
As explained in Section 4.3.2, since the phantom scanning phase protocol did not 

involve human participants, it met the criteria for exemption from full ethical review 

such that approval from the clinical sites was not necessary and an ethical 

exemption was granted by the University College Dublin Human Research Ethics 

Committee (Reference Number: LS-E-16-46-Alqattan-McNulty) 
 

 

4.4.1   Phantom Construction (ACR Phantom) 
 

Phantoms containing several materials and solutions that may be suitable for DW-

MRI measurements have been investigated in the literature.  Kato et al. (2005) 

demonstrated that there are two broad categories of MRI phantoms: those that are 
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jelly-like in composition and those comprising an aqueous-based solution.  Jelly-

like phantoms may comprise agar, agarose, gelatine, polyvinyl alcohol gelatine, 

the polysaccharide gels and polyacrylamide.  However, the T1 relaxation times of 

some these phantoms are controlled by paramagnetic ions with the times 

changing according to the concentration of paramagnetic ions.  Moreover, Kato et 

al. (2005) note that the T2 relaxation times relative to the concentration of the 

gelling agent cannot be easily changed without compromising the physical 

phantom strength. 

 

Mills (1973) has demonstrated that materials such as water and heavy water tend 

to have diffusion characteristics and MRI signal outside the physiological range.  

Lavdas et al., (2013) have described the use of an iced-water phantom for 

diffusion measurements.  These materials are a cheap and reliable way of 

measuring diffusion, but impractical to transport and store.  Other materials such 

as alkanes have showed that these materials have tissue equivalent diffusion 

characteristics and MRI signal; however, these materials are expensive to acquire 

and hazardous to handle (Tofts et al., 2000).  Furthermore, Laubach et al. (1998) 

showed that aqueous sucrose solutions and agar gel can also be used as 

reference material for diffusion measurements.  However, increasing the 

concentration of sucrose in these solutions was found to lower the ADC and 

shorten the T2 relaxation time.  In addition, the structural long-term stability of the 

gel was found to be reliant on stringent storage conditions and the preparation 

required specialised equipment and knowledge. 

 

Delakis et al. (2004) stated that the phantoms must be made of materials with 

relevant MRI signal properties and tissue-equivalent diffusion, since the precision 

and accuracy of the ADC measurement are dependent on the diffusion 

characteristics of the imaged material and MRI signal.  In this study, the research 

team developed a series of phantoms containing different concentrations of 

Copper Sulphate solution (CuSO4) that were used as reference materials for MRI-

based diffusion measurements and to estimate the technical quality of MR images.  

Different concentrations were used to reach the desirable diffusion properties, to 

simulate properties of biological tissues and to have similar T2 value as the human 
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tissue.  The specific solutions were inexpensive, easy to produce and safe to store 

and transport to the clinical sites.  Furthermore, Kato et al. (2005) determined that 

CuSO4 agents are preferred for MR phantoms and normally used for evaluating 

scanner functionality and the quality of the images produced due to their 

homogeneity, water-solubility, high stability and the ease of preparing phantoms 

with relaxation times within the biological tissue range. 

 

Three standard cylindrical, plastic bottles were filled in the chemistry laboratory 

with different concentrations of CuSO4 solution made with distilled water (Figure 

4.4) as follows:  

A. Concentrated 0.0633 mol/L Copper Sulphate solution (CuSO4) solution in 

water contained within a small plastic cylindrical bottle. 

 

B. Diluted 0.03 mol/L Copper Sulphate (CuSO4) solution in water contained 

within a small plastic cylindrical bottle. 

 

C. A co-axial cylindrical phantom was manufactured specifically for this phase 

of the study, the height of the phantom is 295 mm with a diameter of 130 

mm.  The height of the inner Perspex cylinder is 275 mm with inner 

diameter of 64 mm.  The size was similar to that of the knee of 70 kg adult.   

 

The constructed phantoms and CuSO4 concentrations, which are used in this 

phase of the study, were the same of those phantoms that used in previous study 

(Winfield, et al., 2014). The use of such standardised CuSO4 phantoms is valuable 

in protocol development and the assessment of new techniques, particularly in 

multi-centre studies.  

 

The customised phantom enabled the inner cylinder to be filled with CuSO4 

solution and an outer ring to be filled with corn oil, which closely matches the 

relaxation times of the yellow bone marrow and subcutaneous fat of the knee joint 

(Winfield et al., 2014; Wang et al., 2009; Vigli et al., 2003).  The utilisation of this 

coaxial phantom was therefore considered to best mimic the anatomy of the knee 
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joint, which was the focus of the clinical phase of this research.  Therefore, the 

image quality indices determined for the images of this phantom would be more 

relevant to anatomical imaging more typical of clinical MR scanning practice. 

 
 

Figure 4.4: Image (a): Concentrated-solution phantom 0.0633mol\L CuSO4. 

Image (b): Dilute-solution phantom 0.03 mol\L CuSO4.  Images (c1 and c2): 

Custom-made phantom containing concentrated 0.0633mol\L CuSO4 (inner ring) 

and corn oil (outer ring). 
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4.4.2   MR Scanner Characteristics and Pulse Sequence Parameters: First 
Clinical Site. 
 

The quality control protocol was applied on a 3 Tesla (3T) (Philips Achieva TX, 

Eindhoven, The Netherlands) 60 centimetre (cm) bore diameter MR scanner, 

gradient amplitude 40mT/m, rise time 200 mT/m/ms and slew rate 0.20 ms.  An 

eight-channel (8-ch) receive only phased array knee coil was used.  The phantoms 

filled with the solutions at two concentrations were separately positioned and 

secured within the knee coil and left to rest within the magnet bore for 10 minutes 

before commencing scanning.  This ensured that bulk and thermal conduction 

motion effects were minimal within the test-object solution during scanning.  The 

MRI room temperature was recorded prior to scanning (21.5°C).  Recording room 

temperature prior to scanning is essential to avoid variations in SNR 

measurements as SNR is temperature dependant (Firbank et al., 2000). 

 

Each phantom was carefully placed inside the knee coil, the centre point of the 

phantom was aligned with the centre point of the coil and the magnet isocentre 

with the positioning laser.  The pulse sequences used for the quality control 

assessment protocol were the ones routinely used for knee imaging at the clinical 

site, followed by a range of axial single shot spin-echo-based (SS-SE) EPI DWI 

sequences.  The optimisation process included three sets of axial SS-EPI DWI 

with different TR values: DWI 1 (TR) = 2,000 ms, DWI 2 (TR) = 3,000 ms and DWI 

3 (TR) = 4,000 and multiple gradient strengths resulting in b-values of 0, 50, 600, 

800,1000 s/mm2 in order to select the sequence which achieved the highest 

signal-to-noise ratio (SNR) and least image artefacts.  A fixed TE of 70 ms was 

used for the phantom study.  The sequence parameters for optimising the SS-EPI-

DWI sequence were chosen based on previous literature (Baur, Dietrich & Reiser, 

2003; Beattie 2011; Bhojwani et al., 2015; Biffar et al., 2010).  The standard pulse 

sequences and sequence parameters in routine clinical use at the centre are 

summarised in Table 4.2, and the range of SS-EPI DWI sequence parameters are 

summarised in Table 4.3. 

 

  



 78	

Table 4.2: Parameters for the MR pulse sequences routinely comprising the 

knee MR imaging protocol at the first participating clinical centre. 

 

 

  

PARAMETERS 
Ax PDW TSE 

with SPAIR Fat 
Suppression 

COR STIR TSE SAG/ COR PDW 
TSE  

TR (ms) 2,900 3,985 3,964 

TE (ms) 30 30 30 

Slice Thickness 
(mm) 3 3 3 

FOV (mm) 170x170 160x158 180x135 

Acquisition 
matrix (mm) 308x224 296x192 308x205 

Phase FOV 100% 98% 
 100% 

Pixel bandwidth 
(Hz/pixel) 218 217 290 

Averages 2 2 2 

ETL 14 12 10 

TI (ms) - 190 - 

Acquisition Time 
(mins) 

3:11 4:23 1:55 
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Table 4.3: Parameters for DWI MR pulse sequences utilised at Clinical Centre I 

and optimised based on literature evidence. 

 

PARAMETERS SS-EPI DWI 1 SS-EPI DWI 2 SS-EPI DWI 3 

TR (ms) 2,000 3,000 4,000 

TE (ms) 70 
b-value (s/mm2) 

 0, 50, 600, 800, 1000 

Slice Thickness (mm) 3 

FOV (mm) 140x160 

Voxel size 2x2x3 

Pixel bandwidth 
(Hz/pixel) 2570 

Averages 12 

ETL 53 

F/S SPAIR 

Acquisition Time 
(mins) 5.14                        8.00                         10.30 
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4.4.3.   MR Scanner Characteristics and Pulse Sequence Parameters: 
Clinical Site II 
 

The same methodology and procedures for phantom positioning and scanning that 

were implemented on the first clinical centre were followed at the second clinical 

centre.  The same phantoms were used and scanned on a 3T Siemens Magnetom 

Skyra MRI scanner using 15-channel (15-ch) phased array knee RF coil (Siemens 

Healthineers, Erlangen, Germany).  The phantom images were acquired using 

both the routine knee MR scanning protocol that was routinely used for the 

evaluation of the knee joint of patients referred to the clinical centre and the 

optimised axial DWI method available on this scanner, called the Readout 

Segmentation Of Long Variable Echo trains (RESOLVE) technique. 

 

The clinical site uses the multi-shot RESOLVE DWI sequence, which has a longer 

TR (5,200 ms) interval than the SS-EPI-based DWI sequences evaluated at 

Clinical Site I.  As part of the sequence optimisation process, images acquired at 

two TE times 60 and 65 ms, two matrix size: 230x230 mm and 200x180 mm were 

evaluated.  The sequence incorporated the same multiple b-values as were used 

in the earlier phantom imaging phase (0, 50, 600, and 800 s/mm2).  The 

parameters for the standard MRI knee protocol and the DWI RESOLVE sequence 

are summarised in Table 4.4 and Table 4.5. 

 

  



 81	

Table 4.4: Parameters for sequences comprising the standard knee MRI 

protocol at Clinical Centre II. 

 

Parameters 
Sag 
PDW 
TSE 

Cor STIR Ax PDW 
FS TSE 

Cor T1W 
TSE 

Sag T2W 
TSE AX STIR 

TR (ms) 4500 5760 5050 650 4960 5630 

TE (ms) 40 88 38 18 105 88 

Thickness 
(mm) 3 3 3 3 3 3 

Matrix Size 384x384 256x230 384x278 320x240 384x307 256x230 

Voxel Size 
(mm) 0.4x0.4x3 0.7x0.7x3 0.5×0.5×3 0.4×0.4×3 0.4×0.4×3 0.7×0.7×3 

Bandwidth     
Hz/px 240 201 255 240 220 200 

Averages 1 1 2 1 1 1 

ETL 10 10 11 2 12 10 

FOV (mm2) 160x160 180x180 163x180 130x130 160x160 80x180 

TI (ms) - 220 - - - 220 

Scan time 
(min) 2:20 2:31 2:53 1:59 2:20 1:20 
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Table 4.5: Parameters of the optimised RESOLVED DWI MRI sequence at 

Clinical Centre II. 

 

Parameters DWI	RESOLVE	

TR (ms) 5200 

TE (ms) 60 65 

Thickness (mm) 4 

Matrix Size 200x180 230x230 

Voxel Size (mm) 1.1×1.1×4 

Bandwidth (Hz/px) 695 

Averages 1 

ETL 0 

FOV (mm2)  218x218 

Parallel Imaging GRAPPA 3 

b-values (s/mm2)  0, 50, 600 800 

Scan time (min) 7:34 
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4.4.4.   Phantom MR Image Acquisition and MR Pulse Sequence Parameters 
utilised at Clinical Centre III 
 

The same methodology and procedures that were utilised in the first two phantom 

studies were used and followed in the third clinical centre.  The same three 

phantoms containing different concentrations of CuSO4 solution were used to 

generate the images used to facilitate SNR calculation.  Image acquisition was 

performed on a 3T General Electric (GE) Healthcare Signa Architect MRI scanner 

using a 16-channel (16-ch) phased array knee RF coil (GE Healthcare).  Each 

phantom was carefully positioned and immobilised inside the knee coil, with the 

centre of the phantom, knee coil and magnet isocentre aligned.  The phantom 

images were acquired using the standard knee MRI protocol routinely used at this 

third clinical centre together with a new SS-EPI-based DWI sequence with 

tetrahedral (TETRA) configuration designed for use with the Signa Architect 

scanner. 

 

Low SNR is one of the main problems with DW-MRI particularly when using higher 

b-values.  In conventional DWI, diffusion gradients are separately applied in three 

orthogonal directions.  Hori et al. (2007) stated that tetrahedral is a sampling 

pattern that has been developed for high-sensitivity diffusion analysis.  This 

technique consists of four different gradients applied simultaneously at full strength 

to uniformly measure diffusion in four different directions.  Ueguchi et al. (2011) 

showed that the tetrahedral gradients have a strength equal to the square root of 3 

times the orthogonal input components and this method shortens the duration of 

the diffusion gradient pulse.  Therefore, tetrahedral DWI improves image quality 

due to the further acceleration of data acquisition (Ueguchi et al., 2011).  Hori et al. 

(2007) also confirmed that SNR can be increased by up to a factor of about three 

using this approach, compared with diffusion measurements made by using 

separately applied gradients.  This advantage is recognised as particularly 

beneficial for DWI at higher b-values, to offset the inherently lower SNR 

associated with increasing b-values.  The parameters utilised for the routine knee 

MR protocol and the TETRA-based SS-EPI DWI sequence are summarised in 

Table 4.6. 
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Table 4.6: Parameters for sequences comprising the standard knee MRI protocol 

and the optimised axial SS-EPI DWI utilising TETRA at Clinical Centre III. 

 

Parameters  
COR 
STIR 
TSE 

AX PDW 
TSE FS 

COR 
T1W TSE 

SAG 
PDW 

SAG T2W 
TSE 

DWI FS 
TETRA 

TR (ms) 4,720 3,676 600 3,111 4,716 6,226 

TE (ms) 45 27 8 31 70 69 

Slice 
Thickness 

(mm) 
4 3 4 4 4 4 

Voxel Size 
(mm) 0.6x0.8x4 0.5×0.5×3 0.4×0.5×4 0.4×0.5×4 0.4×0.4×4 1×1.1×4  

Matrix 320x256 384x320 512x320 512x320 352x256 200x180 

Pixel 
bandwidth 

(Hz/px) 
325 434 355 325 325 1304 

Averages 1 1.5 1 0.5 1 3 

ETL 8 8 3 7 13 1 

TI (ms) 170 - - - - - 

 
Acquisition 
time (min) 

3.13 4.22 2.15 3.22 2.30 7.04 
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4.4.5   Phantom MR Image Analysis 
 
Visual assessment of image artefacts was performed using a simple binary system 

- artefact present or absent.  Phantom images were analysed and signal-to-noise 

ratios (SNRs) for the routine MR sequences and optimised DWI sequences for 

each clinical site were calculated according to the American College of Radiology 

guidelines (ACR, 2020). 
 

SNR is an important index of image quality and also provides a good indication of 

the stability of the MRI scanner.  SNR provides a measure of how much of the 

pixel intensity within the MR image is due to true signal from the object scanned 

versus the background noise (Welvaert and Rosseel, 2013).  High SNR is 

desirable in MRI to ensure critical anatomical structures can be visualised and 

differentiated within the acquired images based on differences in MR signal 

intensity.  Amin et al. (2015) have stated that inappropriate choice of pulse 

sequence parameters may impair resultant MR image quality, reducing diagnostic 

efficacy.  Westbrook and Talbot (2019) have stated that MR signal is cumulative 

and predictable.  It depends on and can be altered by many variables including: 

magnetic field strength, the radiofrequency (RF) coil type and position, inherent 

density of Hydrogen protons in the region under examination, together with 

sequence acquisition parameters such as: TR, TE, flip angle (FA), receive 

bandwidth (rBW), slice thickness (ST) and number of signal averages (NSA) 

(Westbrook and Talbot, 2019; Weishaupt et al., 2008).  These authors also 

acknowledge that noise is random and unpredictable.  It is generated primarily by 

the thermal motion of charged particles within the patient and also by background 

electrical noise of the MR scanner system (Westbrook and Talbot, 2019; 

Weishaupt et al., 2008).  Noise depends on the region under examination, build of 

the patient and the inherent noise of the scanner (Westbrook and Talbot, 2019). 

 

The main reason for optimising SNR is to increase signal contribution relative to 

that from noise.  Since MR signal is predictable while noise is not, MR 

radiographers utilise factors and parameter values that increase signal relative to 

noise, instead of focusing on decreasing noise relative to signal.  Therefore, any 
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factor that affects MR signal amplitude in turn affects the SNR quality index of the 

resultant MR image (Westbrook and Talbot, 2019).  A mid-slice was chosen for 

analysis to incorporate most of the phantom. 

 

 

4.4.6   SNRACR Measurements  

 
An OsiriX MD (v9.01) medical imaging workstation was used to display and 

evaluate the MR images of the acquired phantom.  The SNR values for images 

acquired using all routine sequences utilised for knee MR imaging were measured 

on the mid-slice image.  Using the single image SNRACR method (ACR, 2020), the 

SNRs of the images acquired using the optimised DWI sequences with different TR 

values, were also measured on the mid-slice images using a standard b-value of 

600 s mm−2. 

 

All images were confirmed to be free of any artefacts prior to their use for SNR 

measurement.  Using circular ROI measurement tools available on the MR 

console, the mean signal intensity of the central 80% area of the phantom was 

measured.  For the phantoms utilised in this study, the size of the resultant ROI 

required to enclose the central 80% area of the phantom was 80 cm2 so that it 

encompassed most of the image of the test object.  Consequently, noise was 

determined as the standard deviation of another 1 cm2 ROI that was placed outside 

the image of the phantom in the surrounding air (σair).  Care was taken to avoid 

placing ROI over regions of non-uniformity or ghosting artefacts as shown in Figure 

4.5 (ACR, 2020).  A fixed size of ROI was used for all images, as increasing the 

ROI size may lead to place the ROI over regions of non-uniformity or ghosting 

artefacts causing variances in the mean value within the region and therefore 

variances in SNR values. 

 

The background area outside the phantom was evaluated with low window width 

and appropriate window level settings to facilitate the optimal display of 

background signal and noise on the computer monitor screen.  These display 

settings also enabled the researcher to locate and avoid areas of ghosting artefact 
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when placing the ROI. All data were compiled and imported into an Excel 

spreadsheet to calculate the SNR. The SNR was then calculated using the 

equation specified below. Since background noise in absolute value images 

follows a Rayleigh instead of a Gaussian distribution, the calculated SNR value 

was then multiplied by a correction factor of 0.665 (Watts et al., 2011). 
 

SNR = ( (Mean Signal in Phantom) / σair ) x 0.665 

 

The identical methodology and procedures for MR image analysis and SNR 

calculation which used during the first phantom scanning phase were followed and 

repeated for the second and third phantom studies. 

 

   a)  b)  

 

Figure 4.5: Demonstrates the ROI placement utilised to enable calculation of the 

SNR for a specific mid-slice MR image in an axial PDW image series.  The green 

ellipse indicates the ROI drawn to encompass 80% of the central area of each 

phantom to determine the mean signal intensity value within the phantom.  The 

blue ellipse illustrates the ROI drawn to enable calculation of the standard 

deviation of the background noise (σair). Image a): concentrated CuSO4 phantom, 
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image b): custom-made phantom filled with concentrated CuSO4 within the inner 

ring and corn oil within the outer ring (clinical site I). 

 

4.5 Results 

In this study, the effect of pulse sequence parameters of the conventional MRI 

knee and the optimised DWI sequences on SNR values were investigated. The 

phantoms MR image quality results for acquired at the three clinical canters are 

presented below. 

 
4.5.1 Phantom MR Image Quality Results for Pulse Sequences Acquired in 
Clinical Centre I 
 

The images of the customised phantom, which was constructed of concentrated 

CuSO4 0.0633mol/L and corn oil, generated the highest SNR values for both the 

standard MRI sequences and DWI sequences, while images of the phantom 

containing diluted CuSO4 (0.03 mol/L) provided the lowest SNR values for all MRI 

sequences (Figure 4.6). 

 

The DWI images acquired at multiple b-values (b= 0, 50, 600, 800 and 1,000 

s/mm2) were also assessed visually, which revealed a decrease in SNR value with 

increasing b-value and sensitivity to diffusion.  Since the SNR loss was greatest 

for images acquired with a b-value of 1000 s/mm2, the decision was taken to omit 

these images from the experimental analysis as the SNR loss caused a reduction 

in the ability to appreciate the inner and outer regions in images of the coaxial 

phantom, a pattern that was also expected to be apparent in clinical knee DW MR 

images.  Furthermore, images acquired with the STIR sequence had the lowest 

SNR values (61, 70 and 72) in comparison to other MR pulse sequences across 

the diluted, concentrated, and customised phantoms. 

 

For the DW sequences, the calculated SNR values increased with increasing TR.  

The DWI sequence with a TR of 4,000 ms provided the highest SNRs across the 
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three phantoms (Table 4.7).  The optimised EPI-DWI sequence with a TR of 4,000 

ms utilised for phantom imaging was then utilised for knee imaging of healthy 

volunteers (n=17).  However, the acquired MR images were found to have poor 

image quality, characterised by both low SNR and spatial resolution and prominent 

motion-induced phase ghosting artefact.  These artefacts limited the quantitative 

image analysis for the healthy volunteer cohort particularly in measuring the ADC 

values as theses artefacts may lead to variation and overestimation of ADC values 

(Le Bihan et al., 2006).  The researcher sought advice from the MR Clinical 

Specialist Radiographer regarding further DWI parameter optimisation strategies 

to reduce the severity of the artefacts without also adversely affecting SNR and 

spatial resolution.  However, following further consultation with the Applications 

Specialist for the scanner vendor, it was determined that further improvements in 

DW MR image quality would not be possible without a full MR system software 

upgrade. 

 

Since this option was cost prohibitive at the time, it was necessary for the research 

to transfer to a new clinical site.  Yoshida et al. (2016) have stated that while the 

DWI sequence is a useful imaging technique for diagnostic purposes, it requires 

high image quality to provide accurate ADC measurements to facilitate a more 

specific diagnosis, necessitating careful optimisation of the associated sequence 

prior to its application in clinical practice.  Based on this assessment of DWI, the 

research team made a careful assessment of the phantom and volunteer DW 

images acquired using the MR scanner at this clinical centre and determined that 

since their quality could not be further improved, it was inappropriate to continue 

with the volunteer phase or to progress to the clinical patient-based phase as the 

accuracy of the ADC values could be compromised.  This was the underlying 

rationale for transferring the research to a different clinical centre utilising a 3T MR 

scanner from a different vendor. 
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Table 4.7 Phantom Test: Calculated signal-to-noise-ratio (SNR) for the MR 

images of the three phantom types for all knee MR pulse sequences evaluated in  

Clinical Centre I. 

 

 
Figure 4.6: SNR values for the standard and DWI MRI pulse sequences at 

Clinical Centre I. 
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4.5.2 Phantom MR Image Quality Results for Pulse Sequences Acquired in 
Clinical Centre II 
 

The results from the second phantom study were similar to those from the 

previous phantom study.  The SNR value was seen to increase with increased 

CuSO4 concentration within the phantoms for all MR pulse sequences.  While 

images acquired of phantom one containing dilute, low concentration CuSO4 were 

found to have the lowest SNR value, images of the customised phantom had the 

highest SNR value in both studies.  The SNR value of the RESOLVE-DWI 

sequence in the customised phantom was 931.  The SNR value for the 

concentrated (0.0633 mol/L CuSO4) was 720 and 303 for the phantom containing 

diluted CuSO4. 
 

For the standard knee MR imaging protocol, the phantom images acquired using 

the PDW sequences generated the highest SNR values compared to T1W TSE, 

T2W TSE and STIR sequences (Figure 4.7).  T1W TSE sequences generated 

higher SNR values than T2W TSE sequences, while the STIR sequence were 

associated with the lowest SNR value for all three phantom designs. 

 

Diffusion images with lower TE (60 ms) had higher SNR values compared to those 

acquired with slightly longer TE of 65 ms.  Furthermore, smaller matrix size 

(200x180 mm) provided higher SNR values.  The standard MRI protocol and 

optimised DWI sequence in the second phantom study are summarised in Table 

4.8. 
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Table 4.8: Phantom Test: Calculated signal-to-noise-ratio (SNR) for phantom MR 

images acquired using the standard knee MRI sequences and the RESOLVE-DWI 

sequence evaluated in Clinical Centre II. 

 

 

 

Figure 4.7: SNR values for the standard and RESOLVE DWI pulse sequences 

at Clinical Site II.    
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4.5.3 Phantom MR Image Quality Results for Pulse Sequences Acquired in 
Clinical Centre III 
 

The results of this phantom study were similar to those for the previous two 

phantom studies.  SNR values increase with increasing CuSO4 concentration.  

Images of the phantom containing dilute CuSO4 had the lowest SNR values for 

both the standard knee MR sequences and the SS-EPI TETRA DWI sequence.  

While images of the customised phantom had the highest SNR values. 

 

The STIR sequence had the lowest SNR value, and the SNR value of T2W TSE 

images was lower than that for the T1W TSE images as shown in Figure 4.8.  The 

SNR value (807) for images generated using the SS-EPI DWI sequence using the 

customised phantom was the highest calculated value, while that for the dilute 

phantom was the lowest at 250. The SNR value for the phantom containing 

concentrated (0.0633 mol/L) CuSO4 was 704.  The calculated SNR values for the 

standard knee MRI protocol and the optimised SS-EPI at Clinical Centre III are 

listed in Table 4.9. 

 

The SNR is an important characteristic of MR image quality. Images with higher 

SNR typically indicate an image of greater clinical utility, where images with low 

SNR often appear grainy. Higher SNR is desirable for higher resolution, better 

image quality and to ensure that the critical anatomical structures can be 

visualised and differentiated within the acquired images based on differences in 

MR signal intensity.  
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Table 4.9: Phantom Test: Calculated SNR values for phantom MR images 

acquired using the standard knee MRI sequences and the SS-EPI DWI sequence 

in Clinical Centre III. 

 

 

 

Figure 4.8: SNR values for the standard knee MRI sequences and the SS-EPI 

TETRA DWI sequence in Clinical Centre III. 
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4.5.4 Summary of the Results from the three clinical sites: for the Phantom 
Imaging Phase 
 

Quantitative analysis of the images of the various phantoms acquired utilising 

three different DWI sequences on 3T MR scanners from three different vendors 

revealed that the RESOLVE DW sequence performed better than the SS-EPI 

Tetrahedral DW sequence.  The calculated SNR value for the RESOLVE DW 

sequence was 931 compared to a value of 807 for the SS-EPI Tetrahedral and 

505.4 for the SS-EPI DW sequences (Table 4.10).  Therefore, the RESOLVE 

method was identified as the most effective DWI technique for reducing image 

artefact and optimising image quality.  This technique provided more homogenous 

DW images with higher SNR, fewer artefacts, which was considered to contribute 

to a better reproducibility and reliability of DW image quality and associated ADC 

values.  It was anticipated that these findings were such that the RESOLVE DW 

sequence could potentially offer clinical advantages for the depiction of the knee 

joint in the subsequent clinical phases of the research involving healthy volunteer 

and patient scanning. 

 

 

Table 4.10: SNR values of the DWI sequences in three clinical sites 
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4.6 Discussion 
 

MRI is one of the most powerful, non-invasive imaging techniques, generally 

yielding excellent image quality.  SNR is a valuable metric that influences image 

quality and is associated with diagnostic usefulness in MRI for the objective 

measurement of image quality in MRI protocols (Amin et al., 2015).  Images with 

low SNR often appear grainy and higher SNR typically indicates an image of 

greater clinical utility.  Recent advancements in MRI technology have facilitated 

improvements in SNR, while minimising the associated time penalty.  Shapiro et 

al. (2012) demonstrated that the most beneficial advantage of high-field 3T MRI 

systems is the increased SNR achievable due to the greater magnitude of the net 

magnetic vector (NMV) established within the patient.  This SNR advantage can 

facilitate a reduction in scan time or an increase in spatial resolution, all of which 

optimise MR image quality. 

 

The range of MR pulse sequences and imaging techniques continues to increase, 

expanding the applications and diagnostic accuracy of MRI.  However, faced with 

such diverse scanning techniques, the choice of the most appropriate sequences 

with optimal parameter settings for a given anatomical region and disease 

process, while challenging, remains critical to balance diagnostic accuracy with 

scanning efficiency to ensure effective use of this expensive imaging modality. 

 

The optimisation of MR image quality necessitates a multitude of parameter 

decisions.  This phantom-based imaging phase was undertaken to establish the 

overall image quality in terms of the presence or absence of artefacts and to 

calculate the SNR values for each sequence before deciding on their suitability for 

use during the subsequent clinical phases involving volunteer and patient 

scanning.  For the three clinical MR centres at which phantom imaging took place, 

the standard MRI knee protocol and the specific DW imaging sequence available 

at each centre were acquired, i.e., the single-shot echo-planar imaging (SS-EPI)-

based DWI sequence at Centre I, the multi-shot readout-segmented echo-planar 

imaging (MS-RS-EPI) at Centre II and the SS-EPI with tetrahedral (TETRA) at 

Centre III utilising all phantoms. 
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In the present study, different concentrations of Copper Sulphate (CuSO4) solution 

were used, to mimic the relaxation times of the human tissue.  The effect of using 

different concentrations of (CuSO4) solution on SNR measurement was 

investigated.  It was determined that increasing the concentration of paramagnetic 

solution of CuSO4, will increase the SNR values.  Cochlin, Blamire and Styles 

(2003) showed that SNR relies on the metabolite concentration of the solutions 

used in the MRI phantoms and the T1/T2 relaxation rates of the metabolites.  The 

T1 and T2 relaxation rates are largely independent of each other: T1 relaxation 

rate is fundamentally determined by the quantity of paramagnetic ions present and 

T2 relaxation rate is primarily a function of the MR phantom concentration (Cochlin 

et al., 2003). 

 

Regarding the conventional MRI sequences, the results of this study are similar to 

those reported in the literature.  It was determined that the SNR values for the 

images acquired using the T1W sequences at all three clinical centres were higher 

than those for the T2W sequences.  Similar results were found by Chen et al. 

(2004), the researchers applied QA procedures on four MRI scanners and found 

that the SNR values of T1W TSE images for all tests performed were higher than 

T2W TSE images.  The lower SNR associated with T2W TSE images is primarily 

associated with the longer TE time compared to that used for T1W TSE images, 

which increases the time available for the magnetic moments of the hydrogen 

spins to dephase, thereby promoting signal loss. 

 

Furthermore, the PDW TSE sequences provided the highest SNR values.  The 

high SNR value with PDW TSE MR images is enhanced by several factors 

including: the high number of 1H protons per unit volume of tissue; the short TE 

and therefore reduced time for spin dephasing and associated signal loss; long TR 

interval to increase the amount of recovery of longitudinal magnetisation and 

therefore the amount of magnetisation available to be flipped into the transverse 

xy plane at the start of the next and subsequent TR intervals Westbrook and 

Talbot (2019). 

 

On the other hand, the results showed that, the STIR sequence had the lowest 
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SNR values compared to the other MR sequences.  Li and Mirowitz (2002) 

compared the SNR and image quality of T1W, T2W, PDW TSE images and STIR 

MR pulse sequences using different phantom concentrations and found that the 

PDW TSE sequence was the most efficient and produced the highest SNR values 

compared to the T1- and T2W TSE and STIR sequences.  Furthermore, the T1W 

TSE images had higher SNR values compared to T2W TSE images, while the 

STIR sequences produced lowest SNR values.  STIR sequence is robust at all 

field of strengths and may be less vulnerable to field inhomogeneity, though it 

often produces lower SNR (Li and Mirowitz, 2002).  The lower SNR with STIR 

sequence is due to signal suppression from 1H protons in fat by the choice of an 

appropriate TI time.  Since signal from fat is not included in the resultant MR 

images, overall, STIR images will have a lower calculated SNR value than T1W 

TSE or T2W TSE images in which both fat and water signal are displayed.  

Similarly, in another study, Wijayathunga et al., (2019) investigated the potential of 

3T MRI scanner for producing higher quality images of the intervertebral disc using 

T2W and PDW TSE MR images.  These researchers found that the PDW-TSE 

sequence had better overall SNR than T2W-TSE images. 

 

 

4.6.1 SNR Associated with Different Types of DWI Sequences 
 

Quantitative analysis of the DW phantom images acquired using the three different 

types of DW pulse sequences revealed higher SNR values and image quality for 

the MS-RESOLVE-EPI compared to the standard SS-EPI-based DW sequence 

(Table 4.10). 

 

Currently, single shot EPI (SS-EPI) represents the routinely used sequence for 

DWI of the MSK system.  Barth et al. (2007) showed that the SNR changes 

linearly with the field strength.  At 3T, twice as many protons as at 1.5T scanners 

are aligned along the magnetic field, a condition that creates the potential for a 

doubling of the derived signal.  However, due to certain limitations of 3T including 

alterations in relaxation times and in total body heating, the realised gain in SNR 

over that at 1.5T is usually 1.7- to 1.8-fold (Barth et al., 2007).  Within a particular 
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examination, the higher SNR can be exploited in two different ways: to increase 

the spatial resolution or indirectly to decrease the acquisition time.  The improved 

spatial resolution at high magnetic field strengths is a function of the increased 

SNR, which allows larger matrix dimensions (i.e., thinner slices and smaller pixels) 

for a given FOV.  This increased spatial resolution at axial (in-plane) imaging has 

the potential to improve lesion visibility ( Barth et al., 2007). 

 

However, the image susceptibility artefacts of SS-EPI at 3T scanners are twice as 

prominent (Bogner et al., 2012).  These authors demonstrated that SS-EPI 

sequences produce significant magnetic susceptibility artefacts due to Hydrogen 

spin dephasing that manifest as signal dropout, image blurring, ghosting artefacts, 

or geometric distortion and problems with fat suppression.  Bernstein, Huston and 

Ward (2006) confirmed that these artefacts can cause local non-uniformity of the 

main magnetic field and result in a variety of artefacts, such as in-plane image 

distortion local regions of hypo- and hyperintensity and non-planar 2D slices.  

Furthermore, surgical pins and screws, which are implanted in patients, can still 

produce severe image artefacts.  These artefacts in the phantom scanning phase 

may cause a severe variation in the quantitative DWI and the apparent diffusion 

coefficient calculations of the bone marrow regions in the clinical phases.  

Therefore, improved DWI strategies are required to optimise the diagnostic value 

of DW imaging while also taking advantage of the increased SNR available at 3T.  

The phase evolution in k-space causes distortion along the blipped phase-

encoded direction instead of the readout, which is typically obtained with maximal 

receiver bandwidth (Bernstein et al., 2006). 

 

Several developments such as parallel imaging have been used to improve DWI 

image quality.  Parallel imaging methods such as (GRAPPA) can be used to 

reduce the geometric distortion associated with SS-EPI by decreasing the length 

of the echo train and reducing phase-encoding steps without loss of spatial 

resolution (Baron and Beaulieu, 2016).  This technique is densely sampling the 

center of k-space introduces no traversal rate increase for the low-frequency 

contrast generating portions of k-space.  Therefore, the calibration data should be 

acquired separately from the under-sampled data so that the entire extent of k-
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space can be sampled at a faster rate (Baron and Beaulieu, 2016). 

 

Although parallel imaging is a powerful technique, the diagnostic value of DWI with 

SS-EPI DWI remains limited.  Challenges still remain in limiting geometric 

distortion, particularly at high magnetic field strength, such as 3T, which are 

increasingly used for routine clinical MR imaging, as there is a limit to the degree 

of distortion reduction achievable by phased array RF coil hardware and the 

associated software (Zhao et al., 2016; Bogner et al., 2012; Porter and 

Heidemann, 2009). 

 

Further developments in DWI quality may be achieved by further acceleration of 

data acquisition.  However, limitation in gradient strength due to hardware 

capabilities necessitates the utility of long TE to encode diffusion properties, even 

in the EPI schemes (Ueguchi et al., 2011).  One way to overcome this problem 

without any hardware modifications is the use of a tetrahedral configuration of 

diffusion-encoding gradients.  The results of this study showed that the image 

quality was significantly superior with the tetrahedral technique to the conventional 

DWI (orthogonal technique) in terms of SNR.  In conventional DWI, diffusion 

gradients are separately applied in the three orthogonal directions: this method is 

called orthogonal DWI.  Signal attenuation with this technique depends on the 

‘‘trace’’ of the diffusion tensor and is therefore isotropic.  In contrast, in tetrahedral 

DWI, the isotropic DWI was designed and implemented with simultaneous 

application of all three orthogonal diffusion gradients for the construction of four 

tetrahedral gradient vectors.  Since the tetrahedral gradients have a strength equal 

to the square root of three times the orthogonal input components, this method 

shortens the duration of the diffusion gradient pulse.  Therefore, the tetrahedral 

method improves DWI image quality due to the further acceleration of data 

acquisition (Ueguchi et al., 2011; Hori et al., 2006). 

 

The results of this study showed that multi-shot, readout-segmented EPI (MS-RS-

EPI) DW sequence can eliminate the problem with SS-EPI due to the shorter 

length of EPI readout segment, resulting in less geometric distortion and shorter 

echo spacing.  In RESOLVE DWI, k-space is divided into many segments along 
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the direction of the readout.  The resulting shorter echo spacing reduces geometric 

distortion, susceptibility artefacts and T2* blurring by accelerating the k-space 

traversal along the direction of the readout.  These sequence aspects explain the 

significantly higher overall image quality of the RESOLVE compared with SS-EPI 

(Zhang et al., 2021; Zhao et al., 2016). 

 

Several authors have confirmed that (MS-RS-EPI) is the most currently advanced 

DWI technique and has been proposed as a better alternative to SS-EPI because 

of its ability to perform better SNR, reduce distortion and artefacts within resultant 

DW images and improve overall image quality resulting in improved lesion 

contrast-to-noise ratio (CNR) and visibility (Chen et al., 2018; Zhao et al., 2016; 

Bogner et al., 2012).  In the context of the current research study, these DW image 

quality characteristics were also acknowledged to contribute to improve accuracy 

of ADC measurements, by making it easier for researcher to place the ROIs within 

a critical area of anatomy or pathology that is also artefact-free.  These 

characteristics are also essential and will benefit the clinical phases of this 

research study.  The interested ROIs in the femoral and tibial condyles will be 

artefact-free and therefor more accurate quantifications and ADC values of the 

normal and abnormal bone marrow areas will be provided. 

 

Zhang et al. (2021) qualitatively and quantitatively compared the image quality of 

the conventional SS-EPI with RESOLVE DWI sequences in the imaging the 

sacroiliac joints.  Severe distortions were found in SS-EPI arise from tissue-bone 

interface and the adjacent air-filled bowel, where the RESOLVE sequence was 

superior to SS-EPI and significantly improves the image quality of DWI of the 

sacroiliac joints.  Furthermore, the SNR and CNR of bone marrow oedema were 

significantly higher for RESOLVE than for SS-EPI.  This difference may result from 

the manner in which RESOLVE samples subsets of k-space points in the readout 

direction in each shot, thereby permitting substantial reduction in echo spacing, 

TE, and T2* signal blurring (Zhang et al., 2021).  This superiority of RESOLVE 

sequence for SNR and CNR enables better visual discrimination of subchondral 

BME, especially for detecting small lesions, which in turn leads to higher 

diagnostic confidence. 
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In another study, Sauer et al. (2017) investigated the image quality and diagnostic 

performance of RESOLVE DW-MRI for imaging synovial of the knee joint in 

patients with juvenile idiopathic arthritis.  The researchers also confirmed that SS-

EPI has a low spatial resolution, suffers from several technical limitations and the 

presence of distortion and ghosting artefacts or the so-called “T2W shine-through” 

arising from joint effusion degraded the scans and spoiled the diagnostic visibility 

of the synovial layer in about one-third of patients.  The authors concluded that 

RESOLVE DWI is superior to standard SS-EPI in visualising the inflamed 

synovium in patients with active arthritis of the knee joint, and has higher spatial 

resolution, better delineation of small anatomical structures and less artefacts from 

the presence of joint effusion and magnetic field inhomogeneities. 

 

Zhao et al. (2016) showed that the combination of MS-RE-EPI with parallel 

imaging techniques, improves artefact correction.  Similarly, Chen et al. (2018) 

have demonstrated  the power of the MS-RESOLVE-EPI technique compared to 

SS-EPI in reducing distortion caused by susceptibility, respiration, motion and 

pulsation artefacts, while also increasing spatial resolution for higher quality 

images, with the addition of GRAPPA to reduce the scanning time.  These 

authors, together with Zhang et al. (2021) have confirmed the effectiveness of this 

combination of techniques to optimise the quality of MS-RS-EPI DW images for a 

range of anatomical regions outside the brain, including the abdomen, pelvis and, 

of relevance to this research, the musculoskeletal system. 

 

 

4.6.2 Other Factors Influencing SNR 
 

DWI is inherently associated with limited SNR, which relays on number of factors.  

The initial optimisation phase of this research involved the quantitative 

assessment, based on SNR calculations for a range of phantom images acquired 

utilising optimised SS-EPI, MS-RS-EPI and SS-EPI with TETRA DW pulse 

sequences.  This provided a foundation for the subsequent clinical phases of the 

research which involved knee MR scanning to include DWI to evaluate bone 
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bruising associated with ACL-injury.  The rationale for this was based on literature 

evidence that optimisation of the parameters for DW sequences improves the 

accuracy of ADC estimates for normal anatomy and pathology (Partridge and 

McDonald, 2013). 

 

Imaging parameters play particularly critical role in determining signal intensity and 

homogeneity in DWI images (Amin et al., 2015).  Careful selection of parameters 

was necessary to achieve the required SNR.  TR and TE are common parameters 

used in DWI to improve SNR and therefore the overall image quality (Celik, 2016).  

Chen et al. (2018) stated that the optimised DW sequence should incorporate a 

relatively long TR and the shortest TE to provide sufficient SNR and optimise 

image quality.  The findings of the quantitative image evaluation indicated that the 

SNR value was affected by key sequence parameters such as the TR and TE.  By 

using different TR values to optimise the DWI sequences, it was established that 

the SNR increased with increasing TR, and decreasing TE, where short TE is also 

useful to reduce susceptibility artefacts.  SNR increases with increasing TR, due to 

the fact that TR controls the amount of longitudinal magnetisation for a tissue to 

produce a maximum MR signal.  In addition, the TE determines how much decay 

of the transverse magnetisation is allowed to occur before the signal is read.  

Therefore, as the TE increases, the SI on the resulting image decreases because 

of the decay of the transverse magnetization (Amin et al., 2015).  Furthermore, by 

decreasing the matrix size in the present study, the SNR increased.  Weishaupt et 

al. (2008) showed that increasing the matrix size will reduce the voxel size; 

therefore, the amount of signal received by the individual pixels and the SNR of 

the MR image will be decreased. 

 

The b-value is another factor that affect SNR and it depends on the strength, 

duration and timing of the applied diffusion-sensitizing gradients (Han et al., 2015).  

Using high magnetic field strength such 3T MRI systems are useful to increase the 

MR signal generated and enable images to be acquired at higher b-values and 

greater sensitivity (Han et al., 2015).  The increased signal is particularly useful 

when optimising SNR for DWI sequences acquired at different b-values.  DW 

imaging using a higher b-value has been used for diagnosing acute stroke and has 
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produced better contrast between normal tissues and abnormal lesions in 

diagnosing several MSK diseases.  Furthermore, Dietrich et al. (2009) stated that 

higher b-values increase the contrast between tissues with different diffusion 

coefficient.  However, high b-value images can cause a reduction of signal and 

make the images difficult to interpret (Filograna et al., 2018; Beattie, 2011). 

  

The results in this study showed that DW images with lower b-value provide higher 

SNR, where images with higher b-value are noisier, darker and suffer from poor 

SNR and long acquisition times.  Dallaudière et al., (2015) stated that If b=0 or 

low, a T2W-image is obtained without a true DWI.  Conversely, if the b value is 

high such as: b=1000, a true DWI is obtained beyond the T2 and perfusion image, 

generally with poorer SR and a poorer SNR, because of this, the b-value is 

frequently adjusted to provide the best combination of DW and SI.  In addition, 

long TE is required for high diffusion-weighting due to the long diffusion gradient 

pulses; thus, the SNR of the DW images is further decreased (Dietrich et al., 

2009).  The long acquisition times will also increase the risk and severity of motion 

artefacts.  Han et al. (2015) demonstrated that DW images with higher b-values 

may have lower SNR because of large motion-probing gradient and may have 

distortions caused by eddy currents.  The ADC value is variable and depends on 

b-value; therefore, to get accurate ADC measurements of the normal versus 

abnormal bone marrow, it is necessary to perform DW-MR images with various b-

values to find out the most valuable values with low noise and acceptable diffusion 

characteristics and to reduce the scan time for the MRI examination. 

 

Selecting an appropriate RF coil is another effective means to improve SNR 

without lengthening the scan time.  Shapiro et al. (2010) stated that if the RF coils 

used and the tissue type and volume imaged remain the same, increasing the field 

strength from 1.5T to 3T should result in twice the intrinsic SNR.  This increase in 

SNR will then enable the spatial resolution to be doubled along one direction of the 

image, or the scan time to be shortened by a factor of up to four.  RF coils are the 

fundamental magnetic interface between the MRI system and the human subject.  

These coils are essential to transmit and to receive all high frequency RF signals 

and can be used either to transmit RF and receive the MR signal or to act as 
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receiver coils only (Asher et al., 2010). SNR varies with distance between the coil 

and ROI, the closer the coil can be placed to the area under examination, the 

better the resulting signal and higher SNR.  Coils play a major role in overall image 

quality, and currently, there are large potential improvements in image quality to 

be gained using an RF coil optimised for the application or anatomy of interest.  

Multichannel coils allow parallel image acquisition techniques to be possible, 

permitting further decreases in scan acquisition time, albeit at the expense of 

SNR.  The results of this study affirm that the signal intensity and SNR with 15-

channel and 16-channel RF knee coils were significantly higher than with an 8-

channel coil.  Therefore, using coils with a greater number of channels provides 

higher SNR, increased signal intensity and greater clinical utility than using coils 

with smaller number of channels. 

 

 

4.7. Conclusion 

 

In conclusion, MR imaging at high field strength, such as 3T, has become 

increasingly utilised in clinical practice in recent years.  Associated developments 

of RF system hardware and software together with pulse sequence modifications 

have effectively eliminated or reduced the artefacts that limited the application of 

DW imaging to anatomical regions outside the brain.  These advances facilitated 

the application of DWI in the musculoskeletal system, which led to this research, 

focusing on establishing the DWI and ADC characteristics of femoral and tibial 

bone bruising associated with ACL tears. 

 

DW-MRI sequences can be optimised to improve image quality and minimise 

artefacts using phantoms studies.  DW-MRI phantoms can provide quality 

assurance and also be used for sequence optimisation.  Prior to commencing the 

clinical phases of this research, the optimisation of DW sequences and the 

evaluation of the quality characteristics of the DW images in terms of SNR and the 

presence or absence of artefacts for a range of phantoms enabled the researcher 

to confirm the suitability of the chosen sequences for clinical knee MR imaging of 

human subjects. 
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Chapter 5:  Phase Two: Optimisation of DW-MRI 
Sequences in Healthy Volunteers 

 

 

5.1. Introduction 
 

Magnetic resonance imaging (MRI) is the diagnostic method of choice for the 

assessment of knee joint anatomy and pathology, providing critical information to 

facilitate diagnosis of bone and soft tissue pathology (Aydin, Kizilgöz and 

Hekimoğlu, 2011; Kızılgöz, Hasan and Hekimoğlu, 2013).  Further, Kızılgöz, 

Hasan and Hekimoğlu, (2013) have stated that knee MRI is an essential imaging 

technique to guide decision-making regarding the need for arthroscopy, thereby 

preventing unnecessary invasive diagnostic arthroscopy procedures before 

primary surgery. 

 

Conventional MRI sequences such as T1-weighted spin echo (T1W-SE), T2-

weighted spin echo (T2W-SE), proton density-weighted (PDW) FSE (fast spin 

echo) and gradient echo (GE) sequences with or without fat-saturation (FS) are 

still used as a standard knee MR imaging protocol in radiology departments 

worldwide (Kızılgöz, Hasan and Hekimoğlu, 2013). 

 

With recent technological advances, newer MRI techniques such as diffusion-

weighted MRI (DWI) and apparent diffusion coefficient (ADC) mapping have been 

introduced as an adjunct to the routine MR imaging protocol to increase sensitivity 

and specificity for the diagnosis and staging of many pathological conditions 

(Baliyan et al., 2016; Dallaudière et al., 2015; Kızılgöz, Hasan and Hekimoğlu, 

2013; Khoo et al., 2011).  As outlined in Chapters 2 and 4, the DWI sequence 

uses different physical principles relative to those for routine MRI sequences. 

 

The DWI sequence provides quantitative and qualitative information on the 

microscopic movement of water at the cellular level (Aydin, Kizilgöz and 

Hekimoğlu, 2011; Kızılgöz, Hasan and Hekimoğlu, 2013).  Bhojwani et al. (2015) 
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have stated that this characteristic of DWI sequence makes it a powerful method 

for diagnosing pathology-related alterations in water mobility, with applications 

beyond brain evaluation, including for the assessment of tissue water mobility 

changes associated with MSK pathology.  Recent studies have explored the 

potential of DWI to provide information on the severity of bone bruising and the 

likely impact on healing and functional recovery (Mandalia and Henson, 2008; 

Filardo et al., 2019; Chilla et al., 2015; Dallaudière et al., 2015; Subhawong et al., 

2014). 

 

However, when used for bone marrow evaluation, the image quality associated 

with DWI sequences may be compromised by artefacts, which in some cases may 

significantly limit the diagnostic utility of these images (Yoshida et al., 2016; Raya 

et al., 2005).  Therefore, the researcher recognised that the optimisation of the 

DWI-MRI protocol on healthy participants and the selection of an appropriate MR 

imaging technique were very important factors to address prior to undertaking a 

clinical study on patients with ACL-related bone bruising. 

 

On this basis, a healthy volunteer imaging phase was incorporated into the study 

protocol to further facilitate DWI pulse sequence optimisation.  The aim of this 

phase of the study was to examine the optimal settings for all parameters 

comprising the DWI sequence to reduce or eliminate DWI artefacts in order to 

generate high-quality DW-images of the knee which can be effectively utilised in 

the clinical setting.  Furthermore, this phase was also used to evaluate and 

validate the choice of DWI sequence parameters in healthy volunteers and to gain 

an insight into the normal DWI appearances of the knee prior beginning the patient 

phase. 

 

 

5.2. Materials and Methods 
 

The study protocol was conducting according to the Institutional Review Board’s 

(IRB) approval for each of the three participating clinical sites as described in 

Section 3.2 (Appendix VI). 
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5.2.1 Subject Inclusion / Exclusion Criteria 
 

Nineteen healthy participants (9 males and 11 females) age range 18 to 35 years, 

mean age of 26 years, were recruited in this phase of the study. The inclusion 

criteria were: 
 

1. Healthy knee with no previous knee surgery; 

2. No knee trauma or injury; 

3. No previous diagnosis of bone disease such as: osteoporosis, rheumatoid 

arthritis etc. 

 

All participants were recruited through recruitment notices posted in the university 

and the clinical site.  In advance of their scan, each interested volunteer was 

provided with a participant information leaflet and completed a departmental MRI 

safety questionnaire. Signed consent forms were obtained from all participants 

before enrolment. In keeping with ethical research principles, participation in this 

study was entirely voluntary; participants were free to withdraw at any time without 

having to give a reason (Council of Europe, 1997). 

 

Exclusion criteria were known systemic and/or local joint disease, pathology or 

knee injury that had been diagnosed earlier with MRI. Two volunteers (two 

females) were excluded due to the presence of knee bone bruises on MR images. 

Furthermore, any patients with any of the following contraindications for MRI were 

also excluded from the study (ACR, 2020). 

 

• Cardiac pacemaker, cardiac defibrillator; 

• Recently inserted surgical implant / clip(s); 

• Intra-orbital foreign body; 

• Eye/ ear implant(s), non-MRI compatible implant(s); 

• Severe claustrophobia; 

• Pregnancy. 
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Inclusion and exclusion criteria were justified as follows. The age range was 18 to 

35 years. Under 18 years of age were excluded to avoid consent-related issues 

and participants over 35 years were also excluded due to the likelihood of early 

osteoarthritic changes impacting on imaging findings. Furthermore, as this phase 

of the research aimed to evaluate the DWI sequence and to gain an insight into 

the normal DWI appearances of the knee, it was important to exclude any patients 

with previous knee trauma, injury, surgery, or any other knee pathology and 

abnormality.  To assess whether participants were eligible to participate in the 

study, volunteers were also asked to fill in departmental MR safety questionnaire 

and these safety considerations led to further MRI-specific exclusion criteria.  

 

5.2.2. Knee Positioning 
 

The following procedures were applied on all participants.  All participants were 

scanned supine on the examination couch, feet first with their knee extended and 

in relaxed, natural external rotation position within the knee RF coil.  The knee joint 

under examination was placed in the centre of the knee coil and was well-

immobilised with foam pads, with a triangular cushion placed under the ankle to 

ensure patient comfort and reduce the risk of voluntary motion of the knee during 

the scan (Westbrook, 2014). 

 

The actual knee RF coil was positioned as much in the centre of the table as 

possible and the other leg was supported such that it rested comfortably at the 

side.  The longitudinal alignment laser light was centred along the midline of the 

leg being scanned, where the horizontal alignment laser light was centred to the 

centre of the knee coil.  Since the knee joint was placed in the centre of the coil, 

the centre of the coil corresponded to the apex of patella (Westbrook, 2014). 

 

 

5.2.3. MR Imaging Technique (Clinical Site 1) 
 

After completing the initial DWI sequence optimisation during the phantom phase, 

the healthy volunteer scanning phase subsequently commenced using the same 
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patient set-up, sequence types, acquisition parameters and techniques as those 

utilised during the phantom scanning phase.  All participants were scanned once 

and underwent examination with a routine MRI knee protocol on a 3T MR scanner 

(MAGNETOM Skyra Siemens Healthcare GmbH, Erlangen, Germany) and a 15-

channel transmit/ receive knee RF coil (TxRx, Quality Electrodynamics, Mayfield, 

Ohio, USA). 

 

The following standard MR imaging sequences were acquired to evaluate the 

knee joint: 
 

- Coronal fat-suppressed sequence short tau inversion recovery (STIR); 

TR/TE, 5760/80 msec; inversion time, 220 msec) slice thickness (ST) 3 

mm, matrix size 256x230, bandwidth 201 Hz/Px, flip angle (FA): 142°, field 

of view (FOV): 180x180 mm; 
 

- Coronal T1-weighted turbo spin echo (T1W-TSE) TR/TE 650/18 msec, ST: 

3 mm, matrix size 320x240, bandwidth 240 Hz/Px, FA: 150°, FOV: 130x130 

mm; 
 

- Axial STIR; TR/TE, 5630/88 msec; inversion time, 220 msec) ST: 3 mm, 

matrix size 256x230, bandwidth 200 Hz/Px, FA: 142°, FOV: 180x180 mm; 
 

- Axial proton-density-weighted TSE fat-sat (Ax-PDW-TSE with FS); TR/TE, 

5050/38 msec; ST: 3 mm, matrix size 384x278, bandwidth 255 Hz/Px, FA: 

132°, FOV: 163x180 mm; 
 

- Sagittal PDW-TSE TR/TE: 5630/88 msec; ST: 3 mm, matrix size 384x384, 

bandwidth 240 Hz/Px, (FA): 129, (FOV): 160x160. And sagittal T2W-TSE 

TR/TE, 4960/105 msec; ST: 3 mm, matrix size 384x307, bandwidth 220 

Hz/Px, FA: 150°, FOV: 160x160 mm. 

 

The optimised axial RESOLVE DWI sequence was then obtained with the 

following parameters: TR/TE: 5200/60 msec; ST: 4 mm, matrix size 200x180, 

bandwidth 695 Hz/Px, FA: 180°, FOV: 218x218 mm and different gradient 
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encoding settings, usually referred to as ‘‘b-values’’ b= 0, 50, 600 and 800 s/mm2. 

 

 

5.2.4. Selecting the Location of the Region-of-Interest (ROI) and MR Image 
Analysis 
 

Once the optimisation of DWI sequence was completed during the initial phantom 

scanning phase, two patients with ACL injury-related bone bruising were scanned 

pre- and post-surgery before commencing the volunteer scanning phase. 

 

Pre-surgery scanning was performed to identify and select those images that best 

demonstrated the anatomical sites associated with ACL-injury related bone 

bruises.  Post-operative ACL repair MR imaging was performed to confirm the 

acceptability of the optimised DWI sequence parameter settings determined using 

phantom imaging, particularly in terms of minimising artefacts from fixation devices 

used during ACL reconstruction surgery.  In addition, post-operative imaging was 

undertaken to explore how these artefacts affected the practical steps for DW-MRI 

data analysis and the accuracy of DW-MR image-derived quantitative data before 

starting the patient phase. 
 

 

5.2.4.1. ACL Injury-related Bone Bruising Pre-surgery Scanning 
 

Thirty circular 50 mm2 ROIs were manually placed on six different slices chosen 

from the series of axial DW images acquired: 2 image slices of the femoral 

condyles region (FC), 2 image slices of the tibial condyles (TC) region and a single 

image slice in distal femur (DF) and proximal tibia (PT).  50mm2 ROIs were 

considered to be large enough to cover the regions that contain bone bruises while 

also eliminating high signal intensity regions located outside the bone marrow. 

 

Using the sagittal plane image of the knee which demonstrated the maximum 

superior to inferior length of the patella, the first axial-DWI image slice was 

selected at the level of the apex of the patella.  Seven 50 mm2 circular ROIs were 

placed in the medial and lateral (FC) areas away from the cortical bone (2 anterior, 
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2 medial, 2 posterior and central ROI in the intercondylar region (Figure 5.1 a, b).  

The same procedures were repeated on the second image slice, which was 

located immediately above the first selected axial slice (Figure 5.1 c, d). 

 

A single 50 mm2 ROI was placed five slices above the starting point (apex of 

patella) and away from any high-signal areas to calculate the signal intensity (SI) 

of the normal bone marrow in (DF) (Figure 5.1 e, f). 

 

The use of OsiriX MD (v9.01) medical imaging workstation allowed the ROIs to be 

copied and propagated, whilst maintaining size and location, for the same slice 

level for different DW b values. 
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a.  b.  
 

c.  d.  
      

e.   f.  
 
Figure 5.1 (a,b,c,d,e,f) Demonstrates the selection of ROIs in the femoral 

condyles (FC) region.    
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a.  b.  
 

c.  d.  
 

e.  f.  
 

Figure 5.2 (a,b,c,d,e,f): Demonstrates the selection of ROIs in the tibial condyles 

(TC) region.    
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For the (TC) region, the same sagittal plane image of the knee that demonstrated 

the maximum superior to inferior length of patella was also used to locate the 

ROIs.  The first selected axial-DWI slice was located at the level of the posterior 

aspect of the tibia.  Seven 50 mm2 circular ROIs were positioned in the medial and 

lateral (TC) (2 anterior, 2 medial, 2 posterior and single ROI central in 

intercondylar region) away from cortical bone (Figure 5.2 a, b).  A second image 

slice located just above the selected slice was chosen and the same procedure 

was repeated (Figure 5.2 c, d). 

 

A single 50 mm2 ROI was placed five slices below the starting point (posterior 

aspect of tibia) and away from any high-signal areas to enable calculation of the SI 

of normal bone marrow in (PT) (Figure 5.2 e, f). 
 

 

5.2.4.2. Post ACL Surgery Knee MRI Scanning 
 

A standard knee MR imaging protocol and optimised axial-DWI sequences were 

acquired on a patient post ACL surgery. The phase-encoding direction (PE-

direction) for the optimised axial-DWI sequence that was used during the initial 

pre-operative scanning phase was set up in the anterior-posterior (AP) direction.  

However, artefact was evident on the axial-DWI images in the vicinity of ACL 

injury-related bone bruising. 

 

Therefore, a second axial-DWI sequence was acquired from all healthy volunteers.  

This sequence was identical, with the same imaging parameters as for the initial 

optimised DWI sequence described above, except for the PE-direction, which was 

changed from right-to-left (RL). Therefore, two axial DWI image data sets were 

acquired each with a different PE-direction (AP and RL) in both the healthy 

volunteer and patient cohorts.  This approach aimed to reduce artefacts and to 

enable determination of whether the mean ADC calculation would be impacted by 

the chosen PE-direction (AP vs. RL) during both scanning phases. 
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The same procedures as outlined in Section 5.2.4.1 were repeated for the second 

axial-DWI sequence with a RL PE-direction.   

 

 
 a.  Axial-DWI (AP PE-direction)       b. Axial-DWI (RL PE-direction)                     c. Sagittal	plane  
 
Figure 5.3: The presence of artefacts on axial-DWIs after ACL reconstruction 

orientated differently in images acquired with an AP versus RL PE-direction. 

 

 

5.2.5. MR Image Analysis 
 

An OsiriX MD (V9.01) medical imaging workstation was used to display and 

evaluate the MR images acquired the volunteer cohort.  All MR images were 

anonymised prior to removal from the clinical departments.  For each of the 15 

healthy volunteers, the mean ADC values for the thirty circular 50mm2 ROIs: 

anterior, medial and posterior in the medial and lateral (FC), anterior, medial and 

posterior in the medial and lateral (TC) and for the control ROIs in (DF) and (PT) 

were calculated for both axial-DWI sequences (AP and RL PE-direction), acquired 

using different b-values, b= 0, 50, 600 and 800 s/mm2. 

 

Two b-values were used for ADC analysis: b= 50,600 s/mm2 and b= 50,800 s/mm2 

for both directions, from the slope of the semi-log plot of the (SI) as a function of 

the b factor from two DWIs, according to the following equation: 
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ADC  =  [In (SI1/SI2)] / (b2-b1) 
 

where ADC is the diffusion coefficient, SI1 and SI2 are the signal intensity of the 

two diffusion gradients (b-values), b1 and b2 b-values respectively and b is the 

value of the applied diffusion gradient (Le Bihan, 2013). 

 

Due to the slow recruitment in clinical centre 1, the study was subsequently moved 

to another clinical centre (Clinical Centre 2).  As a result, only 5 male volunteers 

with a mean age of 24.8 years recruited to the study were scanned in clinical 

centre 2.  The routine knee MRI protocol and the optimised DWI sequence that 

was utilised during the earlier phantom optimisation scanning phase were used for 

volunteer scanning (MRI protocol in Chapter 4, Table 4.7).  The same image 

analysis process performed for the first clinical centre (Section 5.2.4 and 5.2.5) 

were followed. 

 

 

5.2.6. Statistical Analysis of DW-MR Image Data from Clinical Site 1 
 

ADC data derived from the knee DW-MR images acquired from healthy volunteers 

were compiled in an Excel spreadsheet and imported into the RStudio statistical 

software version 1.1.463© 2009 - 2018 (RStudio, Inc.) for analysis.  The effect of 

the phase-encoding direction (AP vs. RL) on ADC value was evaluated using 

linear mixed effects regression models.  A random intercept was included for each 

subject, to account for correlation between repeated ADC measurements from the 

same volunteer. 

 

In model 1, the location and ROIs were aggregated, b-value was included as a 

covariate, as well as an interaction between b-value and direction to allow 

evaluation of the effect of the phase-encoding direction on ADC values at different 

b-values.  

 

Model 2 evaluated the impact of phase-encoding direction on ADC value and 

compared the impact across combinations of b-value and anatomical region.  
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Predictors included in model 2 were direction, b-value, anatomical region, as well 

as all 2-way and 3-way interactions between b-value, anatomical region and 

direction.  Four anatomical regions were evaluated: 
 

• Femoral condyles (FC): aggregating all of the fourteen ROIs (anterior, 

medial posterior of the medial and lateral FC); 
 

• Tibial condyles (TC): aggregating all of the fourteen ROIs (anterior, medial 

posterior of the medial and lateral TC); 
 

• Control distal femur (DF); 
 

• Control proximal tibia (PT). 

 

Statistical model diagnostics were then performed to determine whether violations 

of model assumptions were present.  Plots of residuals versus fitted values were 

used to examine homogeneity of variance, while normal QQ plots were 

constructed and examined to evaluate the assumption of normally distributed 

residuals (The results of the statistical model diagnostics for model 1 and 2 are 

shown in Figure 5.4 and 5.6).  

 

The estimated difference in average ADC value between the AP-direction and RL-

phase-encoding direction were computed for all regions of interest (model 1) and 

for individual anatomical regions (model 2) for the b values 50, 600 and 50, 800.  

Based on this regression model, statistical significance of predictors was 

evaluated using Wald tests (Liu, 2016).  A p-value of 0.05 was considered 

statistically significant.  Effect estimates for direction (AP vs. RL) with 95% 

confidence intervals were extracted from the fitted model for each anatomical 

region and b-value combination. 

 
 
5.3. Results - DWIs Acquired in Clinical Site 1 
 

In model 1, RL PE-direction was compared with AP-direction for b-values 50_600 

sec/mm2 and 50_800 sec/mm2.  The results indicated marginal and non-

statistically significant differences in mean ADC values across the two directions.  
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However, the results indicate that a higher b-value (50_800 sec/mm2 vs. 50_600 

sec/mm2) was associated with a lower ADC value on average, regardless of the 

phase-encoding direction (AP or RL) (p<0.001) (Table 5.1).  For the 50_600 b-

value, the average ADC value for images acquired with an AP-direction was 

estimated to be higher (Figure 5.3) by 0.0066 (SE=0.005) than for the RL-

direction.  For the 50_800 b-value, the estimated effect of AP PE-direction vs. RL 

PE-direction on average ADC value is marginally lower (by 0.0007, SE=0.007).   

These results are summarised in table 5.2. 

 
Table 5.1. F-tests (Satterthwaite's method) for model 1 predictors 

 
 
 
 

 

 

 

 

 
 
 
 
Table 5.2. Fixed-effects coefficients for model 1 
 

 
 

 
 
 

 

 

Chi square test 

statistic Df p-value 

Phase-encoding 

Direction (AP) 2.5510 1 0.110 

b-value 49.783 1 <0.001 

Direction (AP): b-value 0.0091 1 0.924 

 

Estimate SE t-value 

Intercept 0.2971 0.0052 56.5 

Phase-encoding Direction (AP) 0.0066 0.0055 1.2 

b-value (50_800) -0.0272 0.0055 -4.92 

Direction (AP)*b-value (50_800) -0.0007 0.0078 -0.0955 
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Figure 5.3. Boxplots of (model 1) RL PE-direction versus AP PE-direction for b-

value 50,600 sec/mm2 and 50,800 sec/mm2 (box and whiskers plots present the 

mean and SD). 
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Table 5.3. Summary of the mean ADC values of normal bone marrow for each 

location, each b-value and direction in healthy volunteers. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

  

Location b-value Direction Mean ± (SD) 

DF 

50_600 
AP 0.305 ±(0.058) 

RL 0.259 ±(0.080) 

50_800 
AP 0.243 ±(0.058) 

RL 0.267 ±(0.101) 

PT 

50_600 
AP 0.264 ±(0.086) 

RL 0.297 ±(0.082) 

50_800 
AP 0.257 ±(0.094) 

RL 0.248 ±(0.104) 

FC 

50_600 
AP 0.311 ±(0.070) 

RL 0.292 ±(0.091) 

50_800 
AP 0.294 ±(0.083) 

RL 0.254 ±(0.098) 

TC 

50_600 
AP 0.300 ±(0.080) 

RL 0.305 ±(0.074) 

50_800 
AP 0.261 ±(0.083) 

RL 0.287 ±(0.083) 



 122	

Model Diagnostic for Model 1: 
 

The diagnostics model did not indicate any deviation from the model assumption. 

 

  
Plots of residuals versus fitted

 
	
Figure 5.4. Demonstrates the plots of residuals versus fitted and the normal QQ 

that was used for model diagnostics.    
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Model 2: 
 

In model 2, the effect of the phase-encoding direction (AP versus RL) for different 

b-values and anatomical regions of interest were evaluated.  Overall, across 

regions combined, the average ADC value was not significantly different between 

AP and RL PE-directions.  However, the effect of PE direction varied a little 

depending on the b-value and anatomical location, as shown in (figure 5.5) and as 

indicated by the statistically significant interactions between direction and location 

(p<0.001) and direction, location and b-value (p=0.019) (Table 5.4).   

 

 

Table 5.4. F-tests (Satterthwaite's method) for model 2 predictors. 
 
 

 

 

 

 

  
Chi square 

test statistic 
Df p-value 

Direction AP 2.6048 1 0.106 

Location 7.0337 3 0.070 

b-value 50.832 1 <0.001 

Direction AP:  b-value 0.009 1 0.923 

Direction AP:  location 32.555 3 <0.001 

Location:  b-value 0.0153 3 0.999 

Direction AP:  location : b-value 9.9452 3 0.019 
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Figure 5.5. Demonstrates boxplots of (m2) RL PE-direction versus AP PE-

direction for b-value 50,600 sec/mm2 and 50_800 sec/mm2 for different ROIs: FC, 

TC, DF and PT (box and whiskers plots present the mean and SD). 
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The effect of the AP PE-direction for all 14 ROIs in the (FC) on the estimated 

average ADC values was higher than for the RL PE-direction for both b-values.  

With b-value 50_600 the effect of AP PE-direction was higher by 0.019 (SE= 

0.008) (95% CI: 0.0035, 0.0349) and higher by 0.0398 (SE= 0.008) (95% CI: 

0.0238, 0.0552) with 50_800 b-value.  Furthermore, for the fourteen ROIs in (TC), 

the estimated average ADC value for the AP PE-direction was marginally lower 

than for the RL PE-direction for both b-values. 

 

The differences in the estimated average ADC value for the control (DF) in the AP 

PE-direction with b-value 50,600 was estimated to be higher than for the RL PE-

direction by 0.0456 (SE =0.030).  However, it was marginally lower by -0.0234 

(SE= 0.03) with 50_800 b-value.  Moreover, the estimated average ADC value for 

the control (PT) in the AP PE-direction with b-value 50_600 was marginally lower 

than for the RL PE-direction, where with b-value 50_800 the estimated effect of AP 

PE-direction on the average ADC was higher than the RL PE-direction by 0.009 

(SE= 0.03).  Results are summarised in Table 5.5. 
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Table 5.5. Summary of the effect of AP PE-direction versus RL PE-direction on 

mean ADC for different b values and different ROIs including Femoral condyles 

(FC), Tibial condyles (TC), Control distal femur (DF) and Control proximal tibia 

(PT). 

 

b-value 
Anatomical 

region 
Coef. SE 95% CI 

50_600 

FC 0.019 0.008 0.0035 0.0349 

TC -0.005 0.008 -0.0215 0.0098 

DF 0.0456 0.030 -0.0130 0.1040 

PT 0.033 0.030 -0.0919 0.0254 

50_800 

FC 0.0398 0.008 0.0238 0.0552 

TC -0.025 0.008 -0.0416 -0.0102 

DF -0.0234 0.030 -0.0821 0.0351 

PT 0.009 0.030 -0.0496 0.0680 
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Model Diagnostic for Model 2: 

 

Model diagnostics did not indicate any deviation from the model assumption. 
 

 

Figure 5.6. Demonstrates the plots of residuals versus fitted and the normal QQ 

that used for model diagnostic. 
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5.3.1 Results – DWIs Acquired in Clinical Site 2 
 

In the second clinical site, DW images acquired with only one b-value (0,800 

sec/mm2) and one PE-direction (RL PE-direction) were chosen for ADC analysis 

(Table 5.6).  This was due to technical difficulties with the DW images acquired 

with other b-values and with an AP PE-direction during ADC calculation and the 

small number (n=5) of healthy volunteers scanned. 

 

Table 5.6. Mean ADC value (±SD) of the normal bone marrow in healthy 

volunteers with (b0_800 sec/mm2). 
 

ROI 
Volunteers 

Mean ADC (±SD) 

LFC_A 0.10 0.06 

LFC_M 0.12 0.08 

LFC_P 0.16 0.09 

MFC_A 0.16 0.08 

MFC_M 0.14 0.10 

MFC_P 0.14 0.07 

CFC 0.12 0.08 

LTC_A 0.19 0.07 

LTC_M 0.12 0.07 

LTC_P 0.15 0.10 

MTC_A 0.16 0.09 

MTC_M 0.19 0.07 

MTC_P 0.21 0.10 

CTC 0.15 0.08 

DF 0.13 0.06 

PT 0.19 0.14 
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5.4. Discussion 
 

To understand the biochemical changes in various types of tissue, several 

quantitative functional MRI techniques have been developed including diffusion-

weighted imaging (Chen et al., 2018).  Inclusion of DW images within an MSK MR 

scanning protocol can improve diagnostic performance and provide researchers 

and clinicians with precise information regarding the diffusion or movement of 

water molecules within and between musculoskeletal structures that, in turn, may 

help to clarify differences between normal and abnormal tissues  (Nacey et al., 

2017; Wang et al., 2014; Beattie, 2011).  Specific advantages of the DW imaging 

sequence include the potential for avoiding the administration of an intravenous 

Gadolinium-based contrast agent and the acquisition of pre- and post-contrast 

T1W SE or FSE images together with the relatively short scanning time 

(depending on the number of b-values required). 

 

The apparent diffusion coefficient (ADC) is a quantitative parameter calculated 

from DW-MR images.  Many pathological conditions cause variations in the 

mobility of water molecules in biological tissues and are detectable with DWI 

(TOSLAK et al., 2016).  High ADC values are observed in a low cellular region that 

allows free diffusion of water molecules, whereas low ADC values reflect highly 

cellular micro-environments in which diffusion of water molecules is limited by an 

abundance of cell membranes (Subhawong, Jacobs and Fayad, 2014).  (Tang et 

al., 2007) demonstrated that the b-value is an important parameter for DWI as it is 

related to the sensitivity of the acquired DW images to diffusion i.e., their degree of 

diffusion weighting, the calculation of ADC and the SNR of the DW images.  

Diffusion-weighted images obtained at lower b-values have higher quality and 

SNR, but T2 shine-through effect and perfusion effects of the tissue have a greater 

influence on the resultant DW images (Chilla et al., 2015).  However when higher 

b-values are selected, DWI represents the molecular diffusion of water almost 

exclusively and the quality of the DW images becomes degraded, with an 

associated decrease in SNR.  Several studies have reported that increasing the b-

value in DW images can decrease false-positive hyperintense osteoporotic 

fractures or make hypointense fractures more obvious in the case of genuine 
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osteoporotic fractures (Tang et al., 2007; Baur, Dietrich and Reiser 2003). 

 

Subhawong, Jacobs and Fayad (2014) recommended the use of at least three b-

values for DW imaging with the aim of ADC quantification.  Park et al., (2014) 

reported that the accuracy of the calculated ADC will be improved with a greater 

number of b-values.  However, the disadvantages of using multiple b-values 

include an associated decrease in SNR and increase in scanning time.  Based on 

these considerations, a range of relevant b-values of 0, 50, 600 and 800 sec/mm2 

were used in the current study.  DW images with two b-values (50, 600 sec/mm2) 

and (50, 800 sec/mm2) with two phase encoding (PE) directions: anterior-posterior 

(AP) and right-left (RL) were acquired and compared in terms of the effect on the 

accuracy of ADC value calculation.  As recommended by Tang et al. (2007), a b-

value of 50 sec/mm2 rather than 0 sec/mm2 was used for ADC analysis to reduce 

the contribution of blood perfusion to the ADC measurement.  In agreement with 

the findings of several studies, ADC values determined in the current study were 

found to decrease with increasing b-values (Mandalia and Henson, 2008; Filardo 

et al., 2019; Klengel et al., 2017).  The mean ADC value for DW images acquired 

with higher b-value (50,800 sec/mm2) was slightly lower than the mean ADC value 

for b-value (50,600 sec/mm2). 

 

The results of this healthy volunteer scanning phase showed that the mean ADC 

determined for healthy volunteers in site 1 presented in Table 5.3 are higher than 

values reported in the literature. While the mean ADC determined for healthy 

volunteer in site 2 with values for similar healthy participants reported in the 

literature (Ward et al., 2000).  The b values used in clinical site 1 were (50, 600 

sec/mm2) and (50,800 sec/mm2), where b-values of (0, 800 sec/mm2) were used in 

clinical site 2.  Ward et al. (2000) had used b-value of 0-980 sec/mm2 in their study 

with 1.5T MR system and different vendor (Philips). 

 

Unfortunately, DWI sequences have high sensitivity to magnetic susceptibility 

artefacts. This sensitivity leads to clinically important artefacts and manifests as 

geometric distortion, signal intensity dropout, and image blurring, which makes 

DWI interpretation difficult and time-consuming (Hong et al., 2017).  Furthermore, 
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these artefacts can cause variation in the calculated ADCs.  To the best of our 

knowledge, this is the first study to examine the effect of PE-direction on the 

accuracy of ADC measurements.  The present results showed that in the healthy 

volunteer cohort, the use of an AP PE-direction or RL PE-direction had a minimal 

impact on calculated ADC values.  However, mean ADC values may be affected 

by changing the PE-direction in participants with ACL-related bone bruising or ACL 

reconstructions, which was evaluated in the next phase of the current research. 

 

A limitation of this study relates to the relatively small number of healthy volunteers 

scanned in the second clinical site, which might account for small differences in 

the calculated ADC values.  Finally, our study did not evaluate and compare the 

difference in ADC values for DW-MR images acquired on different MRI scanners. 

 
5.5. Conclusion 
 

In conclusion, DWI is a fast, non-invasive and sensitive MR imaging technique that 

was found to be easily incorporated into a routine knee MRI protocol with a short 

scan time penalty of just over seven minutes.  ADC values for normal bone 

marrow were found to be similar to those reported in the literature.  The next 

phase of this research was designed to acquire the optimised DWI pulse 

sequences and use the same ROI analysis and ADC calculation methods as 

outlined in this chapter in the clinical setting to facilitate the evaluation of the DWI 

characteristics of knee bone bruises in patients following ACL injury. 
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Chapter 6: Patient Imaging Phase: Diffusion Weighted 
Imaging (DWI) and Apparent Diffusion coefficient (ADC) 
values in the evaluation of ACL related injury bone 
bruises 
 

 

6.1. Introduction 
 

The disruption of the anterior cruciate ligament (ACL) is a common knee injury and 

frequently associated with damage of other structures within the knee joint 

(Papalia et al., 2015; Costa-Paz et al., 2001).  Jelic and Masulovic (2011) showed 

that bone bruise is a common finding in acutely injured knee.  Bone bruise can be 

defined as bone marrow change after trauma that is caused by the combination of 

oedema, haemorrhage and micro-trabecular fracture without disruption of adjacent 

cortex (Jelic and Masulovic, 2011; Ward et al., 2000).  These bruises are usually 

painful, reflecting traumatic injury to marrow cells, neurovascular structures and 

trabecular seams (Ward et al., 2000). 

 

Previous studies reported that bone bruises can be detected by MRI in greater 

than 80% of knees of patients following a complete ACL rupture (Patel et al., 

2015).  These bone bruises are identified on fat-suppressed sequences such as 

proton density weighted (PDW) FSE, T2 weighted (T2W) FSE and short tau 

inversion recovery (STIR) sequences of the ACL-injured knee as hyper-intense 

signals in the subchondral femur and tibia (Patel et al., 2015; Ward et al., 2000). 

 

In DWI, the signal depends on the random motion of water molecules and tissue 

susceptibility.  These functional diffusion characteristics can be visualised 

quantitatively on apparent diffusion coefficient (ADC) maps (Klengel et al., 2016).  

To the best of our knowledge this is the first follow-up study to evaluate the 

diagnostic benefit of quantitative diffusion in ACL related injury bone bruises.  The 

aim of this study was to evaluate diffusion changes and analyse quantitative 

diffusion characteristics in patients with ACL injury-related bone bruises. 
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6.2. Materials and Methods 
 

The study was approved by the institutional review board and written informed 

consent was waived from all participants. 

 

6.2.1. Participants (Clinical Site 1) 
 

Thirty-three participants age range (18-35 years old) were recruited in the study.  

All patients had been scanned previously and had a confirmed ACL rupture. MRI 

reports were used for confirmation of the ACL tear, together with surgical 

confirmation for all patients who had surgery.  MRI of the knee joint was performed 

on a 3 Tesla (3T) MRI scanner using 15-channel phased array knee coil within 3-8 

weeks, 3 months and 6 months post trauma. 
 

Table 6.1. Total number of patients with ACL-injury related bone bruises at 

each visit. 
 

 

 

Patients were included in the study if they were between 18-35 years old and with 

signs of an acute ACL injury evident in their initial MRI scan.  Any patient with 

multiple knee injuries or with the following contraindication for MRI were excluded: 

cardiac pacemakers, cardiac defibrillators, pregnancy, recently inserted surgical 

implants or clips, eye or ear implants, intra-orbital foreign body, non-MRI 

compatible implants and/or severe claustrophobia (ACR, 2020). 

 

Visits 
 

Visit 1 

3-8 weeks 

 

Visit 2 

3 months 

 

Visit 3 

6 months 
 

Gender 
 

5 female 

4 male 

 

5 female 

8 male 

 

6 female 

5 male 

 

Total number of patients 
 

 

9 

 

13 

 

11 
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6.2.2. Knee Positioning 
 

The same procedures for knee positioning in the volunteer phase in chapter 5 

section (5.2.2) were followed when positioning all patients. 

 

 

6.2.3. MR Imaging Technique (Clinical Site 1) 
 

The MR imaging techniques and the optimised axial DWI protocols from the 

previous phases: phantom and volunteer phases were applied during this patient 

phase.  Conventional imaging included the acquisition of a coronal fat-suppressed 

sequence short tau inversion recovery (STIR): TR/TE, 5760/80 msec; inversion 

time, 220 msec, slice thickness (ST) 3 mm, matrix size 256x230, bandwidth 201 

Hertz per pixel (Hz/Px), flip angle (FA) 142°, field of view (FOV) 180x180 cm.  

Followed by the acquisition of a coronal T1-weighted turbo spin echo (T1W-TSE): 

TR/TE 650/18 msec, ST 3 mm, matrix size 320x240, bandwidth 240 Hz/Px, FA 

150°, FOV 130x130 mm.  Axial STIR: TR/TE 5630/88 msec, inversion time 220 

msec, ST 3 mm, matrix size 256x230, bandwidth 200 Hz/Px, FA 142°, FOV 

180x180 mm.  Axial proton-density-weighted TSE fat-sat (Ax-PDW-TSE FS): 

TR/TE, 5050/38 msec, ST 3 mm, matrix size 384x278, bandwidth 255 Hz/Px, FA 

132°, FOV 163x180 mm.  Sagittal PDW-TSE TR/TE: 5630/88 msec, ST 3 mm, 

matrix size 384x384, bandwidth 240 Hz/Px, FA 129°, FOV 160x160 mm and 

sagittal T2W-TSE: TR/TE 4960/105 msec, ST 3 mm, matrix size 384x307, 

bandwidth 220 Hz/Px, FA 150°, FOV 160x160 mm. 

 

The optimised axial DWI sequence with single-shot echo-planar imaging (SS-EPI) 

was then obtained with the following parameters: TR/TE 5200/60 msec; ST 4 mm, 

matrix size 200x180, bandwidth 695 Hz/Px, FA 180°, FOV 218x218 mm and 

different gradient encoding settings, usually referred to as ‘‘b-values.’’ b= 0, 50, 

600 and 800 (s/mm2). 
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6.2.4. Image Analysis 
 

On the axial DW images, 30 circular 50mm2 ROIs: anterior, medial, posterior and 

central ROIs were placed manually on six different slices, two slices in the femoral 

condyles region (FC), two slices in tibial condyles (TC) region and a single slice in 

distal femur (DF) and proximal tibia (PT) as a control region.  For further details 

refer to Chapter 5 Section 5.2.4. 

 

 

6.2.4.1 Clinical Outcome 
 

The clinical consequences and activities post ACL injury were measured using two 

validated patient-administrated questionnaires: Knee Injury and Osteoarthritis 

Outcome Score (KOOS) and Tegner activity scale on the same day as the MRI 

scan and at each follow-up time point. 

 

The KOOS questionnaire (Appendix I) was developed to evaluate short-term and 

long-term patient-relevant outcomes following knee injury (Roos, 1998).  Dunn and 

Spindler (2010) demonstrated that this questionnaire and scoring system has 

undergone extensive validation for the assessment of knee injuries such as: ACL 

injuries, tibial osteotomies, meniscectomies and post-traumatic osteoarthritis (OA).  

The KOOS consists of 5 subscales: pain (9 items), symptoms (7 items), activities 

of daily living (17 items), sport and recreation function (5 items), and knee-related 

quality of life (4 items).  All items have 5 possible answer options scored from 0 

(No problems) to 4 (Extreme problems) and each of the five scores is calculated 

as the sum of the items included.  Each subscale is summed and transformed to a 

zero (extreme knee problem) to 100 (no problem) score (Roos, 2006).  The format 

of KOOS is user-friendly for respondents and it takes about 10 minutes. 

 

The Tegner activity score (Appendix II) is a one-item score that was developed for 

patients with various knee disorders to grade activity based on sports and work 

activities on a scale of (0-10).  Zero represents disability because of knee 

problems and 10 represents national or international level sports (Tegner and 
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Lysholm, 1985). 

 

6.2.5. Statistical Analysis 
 

Thirty-three patients with ACL-rupture were included in the current study.  Figure 1 

demonstrates the number of patients for each visit for MRI assessment.  The 

mean ADC values for 30 ROIs for all participants with injured knees were 

calculated by phase-encoding direction (RL; AP) and b-value (50,600 and 50,800) 

at each follow-up time point (4-8w, 3-4m, 6m) according to the number of times 

each patient attended.  The changes in ADC values for areas with bone bruises in 

the injured knees of these patients was also described over the course of follow-

up.  The ADC data from the assessment of all patients’ knees for the three time 

points were compiled in Excel spreadsheets and imported into RStudio statistical 

software version 1.1.463 – © 2009-2018 (RStudio, Inc.) for analysis.  Linear mixed 

effects models (fitted using the lme4 package in R) were used to evaluate the 

impact of days since injury on ADC values.  The correlation of ADC values with 

Tegner and KOOS scales was also evaluated. 

 

 

6.3. Results (Clinical Site 1) 
 

A grouped box plot of ADC values was created by visit, b-value and direction.  

Little difference overall was observed in ADC values for RL and AP phase 

encoding directions at each b-value, though there appeared to be a marginal 

difference in median ADC values between the RL and AP direction for the 

b50_600 b value at the first and second visits (Figure 6.1). Therefore, the AP-

direction with b50_800 was chosen for the statistical analysis. The mean ADC 

value with b-value 50_800 for each ROIs is demonstrated in Figures 6.2 and 6.3. 
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Figure 6.1. Boxplots of ADC values of all ROIs of all patients for both directions 

and both b-values across the three clinical visits (box and whiskers plots present 

the mean and SD). 
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Figure 6.2. Boxplots of ADC values across visits for each region of interest in the 

AP phase-encoding direction for b = 50,800. 
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Figure 6.3. ADC values (averaged over two replicates) for each ROI of the knee 

for each patient across the three visits based on days since injury. 
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In the tibial condyle (TC) region, the lateral compartment had a higher overall 

mean ADC value than the medial compartment, while the P_LTC had the highest 

mean across the TC region among the three visits.  The mean ADC value for 

P_LTC region was 0.73 (±0.24) at the first visit and 0.59 (±0.12) and 0.41 (±0.13) 

for the second and third visits respectively.  For the medial compartment, the 

P_MTC had the highest mean ADC value across the first (0.61 ±0.22), second 

(0.55 ±0.19) and third (0.42 ±0.10) visits (Table 6.2). 

 

However, in the femoral condyle (FC) region, the lateral side was also found to 

have a higher overall mean ADC value than the medial side at the three visits.  

The M_LFC had the highest mean ADC value in general across all ROIs in the 

knees.  The mean ADC for the first visit was 0.87 (±0.22) and decreased over time 

across the second (0.55 ±0.16) and third (0.38 ±0.18) visits. 

 

There was no notable difference in the mean ADC values for the control ROIs: 

distal femur (DF) and proximal tibia (PT) in all patients over the three time points.  

The mean (±SD) ADC values for the DF were 0.28 (±0.09), 0.26 (± 0.08) and 0.24 

(± 0.07) across visits one two and three respectively, with mean (±SD) ADC values 

of 0.27 (±0.12), 0.26 (±0.05) and 0.25 (±0.09) for PT at each visit, respectively 

(Table 6.2). 
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Table 6.2 Overall mean (±SD) ADC value for each ROI for all patients in AP 

phase-encoding direction b=50,800. 

 

 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
  

 

ROI 

Mean ADC  (± SD) / Visit (V) 

Visit 1 Visit 2 Visit 3 

A_LFC 0.59 (±0.25) 0.53 (±0.20) 0.4 (±0.10) 

M_LFC  0.87 (±0.22) 0.55 (±0.16) 0.38 (±0.18) 

P_LFC 0.37 (±0.18) 0.35 (±0.12) 0.31 (±0.12) 

C_CFC 0.47 (±0.16) 0.47 (±0.09) 0.36 (±0.09) 

A_MFC 0.41 (±0.14) 0.39 (±0.13) 0.37 (±0.12) 

M_MFC 0.42 (±0.15) 0.40 (±0.12) 0.35 (±0.09) 

P_MFC 0.42 (±0.11) 0.40 (±0.14) 0.31 (±0.08) 

A_LTC 0.38 (±0.17) 0.4 (±0.18) 0.31 (±0.12) 

M_LTC 0.51 (±0.23) 0.43 (±0.24) 0.32 (±0.14) 

P_LTC 0.73 (±0.24) 0.59 (±0.12) 0.41 (±0.13) 

C_CTC 0.43 (±0.17) 0.45 (±0.19) 0.42 (±0.11) 

A_MTC 0.31 (±0.17) 0.31 (±0.11) 0.35 (±0.11) 

M_MTC 0.39 (±0.18) 0.35 (±0.18) 0.34 (±0.11) 

P_MTC 0.61 (±0.22) 0.55 (±0.19) 0.42 (±0.10) 

Control PT 0.27 (±0.12) 0.26 (±0.05) 0.25 (±0.09) 

Control DF 0.28 (±0.09) 0.26 (±0.08) 0.25 (±0.07) 
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A linear mixed effects model was used to model the changes in the mean ADC 

value post-injury for each of the most bruised areas, with the highest ADC values 

(P_LTC, M_LFC, P_MTC and the control ROIs).  ADC value was modelled as the 

dependent variable and days since injury as the predictor variable.  A random 

slope term was included for patient, to account for with-patient correlation arising 

in the data due to the longitudinal nature of the data (with repeated measures of 

ADC value being recorded on most patients during the post-injury period).  Age 

and gender were not factored into the model. Table 6.3 shows estimated fixed 

effects for the models fitted for each region of interest. 

 

 

Table 6.3 Estimated fixed effects for the models fitted for the control regions 

and regions with the highest ADC values. 

 

Model 

(ROI) 

Fixed effect Estimate Std. Error t value p-value 

 

M_LFC 

Intercept 0.949 0.0495 19.160  

p<0.001 Days since injury -0.003 0.0003 -9.679 

 

P_LTC 

Intercept 0.820 0.0426 19.220  

p<0.001 Days since injury -0.002 0.0002 -8.264 

 

P_MTC 

Intercept 0.701 0.048 14.515  

p<0.001 Days since injury -0.001 0.0003 -5.117 

 

DF 

Intercept 0.264 0.022 11.949  

p<0.001 Days since injury -0.00005 0.0001105 -0.489 

 

PT 

Intercept 0.299875 0.023 12.619  

p<0.001 Days since injury -0.0002 0.0001485 -1.528 
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The model for the M_LFC region estimated that, for every additional day since 

injury, the ADC value decreases by an average of approximately 0.003 (95% CI: -

0.0038, -0.0024; p<0.001).  For example, this model estimated: 
 

• ADC at 50 days post injury = 0.949 -0.003  * 50  = 0.799 
 

• ADC at 150 days post injury = 0.949 -0.003  * 150 = 0.499 
 

• ADC at 200 days post injury = 0.949 -0.003  * 200 = 0.349 

 

 

The ADC value in the P_LTC region was estimated (by the model for this region) 

to decrease by an average of approximately 0.002 (95% CI: -0.0028, -0.0017; 

p<0.001) per day from injury.  For example, the model estimated that at 50 days 

post injury, the mean ADC in this region was 0.820-0.002*50= 0.720, while at 200 

days post injury, the model estimated a mean ADC in this region of 0.820 - 

0.002*200 = 420. 

 

The ADC value in the P_MTC region was estimated to decrease by an average of 

approximately 0.001 (95% CI: -0.0009, -0.0021; p<0.001).  For example, the 

model estimated that at 50 days post injury, the mean ADC in this region was 

0.701-0.001*50 =0.651, while at 200 days post injury, the model estimated a mean 

ADC in this region of 0.701- 0.001*200 = 0.501. 

 

For the control ROIs, estimated changes in ADC values were very marginal.  In 

the DF region, the model estimated a decrease of an average of approximately -

0.00005 (95% CI: -0.00027, 0.000163; p<0.001) per day since injury.  For 

example, the model estimated: 
 

• ADC at 50 days post injury of: 0.264 -0.00005 * 50 = 0.262 
 

• ADC at 150 days post injury of: 0.264 -0.00005 * 150 = 0.257 
 

• ADC at 200 days post injury of: 0.264-0.00005 * 200  = 0.254 
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The estimated changes in ADC values were also very marginal for the control PT 

ROIs, for this region the model estimated a decrease of an average of 

approximately -0.0002 (95% CI: -0.00051, 0.00006645; p<0.001), for example, the 

model estimated: 
 

• ADC at 50 days post injury = 0.299 -0.0002 * 50= 0.2885305 
 

• ADC at 150 days post injury = 0.299 -0.0002 * 150= 0.2658405 
 

• ADC at 200 days post injury = 0.299 -0.0002 * 200 = 0.2544955 

 

 

Figures 6.4 a) to d) below demonstrate the changes on ADC for the selected 

ROIs: 
 

• (a) M_LFC 
 

• (b) P_LTC 
 

• (c) P_MTC 
 

• (d.1 and d.2) DF and PT 
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Figure 6.4 (a): Changes on ADC for M-LFC 
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Figure 6.4 (b): Changes on ADC for P_LTC 

 

 
 

Figure 6.4 (c): Changes on ADC for P-MTC      
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(d.1)            (d.2) 

 

Figure 6.4 (d.1 and d.2): Changes on ADC for distal femur DF (d.1) and 

proximal tibia PT (d.2) 
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6.3.1 Correlation of ADC with Tegner and KOOS Scales Post Injury Across 
Three Clinical Visits 
 

ADC values along with Tegner and KOOS scales were collected across three 

visits.  Utilising the data across all three visits together, the correlation between 

ADC and the validated scales was assessed using a repeated measures 

correlation method.  Correlation coefficients along with 95% confidence intervals 

and p-values are shown for ADC and Tegner scale in Table 3 and for ADC and 

each of the KOOS subscales in Table 6.4 for the most commonly bruised areas 

(P_LTC and M_LFC). 

 

 

Table 6.4. Repeated measures correlation coefficients (95% confidence 

intervals) for relationship between ADC and Tegner scale across visits. 

 

 

 

 
 

*p<0.05;  **p<0.01 

 

 

There was a strong negative correlation between ADC and Tegner scale for both 

ROIs (M_LFC and P_LTC), indicating that higher ADC values tend to be 

associated with lower Tegner scores (Figure 6.5).  The correlation for the P_LTC 

region was -0.70 [95% CI: -0.53, -0.86] and was -0.80 [95% CI: -0.58, -0.94] for 

the M_LFC region. 

  

ROI P_LTC M_LFC 

Tegner – current -0.70 (-0.53, -0.86)** -0.80  ( -0.58, -0.94)** 
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Figure 6.5. Scatterplot showing relationship between ADC and Tegner scale for 

both P_LTC and M_LFC across three visits post-injury 

 

 

All KOOS subscales were also shown to have a negative correlation with ADC 

value in both ROIs (Figure 6.6), indicating that when the value of ADC increased 

the value of KOOS subscales tended to decrease.  For the P_LTC region, the 

ADC value had a strong negative correlation with KOOS_QOL (r=-0.81; 95% CI: -

0.61, -0.95) and moderate correlation with KOOS_symptoms, KOOS_pain and 

KOOS_ADL, as shown in Table 6.5. 

 

For the M_LFC region, ADC value had strong negative correlations with 

KOOS_QOL (r= -0.87; 95% CI: -0.69, -0.95), KOOS_pain (r=-0.81; 95% CI: -0.52, 

-0.94) and KOOS_ADL (r= -0.74; 95% CI: -0.52, -0.92), as well as a moderate 

correlation with KOOS_symptoms (r= -0.63; 95% CI: -0.014, - 0.88) and 

KOOS_sra (r= -0.52 ;  95% CI: -0.89, 0.097). 
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Table 6.5. Longitudinal measurements correlation (with 95% confidence 

interval) between ADC value and KOOS subscales. 

 

 

 

 

 

 

 

 

 

 

 

 

 
* 

  

     p<0.05;  **p<0.01 

 

 

 

  

ROI P_LTC M_LFC 

Koos_p -0.64 (-0.91, -0.24)** -0.81 (-0.52 ,-0.94) ** 

Koos_s -0.57 (-0.05, -85)* -0.63 (-0.14,-0.88)** 

Koos_sra -0.32 (-0.74, 0.26); p=0.25 -0.52 (-0.89, 0.097)* 

Koos_a -0.61 (-0.81, -0.41)* -0.74  (-0.52,- 0.92)** 

Koos_q -0.81 (-0.61, -0.95)** -0.87 (-0.69, -0.95)** 
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Figure 6.6. Negative correlation between ADC and the five KOOS subscales    
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6.4. Clinical Site 2 
 

Due to the slow patient referral rate at the first clinical site, the study was moved to 

another site to facilitate the recruit of more patients. The study received full ethical 

approval by the institutional review board at that organisation. Both clinical sites 

used different scanners with subtly different DWI sequences and thus the data 

could not be combined.   

 

6.4.1. Materials and Methods 
 

A total of 17 patients with ACL injury-related bone bruises were recruited to the 

study.  Only four patients completed the first and second MRI scans. Four patients 

had the second MRI scan only and five patients missed the first two scans and 

had the third scan. Patient details are summarised in Table 6.6. 

 

Table 6.6 Patient details per clinical site visit 

 

 

6.4.2. Knee Positioning 
 

The same procedures for knee positioning as implemented during the volunteer 

phase (Chapter 5, Section 5.2.2) were followed when positioning all patients.  

 

Visits for Knee MRI Scan 
 

Visit 1 

3-8 weeks 

 

Visit 2 

3 months 

 

Visit 3 

6 months 

 

Gender 

 

2 female 

2 male 

 

4 female 

4 male 

 

2 female 

3 male 

 

Total number of patients 

 

 

4 

 

8 

 

5 
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6.4.3. MR Imaging Protocol 
 

The standard knee MR imaging protocol that was developed at clinical site 2 

based on the optimised DWI sequence utilised during the phantom phase 

(Chapter 4, Table 4.7) was again used during this phase for scanning patients with 

ACL injuries. 
 

 

6.4.4. MR Image Analysis 
 

The same protocols for image analysis that were used earlier during the volunteer 

phase were again used at both clinical sites.  However, at the second clinical site, 

only one phase-encoding direction (RL-PE) with b-value (0,800 sec/mm2) was 

chosen for ADC analysis due to technical errors in calculating ADC values with 

other b-values. 
 

 

6.5. Results 
 

Due to the small study population size (n=17), descriptive statistics were used to 

analyse data and were reported as mean (±SD) for all ROIs.  The results reported 

in this section were in agreement with those determined for the patients scanned 

at clinical site 1.  The results for patients scanned at clinical site 2 demonstrated 

that the mean ADC for the lateral compartment was higher than the medial 

compartment.  The locations of bone bruises: the mid-lateral femoral condyles (M-

LFC) and the postero-lateral tibial condyles (P-LTC) had the highest mean ADC 

values 1.08 (±0.08) for the M-LFC and 1.0 (±0.15) for P-LTC compared to the 

other regions evaluated throughout the knee joint.  Furthermore, the frequency of 

occurrence of areas of bone bruising reduced over time, leading to a decrease in 

the mean ADC values in the second visit (3 months) and third visit (6 months) post 

injury. 

 

Finally, there were no notable differences in the mean ADC values for the control 

ROIs: distal femur (DF) and proximal tibia (PT) in all patients over the three time 
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points.  Table 6.7 summarise the mean ADC value (±SD) for each ROI at the three 

time points.    
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Table 6.7. Mean ADC (±SD) in patients with ACL-related bone bruises across 

the three visits (b0,800). 

 

ROI 
Patients Visit 1 Patients Visit 2 Patients Visit 3 

Mean 

ADC 
(±SD) Mean ADC (±SD) Mean ADC (±SD) 

LFC_A 0.29 0.08 0.24 0.06 0.19 0.06 

LFC_M 1.08 0.08 0.69 0.22 0.25 0.06 

LFC_P 0.22 0.07 0.21 0.09 0.25 0.07 

MFC_A 0.21 0.03 0.21 0.06 0.2 0.07 

MFC_M 0.24 0.05 0.2 0.06 0.19 0.08 

MFC_P 0.25 0.06 0.19 0.07 0.16 0.05 

CFC 0.23 0.05 0.19 0.08 0.23 0.05 

LTC_A 0.25 0.05 0.28 0.14 0.21 0.05 

LTC_M 0.28 0.06 0.3 0.13 0.24 0.09 

LTC_P 1 0.15 0.65 0.18 0.35 0.07 

MTC_A 0.29 0.03 0.27 0.11 0.21 0.07 

MTC_M 0.27 0.04 0.26 0.16 0.18 0.05 

MTC_P 0.36 0.29 0.33 0.2 0.21 0.08 

CTC 0.28 0.05 0.27 0.12 0.25 0.11 

DF 0.17 0.01 0.16 0.01 0.15 0.01 

PT 0.12 0.01 0.11 0.01 0.1 0.01 
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6.6. Discussion 
 

In 1988, Yao and Lee were the first to describe a series of eight patients with 

acute knee injury who had normal radiographs.  MRI of this cohort showed 

irregular foci of increased signal intensity (SI) on T2-weighted and low signal on 

T1-weighted spin-echo (SE) images.  While Berger et al. (1988) also described 

radiologically occult fractures evident only on MRI in a series of 14 patients, these 

lesions were not classified.  Due to the discrepancy in protocol used for the MR 

imaging studies and the lack of a better term, these post-injury hyperintensities 

within the bone marrow were termed bone marrow oedema to emphasise the 

generic character of this condition (DeAngelis and Spindler, 2010).  The proposed 

pathogenesis of these marrow changes asserts possible micro-fracture of the 

cancellous bone without disruption of compact bone within cortex; oedema, 

infarction, increased blood pooling and reactive hyperaemia which alter the normal 

marrow signal intensity (DeAngelis and Spindler, 2010; Mandalia and Henson, 

2008; Nishimori et al., 2008).  In time, bone marrow oedema became known as 

‘bone bruise’ or ‘bone bruising’ to reflect its traumatic nature (DeAngelis and 

Spindler, 2010; Mandalia and Henson, 2008; Bretlau et al., 2002; Mink and 

Deutsch, 1989).  Anterior cruciate ligament (ACL) rupture is  a common knee 

injury.  Costa-Paz et al. (2001) have stated that disruption of the ACL is frequently 

associated with damage to other structures within the knee.  Patel et al. (2015) 

reported that bone bruise is the most important secondary sign for the diagnosis of 

ACL trauma with a sensitivity of 82% and specificity of 90%.  Several studies have 

reported that the prevalence of bone bruise in patients with ACL injuries appears 

to be more than 70-80% (Patel et al., 2015; Bretlau et al., 2002; Costa-Paz et al., 

2001). 
 

The ACL is attached to the middle portion of the lateral femoral condyle (LFC) and 

the posterior portion of the lateral tibial condyle (LTC) (Bretlau et al., 2002).  At the 

time of ACL injury, anterior subluxation of the tibia relative to the femur appears, 

which results in the LFC impacting against the LTC.  Consequently, bone bruises 

in the LFC and posterior LTC may result from friction between the lateral femoral 

and lateral tibial condyles (ibid, 2002).  Patel et al. (2015) demonstrated that the 
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distribution of bone bruises in the knee can provide valuable insight into the 

mechanism of ACL injury.  In recent years, MRI has been increasingly utilised in 

the evaluation of patients with acute knee injury.  The ability to demonstrate a 

bone bruise is unique to MR studies as it is superior to other radiological 

modalities such as: projection radiography, ultrasonography and computed 

tomography in revealing bone and soft tissue lesions with high sensitivity and 

specificity (Mandalia and Henson, 2008).  On T2W or proton density weighted 

(PDW) fat-suppressed fast spin echo (FS/FSE) or short tau inversion recovery 

(STIR) MR images, the alterations in the subchondral bone marrow signal are 

characterised by areas of high SI.  In contrast, on T1W images, these lesions are 

characterised by ill-defined hypointense areas with low SI compared with the 

unaffected, normal bone marrow (DeAngelis and Spindler, 2010).  The 

hypervascularity associated with bone bruises is clearly demonstrated following 

the intravenous administration of a Gadolinium-based contrast agent, as areas of 

high SI on T1W SE-based images.  Although bone bruises are readily identified on 

fat-suppressed sequences, diffusion-weighted imaging (DWI) is an advanced MRI 

technique that allows noninvasive examination of tissue structure and provides 

quantitative data on the molecular motion of water.  Rupreht et al. (2013) 

acknowledge that the associated DW image contrast is closely related to water 

molecule mobility, which differs in several tissue environments. 

 

The analysis of MR images acquired at three different time points post ACL 

trauma allowed the researcher to explore several aspects concerning the 

frequency and significance of bone bruises.  With regard to frequency, in this 

study, bone bruises were detected in all patients presenting with ACL rupture in 

the acute phase.  In agreement with published literature, a higher frequency of 

bone bruises was observed in the lateral compartment of the knee, particularly in 

the postero-lateral aspect of the tibia (P-LTC) and the mid-lateral femoral condyles 

(M-LFC) (Patel et al., 2015; Mandalia and Henson, 2008; Viskontas et al., 2008).  

Mink and Deutsch (1989) reported that 92% of bone marrow signal intensity 

abnormalities were present in the lateral compartments of the knee (femur or 

tibia), and 100% laterally (femur or tibia) in the study by Murphy et al. (1992).  

Further, Rosen et al. (1991) found that 83% of patients with ACL rupture had a 
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bone bruise in the lateral compartment, with 50:50 distribution of these lesions 

within the LFC and the LTC.  In addition, 30% (19 of 64) of these patients had 

similar high SI in more than one bone marrow region. 

 

The results of the current research were further consistent with those of Speer et 

al. (1992), who determined that 83% of bone bruises associated with an ACL 

injury were located in the lateral compartment of the knee, more specifically 

involving the terminal sulcus of the LFC.  Spindler et al. (1993) also found that the 

majority of bone bruises that were associated with ACL rupture were located in the 

LFC.  McCauley et al. (1994) studied MRI scans of 39 patients who were 

arthroscopically diagnosed to have an ACL rupture, with images independently 

reviewed by two radiologists.  These authors found that for the two reviewers, the 

sensitivity of MRI to the presence of bone bruising in the P-LTC was 50% and 

46%, with specificities of 97% and 97%.  These authors stated that the presence 

of bone bruising in the P-LTC predicted ACL disruption with high specificity, and 

the presence of this finding must be considered a strong evidence of ACL rupture.  

In a similar cohort of post trauma ACL patients, Stein et al. (2012) reported higher 

frequency of bone bruises involving the LFC or the LTC than within the medial 

femoral condyle (MFC) or medial tibial condyle (MTC).  In a more recent study, 

Filardo et al. (2016) confirmed that bone contusions associated with ACL injury are 

usually located in the lateral compartment, particularly in the posterior aspect of 

the LTC and in the mid-LFC just above the anterior horn of the lateral meniscus.  

Furthermore, these authors also demonstrated that bone bruises were more 

commonly evident within the M-LFC than within the P-LTC.  However, although 

the lateral compartment of the knee is commonly involved, bone bruises can also 

be seen in the medial compartment (Viskontas et al., 2008; Spindler et al., 1993). 

 

The results of the current research also determined that bone bruises in the most 

common locations i.e., the M-LFC and P-LTC had the highest mean ADC values 

compared to the other regions within the bones comprising the knee joint.  Rupreht 

et al. (2013) have acknowledged that since the movement of water is less 

restricted in these regions, higher ADC values correspond to elevated diffusion 

within the marrow extracellular space.  In contrast, molecular water mobility is 
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impeded in areas of high cellularity, yielding lower ADC values. 

 
However, for DW-MR images analysed at both clinical sites in the current study, 

the mean ADC value for the M-LFC regions was found to be slightly higher than 

the mean ADC value of the P-LTC, further confirming the higher frequency of bone 

bruising involving the M-LFC compared to the P-LTC.  Furthermore, the mean 

ADC values decreased during the follow-up time points of 3- and 6-months.  The 

lower mean ADC values in these areas during follow-up assessment indicate 

resolution of the bone bruises, with an associated decrease in water mobility in the 

marrow extracellular space and in the volume of oedema present, suggesting the 

return of a higher cellularity within the marrow (Rupreht et al., 2013).  A lower 

frequency of bone bruises were found at follow-up (3 months and 6 months) which 

can be explained by the well-documented resolution of bone bruises over time.  

However, the natural history of bone bruises and their ability to resolve remains 

controversial.  Yao and Lee (1988) reported two cases in which bone bruises had 

resolved by 3 and 6 weeks, respectively.  Lynch et al. (1989) reported resolution of 

marrow lesions in 5 patients re-evaluated by MRI, but persistent marrow oedema 

abnormalities at 3 months in two other patients. 

 

Graf et al. (1993) retrospectively studied 98 patients post ACL injury and 

determined that bone bruising was evident in 36 of 51 patients (71%) within 6 

weeks of injury, while the remaining 24 patients continued with MRI follow-up more 

than 6 weeks post injury, none of these patients went on to develop bone bruises.  

Bretlau et al. (2002) showed that bone bruise frequency and volume reduced over 

time and resolved in most cases 4-12 months post trauma, with only 12% still 

detectable at 12 months.  Miller et al. (1998) also showed that most bone bruises 

resolve within 2-4 months after injury.  Davies et al. (2004) demonstrated an initial 

increase in the bone bruise volume of patients with knee bone bruising, which was 

most in evidence in follow-up images acquired at 12–14 weeks.  Similarly, the 

current study also demonstrated an initial increase in bone bruise volume during 

the first 4-8 weeks following injury. 

 



 160	

Costa-Paz et al. (2001) reported that bone bruising identified in 71% of patients 

had resolved after 2 years.  Similar findings were determined by Roemer et al. 

(2009), who evaluated 49 patients with knee MRI for a minimum of 2 years, with a 

mean follow up of 44 months.  These researchers concluded that acute post-

traumatic bone bruising resolves in the majority of patients after 2 years.  In 

summary, the time course of the resolution of bone bruising varies from 3 weeks to 

2 years.  They proposed that this could be related to several factors such as: the 

severity of the initial ACL injury, the extent of bone bruising, associated internal 

knee derangement, the load going through the bruised bone and post-trauma 

rehabilitation strategies.  More prospective long-term studies are required to 

evaluate the natural history of bone bruising and the associated clinical sequelae. 

 

The current study had a unique attribute.  To the knowledge of the research team, 

this was the first study to evaluate the correlation between bone bruising-related 

ADC values with the associated clinical outcome using two patient-relevant 

outcomes scoring systems, the Knee injury and Osteoarthritis Outcome Score 

(KOOS) and the Tegner score.  It is logical to assume that ACL injury, which has 

adverse effects on the soft tissue and bony anatomy of the knee joint, might also 

affect the functional outcome and prognosis.  Dunn et al. (2010) stated that 

identifying and characterising the association between bone bruising and 

associated knee pain, together with other clinical symptoms, may alter the 

preoperative weight-bearing protocols recommended to patients to decrease pain, 

delay anterior cruciate ligament reconstruction and allow sufficient bone bruise 

healing time.  However, the findings regarding this issue remain controversial.  

One of the main findings of the current study was the correlation between KOOS 

and Tegner scales with the mean ADC values in the bruised area of bone marrow 

following ACL injury.  The results showed a negative correlation between the 

mean ADC values with KOOS and Tegner scales for the most common areas of 

post-ACL trauma bone bruising (P-LTC and M-LFC). 

 

Rosen et al., (1991) suggested that the majority of occult bone bruises resolve 

without complication.  Costa-Paz et al. (2001) failed to find any correlation 

between bone bruises and pain scores at 2 years follow-up.  These authors 
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demonstrated that patients with residual bone bruises had clinical scores no 

different than those without such lesions.  Similarly, in a 12-year follow-up study, 

Hanypsiak et al. (2008) did not find any correlation between the presence of bone 

bruise at the time of injury and the clinical outcome in 44 patients who underwent 

ACL reconstruction.  Based on these medium- and long- term follow-up studies, 

there does not appear to be any relationship between bone bruises and the final 

clinical outcome in post ACL trauma patients. 

 

Conversely, other authors have shown a correlation between bone bruises and 

symptoms (Szkopek et al., 2012).  Johnson et al. (2000) prospectively studied 40 

patients following ACL injury: one group of 20 patients without associated bone 

bruising and another similar sized group with bone bruising.  They determined a 

higher affected knee pain score for patients with more extensive bone bruising and 

joint effusion compared to that for the unaffected knee.  In addition, the former 

patient cohort required a longer length of time for the bone bruising and effusion to 

dissipate to achieve equal range of motion.  Davies et al. (2004) demonstrated that 

in 30 patients studied, all but one reported some degree of pain 12–14 weeks post 

trauma.  Wright et al. (2007) analysed the images of 32 patients who underwent 

MRI more than 3 months post trauma, demonstrating that no patients with bone 

bruises reached full sport recovery at the time of final 2-year follow-up. 

 

There were a number of limitations associated with this study.  Challenges were 

encountered in relation to the clinician-directed clinical referral process for knee 

MRI.  This proved to be somewhat prolonged, which in turn limited the 

opportunities to scan patients during the early acute phase following ACL trauma.  

The research team also found it challenging to recruit eligible patients to the 

second and third follow-up scan stages associated with this research, such that 

only 6 patients completed the follow-up at all three MR imaging time points.  

Furthermore, the first MRI scan was not performed preoperatively in all patients.  

However, the second and third MRI scans were acquired postoperatively in the 

majority of patients, with associated anatomical and surgical changes and 

susceptibility artefact from a metallic orthopaedic device augmenting the 

complexity of the ADC measurement and data analysis processes to maintain 
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accuracy and consistency.  These factors contributed to the small study population 

size. 

 

In conclusion, MRI has proved to be a powerful tool for the assessment of 

characteristics of injury that are occult on other imaging techniques.  Quantitative 

DW imaging and ADC maps were shown to be sensitive for the detection of bone 

bruises and demonstrating the correlation with the clinical consequences in post 

ACL trauma patients.  These sequences represent a valuable supplementary 

technique that may be readily added to the standard knee MR scanning protocol to 

optimise the sensitivity for bone bruising detection and their correlation with clinical 

outcome.  Further studies with larger study population size and longer follow-up 

are required to further evaluate the contribution of DWI and ADC analysis can 

better inform the management of patients presenting with ACL injury-related bone 

bruises. 
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Chapter 7: Case Report Series 
 

Diffusion-weighted MR image appearances and quantitative 
ADC measurements in patients with ACL-related bone 
bruises at three time points 
 

 

7.1. Introduction 
 

This chapter will further explore some of the data gathered and presented in 

Chapter 6, by focusing on the six patients who completed the MRI follow-up study 

at three time intervals post-injury.  The purpose of this longitudinal case report 

series was to explore and present the longitudinal diffusion characteristics 

associated with ACL injury-related bone bruises.  Secondly, to assess the impact 

of bone bruises on these six patients by considering correlations between the 

quantitative diffusion data with clinical outcomes, using the validated Knee Injury 

and Osteoarthritis Outcome Score (KOOS) and the Tegner score evaluating sports 

activity level, across the three time points. 

 

 

7.2. Methods 

 

The study was designed as a single-centre case series.  The study group included 

six patients (four females and two males) with a mean age of 23.6 years whose 

initial MRI scans post injury showed ACL-related bone bruises.  Patients were 

included if they had completed research scans at each of the three time points (3 

to 8 weeks, 3-4 months, and 6 months) after their acute knee trauma/ ACL tear.  

Two patients underwent arthroscopic ACL reconstruction before the first research 

scan with the other four patients undergoing arthroscopic ACL reconstruction prior 

to their second research scans (Table 7.1). 
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Table 7.1: Demographic details of the six patients with ACL-related bone 

bruises included in the case report series. 
 

 

 

 

 

 

 

 

 

 

 

 

 

Details of the methodology for scanning these patients are as described in 

Chapter 6 (Sections 6.2.1 to 6.2.5). 

 

7.2.1. Statistical Analysis 
 

Six patients with ACL-rupture were included in the present study, all of whom had 

completed a third research scan at 6 months follow-up.  As detailed in chapter 6 

(Sections 6.2.4 to 6.2.5), the mean ADC values for 30 regions of interest (ROIs) 

for the six participants were calculated by phase-encoding direction (right-left; 

antero-posterior) and b-value combinations (50,600 and 50,800) at each follow-up 

time point (3-8w, 3-4m, 6m).  The longitudinal changes to the areas of bone 

bruising in the injured knees of these six patients during follow-up was also 

described.  All data for the case report series were compiled in Microsoft Excel 

spread sheets and imported into RStudio© software Version 1.1.463 (RStudio Inc., 

Boston, MA, USA) for analysis. 

Patients Gender Age Surgery before 1st scan 

Pk 1 F 32 No 

Pk 2 F 19 No 

Pk 3 F 21 No 

Pk 4 F 23 No 

Pk 5 M 22 Yes 

Pk 6 M 25 Yes 
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7.3. Results 

 

Overall, little difference was observed in ADC values for RL and AP phase-

encoding directions at each b-value, though there appeared to be a marginal 

difference in median ADC values between the RL and AP direction for the 

b50_600 combination at the first and second visits (Figure 7.1).  Therefore, the AP 

PE-direction with b50_800 was chosen for the statistical analysis for this case 

report series. 

 

 
Figure 7.1: Boxplots of ADC values of all ROIs for the six patients for both 

phase-encoding directions and b-values for the three clinical visits (box and 

whiskers plots present the mean and SD). 
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On the first visit (Visit 1), patients (1, 2, 3 and 4) had their research scan after ACL 

rupture and before knee surgery, whereas patients 5 and 6 had undergone 

surgery before the first visit to the MRI department.  However, all six patients had 

surgery before their second and third visits as summarised in Table 7.2. 

 

Table 7.2: Timing of knee surgery for each patient relative to each of their three 

research scans. 
 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 7.2 shows the ADC values, averaged over two replicates, for each ROI of 

the knee for each patient across the three visits based on days since injury.  This 

demonstrates variability in ADC values for some regions of bone bruising in the six 

patients, where ADC values increased at the second visit for some ROIs before 

decreasing again at the third visit (most likely due to the timing of surgeries), 

whereas some other regions did not show a trend of changes in ADC value over 

time. 

 

 

  

Patients 

Knee Surgery before 

Visit 1 

MRI Scan 

Visit 2 

MRI Scan 

Visit 3 

MRI Scan 

Pk 1 No Yes < 8 weeks Yes > 8 weeks 

Pk 2 No Yes < 8 weeks Yes > 8 weeks 

Pk 3 No Yes < 8 weeks Yes > 8 weeks 

Pk 4 No Yes < 8 weeks Yes > 8 weeks 

Pk 5 Yes < 8 weeks Yes > 8 weeks Yes > 8 weeks 

Pk 6 Yes < 8 weeks Yes > 8 weeks Yes > 8 weeks 
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Figure 7.2: ADC values, averaged over two replicates, for each ROI of the knee 

for each patient across the three visits based on days since injury. 
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For the ROIs in the femoral condyle (FC) region, the lateral side had higher overall 

mean ADC value than the medial side at the three visits (Table 7.3).  The middle 

ROI in the lateral femoral condyle (M_LFC) had the highest mean ADC value at 

the first visit 0.79 (±0.21) and demonstrated a decreasing trend in the mean ADC 

value over time (Visit 2: 0.64 (±0.16) and Visit 3: 0.37 (±0.18)). 

 

The lateral compartment of the tibial condyles (TC) also had a higher overall mean 

ADC value than the medial compartment, while the posterior ROI in the lateral 

tibial condyle (P_LTC) had the highest mean across the TC region across the 

three visits.  The mean ADC value for the P_LTC region was 0.78 (±0.2) at the first 

visit, 0.63 (±0.15), and 0.43 (±0.11) for the second and third visit respectively, also 

demonstrating a trend of decreasing ADC over time. 

 

There were no notable differences in the mean ADC values for the control ROIs, 

the distal femur (DF) and proximal tibia (PT), in all patients over the three time 

points.  The mean ADC values for the DF were 0.24 (±0.07), 0.23 (± 0.08) and 

0.23 (± 0.09), respectively, and 0.26 (±0.09), 0.21 (±0.06) and 0.2 (±0.08) for the 

PT at each respective visit. 
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Table 7.3: Mean ADC value for each ROIs across the three clinical visits. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 
  

 ADC Values - Mean (SD) 

ROI Visit 1 Visit 2 Visit 3 

A_LFC 0.62 (0.28) 0.57 (0.16) 0.41 (0.1) 

M_LFC 0.79 (0.21) 0.64 (0.16) 0.37 (0.18) 

P_LFC 0.34 (0.15) 0.33 (0.11) 0.28 (0.09) 

A_MFC 0.37 (0.12) 0.45 (0.1) 0.32 (0.09) 

M_MFC 0.39 (0.15) 0.4 (0.11) 0.32 (0.08) 

P_MFC 0.4 (0.12) 0.4 (0.15) 0.3 (0.09) 

C_CFC 0.45 (0.18) 0.44 (0.07) 0.34 (0.08) 

A_LTC 0.34 (0.13) 0.45 (0.16) 0.32 (0.12) 

M_LTC 0.45 (0.15) 0.49 (0.27) 0.35 (0.1) 

P_LTC 0.78 (0.2) 0.63 (0.15) 0.43 (0.11) 

A_MTC 0.27 (0.12) 0.34 (0.09) 0.25 (0.14) 

M_MTC 0.43 (0.21) 0.4 (0.21) 0.36 (0.12) 

P_MTC 0.6 (0.22) 0.6 (0.2) 0.4 (0.08) 

C_CTC 0.44 (0.19) 0.62 (0.18) 0.41 (0.12) 

DF 0.24(0.07) 0.23 (0.08) 0.23 (0.09) 

PT 0.26 (0.09) 0.21 (0.06) 0.2 (0.08) 
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7.3.1. Correlation of ADC with Tegner and KOOS Scales Post Injury across 
three Clinical Visits 
 

ADC values, along with Tegner and KOOS scales, were collected across the three 

visits per patient.  Utilising the data from all three visits, the correlation between 

ADC and the validated scales was assessed using a repeated measures 

correlation method.  Correlation coefficients, together with 95% confidence 

intervals and p-values, are shown for ADC and Tegner scale in Table 7.4 and for 

ADC and each of the KOOS subscales in Table 7.5.  The regions of the knee most 

commonly bruised post ACL injury, namely the P_LTC and M_LFC, were the 

regions used. 

 

 

Table 7.4: Repeated measures correlation coefficients (95% confidence 
intervals) for relationship between ADC and Tegner scale across visits. 

 ROI rrm (95% CI) 

 
Correlation 

 
P_LTC  

 
M_LFC 

 
ADC vs Tegner (current) 

 

 
-0.72 (-0.55, -0.9)* 

 
-0.79 (-0.55, -0.94)* 

* p<0.01 

 

 

There was a strong negative correlation between ADC and Tegner scale for both 

ROIs (M_LFC and P_LTC), indicating that higher ADC values tends to be 

associated with lower Tegner scores (Figure 7.3). 
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Figure 7.3: Scatterplot showing relationship between ADC and Tegner scale for 

both M_LFC and P_LTC across the three time points 

 

 

All KOOS subscales also had a negative correlation with ADC value in both ROIs 

(Figure 7.4), indicating that when the value of ADC increases, the KOOS subscale 

scores tend to decrease.  For the P_LTC region, the ADC value had a strong 

negative correlation with Quality of Life (KOOS_QOL) (rrm= -0.83; 95% CI: -0.63, -

0.96) and moderate correlations with Symptoms (KOOS_S), Pain (KOOS_P), and 

Activity of Daily Living (KOOS_ADL), as shown in (Table 7.5). 

 

For the M_LFC region, ADC value had strong negative correlations with Pain (rrm = 

-0.78; 95% CI: -0.47, -0.94), ADL (rrm = -0.71; 95% CI: -0.46, -0.91) and QOL (rrm = 

-0.87; 95% CI: -0.69, -0.96), as well as a moderate correlation with Symptoms (rrm 

= -0.58; 95% CI: -0.88, 0.033). 
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Figure 7.4: Scatterplot showing relationship between ADC and KOOS subscales 

for both the M_LFC and P_LTC across the three time points. 
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Table 7.5: Repeated measure correlation between ADC value and KOOS 

subscales. 

 
ROI rrm (95% CI) 

 

Correlation 

 
P_LTC 

 
M_LFC 

 

ADC v Symptoms (KOOS_S) 
 

-0.59 (-0.14, -0.87)* 
 

-0.58 (-0.88, 0.033)* 

 

ADC v Pain (KOOS_P) 
 

-0.68 (-0.32, -0.94)** 
 

-0.78 (-0.47, -0.94)** 

 

ADC v Activity of Daily Living 
(KOOS_ADL) 

 

 
-0.64 (-0.46, -0.86)* 

 
-0.71 (-0.46, -0.91)** 

 

ADC v Sport and Recreation 
Function (KOOS_ SRA) 

 
-0.38 (-0.78, 0.32) 

p=0.19 

 
-0.42 (-0.85, 0.28) 

p=0.14 

ADC v Quality of Life 
(KOOS_QOL) -0.83 (-0.63, -0.96)** -0.87 (-0.69, -0.96)** 

* p<0.05; **p<0.01 
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7.4. Discussion 
 

The association between ACL injury and bone bruise is well documented 

(Hanypsiak et al., 2008).  ACL ruptures are a very common traumatic knee injury 

among young and physically active individuals (Gong et al., 2017).  Bone marrow 

oedema-like lesions appear as patchy high signal intensity abnormalities on fat-

suppressed T2-weighted (T2W) FSE MR images and are found in more than 70-

80% of patients with acute ACL ruptures (Gong et al., 2017; Nishimori et al., 

2008).  The term bone bruising has been used synonymously and is thought to 

represent a spectrum of occult bone injuries, including infarction, oedema and 

bleeding due to microscopic compression fractures of cancellous bone.  Bone 

bruising is best diagnosed by the increased signal intensity seen on T2W FSE 

images and with decreased signal intensity on T1-weighted (T1W) SE-based 

images (Mandalia et al., 2005).  T2W FSE images reflect the presence of free 

water associated with haemorrhage, oedema or inflammatory response and 

therefore are useful to determine how acute the injury is. 

 

Regarding the frequency and location of bone bruises, the findings of the current 

research were in agreement with those of previous studies where bone bruising 

was evident with the highest frequency in the M_LFC and the P_LTC regions 

(Lattermann et al., 2017; Filardo et al., 2016; Hanypsiak et al., 2008; Nishimori et 

al., 2008; Mandalia et al., 2005).  This can be explained by the pivot shift 

mechanism, commonly implicated in ACL injuries.  Mandalia et al., (2005), 

demonstrated that ACL distruption resulted from such pivot shift injury, which 

occurs when valgus load is applied to the knee in many states of flexion, combined 

with internal rotation of the femur or external rotation of the tibia.  Resultant 

anterior subluxation of tibia will cause impaction of the LFC against the 

posterolateral margin of the LTC.  Therefore, bone bruising will be present in the 

posterior aspect of the LTC and the middle portion of the LFC (Patel et al., 2015; 

DeAngelis and Spindler, 2010; Hanypsiak et al., 2008; Nishimori et al., 2008; 

Mandalia et al., 2005; Bretlau et al., 2002).  Lattermann et al., (2017) measured 

bone bruise volume and severity in the MTC, LTC, MFC, and LFC for 81 patients 

based on preoperative MR image appearances.  These authors reported that the 
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distribution of those bone bruises was not uniform and that the majority of patients 

had bone bruises in the lateral compartment of the knee in the LTC region (76/81, 

93.8%) and in the LFC region (66/81, 81.5%).  Bruises were found with a much 

lower frequency on the medial side in the MTP region (46/81, 56.8%) and in the 

MFC region (20/81, 24.7%). 

 

Furthermore, Vellet et al., (1991) showed that in conjunction with ACL injury, bone 

bruises are seen in in the lateral compartment of the knee (LFC and the LTC).  

These authors reported 81% of bone bruises were in the lateral part of the joint 

(41% LFC; 40% LTC.  Similar results were found in another study by Yoon et al., 

(2011), who examined 81 patients with an arthroscopy-proven ACL rupture who 

were referred for knee MRI within six weeks following the initial trauma.  These 

researchers found that 68 (84%) of the 81 knees examined had bone bruising on 

MRI.  The prevalence of bone bruises in the lateral aspects of the knee was higher 

than the medial aspects.  It was 73%, 68%, 24% and 26% in the lateral aspect of 

the TC, lateral aspect of the FC, MFC and MTC, respectively. 

 

Literature evidence indicates that the time for the resolution of bone bruising varies 

between 3 weeks and 2 years.  This could be due to the severity of injury, extent 

of bone bruising, associated internal knee derangement, post-injury rehabilitation 

and the load going through the bruised bone. Histological evidence in the literature 

suggests that less severe injury causes marrow oedema without obvious injury to 

cellular bone, whereas more severe injury causes haemorrhage and microfracture 

(Mandalia et al., 2005).  This might influence the timing of radiological resolution 

and the severity of clinical symptoms.  Viskontas et al. (2008) investigated how the 

degree of bone bruising was related to the energy of the injury. The researchers 

found that bone bruising was “more frequent, deeper, and more intense” in 

patients with more severe initial injury.  Literatures have also shown that there are 

some lifestyle factors that might delay or inhibit bone healing after surgery or 

trauma such as smoking and diabetes. Marin et al. (2018) and Niu and Lim (2020) 

stated that smoking and diabetes have significant adverse effects on bone healing, 

and it is significantly associated, both clinically and statistically, with reduced 

healing and poor clinical outcomes following surgery. 
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Returning to sport or activity too soon pose a substantial risk of re-injury. 

Therefore, early rehabilitation between scheduled scanning could influence patient 

recovery, reduce pain and swelling of the injured knee and increase knee flexion 

and extension (Wedro, 2019). The period of rehabilitation will vary between 

individuals based on several factors including: age, genetics, previous activity level 

and if they have undergone surgery. ACL rehabilitation may include strengthening 

and exercising the leg and muscle, as well as correcting training errors through 

proprioceptive and plyometric exercises for pivoting, jumping, and landing. 

Function should be restored to the injured knee through functional daily activities 

and/or sport specific activities (American Academy of Orthopaedic Surgeons, 

2014; Wedro, 2019). 

 

In the current study, the follow-up MRI scans of the six patients showed reduced 

bone bruising based on ADC values at 3 and 6 months for the M_LFC and P_LTC 

regions.  The lower severity, in terms of reduced volume, of bone bruises at the 

follow-up examinations can be explained by the established resolution time of 

bone bruises.  As described by Bretlau et al., (2002), based on a series of MRI 

scans on 64 patients with an acute knee trauma, areas of bone bruising reduced 

over time until resolution, with only 12% still detectable at 12 months post-injury. 

 

Graf et al., (1993) retrospectively studied 98 patients with an ACL injury and found 

bone bruises in 36 of 51 patients within 6 weeks; however, the remaining patients 

had MRI more than 6 weeks post-injury, and none of these patients displayed 

bone bruises.  In another study, Miller et al., (1998), reported that most bone 

bruises resolve within 2 to 4 months post injury.  Davies et al., (2004) 

demonstrated an initial increase in bone bruise volume at 12 to 14 weeks; 

however, on follow-up MRI, bone bruises persisted but had reduced in volume.  

Our prospective study has also demonstrated the possibility of an initial increase in 

bone bruise severity in the first 6 weeks following injury. 

 

One of the most important findings of this study was the ability of DWI-MRI and 

ADC mapping to detect changes in bone marrow regions.  The calculated mean 

ADC values in the main bruised regions, the M_LFC and the P_LTC, were higher 
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than those for the other selected ROIs in the knee.  Furthermore, for these ROIs, 

the ADC values for the first clinical visit were higher than the subsequent second 

and third visits for these six patients.  Krajnc, Rupreht and DrobniI (2015) showed 

that higher ADC values correspond to elevated diffusion in the extracellular space 

as the motion of water is less restricted.  However, ADC values are lower in areas 

with high cellularity where the molecular water mobility is impeded.  These authors 

propose that decreasing ADC values at the follow-up examinations may reflect 

such increased cellularity (Krajnc, Rupreht and DrobniI, 2015). 

 

To the best of our knowledge, this is the first longitudinal study that correlated the 

quantitative DWI and ADC mapping findings with KOOS and Tegner scales for 

ACL-related injury bone bruises regions (the M_LFC and the P_LTC).  ROIs where 

bone bruises are most commonly located were associated with higher ADC values 

and the higher ADC values were negatively correlated with Tegner score and 

KOOS subscales. 

 

While there is some disagreement in the literature as to the association between 

the presence of bone bruises and pain.  Lattermann et al., (2017) reported that 

bone bruised area demonstrated significant negative correlation with a return to 

the previous level of sport (assessed via Tegner score) at mid- or long-term follow-

up.  However, neither bone bruise severity, size, nor total bone bruise volume 

were associated with reduced pre- or post-operative KOOS scores.  With evidence 

that the majority of bone bruises resolve, that bone bruises are not associated with 

pain and/or patient-reported dysfunction at 2 or 6 years post-injury and the fact 

that 100% of patients demonstrated a lateral bruise pattern, Lattermann et al., 

(2017) concluded that the presence of lateral bone bruises is simply not a 

sensitive enough measure to be used as a predictive tool.  Boks et al., (2007) 

found that there was no relationship between the presence of bone bruise and 

pain severity after sustained knee trauma, while Lin (2010) reported that it was 

difficult to determine whether bone bruises were a substantial cause of knee pain 

in the acute setting, as patients usually had other associated soft-tissue injuries. 
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7.5. Conclusion 
 

This work investigated the novel application of quantitative and qualitative DWI 

and ADC and demonstrated its potential diagnostic impact in detecting changes in 

bone marrow regions over time. DWI and ADC can be used in addition to the 

current standard pulse sequences used clinically as this sequence represent a 

valuable add-on in scanning patients with ACL-injury related bone bruises and can 

provide useful information about ACL injury-related bone bruises. Further studies 

with larger patient numbers and longer follow-up are recommended. Research into 

older groups and those with complex injuries are needed. The findings of this 

research can be also applied as basis or reference to evaluate DWI and ADC in 

the evaluation of other bone bruises that might be related pathology or trauma in 

different regions and wider age range. 
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Chapter 8: Overall Summary and Conclusions  
 

The study aimed to evaluate the use of quantitative DW-MRI and ADC mapping in 

the evaluation of ACL-injury related bone bruising by: developing and optimising 

DW protocol for use in the knee; characterising bone bruising, using qualitative 

and quantitative MRI data, within 3- 8 weeks, 3-4 months, and 6 months post-

injury; comparing MRI data to data from clinical examination and patient 

management at each time-point; and finally, validating the DW technique for use in 

the evaluation of bone bruising. This research study was divided into three 

scanning phases. Full institutional ethical approval was attained commencing each 

phase.  

 

8.1. Phase One: Optimisation of DW-MRI pulse sequence (phantom-based 
technical parameter study): 
 
Background 

Different types of artefacts can occur during MRI scans due to several factors, with 

some of them seriously impacting diagnostic image quality. These may be 

confused with pathology leading to incorrect diagnosis. Therefore, the phantom 

scanning phase for testing the quality of MR images was essential for QA, QC, 

and for optimising or developing a new MR sequence. Several phantoms with 

different copper sulphate concentrations and specific features were used in this 

phase to enable both quantitative and qualitative assessment of critical criteria 

concerning image quality, the presence of artefacts, and SNR. 

 
Aims 

To evaluate and analyse the performance of the clinical MR system and to 

optimise a DW-MR sequence which produces acceptable MR images before 

applying the volunteers and patients scanning phases. 
 
Conclusion  

Developments in RF system hardware and software, together with pulse sequence 

modifications, help to eliminate or reduce the artefacts that limited the application 
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of DWI to anatomical regions outside the brain.  These advances have facilitated 

the application of DWI in the musculoskeletal system, leading to this research, 

focusing on establishing the DWI and ADC characteristics of femoral and tibial 

bone bruising associated with ACL tears.  Prior to commencing the clinical phases 

of this research, the optimisation of DW sequences and the evaluation of the 

quality characteristics of the DW images in terms of SNR and the presence or 

absence of artefacts for a range of phantoms, enabled the researcher to confirm 

the suitability of the chosen sequences for clinical knee MR imaging of human 

subjects. This phase established that the optimised DWI sequence was suitable 

for use in the clinical setting and demonstrated that the DWI sequence with 

highest TR value has the highest SNR. 

 

 

8.2. Phase Two: Optimisation of DW-MRI sequences in healthy volunteers 
 
Background  

Conventional MRI sequences with or without fat saturation are used as a standard 

knee MR imaging protocol. DW-MRI and ADC mapping have been introduced to 

improve image quality of the routine MR imaging protocol and to provides 

quantitative and qualitative information on microscopic movements of water at the 

cellular level (Hasan and Hekimoğlu, 2013). DWI has proved to be a valuable tool 

in MSK imaging (Subhawong, Jacobs, and Fayad, 2014). DWI may be added to 

the standard knee MR protocol to provide further useful diagnostic information 

and, potentially, provide information on the severity of any bone bruising and the 

likely impact on healing recovery.  DWI sequences frequently suffers from 

artefacts, which in some cases seriously restrict the diagnostic utility of the image 

(Raya et al., 2005). Therefore, the optimisation of DWI-MRI protocol on healthy 

participants and the selection of an adequate imaging technique is an important 

issue prior undertaking a clinical study. 

 
 

Aims 
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This phase was used for further optimisation of the DW-MRI sequence and 

technical factors, based on previous studies, by evaluating and validating the 

choice of parameters in healthy volunteers to reduce or eliminate DW-image 

artefacts and to produce high quality DW images of the knee and to gain an insight 

of MR-DWI appearances and mean ADC values of the normal knee. 

 

Conclusion 

Artefacts on DWI can cause variation in calculated ADCs. Using antero-posterior 

(AP) phase encoding (PE) direction or right-left (RL) PE direction has a minimal 

impact on ADCs, however, mean ADCs may be affected by changing the PE 

direction in participants with ACL-related bone bruising or ACL reconstructions. 

ADC decreases with increasing b-values and the mean ADC values of normal 

bone marrow regions are low. 
 

 
8.3. Phase Three: DWI and ADC values in the evaluation of ACL injury 
related bone bruises (Patient Imaging Phase) 
 
Background  

ACL rupture is  a common knee injury and bone bruising is the most important 

secondary sign for the diagnosis of ACL trauma (Patel et al., 2015).  Bone bruising 

can be defined as a collection of microscopic fractures that can present in the 

subchondral bone with a combination of infract, oedema and haemorrhage without 

disruption of adjacent cortex (Jelic and Masulovic, 2011). These bruises are 

usually painful, reflecting traumatic injury to marrow cells, neurovascular 

structures, and trabecular seams (Ward et al., 2000).  
 
MRI has been used frequently in patients with acute knee injury and the ability to 

clearly demonstrate a bone bruise is superior in MR studies to other radiological 

modalities (Mandalia and Henson, 2008).  On T2W, PDW, fat-suppressed fast spin 

echo (FSE) or STIR images, the alterations in the subchondral bone marrow signal 

are characterised by areas of high signal intensity. In contrast, on T1W images, 

these lesions are characterised by ill-defined areas with low signal intensity, 
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compared with the unaffected bone marrow (DeAngelis and Spindler, 2010).  

Although bone bruises are readily identified on fat-suppressed sequences, DWI 

allows non-invasive examination of tissue structure and provides quantitative data 

on the molecular motion of water. The image contrast is closely related to water 

molecules mobility, which differs in several tissue environments (Rupreht et al., 

2013).  
 

Aims 

To demonstrate the diagnostic benefit of DWI and ADC mapping, to evaluate the 

diffusion changes, and analyse quantitative diffusion characteristics, in patients 

with ACL-injury related bone bruises at different time intervals and to correlate 

these changes with KOOS and Tegner scales. 

 
Conclusion  

The lateral compartment of the knee, particularly the postero-lateral aspect of the 

tibia (P-LTC) and the mid lateral femoral condyles (M-LFC), were the most 

common locations of bone bruises post ACL-injury. These findings correspond 

with several previous published results (Viskontas et al., 2008; Patel et al., 2015; 
Stein et al., 2012). The mean ADC values of the affected regions were higher than 

the normal bone marrow regions in the knees of healthy volunteers. Bone bruise 

regions (P-LTC and M-LFC) had the highest mean ADC values compared to the 

other regions in the knee (with higher ADC values corresponding to elevated 

diffusion in the extracellular space and areas of impeded molecular mobility of 

water, with high cellularity, yielding lower ADC values (Rupreht et al., 2013)).  

Furthermore, the mean ADC values were found to decrease during follow-up. The 

lower mean ADC values in these areas during the follow-up scans indicate a 

resolving / healing bone bruises and decrease in water mobility in the extracellular 

space suggesting a higher cellularity (Rupreht et al., 2013). Bone bruises reduced 

over time and resolved, in most cases, 6 months post-trauma.  Published literature 

have shown that the resolution time of bone bruising varies between 3 weeks and 

2 years (Bretlau et al., 2002; Davies et al., 2004; Roemer et al., 2009). More 

prospective, long-term, studies are required to look at the natural history of bone 
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bruising and clinical consequences. 

 
To our knowledge this was the first study that also evaluated the correlation of the 

mean ADC maps with KOOS and Tegner scales post ACL injury. There was a 

negative correlation between the mean ADC values with KOOS and Tegner scales 

at the areas of bone bruises (P-LTC and M-LFC) post ACL trauma. 
 
 

8.4. Overall Conclusion  
 
DW-MRI and ADC mapping are sensitive MRI techniques in the detection of ACL-

related injury bone bruising and can demonstrate the correlation of ADC maps with 

the clinical consequences following trauma. These sequences represent a 

valuable add-on in the radiological investigation of patients with ACL-injury. 

Barriers to the implementation of this novel approach to routine clinical practice 

must be considered. Such barriers would include: the cost of this add-on in terms 

of scanner time and any additional sequences and software required; the impact 

on workflow within the MRI department; ability to analyse the data and create 

clinically useful reports; and subsequent evaluation of the impact of this technique 

on patient management. 

 
 
8.5. Future Research  
 
Opportunities to further build on this work include: 

 

• Multi-site and multi-system establishment of ADC ranges for healthy 

participants 

• Efforts to expand the patient participant numbers, together with longer 

patient follow-up, to increase study power 

• Inclusion of different clinical presentations beyond ACL injuries 

• Evaluation of intra- and inter-reader reproducibility of the ADC 

measurements 
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• Formal workflow and financial evaluation of the integration of this add-on 

technique  

• Application to other clinical regions where bone bruises develop post-injury 

 
 
8.6. Conference Dissemination  
 
Full details of all conference dissemination associated with this doctoral research 

study is listed in Appendix VIII.   
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Appendix I 

 
 
The Knee Injury and Osteoarthritis Outcome Score (KOOS) 
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Knee injury and Osteoarthritis Outcome Score (KOOS), English version LK1.0  1 

KOOS KNEE SURVEY 
 
 
Today’s date: _____/______/______ Date of birth: _____/______/______ 
 
 
Name: ____________________________________________________  
 

INSTRUCTIONS: This survey asks for your view about your knee. This 
information will help us keep track of how you feel about your knee and how 
well you are able to perform your usual activities. 
Answer every question by ticking the appropriate box, only one box for each 
question. If you are unsure about how to answer a question, please give the 
best answer you can. 

 
Symptoms 
These questions should be answered thinking of your knee symptoms during 
the last week. 
 
S1. Do you have swelling in your knee? 

Never 
� 

Rarely 
� 

Sometimes 
� 

Often 
� 

Always 
� 

 
S2. Do you feel grinding, hear clicking or any other type of noise when your knee 
       moves? 

Never 
� 

Rarely 
� 

Sometimes 
� 

Often 
� 

Always 
� 

 
S3. Does your knee catch or hang up when moving? 

Never 
� 

Rarely 
� 

Sometimes 
� 

Often 
� 

Always 
� 

 
S4. Can you straighten your knee fully? 

Always 
� 

Often 
� 

Sometimes 
� 

Rarely 
� 

Never 
� 

 
S5. Can you bend your knee fully? 

Always 
� 

Often 
� 

Sometimes 
� 

Rarely 
� 

Never 
� 

 
Stiffness 
The following questions concern the amount of joint stiffness you have 
experienced during the last week in your knee. Stiffness is a sensation of 
restriction or slowness in the ease with which you move your knee joint. 
 
S6. How severe is your knee joint stiffness after first wakening in the morning? 

None 
� 

Mild 
� 

Moderate 
� 

Severe 
� 

Extreme 
� 

 
S7. How severe is your knee stiffness after sitting, lying or resting later in the day? 

None 
� 

Mild 
� 

Moderate 
� 

Severe 
� 

Extreme 
� 
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Knee injury and Osteoarthritis Outcome Score (KOOS), English version LK1.0  2 

Pain 
P1. How often do you experience knee pain? 

Never 
� 

Monthly 
� 

Weekly 
� 

Daily 
� 

Always 
� 

 
What amount of knee pain have you experienced the last week during the 
following activities? 
 
P2. Twisting/pivoting on your knee  

None 
� 

Mild 
� 

Moderate 
� 

Severe 
� 

Extreme 
� 

 
P3. Straightening knee fully 

None 
� 

Mild 
� 

Moderate 
� 

Severe 
� 

Extreme 
� 

 
P4. Bending knee fully 

None 
� 

Mild 
� 

Moderate 
� 

Severe 
� 

Extreme 
� 

 
P5. Walking on flat surface 

None 
� 

Mild 
� 

Moderate 
� 

Severe 
� 

Extreme 
� 

 
P6. Going up or down stairs 

None 
� 

Mild 
� 

Moderate 
� 

Severe 
� 

Extreme 
� 

 
P7. At night while in bed 

None 
� 

Mild 
� 

Moderate 
� 

Severe 
� 

Extreme 
� 

 
P8. Sitting or lying 

None 
� 

Mild 
� 

Moderate 
� 

Severe 
� 

Extreme 
� 

 
P9. Standing upright 

None 
� 

Mild 
� 

Moderate 
� 

Severe 
� 

Extreme 
� 

 
Function, daily living 
The following questions concern your physical function. By this we mean your 
ability to move around and to look after yourself. For each of the following 
activities please indicate the degree of difficulty you have experienced in the 
last week due to your knee. 
 
A1. Descending stairs 

None 
� 

Mild 
� 

Moderate 
� 

Severe 
� 

Extreme 
� 

 
A2. Ascending stairs 

None 
� 

Mild 
� 

Moderate 
� 

Severe 
� 

Extreme 
� 
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Knee injury and Osteoarthritis Outcome Score (KOOS), English version LK1.0  3 

For each of the following activities please indicate the degree of difficulty you 
have experienced in the last week due to your knee. 
 
A3. Rising from sitting 

None 
� 

Mild 
� 

Moderate 
� 

Severe 
� 

Extreme 
� 

 
A4. Standing 

None 
� 

Mild 
� 

Moderate 
� 

Severe 
� 

Extreme 
� 

 
A5. Bending to floor/pick up an object 

None 
� 

Mild 
� 

Moderate 
� 

Severe 
� 

Extreme 
� 

 
A6. Walking on flat surface 

None 
� 

Mild 
� 

Moderate 
� 

Severe 
� 

Extreme 
� 

 
A7. Getting in/out of car 

None 
� 

Mild 
� 

Moderate 
� 

Severe 
� 

Extreme 
� 

 
A8. Going shopping 

None 
� 

Mild 
� 

Moderate 
� 

Severe 
� 

Extreme 
� 

 
A9. Putting on socks/stockings 

None 
� 

Mild 
� 

Moderate 
� 

Severe 
� 

Extreme 
� 

 
A10. Rising from bed 

None 
� 

Mild 
� 

Moderate 
� 

Severe 
� 

Extreme 
� 

 
A11. Taking off socks/stockings 

None 
� 

Mild 
� 

Moderate 
� 

Severe 
� 

Extreme 
� 

 
A12. Lying in bed (turning over, maintaining knee position) 

None 
� 

Mild 
� 

Moderate 
� 

Severe 
� 

Extreme 
� 

 
A13. Getting in/out of bath 

None 
� 

Mild 
� 

Moderate 
� 

Severe 
� 

Extreme 
� 

 
A14. Sitting 

None 
� 

Mild 
� 

Moderate 
� 

Severe 
� 

Extreme 
� 

 
A15. Getting on/off toilet 

None 
� 

Mild 
� 

Moderate 
� 

Severe 
� 

Extreme 
� 
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Knee injury and Osteoarthritis Outcome Score (KOOS), English version LK1.0  4 

For each of the following activities please indicate the degree of difficulty you 
have experienced in the last week due to your knee. 
 
A16. Heavy domestic duties (moving heavy boxes, scrubbing floors, etc) 

None 
� 

Mild 
� 

Moderate 
� 

Severe 
� 

Extreme 
� 

 
A17. Light domestic duties (cooking, dusting, etc) 

None 
� 

Mild 
� 

Moderate 
� 

Severe 
� 

Extreme 
� 

 
Function, sports and recreational activities 
The following questions concern your physical function when being active on a 
higher level. The questions should be answered thinking of what degree of 
difficulty you have experienced during the last week due to your knee. 

SP1. Squatting 
None 
� 

Mild 
� 

Moderate 
� 

Severe 
� 

Extreme 
� 

 
SP2. Running 

None 
� 

Mild 
� 

Moderate 
� 

Severe 
� 

Extreme 
� 

 
SP3. Jumping 

None 
� 

Mild 
� 

Moderate 
� 

Severe 
� 

Extreme 
� 

 
SP4. Twisting/pivoting on your injured knee 

None 
� 

Mild 
� 

Moderate 
� 

Severe 
� 

Extreme 
� 

 
SP5. Kneeling 

None 
� 

Mild 
� 

Moderate 
� 

Severe 
� 

Extreme 
� 

 
Quality of Life 

Q1. How often are you aware of your knee problem? 
Never 
� 

Monthly 
� 

Weekly 
� 

Daily 
� 

Constantly 
� 

 
Q2. Have you modified your life style to avoid potentially damaging activities 
       to your knee? 

Not at all 
� 

Mildly 
� 

Moderately  
� 

Severely 
� 

Totally 
� 

 
Q3. How much are you troubled with lack of confidence in your knee? 

Not at all 
� 

Mildly 
� 

Moderately  
� 

Severely 
� 

Extremely 
� 

 
Q4. In general, how much difficulty do you have with your knee? 

None 
� 

Mild 
� 

Moderate 
� 

Severe 
� 

Extreme 
� 

Thank you very much for completing all the questions in this questionnaire. 
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Appendix II 
 
Tegner Activity Scale 
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Name: _____________    Side: Right / Left   Date:________________ 

 

TEGNER ACTIVITY LEVEL SCALE	

Please	indicate	in	the	spaces	below	the	HIGHEST	level	of	activity	that	you	participated	
in	BEFORE	YOUR	INJURY	and	the	highest	level	you	are	able	to	participate	in	
CURRENTLY.		

BEFORE	INJURY:	Level__________		 	 CURRENT:	Level___________		

See	scale	below		

Level	10	 Competitive	sports-	soccer,	football,	rugby	(national	elite)		

Level	9	 Competitive	sports-	soccer,	football,	rugby	(lower	divisions),	ice	hockey,	wrestling,	
gymnastics,	basketball	etc		

Level	8	 Competitive	sports-	racquetball,	squash	or	badminton,	track	and	field	athletics	
(jumping,	etc.),	down-	hill	skiing	etc		

Level	7	
Competitive	sports-	tennis,	running,	motorcars	speedway,	handball	
Recreational	sports-	soccer,	football,	rugby,	bandy,	ice	hockey,	basketball,	squash,	
racquetball,	running,MTB,dancing	etc		

Level	6	 Recreational	sports-	tennis	and	badminton,	handball,	racquetball,	down-hill	skiing,	
jogging	at	least	5	times	per	week		

Level	5	
Work-	heavy	labor	(construction,	etc.)	
Competitive	sports-	cycling,	cross-country	skiing,	
Recreational	sports-	jogging	on	uneven	ground	at	least	twice	weekly		

Level	4	 Work-	moderately	heavy	labor	(e.g.	truck	driving,	etc.)		

Level	3	 Work-	light	labor	(nursing,	etc.)		

Level	2	 Work-	light	labor	
Walking	on	uneven	ground	possible,	but	impossible	to	back	pack	or	hike		

Level	1	 Work-	sedentary	(secretarial,	etc.)		

Level	0	 Sick	leave	or	disability	pension	because	of	knee	problems		
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Appendix III 
 

 

Full ethics applications  

• Clinical site 1 

• Clinical site 2 
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STANDARD APPLICATION FORM 
 

For the Ethical Review of 
Health-Related Research Studies, which 

are not Clinical Trials of Medicinal 
Products For Human Use  

as defined in S.I. 190/2004 
 
 

DO NOT COMPLETE THIS APPLICATION FORM 
 IF YOUR STUDY IS A CLINICAL TRIAL OF A MEDICINAL 

PRODUCT 
 
 
Title of Study:  The role of diffusion-based magnetic resonance 
imaging (MRI) in the evaluation of bone bruising of the knee: MRI 
examination optimisation 
 
 
 
Application Version No: Version 1 
 
Application Date:  3rd January 2017 
 
For Official Use Only – Date Stamp of Receipt by REC: 
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TABLE OF CONTENTS MANDATORY /OPTIONAL 
 
SECTION A GENERAL INFORMATION MANDATORY* 
 
SECTION B STUDY DESCRIPTORS MANDATORY* 
 
SECTION C STUDY PARTICIPANTS MANDATORY* 
 
SECTION D RESEARCH PROCEDURES MANDATORY* 
 
SECTION E DATA PROTECTION MANDATORY* 
 
SECTION F HUMAN BIOLOGICAL MATERIAL (OPTIONAL) 
 
SECTION G RADIATION (OPTIONAL) 
 
SECTION H MEDICAL DEVICES (OPTIONAL) 
 
SECTION I MEDICINAL PRODUCTS / COSMETICS / FOOD AND FOODSTUFFS (OPTIONAL) 
 
SECTION J INDEMNITY AND INSURANCE MANDATORY* 
 
SECTION K COST AND RESOURCE IMPLICATIONS, FUNDING AND PAYMENTS MANDATORY* 
 
SECTION L ADDITIONAL ETHICAL ISSUES (OPTIONAL) 
 
 
 
This Application Form is divided into Sections. 
 
*Sections A, B, C, D, E, J and K are Mandatory. 
 
(Sections F, G, H, I and L are optional.  Please delete Sections F, G, H, I and L if 
these sections do not apply to the application being submitted for review.) 
 
IMPORTANT NOTE:  Please refer to Section I within the form before any 
attempt to complete the Standard Application Form.  Section I is designed to 
assist applicants in ascertaining if their research study is in fact a clinical trial of 
a medicinal product. 
 
 
IMPORTANT NOTE:  This application form permits the applicant to delete 
individual questions within each section depending on their response to the 
preceding questions.  Please respond to each question carefully and refer to the 
accompanying Guidance Manual for more in-depth advice prior to deleting any 
question.   
 
 
 
 
 
 

PLEASE ENSURE TO REFER TO THE ACCOMPANYING GUIDANCE MANUAL  
WHEN COMPLETING THIS APPLICATION FORM. 



 197	

	
	
	 	

RECSAF	V5.6		 Sept	2014	

Page	3		

	

SECTION A  GENERAL INFORMATION  
 

SECTION A IS MANDATORY 
 
A1 Title of the Research Study: 

 

The role of diffusion-based magnetic resonance imaging (MRI) in the evaluation of bone 
bruising of the knee: MRI examination optimisation 

 
 

A2 (a) Is this a multi-site study?   No 
 

If you chose ‘yes’ please delete questions A2 (e) and (f), If you chose ‘no’ please 
delete Questions A2 (b) (c) and (d) 

 
A2 (e) If no, please name the principal investigator with overall responsibility 
for the conduct of this single-site study. 
 
Title:  Dr.         Name: Jonathan McNulty 
Qualifications: PhD, H.Dip MRI, BSc (Hons) Radiography 
Position: Head of Subject, Radiography / Assistant Professor, School of Medicine, 
Dept: Radiography and Diagnostic Imaging, 
Organisation: University College Dublin 
Address: Room A208 Health Sciences Centre, School of Medicine, University College 
Dublin, Belfield, Dublin 4 
Tel: +353 1 7166530 Mob: +353 87 9286936          
E-mail: jonathan.mcnulty@ucd.ie 
 
 
A2 (f) For single-site studies, please name the only site where this study will 
take place. 
 
Cappagh National Orthopaedic Hospital 
 
A3.  Details of Co-investigators: 
 
Title: Ms.        Name:  Allison McGee 
Qualifications: MSc Medical Imaging (MRI), PG Diploma Advanced Radiography, PG 
Diploma Statistics, Diploma of College of Radiographers (Diagnostic & Therapeutic) 
Position: Assistant Professor, School of Medicine, Radiography and Diagnostic Imaging. 
School of Medicine, University College Dublin. 
Dept: Radiography and Diagnostic Imaging. School of Medicine, University College 
Dublin 
Organisation: University College Dublin 
Address: Room A207 Health Sciences Centre, School of Medicine, University College 
Dublin, Belfield, Dublin 4 
Tel: +353 1716 6534        E-mail: allison.mcgee@ucd.ie 
Role in Research e.g. statistical / data / laboratory analysis:  Co-investigator 
 
Title:  Professor            Name:  Stephen Eustace 
Qualifications: MB, MSc, MRCPI, FFR (RCSI), FRCR, FFSEM (RCPI, RCSI) 
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Position: Consultant Radiologist, Cappagh National Orthopaedic Hospital and the Mater 
Misericordiae University Hospital 
Organisation: Cappagh National Orthopaedic Hospital  
Address: Cappagh National Orthopaedic Hospital and the Mater Misericordiae University 
Hospital 
Tel:+353 872402126 
E-mail: eustacesj@gmail.com 
Role in Research e.g. statistical / data / laboratory analysis:   Co-investigator / 
Radiology Lead 
 
 
A4.  Lead contact person who is to receive correspondence in relation to this 
application or be contacted with queries about this application.  
 
Name: Jonathan McNulty             
Position: Head of Subject, Radiography / Assistant Professor, Radiography and 
Diagnostic Imaging, School of Medicine, 
Organisation: University College Dublin 
Address for Correspondence: Room A208 Health Sciences Centre, School of Medicine, 
University College Dublin, Belfield, Dublin 4 
Tel (work): +353 1 7166530        Tel (mob.): +353 87 9286936  
E-mail: jonathan.mcnulty@ucd.ie 
 
 
A5 (a) Is this study being undertaken as part of an academic qualification? 
Yes  
 
If answer is No, please delete remaining questions in Section A 
 
  
Student Name(s): Abrar Alqattan         
Academic Course: Doctoral Studies 
Academic Institution: Radiography and Diagnostic Imaging, University College Dublin 
 
A5 (c) Academic Supervisor(s): 
 
Title:  Dr.         Name: Jonathan McNulty 
Qualifications: PhD, H.Dip MRI, BSc (Hons) Radiography              
Position: Head of Subject, Radiography / Assistant Professor, School of Medicine, 
Dept: Radiography and Diagnostic Imaging 
Organisation: University College Dublin 
Address: Room A208 Health Sciences Centre, School of Medicine, University College 
Dublin, Belfield, Dublin 4 
Tel: +353 1 7166530 Mob: +353 87 9286936          
E-mail: jonathan.mcnulty@ucd.ie 
 
Title: Ms.        Name:  Allison McGee 
Qualifications: MSc Medical Imaging (MRI), PG Diploma Advanced Radiography, PG 
Diploma Statistics, Diploma of College of Radiographers (Diagnostic & Therapeutic) 
Position: Assistant Professor, School of Medicine, Radiography and Diagnostic Imaging. 
School of Medicine, University College Dublin. 
Dept: Radiography and Diagnostic Imaging. School of Medicine, University College 
Dublin 
Organisation: University College Dublin 
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Address: Room A207 Health Sciences Centre, School of Medicine, University College 
Dublin, Belfield, Dublin 4 
Tel: +353 1716 6534        E-mail: allison.mcgee@ucd.ie 
 
Title:  Professor            Name:  Stephen Eustace 
Qualifications: MB, MSc, MRCPI, FFR (RCSI), FRCR, FFSEM (RCPI, RCSI) 
Position: Consultant Radiologist, Cappagh National Orthopaedic Hospital and the Mater 
Misericordiae University Hospital 
Organisation: Cappagh National Orthopaedic Hospital  
Address: Cappagh National Orthopaedic Hospital and the Mater Misericordiae University 
Hospital 
Tel:+353 872402126 
E-mail: eustacesj@gmail.com 
 
 
SECTION B STUDY DESCRIPTORS 
 

SECTION B IS MANDATORY 
 
B1.   What is the anticipated start date of this study? 
  
As soon as possible  
 
B2.   What is the anticipated duration of this study? 
 
 1 year 6 months  
 
B3.  Please provide a brief lay (plain English) description of the study.  Please 
ensure the language used in your answer is at a level suitable for use in a 
research participant information leaflet. 
 
Diffusion weighted imaging (DWI) sequences are an encouraging addition to MR 
examinations of the musculoskeletal (MSK) system that are increasing the knowledge of 
diagnosing, staging and guide the development of future therapy intervention of much 
musculoskeletal pathology. More recently, several studies indicated that DWI sequences 
have shown promising results and have been used to evaluate a number of 
musculoskeletal pathologies, such as primary bone tumours, soft tissue tumours, 
vertebral fractures, bone marrow malignancy and infection, in addition, post treatment 
follow-up has also been assessed. 

The apparent diffusion coefficient (ADC) values are a promising potential to be used to 
grade MSK injuries and assist in consideration of differential diagnosis of the normal 
versus abnormal tissues. In literature it has been shown that the use of ADC maps in 
association with DWI sequences will provide higher accuracy in detecting pathologies and 
providing diagnostic information. DWI is a promising technique, and may be added to 
the standard MRI protocols setting for evaluation of MSK disease. The clinical importance 
of these results has yet to be established. 

The aim of this research is to critically demonstrate the advantages of a new form of MRI 
scanning called diffusion weighted imaging (DWI) in the evaluation bone bruises of the 
knee in patients with anterior cruciate ligament (ACL) injury by:  

 



 200	

	

RECSAF	V5.6		 Sept	2014	

Page	6		

	

Ø Comparing different DWI sequences to find out the method with the best image 
quality 

Ø Finding the specificity and sensitivity of DWI sequences in the diagnosis of knee 
bruise 

Ø Predicting healing times in order to make recommendations where it could be 
considered an essential add-on to conventional MRI for patients with knee 
trauma.  
 

Methodology: 
 
This study will start with volunteer imaging phase, in this phase (the focus of the current 
ethics application), full ethical approval will be sought, and recruitment notices will be 
posted in University College Dublin and the clinical site in order to recruit volunteers who 
are interesting in participating in the study. Interested individuals will be provided with a 
participant information leaflet and written consent will be obtained prior to enrolment. 
Normal departmental MRI screening procedures will be followed to make sure that the 
scan is safe for all volunteers. A standard MRI knee protocol will be performed on a 
number of volunteers (20 volunteers), without any knee pain or trauma, to facilitate the 
optimisation of the new diffusion weighted add-on to the knee MRI examination and to 
gain an insight into the normal MR DWI appearances of the knee.  All volunteers will be 
scanned once; the scan may take about 25 minutes Participation in this research is 
entirely voluntary, participants are free to stop participating at any time without having 
to give a reason. Deciding not to participate will not affect them in any way. 
 
B4.   Provide brief information on the study background.  
 
Diffusion weighted imaging (DWI) sequences are an encouraging addition to MR 
examinations of the musculoskeletal (MSK) system that are increasing the knowledge of 
diagnosing, staging and guide the development of future therapy intervention of much 
musculoskeletal pathology. More recently, several studies indicated that DWI sequences 
have shown promising results and have been used to evaluate a number of 
musculoskeletal pathologies, such as primary bone tumours, soft tissue tumours, 
vertebral fractures, bone marrow malignancy and infection, in addition, post treatment 
follow-up has also been assessed. The apparent diffusion coefficient (ADC) values are a 
promising potential to be used to grade MSK injuries and assist in consideration of 
differential diagnosis of the normal versus abnormal tissues. In literature it has been 
shown that the use of ADC maps in association with DWI sequences will provide higher 
accuracy in detecting pathologies and providing diagnostic information. DWI is a 
promising technique, and may be added to the standard MRI protocols setting for 
evaluation of MSK disease. The clinical importance of these results has yet to be 
established 
 
B5.    List the study aims and objectives. 
 
The aim of this research is to critically demonstrate the advantages of DWI in the 
evaluation bone bruises of the knee by compare different DWI sequences to find out the 
method with the best image quality, show the specificity and sensitivity of DWI 
sequences in the diagnosis of knee bruise and predict healing times in order to make 
recommendations where it could be considered an essential add-on to conventional MRI 
for patients with knee trauma 
 
B6.    List the study endpoints / measurable outcomes (if applicable).  
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This optimisation study will result in the development of a diffusion weighted MRI 
protocol which has been optimised for in-vivo application for use in a subsequent clinical 
study. 
 
B7.   Provide information on the study design. 
 
As detailed in the study methodology, this is a volunteer study to facilitate the 
optimisation of an MR imaging examination for future use in clinical studies.  
 
B8.   Provide information on the study methodology. 
 

The study is divided in to three scanning phases including: phantom imaging phase, 
volunteer imaging phase (the subject of the current application for ethical approval), and 
patient imaging phase. Magnetic resonance (MR) images will be acquired on a Philips 
Achieva 3 Tesla (3T) MRI scanner and 8-channel phased array coil. 

The first imaging phase is phantom scanning phase, this phase was used to evaluate, 
analyse and tune the performance of clinical magnetic resonance system including: pulse 
sequence and scan timing parameters, magnetic field uniformity, signal-to-noise ratio 
(SNR), spatial linearity, image artefacts and any imaging processing that may have been 
used. This phase is now complete and was conducted under an exemption from full 
ethical approval issued by University College Dublin Human Research Ethics Committee – 
Sciences (Ref. LS-E-16-46-Alqattan-McNulty). 

The phantom-imaging phase is followed by a volunteer imaging phase (current 
research phase and subject of this ethics application to Cappagh National 
Orthopaedic Hospital). In this phase, and following full ethical approval, notices will be 
posted in University College Dublin and the clinical site in order to recruit volunteers who 
are interested in participating in the study. Interested individuals will be provided with 
an information leaflet and written consent will be obtained prior to enrolment. Normal 
departmental MRI screening procedures will be followed to make sure that the scan is 
safe for all volunteers. A standard MRI knee protocol will be performed on 20 healthy 
volunteers, without any knee pain or trauma, to facilitate the optimisation of the new 
DWI  add-on to the knee MRI examination and to gain an insight into the normal MR 
DWI appearances of the knee.  All volunteers will be scanned once; the scan may take 
about 25 minutes Participation in this research is entirely voluntary, participants are free 
to stop participating at any time without having to give a reason. Deciding not to 
participate will not affect them in any way. 

The final phase of the study, which will require a subsequent application for ethical 
approval, is the patient imaging phase. During this phase, standard MRI knee 
examination will be performed on all patients with knee pain or post trauma and referred 
for imaging or specialist services from their general practitioner (GP), consultant, and 
sport medicine clinic. The aim is to recruit 80 patients to the study. This phase is used to 
characterise the size, location, and extension of the bone bruises on the MRI images. 
Bone bruises will be demonstrated as an area of abnormally high signal intensity in the 
subchondral bone or marrow on the T2-weighted fat-suppressed images (T2W FS). The 
standard MRI knee scan will be extended for 6 to 8 minutes by adding extra DWI 
sequence for all patients with knee bruises on the initial MRI scan.  

All MRI patients with knee bruises will be asked to participate in the follow-up study 
consisting of repeat MRI at approximately three different time periods including: 
scanning the patient in early cute stage, intermediate stage and delayed stage, to 
demonstrate changes in signal intensity over time based on the appearance in DWI. For 
follow-up imaging, the same sequences will be used, with the same parameters. ADC 
values will be calculated before the bruise healing phases to identify how MR signal 
intensity in the area of bone bruise changes over time based on the ADC values. 
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Clinical data, including symptoms and pain scores, will be collected on all patients for all 
three imaging phases. Data will also be collected on the treatment approach for each 
patient. This will allow comparisons between clinical findings, treatment approach and 
MR findings to be compared and correlations to be considered. 

Follow up will be considered completed when the bone bruise could no longer be 
discerned or after 1 year of follow-up. In our study we will divide knee bruise healing to 
three different stages including: fast-resolving bone bruise, slowly resolving bone bruise 
and traumatic based on signal intensity changes over time in the DWI sequences and 
ADC values before and after the follow up. 

 
B9.  Provide information on the statistical approach to be used in the analysis 
of your results (if appropriate) / source of any statistical advice.  
 
Quantitative and qualitative analysis of the resulting data sets will be undertaken. 
Conventional MRI sequences will be first reviewed, qualitatively, by a consultant 
radiologist to rule out any underlying pathology. The DWI data sets will then be analysed 
quantitatively through manual and semi-automated region of interest drawing and the 
measurement of apparent diffusion coefficient values from various bone regions. 
Statistical advice will be provided by Dr. Marie Galligan, Statistician, UCD Clinical 
Research Centre. 
 
B10 (a) Please justify the proposed sample size and provide details of its 
calculation (including minimum clinically important difference).   
 
The number of healthy volunteers (n=20) in this optimisation study is based on past MR 
optimisation work undertaken by UCD Radiography and Diagnostic Imaging and 
compares well with other optimisation studies published in peer-review journals.  
 
Full power calculations will then be performed for the subsequent clinical study. 
 
B10 (b) Where sample size calculation is impossible (e.g. it is a pilot study and 
previous studies cannot be used to provide the required estimates) then please 
explain why the sample size to be used has been chosen.   
 
The number of healthy volunteers (n=20) in this optimisation study is based on past MR 
optimisation work undertaken by UCD Radiography and Diagnostic Imaging and 
compares well with other optimisation studies published in peer-review journals.  
 
B11. How many research participants are to be recruited in total? 
 
20 participants 
 
B12 (a) How many research participants are to be recruited in each study group 
(where applicable)?  Please complete the following table (where applicable). 
 
Name of Study Group:  
Healthy volunteers 
Number of Participants in this 
Study Group:  
20 / single-arm and thus no 
randomisation 
 
B12 (b) Please provide details on the method of randomisation (where 
applicable). 
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Single arm / no randomisation. 
 
B13. How many research participants are to be recruited at each study site 
(where applicable)?  Please complete the following table.  
 
Site: Number of Research Participants 

at this site: 

Cappagh National Orthopaedic 
Hospital 

20 

 
SECTION C STUDY PARTICIPANTS 
 

SECTION C IS MANDATORY 
 
C1 PARTICIPANTS – SELECTION AND RECRUITMENT 
 
C1.1  How will the participants in the study be selected?  
 
Healthy adults with no knee pain and trauma 
 
C1.2  How will the participants in the study be recruited?  
 
Notices will be posted in University College Dublin and the clinical site in order to 
recruit volunteers  
 
C1.3 What are the inclusion criteria for research participants?  (Please 
justify, where necessary)  
 
1 Healthy adults (18 to 55 years) 

2 No recent knee trauma / injury 

3 Willing to attend CNOH to undergo an MRI examination 

 
 
C1.4 What are the exclusion criteria for research participants? (Please 
justify, where necessary)  
 

1 Recent knee trauma 

2 Children 

3 Normal MR exclusion criteria including: Cardiac pacemakers, cardiac 
defibrillators, recently inserted ferromagnetic surgical implants/ clips, 
intra-orbital foreign bodies,  eye / ear implants, non-MRI compatible 
implants, severe claustrophobia, pregnancy 

 
 
C1.5 Will any participants recruited to this research study be simultaneously 
involved in any other research project? No 
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C2 PARTICIPANTS – INFORMED CONSENT 
 
 
C2.1 (a) Will informed consent be obtained?  Yes  
 
C2.1 (b) If no, please justify. You must provide a full and detailed 
explanation as to why informed consent will not be obtained. 
  
Answer 
 
C2.1 (c) If yes, please outline the consent process in full.  (How will consent 
be obtained, when, by whom and from whom etc.)   
 
All participant are required to complete an MRI safety screening questionnaire and to 
read an information leaflet prior the scan, care will be taken, in advance of their 
attendance at CNOH, by one of the member of the research team to insure that the 
participant is fully informed as to the nature of the study followed by written consent 
which will be witnessed. 
 
C2.2 (a) Will participants be informed of their right to refuse to participate 
and their right to withdraw from this research study? Yes  
 
C2.2 (b) If no, please justify.   
 
Answer 
 
C2.3 (a) Will there be a time interval between giving information and 
seeking consent? Yes  
 
C2.3 (b) If yes, please elaborate. 
 
All participant are required to complete an MRI safety screening questionnaire and to 
read an information leaflet prior the scan, care will be taken, in advance of their 
attendance at CNOH, by one of the member of the research team to insure that the 
participant is fully informed as to the nature of the study followed by written consent 
which will be witnessed.   

C2.3 (c) If no, please justify and explain why an instantaneous decision is 
reasonable having regard to the rights of the prospective research 
participants and the risks of the study. 
  
Answer 
 
 
C3 ADULT PARTICIPANTS (AGED 18 OR OVER) - CAPACITY 

 
C3.1 (a) Will all adult research participants have the capacity to give 
informed consent?  Yes   
 

If answer is Yes, please delete remaining questions in Section C3 
 
C4 PARTICIPANTS UNDER THE AGE OF 18 
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C4.1 (a) Will any research participants be under the age of 18 i.e. Children?  
No 
 

If answer is No, please delete remaining questions in Section C4 
 
C5 PARTICIPANTS -  CHECKLIST  
 

C5.1 Please confirm if persons from any of the following groups will participate 
in this study.  This is a quick checklist to assist research ethics committee 
members and to identify whether study participants include persons from 
vulnerable groups and to establish what special arrangements, if any, have 
been made to deal with issues of consent.  It is recognised that not all groups 
in this listing will automatically be vulnerable or lacking in capacity.  Please 
refer to the HSE’s National Consent Policy, particularly Part 3, Section 5. 
 
Committees are particularly interested to know if persons in any of these 
groups are being targeted for inclusion, as per the inclusion criteria. 
 
(a) Healthy Volunteers Yes  
 
 
(b) Patients  No 

 
• Unconscious patients  No 
• Current psychiatric in-patients No 
• Patients in an emergency medical setting No 

 
 
(c) Relatives / Carers of patients  No 
 
 
(d) Persons in dependent or unequal relationships No  
 

• Students No  
• Employees / staff members No  
• Persons in residential care No 
• Persons highly dependent on medical care  No   

 
 
(e) Intellectually impaired persons No 
 
(f)  Persons with a life-limiting condition   No 
(Please refer to guidance manual for definition) 
 
(g) Persons with an acquired brain injury   No 
 
 
C5.2 If yes to any of the above, please comment on the vulnerability of the 
research participants, and outline the special arrangements in recognition of 
this vulnerability (if any). 
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Answer 
 
C5.3 Please comment on whether women of child-bearing potential, 
breastfeeding mothers, or pregnant women will be included or excluded in 
this research study. 
  
Pregnant Women Excluded 
Women of Child bearing potential Included 
Breastfeeding mothers Included 
  
 
The normal MR screening protocol is to check for pregnancy status. While MRI 
examinations have not been shown to be detrimental to foetal development, pregnancy 
will be considered an exclusion criterion; however, women of child bearing potential who 
are not pregnant may be included. 
 
SECTION D RESEARCH  PROCEDURES 
 

SECTION D IS MANDATORY 
 
D1 (a) What activities, procedures or interventions (if any) are research 
participants asked to undergo or engage in for the purposes of this research 
study? 

The participant will be asked to read an information leaflet and to complete a safety 
screening questionnaire prior the scan by the research team. 

All participants will be checked for the presence of metal before entering the MRI room. 
During the scan all participant will be provided with headphones to reduce the loud noise 
from the MRI scanner and a buzzer in case if they need any help. Furthermore, the 
radiographer will check with each participant frequently to determine if they are 
experiencing any problems or any negative issues during the examination. 

After the study, the radiographer will check each participant to make sure that they are 
fit to leave the department. 

The patient’s general practitioner (GP) will be informed in writing of any incidental 
findings identified by the consultant radiologist on the MR examinations. 

 
D1 (b) What other activities (if any) are taking place for the purposes of 
this research study e.g. chart review, sample analysis etc? 
 
None 
 
D2.  Please provide details below of any potential harm that may result from 
any of the activities, procedures, interventions or other activities listed 
above. 
 
The volunteers might find the scan uncomfortable and they will be required to lie very 
still in a relatively enclosed area for the duration of the MRI examination. Normal MRI 
safety and patient care procedures will be followed to minimise: anxiety responses, 
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claustrophobia, radiofrequency energy deposition and heating, and other associated MR 
risks. 
 
D3.  What is the potential benefit that may occur as a result of this study?  
 

There are no direct benefits for the participants from taking part in this volunteer study. 
By completing the study, the participants are helping us design tests that will help in 
future studies of MR knee imaging techniques for knee trauma and bone bruising. 

 
D4 (a) Will the study involve the withholding of treatment?  
 No  
 
D4 (b) Will there be any harms that could result from withholding 
treatment?  No 
 
D4 (c) If yes, please elaborate. 
  
Answer 
 
D5 (a) How will the health of participants be monitored during the study, 
and who will be responsible for this? 
 

The participant will be asked to read an information leaflet and to complete a safety 
screening questionnaire prior the scan by the research team. 

All participants will be checked for the presence of metal before entering the MRI room. 
During the scan all participant will be provided with headphones to reduce the loud noise 
from the MRI scanner and a buzzer in case if they need any help. Furthermore the 
radiographer will check with each participant frequently to determine if they are 
experiencing any problems or any negative issues during the examination. 

 
 
D5 (b) How will the health of participants be monitored after the study, and 
who will be responsible for this? 
 

After the study, the radiographer will check each participant to make sure that they are 
fit to leave the department. 

The patient’s general practitioner (GP) will be informed in writing of any incidental 
findings identified by the consultant radiologist on the MR examinations. 

 
D6 (a) Will the interventions provided during the study be available if 
needed after the termination of the study?  No 
 
 
D6 (b) If yes, please state the intervention you are referring to and state 
who will bear the cost of provision of this intervention? 
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Answer 
 
D7.  Please comment on how individual results will be managed.  

The conventional MRI sequences will be first reviewed, qualitatively, by a consultant 
radiologist to rule out any underlying pathology. The participant’s general practitioner 
(GP) will be informed should any incidental findings of significance be identified.  

The DWI data sets will then be analysed quantitatively through manual and semi-
automated region of interest drawing and the measurement of apparent diffusion 
coefficient values from various bone regions. This will facilitate the identification of an 
optimised DWI protocol. These results will form part of a PhD thesis and may be 
disseminated via conference presentations or publication in a peer-reviewed journal.  

 
D8.  Please comment on how aggregated study results will be made 
available. 
 
Aggregated study results will be included as part of the PhD thesis referenced above 
and may be published as part of a peer-review article or conference proceedings.  
 
D9.  Will the research participant's general practitioner be informed that the 
research participant is taking part in the study (if appropriate)?  Yes   
 
D10.  Will the research participant's hospital consultant be informed that 
the research participant is taking part in the study (if appropriate)? N/A 
 
 
 
SECTION E DATA PROTECTION 
 

SECTION E IS MANDATORY 
 
 
E1  DATA PROCESSING - CONSENT 

 
E1.1 (a)  Will consent be sought for the processing of data? Yes  
 
E1.1 (b) If no, please elaborate.   
 
Answer 
 
 
E2 DATA PROCESSING - GENERAL 

 
E2.1  Who will have access to the data which is collected?  
 

• Dr Jonathan McNulty (Principal Investigator) 
• Ms. Allison McGee (Co-investigator) 
• Prof. Stephen Eustace (Co-investigator / consultant radiologist) 
• Ms. Annette White (MRI Clinical Specialist Radiographer) 
• Ms. Abrar Alqattan (Co-investigator / PhD student) 
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E2.2  What media of data will be collected? 
 
Electronic files exported directly from the MRI scanner and coded volunteer data. 
 
E2.3 (a) Would you class the data collected in this study as anonymous, 
irrevocably anonymised, pseudonymised, coded or identifiable data? 
  
For the purposes of the initial qualitative review of the conventional MRI in order to 
identify any incidental findings the data will be coded to allow the images to be matched 
back to a participant for GP follow-up. The coding information will be filed securely with 
Ms Abrar Alqattan acting as the custodian.  
 
E2.3 (b) If ‘coded’, please confirm who will retain the ‘key’ to re-identify the 
data? 

The coding information will be filed securely with Ms Abrar Alqattan acting as the 
custodian.  

E2.4  Where will data which is collected be stored? 
 
All data will be stored on the archiving system in both MRI department in CNOH and on 
the UCD Radiography and Diagnostic Imaging PACS system with secure password access 
in both cases.  
E2.5   Please comment on security measures which have been put in place 
to ensure the security of collected data. 
   
All data will be stored on the archiving system in both MRI department in CNOH and on 
the UCD Radiography and Diagnostic Imaging PACS system with secure password access 
in both cases. This archived data will be anonymised and coded. Signed consent forms 
and MRI safety screening questionnaires will be stored securely in a locked filing cabinet 
in UCD. The data will be stored for 12 months after the end of the study. 
 
E2.6 (a) Will data collected be at any stage leaving the site(s) of origin?    
 
All data will be stored on the archiving system in both MRI department in CNOH and on 
the UCD Radiography and Diagnostic Imaging PACS system with secure password access 
in both cases. 
 
E2.7   Where will data analysis take place and who will perform data 
analysis (if known)? 
  
Data analysis will take place in MRI department in CNOH and UCD Radiography and 
Diagnostic Imaging department 
  
E2.8 (a) After data analysis has taken place, will data be destroyed or 
retained? 
 
Data will be stored for 12 months after the end of the study and then All data will be 
deleted from both archiving system (CNOH and UCD) and any paperwork, such as signed 
consent forms and MR safety screening questionnaires will be shredded. The data will be 
stored for 12 months after the end of the study. 

 
E2.8 (c) If destroyed, how, when and by whom will it be destroyed? 
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All data will be deleted from both archiving system (CNOH and UCD) and any paperwork, 
such as signed consent forms and MR safety screening questionnaires will be shredded. 
The data will be stored for 12 months after the end of the study. 

 
E2.8 (d) If retained, for how long, for what purpose, and where will it be 
retained?   
 
Answer 
 
E2.9   Please comment on the confidentiality of collected data. 
 
All anonymised and coded data will be securely stored with a secure password. Signed 
consent forms and MRI safety screening questionnaires will be stored securely in a 
locked filing cabinet in UCD. Only the research team have the access to these data. 

    
E2.10 (a) Will any of the interview data collected consist of audio recordings 
/ video recordings? No 
 
E2.10 (b) If yes, will participants be given the opportunity to review and 
amend transcripts of the tapes? 
   
Answer 
 
E2.11 (a) Will any of the study data collected consist of photographs/ video 
recordings?  No 
 
E2.11 (b) If yes, please elaborate. 
 
Answer 
 
 
E3 ACCESS TO HEALTHCARE RECORDS 

 
E3.1 (a) Does the study involve access to healthcare records (hard copy / 
electronic)?  No 
 

If answer is No, please delete remaining questions in Section E3 
 
 
SECTION F HUMAN BIOLOGICAL MATERIAL 
 
 
F1 BODILY TISSUE / BODILY FLUID SAMPLES - GENERAL 

 
F1 1 (a) Does this study involve human biological material?  No 

If the answer is No, please delete Section F 
 

SECTION G RADIATION 
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G1   RADIATION – GENERAL  
 
G1.1  (a) Does this study/trial involve exposure to radiation?  No 
 

If answer is No, please delete remaining questions in Section G 
 
 
SECTION H  MEDICAL DEVICES 
 
H1 (a) Is the focus of this study/trial to investigate/evaluate a 
medical device?  No 
 

If answer is No, please delete remaining questions in Section H. 
 
 
SECTION I MEDICINAL PRODUCTS / COSMETICS / FOOD AND 
FOODSTUFFS 
 
 
I.1 NON-INTERVENTIONAL TRIALS OF MEDICINAL PRODUCTS 

 
I1.1 (a)  Does this study involve a medicinal product? No 

If the answer is No, please delete remaining questions in subsection 11 
 
 

I.2 COSMETICS 
 
I2.1 (a)  Does this study involve a cosmetic? No 
 

If the answer is No, please delete remaining questions in subsection I2 
 
 
I.3 FOOD AND FOOD SUPPLEMENTS 
 
I3.1 (a) Does this study involve food or food supplements? No 

If the answer is No, please delete remaining questions in subsection I3 
 
 
SECTION J INDEMNITY AND INSURANCE  

 
SECTION J IS MANDATORY 

 
J1 Please confirm and provide evidence that appropriate 
insurance/indemnity is in place for this research study at each site. 
 

Please see attached proof of insurance / indemnity from University College Dublin which 
covers this study in full including the individuals who are not employed by CNOH. 
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J2 Please confirm and provide evidence that appropriate 
insurance/indemnity is in place for this research study for each 
investigator. 

Please see attached proof of insurance / indemnity from University College Dublin which 
covers this study in full including the individuals who are not employed by CNOH. 

J3.1   Please give the name and address of the organisation / or individual 
legally responsible for this research study?   

University College Dublin, Tierney Building, Belfield, Dublin 4 

J3.2 Where an organisation is legally responsible, please specify if this 
organisation is: 
 

A pharmaceutical company   No 
A medical device company  No 
A university Yes  
A registered charity No 
Other  No    If yes, please specify:  Answer 

 
J3.3 Please confirm and provide evidence of any specific additional 
insurance / indemnity arrangements which have been put in place, if any, 
by this organisation / or individual for this research study? 
 
Answer 
 
 
SECTION K COST AND RESOURCE IMPLICATIONS, FUNDING AND 
PAYMENTS  
 

SECTION K IS MANDATORY 
 

K1 COST AND RESOURCE IMPLICATIONS  
 
K1.1 Please provide details of all cost / resource implications related to this 
study (e.g. staff time, office use, telephone / printing costs etc.)  
 
All costs for the phase of the study included in this ethics application, and the 
overarching study, are covered by a PhD scholarship from the Kuwait Cultural Office. 
 
Estimated costs for this phase are: 
 
Sessional costs associated with MR scanning in CNOH    €2,000 
Printing          €100 
Reimbursement of volunteer travel expenses     €1,000 
Gift vouchers for volunteers       €500 
Researcher travel costs        €250 
 
 
K2 FUNDING 
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K2.1 (a) Is funding in place to conduct this study? Yes  
 

K2.1 (b) If no, has funding been sought to conduct this study?  From where? 
Please elaborate. 
Answer     
 
K2.1 (c) If yes, please state the source of funding (industry, grant or other), 
the name of the funder, the amount of funding and duration of funding. 
 
This PhD project has received part-funding from the Kuwait Cultural Office which covers 
a scholarship for Ms. Abrar Alqattan and associated research study costs. The Kuwait 
Cultural Office has no input into the content and direction of the research and retains no 
rights to the research findings. 
 
K2.1(d)  Please provide additional details in relation to management of 
funds. 
 
None 
 
K2.1(e)  Is the study funded by a ‘for profit’ organisation? No 
 
K2.2 (a) Do any conflicts of interest exist in relation to funding or potential 
funding?  No 
 
K2.2 (b) If yes, please elaborate. 
 
Answer 
 
 
K3 PAYMENTS TO INVESTIGATORS 
 
K3.1 (a) Will any payments (monetary or otherwise) be made to investigators? 
No 
 
K3.1 (b) If yes, please provide details of payments (including amount).  
 
Answer 
 
 
K4 PAYMENTS TO PARTICIPANTS 
 
K4.1 (a) Will any payments / reimbursements (monetary or otherwise) be 
made to participants?  Yes 
 
K4.1 (b) If yes, please provide details of payments / reimbursements 
(including amount). 
  

All participants will receive a token gift vouchers and their travel expenses will be 
reimbursed. 
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SECTION L ADDITIONAL ETHICAL  ISSUES 
 
 
L1 (a)  Does this project raise any additional ethical issues?   No 
 

If answer is No, please delete remaining questions in Section L. 
 
 
PLEASE ENSURE THIS APPLICATION FORM IS FULLY COMPLETED AS INCOMPLETE 
SUBMISSIONS WILL NOT BE REVIEWED.   
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STANDARD APPLICATION FORM 
 

For the Ethical Review of 
Health-Related Research Studies, which 

are not Clinical Trials of Medicinal 
Products For Human Use  

as defined in S.I. 190/2004 
	
	

DO	NOT	COMPLETE	THIS	APPLICATION	FORM	
	IF	YOUR	STUDY	IS	A	CLINICAL	TRIAL	OF	A	MEDICINAL	PRODUCT	

	
	
Title	of	Study:		The	role	of	diffusion-based	magnetic	resonance	imaging	(MRI)	
in	the	evaluation	of	bone	bruising	of	the	knee	
	
	
Application	Version	No:		____________________________________	
	
Application	Date:						/	October	/	2017	
	
For	Official	Use	Only	–	Date	Stamp	of	Receipt	by	REC:	
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TABLE	OF	CONTENTS	 MANDATORY	/OPTIONAL 	
	
SECTION A GENERAL INFORMATION MANDATORY* 
 
SECTION B STUDY DESCRIPTORS MANDATORY* 
 
SECTION C STUDY PARTICIPANTS MANDATORY* 
 
SECTION D RESEARCH PROCEDURES MANDATORY* 
 
SECTION E DATA PROTECTION MANDATORY* 
 
SECTION F HUMAN BIOLOGICAL MATERIAL (OPTIONAL) 
 
SECTION G RADIATION (OPTIONAL) 
 
SECTION H MEDICAL DEVICES (OPTIONAL) 
 
SECTION I MEDICINAL PRODUCTS / COSMETICS / FOOD AND FOODSTUFFS (OPTIONAL) 
 
SECTION J INDEMNITY AND INSURANCE MANDATORY* 
 
SECTION K COST AND RESOURCE IMPLICATIONS, FUNDING AND PAYMENTS MANDATORY* 
 
SECTION L ADDITIONAL ETHICAL ISSUES (OPTIONAL)	
	
	
This Application Form is divided into Sections. 
 
*Sections A, B, C, D, E, J and K are Mandatory. 
 
(Sections F, G, H, I and L are optional.  Please delete Sections F, G, H, I and L if 
these sections do not apply to the application being submitted for review.) 
 
IMPORTANT NOTE:  Please refer to Section I within the form before any 
attempt to complete the Standard Application Form.  Section I is designed to 
assist applicants in ascertaining if their research study is in fact a clinical trial of 
a medicinal product. 
 
 
IMPORTANT NOTE:  This application form permits the applicant to delete 
individual questions within each section depending on their response to the 
preceding questions.  Please respond to each question carefully and refer to the 
accompanying Guidance Manual for more in-depth advice prior to deleting any 
question.   
 
 
 

PLEASE ENSURE TO REFER TO THE ACCOMPANYING GUIDANCE MANUAL  
WHEN COMPLETING THIS APPLICATION FORM. 

SECTION	A		GENERAL	INFORMATION	 	
 

SECTION A IS MANDATORY 
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A1 Title of the Research Study: 
 

The	role	of	diffusion-based	magnetic	resonance	imaging	(MRI)	in	the	evaluation	of	bone	
bruising	of	the	knee 

 
 

A2 (a) Is this a multi-site study?    No  
 
If you chose ‘yes’ please delete questions A2 (e) and (f), If you chose ‘no’ please delete Questions A2 (b) (c) and (d) 
 
 
 
A2 (e) If no, please name the principal investigator with overall responsibility 
for the conduct of this single-site study. 
 
Title:  Professor              Name:  Stephen Eustace 
Qualifications: MB, MSc, MRCPI, FFR (RCSI), FRCR, FFSEM (RCPI, RCSI) 
Position: Consultant Radiologist, Cappagh National Orthopaedic Hospital and the Mater 
Misericordiae University Hospital 
Organisation: Mater Misericordiae University Hospital and Mater Private Hospital 
Address: Mater Misericordiae University Hospital (MMUH) and Mater Private Hospital 
(MPH) 
Tel: +353 8724 02126 E-mail: eustacesj@gmail.com 
 
A2 (f) For single-site studies, please name the only site where this study will 
take place. 

 
Mater Misericordiae University Hospital 
 
A3.  Details of Co-investigators: 
 
Title:  Dr.            Name: Jonathan McNulty 
Qualifications: PhD, H.Dip MRI, BSc (Hons) Radiography 
Position: Head of Subject, Radiography / Assistant Professor, School of Medicine, 
Dept: Radiography and Diagnostic Imaging, 
Organisation: University College Dublin 
Address: Room A208 Health Sciences Centre, School of Medicine, University College 
Dublin, Belfield, Dublin 4 
Tel: +353 1 7166530 Mob: +353 87 9286936          
E-mail: jonathan.mcnulty@ucd.ie 
Role in Research e.g. statistical / data / laboratory analysis:  Principle-
investigator 
 
 
 
Title: Ms.           Name:  Allison McGee 
Qualifications: MSc Medical Imaging (MRI), PG Diploma Advanced Radiography, PG 
Diploma Statistics, Diploma of College of Radiographers (Diagnostic & Therapeutic) 
Position: Assistant Professor, School of Medicine, Radiography and Diagnostic Imaging. 
School of Medicine, University College Dublin. 
Dept: Radiography and Diagnostic Imaging. School of Medicine, University College 
Dublin 
Organisation: University College Dublin 
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Address: Room A207 Health Sciences Centre, School of Medicine, University College 
Dublin, Belfield, Dublin 4 
Tel: +353 1716 6534        E-mail: allison.mcgee@ucd.ie 
Role in Research e.g. statistical / data / laboratory analysis:  Co-investigator 
 
 
Title:   Associate Professor   Name:  Eamonn Delahunt 
Qualifications: PhD, BSc (Physiotherapy), SMISCP 
Position: Senior Lecturer UCD School of Public Health, Physiotherapy and Population 
Science	
 Organisation: University College Dublin 
Address: School Of Public Health, Physiotherapy & Sports Science 
Health Sciences Centre, University College Dublin, Belfield, Dublin 4 
Tel: +353 1 7166671 E-mail: eamonn.delahunt@ucd.ie 
Role in Research e.g. statistical / data / laboratory analysis:  Co-investigator / 
Sports Science & Sports Medicine lead 
 
 
Title: Professor     Name: Cathal Moran 
Qualifications: MFSEM, FRCS (Tr & Orth), MD,  MB, BAO, BCh, (Medical School 
Degree), BSc in Pharmacology, PhD, Biological Augmentation / Tissue Engineering in 
Cartilage Repair 
Position: Chair of Orthopaedics & Sports Medicine, Sports Surgery Clinic and Trinity 
College Dublin 
Organisation: Sports Surgery Clinic 
Address: Sports Surgery Clinic  
Tel: +353 1 526 2352 
E-mail: moranshoulderknee@sportssurgeryclinic.com 
Role in Research e.g. statistical / data / laboratory 
analysis:  Co-investigator / SSC lead for study / patient 
recruitment 
  
Title: Ms    Name: Andrea Cradock 
Qualifications: MSc, BSc 
Radiography and Diagnostic Imaging. School of Medicine, University College Dublin 
Organisation: University College Dublin 
Address: Room A220 Health Sciences Centre, School of Medicine, University College 
Dublin, Belfield, Dublin 4 
Tel: +353 1 716 6593      E-mail: andrea.cradock@ucd.ie 
Role in Research e.g. statistical / data / laboratory analysis:  Co-investigator / 
MRI optimisation 
 
 
 
A4.  Lead contact person who is to receive correspondence in relation to this 
application or be contacted with queries about this application.  
 
Name: Jonathan McNulty             
Position: Head of Subject, Radiography / Assistant Professor, Radiography and 
Diagnostic Imaging, School of Medicine, 
Organisation: University College Dublin 
Address for Correspondence: Room A208 Health Sciences Centre, School of Medicine, 
University College Dublin, Belfield, Dublin 4 
Tel (work): +353 1 7166530        Tel (mob.): +353 87 9286936  
E-mail: jonathan.mcnulty@ucd.ie 
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A5 (a) Is this study being undertaken as part of an academic qualification? 
Yes  
 
If answer is No, please delete remaining questions in Section A	
 
A5 (b) If yes, please complete the following: 
 
Student Name(s): Abrar Alqattan         
Academic Course: Doctoral Studies (PhD) 
Academic Institution: School of Medicine, University College Dublin 
 
 
A5 (c) Academic Supervisor(s): 
 
Title:  Dr.            Name: Jonathan McNulty 
Qualifications: PhD, H.Dip MRI, BSc (Hons) Radiography              
Position: Head of Subject, Radiography / Assistant Professor, School of Medicine, 
Dept: Radiography and Diagnostic Imaging 
Organisation: University College Dublin 
Address: Room A208 Health Sciences Centre, School of Medicine, University College 
Dublin, Belfield, Dublin 4 
Tel: +353 1 7166530 Mob: +353 87 9286936          
E-mail: jonathan.mcnulty@ucd.ie 
 
 
Title: Ms.           Name:  Allison McGee 
Qualifications: MSc Medical Imaging (MRI), PG Diploma Advanced Radiography, PG 
Diploma Statistics, Diploma of College of Radiographers (Diagnostic & Therapeutic) 
Position: Assistant Professor, School of Medicine, Radiography and Diagnostic Imaging. 
School of Medicine, University College Dublin. 
Dept: Radiography and Diagnostic Imaging. School of Medicine, University College 
Dublin 
Organisation: University College Dublin 
 
 
Title:   Associate Professor   Name:  Eamonn Delahunt 
Qualifications: PhD, BSc (Physiotherapy), SMISCP 
Position: Senior Lecturer UCD School of Public Health, Physiotherapy and Population 
Science	
Organisation: University College Dublin 
Address: School Of Public Health, Physiotherapy & Sports Science 
Health Sciences Centre, Univercity college Dublin, Belfield, Dublin 4 
Tel: +353 1 7166671 E-mail: eamonn.delahunt@ucd.ie 
 
 
Title:  Professor              Name:  Stephen Eustace 
Qualifications: MB, MSc, MRCPI, FFR (RCSI), FRCR, FFSEM (RCPI, RCSI) 
Position: Consultant Radiologist, Cappagh National Orthopaedic Hospital and the Mater 
Misericordiae University Hospital 
Organisation: Mater Misericordiae University Hospital and Mater Private Hospital 
Address: Mater Misericordiae University Hospital (MMUH) and Mater Private Hospital 
(MPH) 
Tel: +353 8724 02126 E-mail: eustacesj@gmail.com 
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SECTION	B	 STUDY	DESCRIPTORS	
	

SECTION B IS MANDATORY 
 
B1.   What is the anticipated start date of this study? 
  
As soon as possible  
 
B2.   What is the anticipated duration of this study? 
 
1 year 
 
B3.  Please provide a brief lay (plain English) description of the study.  Please 
ensure the language used in your answer is at a level suitable for use in a 
research participant information leaflet. 
 
Diffusion weighted imaging (DWI) sequences are an encouraging addition to MR 
examinations of the musculoskeletal (MSK) system that are increasing the knowledge of 
diagnosing, staging and guide the development of future therapy intervention of much 
musculoskeletal pathology. More recently, several studies indicated that DWI sequences 
have shown promising results and have been used to evaluate a number of 
musculoskeletal pathologies, such as primary bone tumours, soft tissue tumours, 
vertebral fractures, bone marrow malignancy and infection, in addition, post treatment 
follow-up has also been assessed. 

The apparent diffusion coefficient (ADC) values are a promising potential to be used to 
grade MSK injuries and assist in consideration of differential diagnosis of the normal 
versus abnormal tissues. In literature it has been shown that the use of ADC maps in 
association with DWI sequences will provide higher accuracy in detecting pathologies and 
providing diagnostic information. DWI is a promising technique, and may be added to 
the standard MRI protocols setting for evaluation of MSK disease. The clinical importance 
of these results has yet to be established. 

The aim of this research is to critically demonstrate the advantages of a new form of MRI 
scanning called diffusion weighted imaging (DWI) in the evaluation bone bruises of the 
knee in patients with anterior cruciate ligament (ACL) injury by:  

Ø Comparing different DWI sequences to find out the method with the best image 
quality 

Ø Finding the specificity and sensitivity of DWI sequences in the diagnosis of knee 
bruise 

Ø Predicting healing times in order to make recommendations where it could be 
considered an essential add-on to conventional MRI for patients with knee 
trauma.  
 

Methodology: 
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This study will start with volunteer imaging phase and then patient imaging phase, this 
(the focus of the current ethics application), in both phases full ethical approval will be 
sought.  
 
For the volunteer phase recruitment notices will be posted in University College Dublin 
and the clinical site in order to recruit volunteers who are interesting in participating in 
the study. Interested individuals will be provided with a participant information leaflet 
and written consent will be obtained prior to enrolment. Normal departmental MRI 
screening procedures will be followed to make sure that the scan is safe for all 
volunteers. A standard MRI knee protocol will be performed on a number of volunteers 
(20 volunteers), without any knee pain or trauma, to facilitate the optimisation of the 
new diffusion weighted add-on to the knee MRI examination and to gain an insight into 
the normal MR DWI appearances of the knee.  All volunteers will be scanned once; the 
scan may take about 30 minutes Participation in this research is entirely voluntary, 
participants are free to stop participating at any time without having to give a reason. 
Deciding not to participate will not affect them in any way. 
 

For the Patient phase: This phase will be used to characterise the size, location, and 
extent of ACL injury-related bone bruises on the standard MRI images as well as 
providing DWI data related to this bruising. Post trauma patients will be recruited from 
their general practitioner (GP), consultant orthopaedic surgeon, sport medicine physician 
or sports physiotherapist; the aim is to recruit 80 patients with suspected anterior 
cruciate ligament (ACL) injury, who has been identified as being in this category 
following a clinical examination by a sports medicine physician, sports physiotherapist, or 
orthopaedic surgeon, and/or an initial diagnostic MRI scan.  The standard knee MR scan 
in current clinical use at the hospital will be extended by 10 minutes due to the addition 
of the DWI sequence for all patients for whom bone bruising is evident on the initial MRI 
scan. All MRI patients with bone bruises involving the knee joint will be asked to 
participate in a follow-up study consisting of repeat MR imaging at approximately three 
different time intervals including: the early acute stage (3-4 weeks post injury), 
intermediate (3 months post injury) and delayed (6 months post injury) stages, to 
demonstrate changes in bone marrow signal intensity on routine and DW images and 
measured ADC values over time.  For follow-up imaging, the same sequences and 
parameter settings will be used as for the initial knee MR scan.  ADC values will be 
calculated for areas of normal marrow and bone marrow oedema (bruising) for the three 
stages of imaging over the healing process to identify how the ADC value changes over 
the time course of healing relative to visible changes in MR signal intensity. 

 
Demographic data and clinical history on mechanism of injury will be collected initially, 
along with details of any surgical intervention and ongoing therapies. Two validated 
patient outcome questionnaires, the Knee Injury and Osteoarthritis Outcome Score 
(KOOS) and Tegner activity scale for sports participation history will be completed for all 
three imaging phases. This will allow comparisons between clinical findings, treatment 
approach and MR findings to be compared and correlations to be considered. 
	

 
 
B4.   Provide brief information on the study background.  
 
Diffusion weighted imaging (DWI) sequences are an encouraging addition to MR 
examinations of the musculoskeletal (MSK) system that are increasing the knowledge of 
diagnosing, staging and guide the development of future therapy intervention of much 
musculoskeletal pathology. More recently, several studies indicated that DWI sequences 
have shown promising results and have been used to evaluate a number of 
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musculoskeletal pathologies, such as primary bone tumours, soft tissue tumours, 
vertebral fractures, bone marrow malignancy and infection, in addition, post treatment 
follow-up has also been assessed. The apparent diffusion coefficient (ADC) values are a 
promising potential to be used to grade MSK injuries and assist in consideration of 
differential diagnosis of the normal versus abnormal tissues. In the literature it has been 
shown that the use of ADC maps in association with DWI sequences will provide higher 
accuracy in detecting pathologies and providing diagnostic information. DWI is a 
promising technique, and may be added to the standard MRI protocols setting for 
evaluation of MSK disease. The clinical importance of these results has yet to be 
established 
 
B5.    List the study aims and objectives. 
 

Aim: 

To evaluate the use of diffusion-weighted (DW) magnetic resonance imaging (MRI) in 
the evaluation of bone bruising associated with anterior cruciate ligament (ACL) injury 

Objectives: 
1. To develop and optimised DW protocol for use in the knee; 
2. To characterise bone bruising, using qualitative and quantitative MRI data, within 

3 to 4 weeks of injury, 3 months, and 6 months post-injury; 
3. To compare MRI data to data from clinical examination and patient management 

at each time-point; 
4. To describe the chronology of healing, based on MRI data, as a basis for future 

RCTs; 
5. To validate the DW technique for use in the evaluation of bone bruising.  

 
 
B6.    List the study endpoints / measurable outcomes (if applicable).  
 
This optimisation study will result in the development of a diffusion weighted MRI 
protocol which has been optimised for in-vivo application for use in a subsequent clinical 
study. 
 
B7.   Provide information on the study design. 
 

As detailed in the study methodology, the health volunteer phase will be used to 
facilitate the optimisation of an MR imaging examination for future use in clinical studies. 
However the patient phase will be used to characterise the size and location of knee 
bone bruises and demonstrate changes in bone marrow signal intensity on routine and 
DW images and measured ADC values over time. ADC values will be calculated for areas 
of normal marrow and bone marrow oedema (bruising) for the three stages of imaging 
over the healing process to identify how the ADC value changes over the time course of 
healing relative to visible changes in MR signal intensity. 

 
 
 
B8.   Provide information on the study methodology. 
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The study is divided in to three scanning phases including: phantom imaging phase, 
volunteer imaging phase (the subject of the current application for ethical approval), and 
patient imaging phase. Magnetic resonance (MR) images will be acquired on a Siemens 3 
Tesla (3T) MRI scanner and 15-channel transmit/receive coil. 

The first imaging phase is phantom scanning phase, this phase was used to evaluate, 
analyse and tune the performance of clinical magnetic resonance system including: pulse 
sequence and scan timing parameters, magnetic field uniformity, signal-to-noise ratio 
(SNR), spatial linearity, image artefacts and any imaging processing that may have been 
used. This phase is now complete and was conducted under an exemption from full 
ethical approval issued by University College Dublin Human Research Ethics Committee – 
Sciences (Ref. LS-E-16-46-Alqattan-McNulty). 

The phantom-imaging phase is followed by a volunteer imaging phase and patient 
imaging phase (current research phases and subject of this ethics application to Mater 
Misericordiae University Hospital).  

In volunteer imaging phase, and following full ethical approval, notices will be posted in 
University College Dublin and the clinical site in order to recruit volunteers who are 
interested in participating in the study. Interested individuals will be provided with an 
information leaflet and written consent will be obtained prior to enrolment. Normal 
departmental MRI screening procedures will be followed to make sure that the scan is 
safe for all volunteers. A standard MRI knee protocol will be performed on 20 healthy 
volunteers, without any knee pain or trauma, to facilitate the optimisation of the new 
DWI add-on to the knee MRI examination and to gain an insight into the normal MR DWI 
appearances of the knee.  All volunteers will be scanned once; the scan may take about 
30 minutes Participation in this research is entirely voluntary, participants are free to 
stop participating at any time without having to give a reason. Deciding not to 
participate will not affect them in any way. 

The final phase of the study, is the patient imaging phase. During this phase, standard 
MRI knee examination will be performed on all patients, the aim of this phase of the 
research study is to recruit 80 patients with suspected anterior cruciate ligament (ACL) 
injury, who has been identified as being in this category following a clinical examination 
by a sports medicine physician, sports physiotherapist, or orthopaedic surgeon.  This 
phase will be used to characterise the size, location and extent of ACL injury-related 
bone bruises on the standard MRI images as well as providing DWI data related to this 
bruising. Bone bruises will be demonstrated as an area of abnormally high signal 
intensity in the subchondral bone or marrow on the T2-weighted fat-suppressed images 
(T2W FS). The standard MRI knee scan will be extended for 6 to 8 minutes by adding 
extra DWI sequence for all patients with knee bruises on the initial MRI scan.  

All MRI patients with knee bruises will be asked to participate in the follow-up study 
consisting of repeat MRI at approximately three different time periods including: 
scanning the patient in early cute stage, intermediate stage and delayed stage, to 
demonstrate changes in signal intensity over time based on the appearance in DWI. For 
follow-up imaging, the same sequences will be used, with the same parameters. ADC 
values will be calculated before the bruise healing phases to identify how MR signal 
intensity in the area of bone bruise changes over time based on the ADC values. 
Demographic data and clinical history on mechanism of injury will be collected initially, 
along with details of any surgical intervention and ongoing therapies. Two validated 
patient outcome questionnaires, the Knee Injury and Osteoarthritis Outcome Score 
(KOOS) and Tegner activity scale for sports participation history will be completed for all 
three imaging phases. This will allow comparisons between clinical findings, treatment 
approach and MR findings to be compared and correlations to be considered. 
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B9.  Provide information on the statistical approach to be used in the analysis 
of your results (if appropriate) / source of any statistical advice.  
 
Quantitative and qualitative analysis of the resulting data sets will be undertaken. 
Conventional MRI sequences will be first reviewed, qualitatively, by a consultant 
radiologist to rule out any underlying pathology. The DWI data sets will then be analysed 
quantitatively through manual and semi-automated region of interest drawing and the 
measurement of apparent diffusion coefficient values from various bone regions. 
Statistical advice will be provided by Dr. Marie Galligan, Statistician, UCD Clinical 
Research Centre. 
 
 
B10 (a) Please justify the proposed sample size and provide details of its 
calculation (including minimum clinically important difference).   
 
The number of healthy volunteers (n=20) in this optimisation study is based on past MR 
optimisation work undertaken by UCD Radiography and Diagnostic Imaging and 
compares well with other optimisation studies published in peer-review journals.  
 
The number of the patients (n=80) in patient phase was initially influenced by reviewing 
previous original research studies and a systematic review published on the imaging of 
bone bruises associated with ACL injury which suggest that a population of 80-100 for 
the patient study should be sufficient and would make this study the largest longitudinal 
study, with imaging at multiple time-points, on this topic.  
 
 
B10 (b) Where sample size calculation is impossible (e.g. it is a pilot study and 
previous studies cannot be used to provide the required estimates) then please 
explain why the sample size to be used has been chosen.   
 
The number of healthy volunteers (n=20) in this optimisation study is based on past MR 
optimisation work undertaken by UCD Radiography and Diagnostic Imaging and 
compares well with other optimisation studies published in peer-review journals.  
 
If the results from the quantitative analysis do not result in sufficient power, a 
descriptive analysis of the data will be performed and this in itself will provide novel 
information which will add to the body of knowledge and inform future, multi-centre 
studies which may be required to overcome such issues. 
 
B11. How many research participants are to be recruited in total? 
 
100 participants  
 
B12 (a) How many research participants are to be recruited in each study group 
(where applicable)?  Please complete the following table (where applicable). 
 
Name of Study Group:  Name of Study Group:  
Healthy volunteers Patients  
Number of Participants in this 
Study Group:  

Number of Participants in this 
Study Group:  

20 / single-arm and thus no 
randomisation 

80 no randomisation 
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B12 (b) Please provide details on the method of randomisation (where 
applicable). 
 
Single-arm and thus no randomisation 
 
B13. How many research participants are to be recruited at each study site 
(where applicable)?  Please complete the following table.  
 
Site: Number of Research Participants 

at this site: 

MATER MISERICORDIAE UNIVERSITY 
HOSPITAL* 

100  

  
*scanning will take place in the MMUH, however, patients will be recruited as follows: 
volunteer phase – via notices posted in UCD, the hospital site and in a number of sports 
clubs. For patient phase, via the Orthopaedic and Sports Medicine teams in the SSC and 
Cappagh National Orthopaedic Hospital, and via sports physiotherapists. 
 
 
 
SECTION	C	 STUDY	PARTICIPANTS	
 

SECTION C IS MANDATORY 
 
C1	 PARTICIPANTS	–	SELECTION	AND	RECRUITMENT	
 
 
C1.1 How will the participants in the study be selected?  
 

• Volunteer phase: Healthy adults with no knee pain and trauma 
 

• Patient scanning phase: Adults with knee pain/ trauma, with suspected ACL 
injury based on clinical assessment, and had ACL related bone bruises on 
their initial MR knee scan 
 

C1.2  How will the participants in the study be recruited?   
 
For volunteer scanning phase: Notices will be posted in University College Dublin, at 
local sports clubs, and the clinical site in order to recruit volunteers. 
 
For patient scanning phase: Patients will be recruited via the Orthopaedic and Sports 
Medicine teams in the SSC and Cappagh National Orthopaedic Hospital, and via sports 
physiotherapists. 
 
 
C1.3 What are the inclusion criteria for research participants?  (Please 
justify, where necessary)  
 
Volunteer scanning phase     Patient scanning phase  
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1 Healthy adults (18 to 35 years) 

2 No history of knee trauma / injury 

3 Willing to attend MMUH to undergo an 
MRI examination 

 
 

 
 
C1.4 What are the exclusion criteria for research participants? (Please 
justify, where necessary)  
 
1 Children 

2 Normal MR exclusion criteria including: Cardiac pacemakers, cardiac 
defibrillators, recently inserted ferromagnetic surgical implants/ clips, intra-orbital 
foreign bodies, eye / ear implants, non-MRI compatible implants, severe 
claustrophobia, pregnancy 

3  History of knee trauma (Volunteers phase) 

 
C1.5 Will any participants recruited to this research study be simultaneously 
involved in any other research project? No   
 
 
C2	 PARTICIPANTS	–	INFORMED	CONSENT	
 
 
C2.1 (a) Will informed consent be obtained?  Yes  
 
C2.1 (b) If no, please justify. You must provide a full and detailed 
explanation as to why informed consent will not be obtained. 
  
 
 
 
C2.1 (c) If yes, please outline the consent process in full.  (How will consent 
be obtained, when, by whom and from whom etc.) 
  
All participant are required to complete an MRI safety screening questionnaire and to 
read an information leaflet prior to the scan, care will be taken, in advance of their 
attendance at MMUH, by one of the member of the research team to insure that the 
participant is fully informed as to the nature of the study followed by written consent 
which will be witnessed. 
 
 
C2.2 (a) Will participants be informed of their right to refuse to participate 
and their right to withdraw from this research study? Yes  
 
C2.2 (b) If no, please justify.   
 
Answer 

1 Adults (18 to 35 years) 

2 Recent knee trauma / injury and positive 
clinical assessment for ACL injury. 

3 Willing to attend MMUH to undergo an MRI 
examination 
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C2.3 (a) Will there be a time interval between giving information and 
seeking consent? Yes  
 
C2.3 (b) If yes, please elaborate. 
 
All participants will be provided with the information leaflet, MRI safety questionnaire 
and consent form upon recruitment with the consent form being discussed and fully 
completed in advance of their attendance at the MMUH.   
 

C2.3 (c) If no, please justify and explain why an instantaneous decision is 
reasonable having regard to the rights of the prospective research 
participants and the risks of the study. 
  
Answer 
 
 
C3	 ADULT	PARTICIPANTS	(AGED	18	OR	OVER)	-	CAPACITY	
 
C3.1 (a) Will all adult research participants have the capacity to give 
informed consent?  Yes   
 

If answer is Yes, please delete remaining questions in Section C3	
 
 
C4	 PARTICIPANTS	UNDER	THE	AGE	OF	18	
 
C4.1 (a) Will any research participants be under the age of 18 i.e. Children? 
No 
 

If answer is No, please delete remaining questions in Section C4 
 
 
	

 
C5	 PARTICIPANTS	-		CHECKLIST		
	

C5.1 Please confirm if persons from any of the following groups will participate 
in this study.  This is a quick checklist to assist research ethics committee 
members and to identify whether study participants include persons from 
vulnerable groups and to establish what special arrangements, if any, have 
been made to deal with issues of consent.  It is recognised that not all groups 
in this listing will automatically be vulnerable or lacking in capacity.  Please 
refer to the HSE’s National Consent Policy, particularly Part 3, Section 5. 
 
Committees are particularly interested to know if persons in any of these 
groups are being targeted for inclusion, as per the inclusion criteria. 
 
(a) Healthy Volunteers Yes  
 
(b) Patients Yes  
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• Unconscious patients  No 
• Current psychiatric in-patients No 
• Patients in an emergency medical setting No 

 
 
(c) Relatives / Carers of patients No 
 
(d) Persons in dependent or unequal relationships No 
 

• Students No  
• Employees / staff members No 
• Persons in residential care No 
• Persons highly dependent on medical care No   

 
 
(e) Intellectually impaired persons No 
 
(f)  Persons with a life-limiting condition No 
(Please refer to guidance manual for definition) 
 
(g) Persons with an acquired brain injury  No 
 
 
C5.2 If yes to any of the above, please comment on the vulnerability of the 
research participants, and outline the special arrangements in recognition of 
this vulnerability (if any). 
  Healthy volunteers and patients will all be between the ages of 18 to 35 years and 
will be under no obligation to participate in the study. Withdrawal is possible at any 
point and the clinical management of patients will not be impacted on by 
participating in the study. 
 
C5.3 Please comment on whether women of child-bearing potential, 
breastfeeding mothers, or pregnant women will be included or excluded in 
this research study. 
  
Women of child-bearing potential  Included  

Breast feeding mothers Included 

Pregnant Women Excluded 
 
The normal MR screening protocol is to check for pregnancy status. While MRI examinations have 
not been shown to be detrimental to foetal development, pregnancy will be considered an exclusion 
criteria, however, women of child bearing potential who are not pregnant may be included. 
 
SECTION	D	 RESEARCH		PROCEDURES	
 

SECTION D IS MANDATORY 
 
D1 (a) What activities, procedures or interventions (if any) are research 
participants asked to undergo or engage in for the purposes of this research 
study? 
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For the healthy volunteer phase: The participant will be asked to read an information 
leaflet and to complete a safety screening questionnaire prior the scan by the research 
team, and then a routine MRI scan will be performed on all healthy volunteer. 

For the patient phase: All patients will usually have undergone a routine diagnostic 
MRI following injury. This initial scan will allow the identification of ACL tears for 
inclusion in the research study. This initial clinical diagnostic scan will be reported and all 
findings managed on the basis of this. For the three research scans over a 6 month 
period, all structural / standard images will be reviewed by a consultant radiologist and, 
in the unlikely event of incidental findings not identified on the initial clinical scan, any 
findings will be reported to the referring clinician and/or GP. Demographic data and 
clinical history on mechanism of injury will be collected initially, along with details of any 
surgical intervention and ongoing therapies. Two validated patient outcome 
questionnaires, the Knee Injury and Osteoarthritis Outcome Score (KOOS) and Tegner 
activity scale for sports participation history will be completed for all three imaging 
phases. This will allow comparisons between clinical findings, treatment approach and 
MR findings to be compared and correlations to be considered.	

	
  
D1 (b) What other activities (if any) are taking place for the purposes of 
this research study e.g. chart review, sample analysis etc? 
 
 
For the patient phase of the study, a record will be kept of the findings of the initial 
diagnostic MRI report (which will happen independent of the scanning in this study), the 
results of the initial clinical assessment performed, and the treatment approach. 
 
D2.  Please provide details below of any potential harm that may result from 
any of the activities, procedures, interventions or other activities listed 
above. 
 
The volunteers might find the scan uncomfortable and they will be required to lie very 
still in a relatively enclosed area for the duration of the MRI examination. Normal MRI 
safety and patient care procedures will be followed to minimise: anxiety responses, 
claustrophobia, radiofrequency energy deposition and heating, and other associated MR 
risks. 
D3.  What is the potential benefit that may occur as a result of this study?  
By completing the study, participants will help us to gain a better understanding of the 
use of diffusion-weighted imaging (DWI) in the knee joint and its ability to provide us 
with a greater understanding of the bone bruises associated with this type of injury and 
their healing processes. 

	

 

 
D4 (a) Will the study involve the withholding of treatment?  
No  
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D4 (b) Will there be any harms that could result from withholding 
treatment?  No 
 
D4 (c) If yes, please elaborate. 
  
Answer 
 
D5 (a) How will the health of participants be monitored during the study, 
and who will be responsible for this? 

The participant will be asked to read an information leaflet and to complete a safety 
screening questionnaire prior the scan by the research team. 

All participants will be checked for the presence of metal before entering the MRI room. 
During the scan all participant will be provided with headphones to reduce the loud noise 
from the MRI scanner and a buzzer in case if they need any help. Furthermore the 
radiographer will check with each participant frequently to determine if they are 
experiencing any problems or any negative issues during the examination. 

The patient phase will not interfere with the normal clinical care and management being 
provided to the patients. 

 
D5 (b) How will the health of participants be monitored after the study, and 
who will be responsible for this? 
 

After the study, the radiographer will check each participant to make sure that they are 
fit to leave the department. For the volunteer study: the patient’s general practitioner 
(GP) will be informed in writing of any incidental findings identified by the consultant 
radiologist on the MR examinations. 

For the patient study, all patients will usually have undergone a routine diagnostic MRI 
following injury. This initial scan will allow the identification of ACL tears for inclusion in 
the research study. This initial clinical diagnostic scan will be reported and all findings 
managed on the basis of this. For the three research scans over a 6 month period, all 
structural / standard images will be reviewed by a consultant radiologist and, in the 
unlikely event of incidental findings not identified on the initial clinical scan, any findings 
will be reported to the referring clinician and/or GP. 

The patient phase will not interfere with the normal clinical care and management being 
provided to the patients. 

 
D6 (a) Will the interventions provided during the study be available if 
needed after the termination of the study?   No  
 
D6 (b) If yes, please state the intervention you are referring to and state 
who will bear the cost of provision of this intervention? 
   
Answer 
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D7.  Please comment on how individual results will be managed.  
 
The conventional MRI sequences will be first reviewed, qualitatively, by a consultant 
radiologist to rule out any underlying pathology. The participant’s general practitioner 
(GP) will be informed should any incidental findings of significance be identified. The DWI 
data sets will then be analysed quantitatively through manual and semi-automated 
region of interest drawing and the measurement of apparent diffusion coefficient values 
from various bone regions. 	

The findings of this study will be used to provide us with an understanding of the 
potential role of DWI in the evaluation of bone bruising associated with ACL injuries.  
Findings will form part of a research thesis and may be presented at scientific 
conferences or form part of scientific publications. 

 
D8.  Please comment on how aggregated study results will be made 
available. 
 
Aggregated study results will be included as part of the PhD thesis referenced above 
and will be published as part of peer-review articles or conference proceedings.  
 
D9.  Will the research participant's general practitioner be informed that the 
research participant is taking part in the study (if appropriate)?  Yes  
 
D10.  Will the research participant's hospital consultant be informed that 
the research participant is taking part in the study (if appropriate)? Yes 
Where patients are recruited via a sports medicine consultant or orthopedic surgeon. 
 
SECTION	E	 DATA	PROTECTION	
 

SECTION E IS MANDATORY 
 
E1	 	DATA	PROCESSING	-	CONSENT	
 
E1.1 (a)  Will consent be sought for the processing of data? Yes  
 
E1.1 (b) If no, please elaborate.   
 
Answer 
 
 
E2	 DATA	PROCESSING	-	GENERAL	
 
 
 
 
E2.1  Who will have access to the data which is collected? 
  

• Prof. Stephen Eustace (Principal Investigator (MMUH) / consultant radiologist) 
• Dr. Jonathan McNulty (Principal Investigator (UCD)) 
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• Ms. Allison McGee (Co-investigator) 
• Ms. Abrar Alqattan (Co-investigator / PhD student) 
• Associate. Prof Eamonn Delahunt (Co-investigator) 
• Ms. Andrea Cradock (Co-investigator) 

 
 
E2.2  What media of data will be collected? 
 
Electronic files exported directly from the MRI scanner and coded volunteer and 
patient data. 
 
 
E2.3 (a) Would you class the data collected in this study as anonymous, 
irrevocably anonymised, pseudonymised, coded or identifiable data? 
  
For the purposes of the initial qualitative review of the conventional MRI in order to 
identify any incidental findings the data will be coded to allow the images to be matched 
back to a participant for GP follow-up. The coding information will be filed securely with 
Ms Abrar Alqattan acting as the custodian.  
 
 
E2.3 (b) If ‘coded’, please confirm who will retain the ‘key’ to re-identify the 
data? 
   

The coding information will be filed securely with Ms Abrar Alqattan acting as the 
custodian.  

 
E2.4  Where will data which is collected be stored? 
   

All data will be stored on the archiving system in both MRI department in MMUH and on 
the UCD Radiography and Diagnostic Imaging PACS system with secure password access 
in both cases. 	Other clinical data will be stored securely on a password protected 
computer and backed-up on a password protected cloud folder.	

 
 
E2.5   Please comment on security measures which have been put in place 
to ensure the security of collected data. 
 
All data will be stored on the archiving system in both MRI department in MMUH and on 
the UCD Radiography and Diagnostic Imaging PACS system with secure password access 
in both cases. This archived data will be anonymised and coded. Signed consent forms, 
MRI safety screening questionnaires, KOOS and Tegner questionnaires will be stored 
securely in a locked filing cabinet in UCD. The data will be stored for 12 months after the 
end of the study. Other clinical data will be stored securely on a password protected 
computer and backed-up on a password protected cloud folder. 
 
 
E2.6 (a) Will data collected be at any stage leaving the site(s) of origin?    
Yes  
 
E2.6 (b) If yes, please elaborate. 
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All data will be stored on the archiving system in MRI department in MMUH and the other 
clinical data will be stored securely on a password protected computer and backed-up on 
a password protected cloud folder.  
   
 
E2.7   Where will data analysis take place and who will perform data 
analysis (if known)? 
 
Data analysis will take place in MRI department in MMUH and UCD Radiography and 
Diagnostic Imaging department and will be performed by members of the research 
team, identified above, with input from the previously identified statistician. 
  
E2.8 (a) After data analysis has taken place, will data be destroyed or 
retained? 
Yes 
E2.8 (b) Please elaborate.  
 
Data will be stored on a password protected computer and backed-up on a password 
protected cloud folder for 12 months after the end of the study and then All data will be 
deleted from both archiving system (MMUH and UCD) and any paperwork, such as 
signed consent forms, MR safety screening questionnaires, KOOS and Tegner 
questionnaires will be shredded. The data will be stored for 12 months after the end of 
the study. 

 
E2.8 (c) If destroyed, how, when and by whom will it be destroyed? 
   
As above  
 
E2.8 (d) If retained, for how long, for what purpose, and where will it be 
retained?   
 
Answer 
 
E2.9   Please comment on the confidentiality of collected data. 
  
All anonymised and coded data will be securely stored with a secure password. Signed 
consent forms, MRI safety screening questionnaires, along with KOOS and Tegner 
questionnaires, will be stored securely in a locked filing cabinet in UCD. Only the 
research team have the access to these data. 

   
E2.10 (a) Will any of the interview data collected consist of audio recordings 
/ video recordings? No 
 
E2.10 (b) If yes, will participants be given the opportunity to review and 
amend transcripts of the tapes? 
   
Answer 
 
E2.11 (a) Will any of the study data collected consist of photographs/ video 
recordings?  No 
 
E2.11 (b) If yes, please elaborate. 
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Answer 
 
 
 
 
E3	 ACCESS	TO	HEALTHCARE	RECORDS	
 
 
E3.1 (a) Does the study involve access to healthcare records (hard copy / 
electronic)?  Yes 
 

If answer is No, please delete remaining questions in Section E3 
E3.1 (b) If yes, please elaborate. 
  
 Initial diagnostic radiology report, surgical notes, and data on treatment 
 
E3.1 (c) Who will access these healthcare records? 
    
Members of the research team identified above. 
 
E3.1 (d) Will consent be sought from patients for research team members to 
access their healthcare records?  Yes  
 

If answer is Yes, please delete remaining questions in Section E3	
 
 
 
SECTION	F	 HUMAN	BIOLOGICAL	MATERIAL	
	
	

F1	 BODILY	TISSUE	/	BODILY	FLUID	SAMPLES	-	GENERAL	
 
 
F1 1 (a) Does this study involve human biological material?  No 

 
 
 
SECTION	G	 RADIATION	
	
	

G1			RADIATION	–	GENERAL		
 
 
G1.1  (a) Does this study/trial involve exposure to radiation? No 
 

	

SECTION	H	 	MEDICAL	DEVICES	
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H1 (a) Is the focus of this study/trial to investigate/evaluate a 
medical device?  No 
	

If answer is No, please delete remaining questions in Section H.	
 
 
 
SECTION  I 	 MEDICINAL	PRODUCTS	/	COSMETICS	/	FOOD	AND	FOODSTUFFS	
	
	

I.1	 NON-INTERVENTIONAL	TRIALS	OF	MEDICINAL	PRODUCTS	
 
I1.1 (a)  Does this study involve a medicinal product? No 
 

If the answer is No, please delete remaining questions in subsection I1 
 
 
 
 
 
SECTION	J	 INDEMNITY	AND	INSURANCE		
 

SECTION J IS MANDATORY 
	
J1 Please confirm and provide evidence that appropriate 
insurance/indemnity is in place for this research study at each site. 
 

Please see attached proof of insurance / indemnity from University College Dublin which 
covers this study in full including the individuals who are not employed by the MMUH. 

 
J2 Please confirm and provide evidence that appropriate 
insurance/indemnity is in place for this research study for each 
investigator. 
 

Please see attached proof of insurance / indemnity from University College Dublin which 
covers this study in full including the individuals who are not employed by MMUH. 

 
J3.1   Please give the name and address of the organisation / or individual 
legally responsible for this research study?   
 

University College Dublin, Tierney Building, Belfield, Dublin 4 

 
J3.2  Where an organisation is legally responsible, please specify if this 
organisation is: 
 

A pharmaceutical company  No 
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A medical device company  No 
A university Yes 
A registered charity No 
Other  No    If yes, please specify:  Answer 

 
J3.3 Please confirm and provide evidence of any specific additional 
insurance / indemnity arrangements which have been put in place, if any, 
by this organisation / or individual for this research study? 
 
Answer 
 
SECTION	K	 COST	AND	RESOURCE	IMPLICATIONS,	FUNDING	AND	PAYMENTS		
 

SECTION K IS MANDATORY 
 

K1	 COST	AND	RESOURCE	IMPLICATIONS		
 
K1.1 Please provide details of all cost / resource implications related to this 
study (e.g. staff time, office use, telephone / printing costs etc.)  
 
All costs for the study included in this ethics application, and the overarching study, 
are covered by a PhD scholarship from the Kuwait Cultural Office, Dublin. 
 
Estimated costs for this phase are: 
 
Sessional costs associated with MR scanning in the MMUH   €15,000 
Printing          €250 
Reimbursement of participant travel expenses     €5,000 
Gift vouchers for participants       €2,000 
Researcher travel costs        €500 
 
 
K2	 FUNDING	
 

K2.1 (a) Is funding in place to conduct this study?  
Yes  

 
K2.1 (b) If no, has funding been 
sought to conduct this study?  From 
where? Please elaborate. 
Answer     

 
K2.1 (c) If yes, please state the source of 
funding (industry, grant or other), the 
name of the funder, the amount of 
funding and duration of funding. 
 
This PhD project has received part-funding from the Kuwait Cultural Office, Dublin which 
covers a scholarship for Ms. Abrar Alqattan and associated research study costs. The 
Kuwait Cultural Office has no input into the content and direction of the research and 
retains no rights to the research findings. 
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K2.1(d)  Please provide additional details in relation to management of 
funds. 
 
None 
 
K2.1(e)  Is the study funded by a ‘for profit’ organisation? No 
 
K2.2 (a) Do any conflicts of interest exist in relation to funding or potential 
funding?  No 
 
K2.2 (b) If yes, please elaborate. 
 
Answer 
 
 
K3	 PAYMENTS	TO	INVESTIGATORS	
 
K3.1 (a) Will any payments (monetary or otherwise) be made to investigators? 
No 
  
 
K3.1 (b) If yes, please provide details of payments (including amount).  
 
 
 
K4	 PAYMENTS	TO	PARTICIPANTS	
 
K4.1 (a) Will any payments / reimbursements (monetary or otherwise) be 
made to participants?  Yes  
 
K4.1 (b) If yes, please provide details of payments / reimbursements 
(including amount). 
  

All participants will receive a token gift vouchers and their travel expenses will be 
reimbursed. 

SECTION	L	 ADDITIONAL	ETHICAL		ISSUES	
 
 
L1 (a)   Does this project raise any additional ethical issues?  No 
 

If answer is No, please delete remaining questions in Section L. 
 
PLEASE ENSURE THIS APPLICATION FORM IS FULLY COMPLETED AS INCOMPLETE 
SUBMISSIONS WILL NOT BE REVIEWED.   
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Institutional Review Boards (IRBs) approval of the three clinical sites:   
 

• Clinical site1:  March 8th, 2017 (Reference: CNOH 2017/ETH/SH-

DCEO-0030) 

• Clinical site 2: September 25th, 2018 (Reference: MMUH 1/378/1971 

• Clinical site 3: February 2nd, 2019 (Reference: SSC SAREB13-05-

19AA-EF). 
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Sports Medicine Dept 
Sports Surgery Clinic 

Santry Demesne 
Dublin 9 

Tel: +353 1 5262030 
Fax: + 353 1 5262046 

Web: www.sportssurgeryclinic.com 
 

Sports Surgery Clinic Scientific Advisory and Research Ethics Board (SAREB  
 
Meeting February 2nd 2019. 
 
Our Ref: SAREB13/05/19AA/EF 
 
 
Dr. A AlQattan, 
PhD Student, 
School of Medicine 
University College Dublin. 
 

Re: Role of diffusion based magnetic resident imaging in the 
evaluation of bone bruising of the knee. 

Principal investigator:  Dr. Al Quattan 

Co-investigators:  Dr. Jonathan McNulty, Ms. Alison Magee, Prof. Stephen Eustace, 
Assoc. Prof. Eamon Delahunt. 

  

 
 
Dear Dr. AlQattan, 
 
The SAREB received the following documents: 
1.    Research study protocol. 
2.    Participant information leaflet. 
3.    Study notice for clinicians. 
4.    Participant information leaflet – patient phase V4 document. 
5.    Letter to the patient’s GP. 
6.    Consent form. 
 
The committee has assessed these documents and is satisfied at their content. Ethical approval is 
granted. 
Yours Sincerely, 
 
 
Dr Éanna Falvey, 
Chairman SAREB 
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Appendix V 
 

Clinical site 1 
 

• Study summary 

• Healthy volunteer consent form 

• Healthy volunteer information leaflet 

• Healthy volunteer research study information flyer 

• Letter to GP (Volunteer phase) 

 



 243	

The role of diffusion-based magnetic resonance imaging in the evaluation of 
bone bruising of the knee: MRI examination optimisation 

 
 

Study Summary 
 
Diffusion weighted imaging (DWI) sequences are an encouraging addition to MR 

examinations of the musculoskeletal (MSK) system that are providing further 

diagnostic insight into a range of pathological conditions, thereby helping to more 

accurately direct patient management through the selection of appropriate 

therapeutic interventions.  In this context, several recent studies have indicated 

that DWI sequences have shown promising results for the assessment of primary 

bone tumours, soft tissue tumours, vertebral fractures, bone marrow malignancy 

and infection, in addition, post treatment follow-up has also been assessed.  The 

apparent diffusion coefficient (ADC) values generated during DWI for normal 

anatomy and areas of pathology have promising potential for grading the severity 

of MSK injuries and differentiating subtle areas of abnormality from adjacent 

normal tissue.  Literature evidence shows that the use of ADC maps in association 

with DWI sequences provide higher accuracy for pathology detection, and more 

clinically useful imaging derived diagnostic information.  DWI is a promising 

technique, and its addition to the standard MR scanning protocol for MSK disease 

evaluation is justified.  However, the clinical importance of the image-based and 

numerical information obtainable during DWI for the assessment of MSK 

pathology has yet to be comprehensively established. 

 
Research Aim:  
 
The aim of this research is to critically evaluate the advantages of DWI for the 

assessment of bone marrow oedema i.e., bone bruising of the knee joint.  This will 

be achieved by comparing different types of DWI sequences to: 1) determine the 

method which generates images of the best technical quality, 2) measure ADC 

values for normal and abnormal areas of bone marrow 3) calculate the sensitivity 

and specificity of DWI sequences for the detection and characterisation of knee 
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bone bruises and 3) using DWI-derived ADC values predict the time course for 

healing in order to make recommendations about when the acquisition of the DWI 

sequence would be most appropriate from initial presentation during the acute 

phase over the duration of the healing process. 

 

Methodology: 
 
The study is divided in to three scanning phases including: phantom imaging 

phase, volunteer imaging phase (the subject of the current application for ethical 

approval), and patient imaging phase.  Magnetic resonance (MR) images will be 

acquired on a Philips Achieva 3 Tesla (3T) MRI scanner and a dedicated 8-

channel phased array knee RF coil. 
 

The first imaging phase involved phantom scanning and was used to evaluate, 

analyse and tune the technical performance of the magnetic resonance imaging 

system including: pulse sequence type and parameters, magnetic field uniformity, 

signal-to-noise ratio (SNR), spatial linearity, image artefacts and any imaging 

processing that may have been used. This phase is now complete and was 

conducted under an exemption from full ethical approval issued by University 

College Dublin Human Research Ethics Committee – Sciences (Ref. LS-E-16-46-

Alqattan-McNulty). 
 

It is proposed to follow this phantom-based MR imaging phase with a volunteer 

imaging phase, which is the subject of this ethics application to Cappagh National 

Orthopaedic Hospital.  During this phase of the research, and following full ethical 

approval, notices will be posted in University College Dublin and the clinical site in 

order to recruit healthy volunteers who are interested in participating in the study.  

Interested individuals will be provided with an information leaflet and written 

informed consent will be obtained prior to enrolment.  Normal departmental MRI 

safety screening procedures will be followed to ensure that it is safe for all 

volunteers to enter the MR room environment.  The standard knee MR scanning 

protocol currently in routine clinical use at the hospital will be performed on 20 

healthy volunteers, who have no history of knee pain, trauma or surgery.  

Volunteer imaging will facilitate the optimisation of the new DWI sequence that will 
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be added to the existing series of pulse sequences acquired to gain an insight into 

the normal DW MR appearances of and ADC values for of knee joint anatomy.  

Each volunteer will be scanned once; for a total time of approximately 25 minutes.  

Participation in this research is entirely voluntary, and participants are free to 

withdraw at any time without giving a reason.  Deciding not to participate will not 

affect the volunteers in any way. 

 
 

The final phase of the study, which will require a subsequent application for ethical 

approval, is the patient imaging phase.  During this phase, standard MRI knee 

examination will be performed on all patients with knee pain or post trauma and 

referred for MR imaging or specialist services from their general practitioner (G.P), 

orthopaedic surgeon or sports medicine physician.  The aim is to recruit 80 

patients to the study.  This phase will be used to characterise the size, location, 

and extent of the bone bruises on the MRI images.  Bone bruises will be evident 

as an area of abnormally high signal intensity in the subchondral bone or marrow 

on the T2-weighted fat-suppressed fast spin echo images (T2W FS FSE).  The 

standard knee MR scan in current clinical use at the hospital will be extended by 6 

to 8 minutes due to the addition of the DWI sequence for all patients for whom 

bone bruising is evident on the initial MRI scan.  
 

 

All MRI patients with bone bruises involving the knee joint will be asked to 

participate in a follow-up study consisting of repeat MR imaging at approximately 

three different time intervals including: the early acute stage, intermediate and 

delayed stages, to demonstrate changes in bone marrow signal intensity on 

routine and DW images and measured ADC values over time.  For follow-up 

imaging, the same sequences and parameter settings will be used as for the initial 

knee MR scan.  ADC values will be calculated for areas of normal marrow and 

bone marrow oedema (bruising) for the three stages of imaging over the healing 

process to identify how the ADC value changes over the time course of healing 

relative to visible changes in MR signal intensity. 
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Clinical data, including symptoms and pain scores, will be collected on all patients 

for all three imaging phases.  Data will also be collected on the treatment 

approach for each patient.  This will allow comparisons between clinical findings, 

treatment approach and MR findings to be compared and correlations to be 

considered. 

 

Follow up will be considered completed when the bone bruise could no longer be 

discerned, or after one year of follow-up.  In our study, knee bruise healing will be 

divided into three different stages including: fast-resolving bone bruise, slowly 

resolving bone bruise and traumatic bone bruise based on signal intensity 

changes mapped over time in the DWI sequences and the calculated ADC values 

determined during initial presentation and the follow-up stages. 
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Appendix	1	-	DW-MR	Knee	Consent	Form	Ver.1	12.12.16	

The	role	of	advanced	magnetic	resonance	imaging	(MRI)	techniques	for	the	evaluation	
of	bone	bruising	of	the	knee	joint	

	

CONSENT	FORM	
	

Reference	Number:		 	 	 	 Capp/2017/ETH/SH-DCEO-0022	
Name	of	Sponsor:		 	 	 	 Part-funded	by	the	Kuwait	Cultural	Office	

Participant	Name:	 	 	 	 __________________________________	

Name	of	GP	and	Telephone	Number:	 	 __________________________________	
	

By	signing	this	consent	form,	I	confirm	that:	

• I	have	read	and	understood	the	information	leaflet	for	the	above	research	study	and	received	an	explanation	
of	the	nature,	purpose,	duration,	and	foreseeable	effects	and	risks	of	the	study	and	what	my	involvement	will	
be.	
	

• I	 have	 had	 time	 to	 consider	 whether	 to	 take	 part	 in	 this	 study.	 My	 questions	 have	 been	 answered	
satisfactorily	and	I	have	received	a	copy	of	the	participant	information	leaflet.		

	
• I	understand	that	my	participation	is	entirely	voluntary	and	that	I	am	free	to	withdraw	at	any	time	without	my	

medical	care	or	legal	rights	being	affected.	
	
• I	have	to	the	best	of	my	knowledge	informed	the	investigator	of	any	past	knee	injuries	and	have	provided	a	

complete	history	related	to	the	MRI	safety	screening	questionnaire.	

• I	understand	that	my	General	Practitioner	will	be	informed	by	Dr	that	I	am	taking	part	in	this	study.	

• I	will	contact	the	research	investigator	immediately	if	I	suffer	any	unexpected	or	unusual	symptoms	during,	or	
immediately	after,	the	study.	I	will	notify	the	research	investigator	if	I	have	any	other	medical	treatments	or	
procedures	during	the	course	of	the	study.	

• I	am	aware	that	if	I	do	not	follow	the	safety	procedures	I	may	harm	myself	or	others.	

• I	 am	 willing	 to	 allow	 access	 to	 records	 related	 to	 my	 participation	 in	 this	 study	 by	 the	 research	 ethics	
committee	but	understand	that	strict	confidentiality	will	be	maintained.	The	purpose	of	this	is	to	check	that	
the	study	is	being	carried	out	correctly.	

• I	agree	to	take	part	in	the	above	study.	
	

………………………………………….	 	 	 …………………………		 	 ………………………………	

Name	of	Participant	(in	block	letters)	 		 Date	 	 	 	 Signature	

	

………………………………………….	 	 	 …………………………		 	 ……………………………….	

Name	of	Person	taking	consent	 	 Date	 	 	 	 Signature	

(If	different	from	doctor/researcher)	

	

………………………………………….	 	 	 …………………………		 	 ………………………………..	

Doctor/	Researcher	 	 	 	 Date	 	 	 	 Signature	

We	would	like	to	thank	you	for	considering	taking	part	in	the	research	study	
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Appendix	5	-	DW-MR	Knee	PIL	Ver.1	24.11.16	 	 	 1	

The	role	of	advanced	magnetic	resonance	imaging	(MRI)	techniques	in	the	evaluation	
of	bone	bruising	of	the	knee	

	

Participant	Information	Leaflet	
	

Invitation	for	research	participation	
We	would	like	to	invite	you	to	participate	in	this	research	study	and	would	first	ask	you	to	take	

the	time	to	carefully	read	this	information	leaflet	before	deciding	whether	or	not	to	take	part.	

Please	feel	free	to	ask	for	further	information	at	any	point.	

	

What	is	the	purpose	of	the	study?	
The	aim	of	this	research	is	to	evaluate	the	use	of	a	magnetic	resonance	imaging	(MRI)	technique	

called	 diffusion-weighted	 imaging	 (DWI)	 for	 the	 examination	 of	 bone	 bruises	 associated	with	

injuries	to	the	small	ligaments	of	the	knee	joint,	particularly	the	anterior	cruciate	ligament.		DWI	

is	 a	promising	 technique	which	may	be	added	 to	 the	 standard	knee	MR	 scanning	protocol	 to	

provide	 further	 useful	 diagnostic	 information	 and,	 potentially,	 provide	 information	 on	 the	

severity	of	any	bone	bruising	and	the	likely	impact	on	healing	recovery.	
	

In	 this	 phase	 of	 the	 research	 study,	 we	 are	 seeking	 volunteers	 with	 a	 history	 of	 soft-tissue	

injuries	or	surgery	to	either	knee	joint.		This	volunteer	phase	will	allow	us	to	optimise	the	MRI	

examination	techniques	prior	to	undertaking	a	large	clinical	study	on	patients	who	have	recently	

torn	an	anterior	cruciate	ligament.	

	

Who	is	organising	and	funding	the	study?	
This	 study	 is	being	 led	by	Dr.	 Jonathan	McNulty,	 Lecturer	and	Researcher	 in	Radiography	and	

Diagnostic	Imaging	at	the	School	of	Medicine,	University	College	Dublin	(UCD).		Its	methods	and	

findings	will	form	part	of	a	research	degree	being	undertaken	by	Ms.	Abrar	Alqattan.		Professor	

Stephen	 Eustace,	 Consultant	 Radiologist	 at	 Cappagh	 National	 Orthopaedic	 Hospital,	 is	 the	

supervising	 doctor	 and	 Ms.	 Allison	 McGee,	 Lecturer	 and	 Researcher	 in	 Radiography	 and	

Diagnostic	Imaging	also	at	the	UCD	School	of	Medicine,	is	also	supervising	this	project.	
	

This	 study	 is	 part-funded	 by	 the	 Kuwait	 Cultural	 Office,	 Dublin	who	 are	 providing	 a	 research	

scholarship	to	Ms.	Alqattan,	and	is	due	to	be	completed	in	September	2018.	

	

What	will	happen	to	me	if	I	take	a	part?	
If	you	agree	to	participate,	you	will	first	be	invited	to	complete	a	consent	form	by	a	member	of	

the	research	team	and	will	also	be	asked	to	complete	a	standard	MR	safety	questionnaire.		You	

will	 then	 be	 invited	 to	 undergo	 an	 MRI	 scan	 at	 Cappagh	 National	 Orthopedic	 Hospital	 on	 a	

specified	date	and	time.		On	arrival	at	the	MRI	department,	your	consent	form	and	MRI	safety	

questionnaire	 will	 be	 reviewed,	 you	 will	 be	 asked	 to	 change	 into	 a	 gown	 and	 the	 MRI	
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examination	will	be	explained	to	you	by	the	radiographer.		You	will	then	be	asked	to	lie	flat	on	
your	back	on	the	MRI	scanner	table	which	will	 then	move	you,	feet	first,	 into	the	open-ended	
MRI	 scanner	with	 your	 head	 outside	 the	 scanner.	 	 You	will	 be	 given	 a	 set	 of	 headphones	 to	
reduce	the	noise	levels	associated	with	the	MRI	scan	and	also	a	call	bell	to	hold	should	you	need	
to	contact	the	radiographer	during	the	examination.		You	will	be	required	to	keep	your	leg	still	
for	the	duration	of	the	scan,	which	should	last	approximately	25-30	minutes.	
	

After	 the	 scan,	 you	 will	 then	 receive	 reimbursement	 of	 your	 travel	 expenses	 to	 and	 from	
Cappagh	National	Orthopaedic	Hospital	and	a	token	gift	voucher	as	a	thank	you	gesture.	
	

Participation	in	the	research	is	entirely	voluntary	and	it	is	up	to	you	to	decide	whether	or	not	to	
take	part.		You	are	free	to	withdraw	your	participation	at	any	time.	
	
What	are	the	possible	risks	of	taking	part?	
MRI	is	considered	to	be	a	very	safe	procedure	with	no	known	side	effects	and	does	not	involve	
any	radiation	exposure.	 	However,	because	MRI	uses	a	very	powerful	magnet,	there	are	some	
risks	associated	with	metallic	objects,	on	or	in	the	body,	being	brought	into	the	scan	room.		The	
MRI	safety	screening	questionnaire,	which	you	will	be	asked	to	complete,	together	with	a	pre-
examination	interview	by	the	radiographer,	will	be	used	to	make	sure	that	this	risk	is	avoided.	
It	 is	 not	 possible	 for	 some	 individuals	 to	 have	 an	 MRI	 scan,	 and	 this	 would	 exclude	 these	
individuals	 from	participating	 in	 this	 study.	 	 Individuals	who	have	 any	 of	 the	 following	 in	 situ	
cannot	 undergo	 an	 MRI	 scan:	 a	 pacemaker;	 ear	 or	 eye	 implants;	 metal	 implants;	 metal	
aneurysm	clips;	 insulin	pump;	patients	with	artificial	 heart	 valves;	metallic	 intraorbital	 foreign	
bodies.	
While	the	risks	to	the	unborn	child	are	minimal,	the	pregnancy	status	of	female	participants	will	
be	checked	prior	to	the	MRI	scan,	and	an	MRI	scan	will	not	be	performed	where	pregnancy	 is	
known	or	suspected.	
Finally,	because	of	 the	relatively	enclosed	nature	of	 the	MRI	scanner,	and	 the	duration	of	 the	
study,	some	people	may	become	anxious.		Thus,	individuals	with	a	history	of	claustrophobia	will	
also	be	excluded	from	participating.	
	
What	are	the	benefits	of	taking	part	in	this	study?	
There	are	no	direct	benefits	to	you	from	taking	part	 in	this	study;	however,	by	participating	in	
this	 study,	you	are	helping	us	 to	gain	a	better	understanding	of	 the	use	of	diffusion-weighted	
imaging	 (DWI)	 in	 the	 knee	 joint	 and	 to	 optimise	 this	 examination	 for	 use	 in	 future	 clinical	
studies.	
You	will	be	told	 if	 important	new	information	about	this	study	becomes	available	which	might	
affect	your	willingness	to	continue	taking	part.		A	member	of	the	research	team	will	talk	to	you	
about	this	and	discuss	with	you	whether	you	want	to	continue	in	the	study.		If	at	any	time	the	
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researchers	consider	it	in	your	best	interest,	they	will	withdraw	you	from	this	study	and	explain	
the	reasons	directly	to	you.	
	
Is	anybody	being	paid	based	on	my	participation	in	the	study?	
The	sponsor	of	this	study	will	make	payment	to	Cappagh	National	Orthopaedic	Hospital	for	the	
use	 of	 the	MRI	 scanner	 and	 to	 cover	 the	 staffing	 required	 to	 perform	 the	 knee	MR	 scanning	
examinations	and	image	review.	
	
Participant	expenses	
As	stated	above,	participants	will	receive	reimbursement	for	their	travel	expenses	to	and	from	
Cappagh	National	Orthopaedic	Hospital,	 and	will	 receive	 a	 token	 gift	 voucher	 as	 a	 thank	 you	
gesture.	
	
Are	there	any	restrictions	on	what	I	might	eat	or	do?	
You	do	not	need	to	fast	before	or	after	the	MRI	scan	and	thus	you	can	eat	and	drink	as	normal.	
	
What	if	something	goes	wrong?	
There	are	minimal	 risks	associated	with	 your	participation	 in	 this	 study,	 and	 the	 study	 is	 fully	
compliant	with	ethical	guidelines.		Appropriate	insurance	and	indemnity	is	in	place	to	cover	any	
unforeseen	/	unexpected	eventualities.	
	
Confidentiality	–	who	will	know	I	am	taking	part	in	the	study?	
Your	involvement	and	identity	will	be	protected	throughout	the	study.		All	information,	which	is	
collected	 about	 you	 during	 the	 course	 of	 this	 research	will	 be	 kept	 strictly	 confidential.	 	 Any	
information	about	you,	which	leaves	the	hospital,	will	contain	no	information	as	to	your	identity	
so	that	you	cannot	be	recognised	from	it.	
	
GP	notification	
It	 is	 normal	 practice	 for	 your	GP	 to	 be	notified	of	 your	 participation	 as	 a	 volunteer	 in	 such	 a	
research	study.	 	By	signing	the	consent	form,	you	are	agreeing	to	participate	in	the	study,	and	
also	 for	 this	 notification	 to	 be	 issued.	 	 In	 the	 unlikely	 scenario	 of	 any	 abnormalities	 being	
detected	on	the	MRI	examination,	we	will	write	to	your	GP	to	advise	him/	her	of	these	findings.	
	
Hospital	research	ethics	committee	approval	
This	 study	 has	 been	 approved	 by	 the	 Cappagh	National	Orthopaedic	 Hospital	 Ethics	 (Medical	
Research)	Committee.	
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What	will	happen	to	the	results	of	the	study?	
Based	on	your	participation	and	that	of	other	volunteers,	the	findings	of	this	phase	of	the	study,	
will	 be	 used	 to	 allow	 us	 to	 optimise	 the	 diffusion	weighted	 imaging	MR	 pulse	 sequence	 and	
scanning	technique.	 	The	methodology	 for	 this	will	 form	part	of	a	 research	thesis	and	may	be	
presented	at	scientific	conferences	or	form	part	of	a	scientific	publication.	
	
If	you	require	any	further	information	
If	you	require	any	further	 information	or	have	any	questions	relating	to	this	study,	please	feel	
free	to	contact:	
	

Ms.	Abrar	Alqatttan		 086	-	050	5756	 	 	 abrar.alqattan@ucdconnect.ie	
Dr.	Jonathan	McNulty	 01	-	716	6546	 	 	 jonathan.mcnulty@ucd.ie	
Ms.	Allison	McGee	 	 01	-	716	6546	 	 	 allison.mcgee@ucd.ie	
	
Please	also	feel	free	to	contact	your	GP	for	advice	relating	to	your	participation.	
	
Voluntary	participation	
Participation	in	this	study	is	entirely	voluntary,	and	you	may	withdraw	at	any	time	without	giving	
a	reason.	
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What is MRI? 
MRI is an imaging technique that uses a 
powerful magnet and radio waves to produce 
detailed pictures of structures within the body. 

What is the purpose of the study? 

The aim of this research is to evaluate the use of 
an MRI technique called diffusion weighted 
imaging (DWI) for the examination of bone 
bruises associated with injuries to the ligaments 
of the knee joint. DWI is a promising technique 
which may be added to the standard MRI 
examinations to provide further diagnostic 
information and, potentially, provide 
information on the severity of any bone bruising 
and the likely impact on healing /recovery. 

For this volunteer study, the following 
participants are needed: 

• Healthy Adults (18-55 years) 

• No Recent Knee trauma or injury 

What to expect during the scan? 
You will be asked a series of questions prior 
enrolment to make sure that the scan is safe for 
you. The MRI scanner is a large cylinder-shaped 
tube that is surrounded by a circular magnet. 
You will lie on a table (feet first) which will 
move into the scanner as far as your waist. 
During the scan the machine will make some 
loud noises but you will be provided with 
headphones to reduce this noise. 

You will be scanned once and the scan may take 
about 25 minutes (all scans will take place in 
Cappagh National Orthopaedic Hospital, Dublin 
11). 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

The role of diffusion-based magnetic resonance imaging 

(MRI) in the evaluation of bone bruising of the knee  

Volunteer study 

The MRI scan will be reviewed by a 
consultant radiologist and your general 
practitioner (GP) will be informed in 
writing of any incidental findings.  

Participation in this research is entirely 
voluntary; you are free to stop participating 
at any time without having to give a reason.  

MRI exclusion criteria: 
• Cardiac pacemakers, cardiac 

defibrillators 

• Recently inserted surgical implants / 
clips 

• Intra-orbital foreign bodies 

• Eye / ear implants, non-MRI compatible 
implants 

• Severe claustrophobia 

• Pregnancy 

If interested in participating contact: 
 

Ms. Abrar Alqattan, PhD Student, School 
of Medicine, University College Dublin 

086 - 0505756 
abrar.alqattan@ucdconnect.ie 

 

The Principal Investigator in this study is 
Dr. Jonathan McNulty, School of Medicine, 

UCD 
 

Gift 
voucher 

Free 
scan 

Expenses 
covered 
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  University College Dublin                                             The Cappagh National Orthopaedic Hospital 
  Belfield, Dublin 4                                                           Finglas, Dublin 11 

Appendix	3	–	Letter	to	Volunteer’s	GP	

GP’s	Address	

Dublin	

	

Date	2017	

	

Re:	 Patient	participation	as	a	volunteer	in	a	research	study	

	

Dear	Dr.	________________	

	

We	 hereby	 notify	 you	 that	 your	 patient,	 ___________________	 (DOB:	 dd/mm/yyyy),	 has	
agreed	 to	 take	 part	 as	 a	 volunteer	 in	 a	 research	 study	 at	 Cappagh	 National	 Orthopaedic	
Hospital	investigating	applications	of	a	type	of	Magnetic	Resonance	Imaging	(MRI)	known	as	
diffusion-weighted	MRI	for	evaluating	bone	bruising	following	knee	joint	trauma.		The	study	is	
being	led	by	Dr.	Jonathan	McNulty	at	the	School	of	Medicine,	University	College	Dublin,	and	
under	 the	 clinical	 supervision	 of	 Professor	 Stephen	 Eustace,	 Consultant	 Musculoskeletal	
Radiologist	at	Cappagh	National	Orthopaedic	Hospital.	

	

The	 aim	 of	 this	 research	 is	 to	 evaluate	 the	 use	 of	 a	 magnetic	 resonance	 imaging	 (MRI)	
technique	 called	 diffusion	 weighted	 imaging	 (DWI)	 for	 the	 examination	 of	 bone	 bruises	
associated	with	injuries	to	the	knee	joint	ligaments,	particularly	the	anterior	cruciate	ligament	
(ACL).	 	 DWI	 is	 a	 promising	 technique	 which	 may	 be	 added	 to	 the	 standard	 MR	 scanning	
protocol	 to	 provide	 further	 diagnostic	 information	 in	 terms	 of	 the	 severity	 of	 any	 bone	
bruising	and	the	likely	impact	on	healing/	recovery.		In	this	initial	phase	of	the	research	study	
we	propose	to	scan	20	healthy	adult	volunteers	between	the	ages	of	18	to	55	years,	with	no	
history	of	soft-tissue	or	bone	injuries	to	either	knee	joints.		This	volunteer	phase	will	allow	the	
research	 team	 to	 optimise	 the	 MRI	 examination	 techniques	 prior	 to	 undertaking	 a	 large	
clinical	study	on	patients	who	have	an	acute	ACL	tear.	

Your	 patient	 has	 been	 provided	 with	 the	 relevant	 documentation,	 which	 includes:	 an	MRI	
safety	 questionnaire,	 information	 leaflet,	 and	 consent	 form	 (attached).	 	 They	 are	 free	 to	
withdraw	from	the	study	at	any	point.		
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Appendix	3	–	Letter	to	Volunteer’s	GP	

	

	

This	study	has	received	full	ethical	approval	from	the	Cappagh	National	Orthopaedic	Hospital	

Ethics	 (Medical	 Research)	 Committee	 (Ref:	 Capp/2017/ETH/SH-DCEO-0022).	 	 You	 will	 be	

informed	 in	writing	of	any	 incidental	 findings	 identified	by	the	consultant	radiologist	on	the	

MR	examinations. 

	

Should	you	have	any	questions,	or	require	further	information	about	this	research,	please	do	

not	hesitate	to	contact	the	research	team	members:	

Principal	Investigator	 Dr.	Jonathan	McNulty	 01	-	716	6530	 jonathan.mcnulty@ucd.ie	

PhD	Research	Student	 Ms.	Abrar	Al-Qattan	 086	-	050	5756	 abrar.alqattan@ucdconnect.ie	

Clinical	Supervisor	 Prof.	Stephen	Eustace	 01	-	814	0379	 stephen.eustace@cappagh.ie	

	

	

Yours	sincerely,	

	

__________________	

Ms.	Abrar	Al-Qattan	

Researcher,	UCD	School	of	Medicine	

E-mail:				abrar.alqattan@ucdconnect.ie	

Mobile:				086	-	050	5756	
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Clinical site 2 
 

• Research study protocol 

• Study summary 

• Healthy volunteer and patient consent forms 

• Healthy volunteer and patient information leaflet 

• Healthy volunteer research study information flyer 

• Study notices for clinicians 

• Letter to GP (Healthy volunteer and patient phase) 
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Research Study Protocol 

Abrar AlQattan 
Supervisors: Dr. Jonathan McNulty, Ms. Allison McGee, Prof. Stephen Eustace, A./Prof. Eamonn 

Delahunt 
The role of diffusion-based magnetic resonance imaging in the evaluation of bone 

bruising of the knee 

 
Background 
 
Knee injuries are common musculoskeletal (MSK) injuries, with the knee being the most commonly 
injured area of the body that is treated by orthopaedic surgeons.(1)  Anterior cruciate ligament (ACL) 
rupture is a common knee ligamentous injury.(2)  During ACL injury, a combination of large external 
forces with the patient’s ligament vulnerabilities during certain loading conditions, leads to a violent 
impact between the femoral and tibial articular cartilage, which is transferred to the adjacent bone, 
resulting in bleeding, swelling and oedema.(3)  Clinical studies of patients suffering knee trauma have 
observed a significant risk of subsequently developing osteoarthritis.(3)  Furthermore, traumatic ACL 
injuries are associated with the development of occult lesions in the adjacent bone; however, since 
these lesions are covered by cartilage and other formations, they cannot be seen on direct examination 
or plain radiographs. Such lesions are commonly termed occult bone injuries or bone bruises.(3) Bone 
bruises are the most important second sign for the diagnosis of ACL injury, with sensitivity and 
specificity values of 82%, 90% respectively(4), and 80% of patients with ACL injury, showed a bone 
bruise on the mid-lateral femoral condyle and posterolateral tibial plateau.(3)  Bone bruises can cause 
acute bone pain with resisted activation of the muscle, or functional loss in the joint, swelling around 
the soft tissue surrounding the bone, weakness in the involved muscle, in addition to tenderness at the 
sight of injury.(5) 

 
Conventional spin echo (SE), proton density (PD) and STIR sequences depend on the differing T1 and 
T2 relaxation characteristics of many pathological processes. (6) The evaluation of the MR images on 
each of these sequences is done qualitatively with analysis of signal intensity (SI) and morphology of 
anatomical structures. However, some MSK pathologies may limit the specificity of analyses, which 
can decrease diagnostic confidence due to similar imaging characteristics. (6) 
 
Diffusion weighted imaging (DWI) sequences are an encouraging addition to MR examinations of the 
musculoskeletal (MSK) system that are increasing the knowledge of diagnosing, staging and guide the 
development of future therapy intervention of much musculoskeletal pathology.(7) More recently, 
several studies indicated that DWI sequences have shown promising results and have been used to 
evaluate a number of musculoskeletal pathologies, such as primary bone tumours, soft tissue tumours, 
vertebral fractures, bone marrow malignancy and infection, in addition, post treatment follow-up has 
also been assessed. (6) 
 

The apparent diffusion coefficient (ADC) values are a promising potential to be used to grade MSK 
injuries and assist in consideration of differential diagnosis of the normal versus abnormal tissues.(8) In 
literature it has been shown that the use of ADC maps in association with DWI sequences will provide 
higher accuracy in detecting pathologies and providing diagnostic information. DWI is a promising 
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technique, and may be added to the standard MRI protocols setting for evaluation of MSK disease. The 
clinical importance of these results has yet to be established.(8) 

 

Aim:  

The aim of this research is to evaluate the use of diffusion-weighted (DW) magnetic resonance 
imaging (MRI) in the evaluation of bone bruising associated with anterior cruciate ligament (ACL) 
injury. 
 
Objectives: 

1. To develop an optimised DW MRI protocol for use in the knee joint; 
2. To characterise bone bruising using qualitative and quantitative MRI data, within 3 to 4 weeks 
of injury, at 3- and 6-months post-injury; 
3. To compare MR imaging data with data from clinical examination and patient management at 
each time-point; 
4. To describe the chronology of healing based on MR imaging data as a basis for future RCTs; 
5. To validate the DW MR imaging technique for use in the evaluation of bone bruising 

 
 
Methodology: 
This study will start with healthy volunteer imaging phase and then patient imaging phase, this (the 
focus of the current ethics application), in both phases full ethical approval will be sought.  
 

For the healthy volunteer phase, recruitment notices will be posted in University College Dublin and 
the clinical site in order to recruit volunteers who are interested in participating in the study. Interested 
individuals will be provided with a participant information leaflet and written consent will be obtained 
prior to enrolment. Normal departmental MRI screening procedures will be followed to make sure that 
the scan is safe for all volunteers. A standard MRI knee protocol will be performed on a number of 
volunteers (20 volunteers), without any knee pain or trauma, to facilitate the optimisation of the new 
diffusion weighted add-on to the knee MRI examination and to gain an insight into the normal MR 
DWI appearances of the knee.  All volunteers will be scanned once; the scan may take about 30 
minutes Participation in this research is entirely voluntary, participants are free to stop participating at 
any time without having to give a reason. Deciding not to participate will not affect them in any way. 
 

For the Patient phase: This phase will be used to characterise the size, location, and extent of ACL 
injury-related bone bruises on the standard MRI images as well as providing DWI data related to this 
bruising. Post-trauma patients will be recruited from their consultant orthopaedic surgeon, sport 
medicine physician or sports physiotherapist; the aim is to recruit 80 patients with suspected anterior 
cruciate ligament (ACL) injury, who has been identified as being in this category following a clinical 
examination by a sports medicine physician, sports physiotherapist, or orthopaedic surgeon, and/or an 
initial diagnostic MRI scan.  The standard knee MR scan in current clinical use at the hospital will be 
extended by 10 minutes due to the addition of the DWI sequence for all patients for whom bone 
bruising is evident on the initial MRI scan. All MRI patients with bone bruises involving the knee joint 
will be asked to participate in a follow-up study consisting of repeat MR imaging at approximately 
three different time intervals including: the early acute stage (3-4 weeks post injury), intermediate (3 
months post injury) and delayed (6 months post injury) stages, to demonstrate changes in bone marrow 
signal intensity on routine and DW images and measured ADC values over time.  For follow-up 
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imaging, the same sequences and parameter settings will be used as for the initial knee MR scan.  ADC 
values will be calculated for areas of normal marrow and bone marrow oedema (bruising) for the three 
stages of imaging over the healing process to identify how the ADC value changes over the time 
course of healing relative to visible changes in MR signal intensity. 
 
Demographic data and clinical history on mechanism of injury will be collected initially, along with 
details of any surgical intervention and ongoing therapies. Two validated patient outcome 
questionnaires, the Knee Injury and Osteoarthritis Outcome Score (KOOS) and Tegner activity scale 
for sports participation history will be completed for all three imaging phases. This will allow 
comparisons between clinical findings, treatment approach and MR findings to be compared and 
correlations to be considered 
 

Study design 

The healthy volunteer phase will be used to facilitate the optimisation of an MR imaging examination 
for future use in clinical studies. However the patient phase will be used to characterise the size and 
location of knee bone bruises and demonstrate changes in bone marrow signal intensity on routine and 
DW images and measured ADC values over time. ADC values will be calculated for areas of normal 
marrow and bone marrow oedema (bruising) for the three stages of imaging over the healing process to 
identify how the ADC value changes over the time course of healing relative to visible changes in MR 
signal intensity. 
 

Safety 

All participant are required to complete an MRI safety screening questionnaire and to read an 
information leaflet prior to the scan, care will be taken, in advance of their attendance at MMUH, by 
one of the member of the research team to insure that the participant is fully informed as to the nature 
of the study followed by written consent which will be witnessed. 

 

Statistics: 

Quantitative and qualitative analysis of the resulting data sets will be undertaken. Conventional MRI 
sequences will be first reviewed, qualitatively, by a consultant radiologist to rule out any underlying 
pathology. The DWI data sets will then be analysed quantitatively through manual and semi-automated 
region of interest drawing and the measurement of apparent diffusion coefficient values from various 
bone regions. Statistical advice will be provided by Dr. Marie Galligan, Statistician, UCD Clinical 
Research Centre. 
 

 

Data handling and record keeping 

For the purposes of the initial qualitative review of the conventional MRI in order to identify any 
incidental findings the data will be coded to allow the images to be matched back to a participant for 
GP follow-up. The coding information will be filed securely with Ms Abrar Alqattan acting as the 
custodian. All data will be stored on the archiving system in both MRI department in MMUH and on 
the UCD Radiography and Diagnostic Imaging PACS system with secure password access in both 
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cases. This archived data will be anonymised and coded. Signed consent forms, MRI safety screening 
questionnaires, KOOS and Tegner questionnaires will be stored securely in a locked filing cabinet in 
UCD. Other clinical data will be stored securely on a password-protected computer and backed-up on 
a password protected cloud folder. The data will be stored for 12 months after the end of the study. All 
data will be deleted from both archiving system (MMUH and UCD) and any paperwork, such as 
signed consent forms, MR safety screening questionnaires, KOOS and Tegner questionnaires will be 
shredded. 
 
 

Ethics 

This study requires full ethical approval from the institutional human research ethics committee in the 

MMUH and a subsequent exemption from full approval from UCD. 

 

Financing and Insurance 

All costs for the study included in this ethics application, and the overarching study, are covered 
by a PhD scholarship from the Kuwait Cultural Office, Dublin. The total value of the award is 
€137,500. 
 

Estimated costs for the health volunteer and patient phases are: 

• Sessional costs associated with MR scanning in the MMUH  €20,000 

• Printing         €250 

• Reimbursement of participant travel expenses    €5,000 

• Gift vouchers for participants      €4,000 

• Researcher travel costs       €500 

 

Clinical Study Report and publication policy 

The conventional MRI sequences will be first reviewed, qualitatively, by a consultant radiologist to 
rule out any underlying pathology. The participant’s general practitioner (GP) will be informed should 
any incidental findings of significance be identified.  
 
The findings of this study will be used to provide us with an understanding of the potential role of 
DWI in the evaluation of bone bruising associated with ACL injuries.  Findings will form part of a 
research thesis and may be presented at scientific conferences or form part of scientific publications. 
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The role of diffusion-based magnetic resonance imaging in the evaluation of 
bone bruising of the knee: MRI examination optimisation 

 

Study Summary 

Diffusion weighted imaging (DWI) sequences are an encouraging addition to MR 
examinations of the musculoskeletal (MSK) system that are providing further 
diagnostic insight into a range of pathological conditions, thereby helping to more 
accurately direct patient management through the selection of appropriate 
therapeutic interventions.  In this context, several recent studies have indicated 
that DWI sequences have shown promising results for the assessment of primary 
bone tumours, soft tissue tumours, vertebral fractures, bone marrow malignancy 
and infection, in addition, post treatment follow-up has also been assessed.  The 
apparent diffusion coefficient (ADC) values generated during DWI for normal 
anatomy and areas of pathology have promising potential for grading the severity 
of MSK injuries and differentiating subtle areas of abnormality from adjacent 
normal tissue.  Literature evidence shows that the use of ADC maps in association 
with DWI sequences provide higher accuracy for pathology detection, and more 
clinically useful imaging derived diagnostic information.  DWI is a promising 
technique, and its addition to the standard MR scanning protocol for MSK disease 
evaluation is justified.  However, the clinical importance of the image-based and 
numerical information obtainable during DWI for the assessment of MSK 
pathology has yet to be comprehensively established. 

 

Research Aim:  

The aim of this research is to critically evaluate the advantages of DWI for the 
assessment of bone marrow oedema i.e., bone bruising of the knee joint.  This will 
be achieved by comparing different types of DWI sequences to: 1) determine the 
method which generates images of the best technical quality, 2) measure ADC 
values for normal and abnormal areas of bone marrow 3) calculate the sensitivity 
and specificity of DWI sequences for the detection and characterisation of knee 
bone bruises and 3) using DWI-derived ADC values predict the time course for 
healing in order to make recommendations about when the acquisition of the DWI 
sequence would be most appropriate from initial presentation during the acute 
phase over the duration of the healing process. 
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Methodology: 

The study is divided in to three scanning phases including: phantom imaging 
phase, volunteer imaging phase and patient imaging phase. Magnetic resonance 
(MR) images will be acquired on Siemens 3 Tesla (3T) MRI scanner and a 15-
channel transmit / receive knee coil. 

The first imaging phase involved phantom scanning and was used to evaluate, 
analyse and tune the technical performance of the magnetic resonance imaging 
system including: pulse sequence type and parameters, magnetic field uniformity, 
signal-to-noise ratio (SNR), spatial linearity, image artefacts and any imaging 
processing that may have been used. This phase is now complete and was 
conducted under an exemption from full ethical approval issued by University 
College Dublin Human Research Ethics Committee – Sciences (Ref. LS-E-16-46-
Alqattan-McNulty). 

It is proposed to follow this phantom-based MR imaging phase with a volunteer 
imaging phase, and patient imaging phase which are the subject of this ethics 
application to Mater Misericordiae University Hospital.  During the volunteer 
imaging phase, and following phase of the research full ethical approval, notices 
will be posted in University College Dublin and the clinical site in order to recruit 
healthy volunteers who are interested in participating in the study.  Interested 
individuals will be provided with an information leaflet and written informed consent 
will be obtained prior to enrolment.  Normal departmental MRI safety screening 
procedures will be followed to ensure that it is safe for all volunteers to enter the 
MR room environment.  The standard knee MR scanning protocol currently in 
routine clinical use at the hospital will be performed on 20 healthy volunteers, who 
have no history of knee pain, trauma or surgery.  Volunteer imaging will facilitate 
the optimisation of the new DWI sequence that will be added to the existing series 
of pulse sequences acquired to gain an insight into the normal DW MR 
appearances of and ADC values for of knee joint anatomy.  Each volunteer will be 
scanned once; for a total time of approximately 30 minutes.  Participation in this 
research is entirely voluntary, and participants are free to withdraw at any time 
without giving a reason.  Deciding not to participate will not affect the volunteers in 
any way. 

The final phase of the study is the patient-imaging phase.  During this phase, 
standard MRI knee examination will be performed on all patients with knee pain or 
post trauma and referred for MR imaging or specialist services from their general 
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practitioner (GP), orthopaedic surgeon, sports medicine physician or sports 
physiotherapist.  The aim is to recruit 80 patients to the study.  This phase will be 
used to characterise the size, location, and extent of the bone bruises on the MRI 
images.  Bone bruises will be evident as an area of abnormally high signal 
intensity in the subchondral bone or marrow on the T2-weighted fat-suppressed 
fast spin echo images (T2W FS FSE).  The standard knee MR scan in current 
clinical use at the hospital will be extended by 10 minutes due to the addition of 
the DWI sequence for all patients for whom bone bruising is evident on the initial 
MRI scan.  

All MRI patients with bone bruises involving the knee joint will be asked to 
participate in a follow-up study consisting of repeat MR imaging at approximately 
three different time intervals including: the early acute stage (3-4 weeks post 
injury), intermediate (3 months) and delayed (6 months) stages, to demonstrate 
changes in bone marrow signal intensity on routine and DW images and measured 
ADC values over time.  For follow-up imaging, the same sequences and 
parameter settings will be used as for the initial knee MR scan.  ADC values will 
be calculated for areas of normal marrow and bone marrow oedema (bruising) for 
the three stages of imaging over the healing process to identify how the ADC 
value changes over the time course of healing relative to visible changes in MR 
signal intensity. 

Demographic data and clinical history on mechanism of injury will be collected 
initially, along with details of any surgical intervention and ongoing therapies. Two 
validated patient outcome questionnaires, the Knee Injury and Osteoarthritis 
Outcome Score (KOOS) and Tegner activity scale for sports participation history 
will be completed for all three imaging phases. This will allow comparisons 
between clinical findings, treatment approach and MR findings to be compared 
and correlations to be considered. 
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Appendix	1	-	DW-MR	Knee	Healthy	Volunteer	Consent	Form	Ver.2	02.02.2018	

The	role	of	advanced	magnetic	resonance	imaging	(MRI)	techniques	for	the	evaluation	
of	bone	bruising	of	the	knee	joint	

	

CONSENT	FORM	
	

Reference	Number:		 	 	 	 1/378/1971	

Name	of	Sponsor:		 	 	 	 Part-funded	by	the	Kuwait	Cultural	Office	

Participant	Name:	 	 	 	 __________________________________	

Name	of	GP	and	Telephone	Number:	 	 __________________________________	

	

By	signing	this	consent	form,	I	confirm	that:	

• I	have	read	and	understood	the	information	leaflet	for	the	above	research	study	and	received	an	explanation	

of	the	nature,	purpose,	duration,	and	foreseeable	effects	and	risks	of	the	study	and	what	my	involvement	will	

be.	
	

• I	 have	 had	 time	 to	 consider	 whether	 to	 take	 part	 in	 this	 study.	 My	 questions	 have	 been	 answered	

satisfactorily	and	I	have	received	a	copy	of	the	participant	information	leaflet.		
	

• I	understand	that	my	participation	is	entirely	voluntary	and	that	I	am	free	to	withdraw	at	any	time	without	my	

medical	care	or	legal	rights	being	affected.	
	

• I	have	to	the	best	of	my	knowledge	informed	the	investigator	of	any	past	knee	injuries	and	have	provided	a	

complete	history	related	to	the	MRI	safety	screening	questionnaire.	

• I	understand	that	my	General	Practitioner	will	be	informed	by	the	research	investigator	that	I	am	taking	part	

in	this	study.	

• I	 am	 willing	 to	 allow	 access	 to	 records	 related	 to	 my	 participation	 in	 this	 study	 by	 the	 research	 ethics	

committee	but	understand	that	strict	confidentiality	will	be	maintained.	The	purpose	of	this	is	to	check	that	

the	study	is	being	carried	out	correctly.	

• I	agree	to	take	part	in	the	above	study.	

	

………………………………………….	 	 	 …………………………		 	 ………………………………	

Name	of	Participant	(in	block	letters)	 		 Date	 	 	 	 Signature	

	

………………………………………….	 	 	 …………………………		 	 ……………………………….	

Name	of	Person	taking	consent	 	 Date	 	 	 	 Signature	

(If	different	from	doctor/researcher)	

	

………………………………………….	 	 	 …………………………		 	 ………………………………..	

Doctor/	Researcher	 	 	 	 Date	 	 	 	 Signature	

	

We	would	like	to	thank	you	for	considering	taking	part	in	the	research	study	
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Appendix	1	-	DW-MR	Knee	Patient	Consent	Form	Ver.2	02.02.2018	

The	role	of	advanced	magnetic	resonance	imaging	(MRI)	techniques	for	the	evaluation	
of	bone	bruising	of	the	knee	joint	

	

CONSENT	FORM	
	

Reference	Number:		 	 	 	 1/378/1971	

Name	of	Sponsor:		 	 	 	 Part-funded	by	the	Kuwait	Cultural	Office	

Participant	Name:	 	 	 	 __________________________________	

Name	of	GP	and	Telephone	Number:	 	 __________________________________	
	

By	signing	this	consent	form,	I	confirm	that:	

• I	have	read	and	understood	the	information	leaflet	for	the	above	research	study	and	received	an	explanation	
of	the	nature,	purpose,	duration,	and	foreseeable	effects	and	risks	of	the	study	and	what	my	involvement	will	
be.	
	

• I	 have	 had	 time	 to	 consider	 whether	 to	 take	 part	 in	 this	 study.	 My	 questions	 have	 been	 answered	
satisfactorily	and	I	have	received	a	copy	of	the	participant	information	leaflet.		

	

• I	understand	that	my	participation	is	entirely	voluntary	and	that	I	am	free	to	withdraw	at	any	time	without	my	
medical	care	or	legal	rights	being	affected.	

	

• I	have	to	the	best	of	my	knowledge	informed	the	investigator	of	any	past	knee	injuries	and	have	provided	a	
complete	history	related	to	the	MRI	safety	screening	questionnaire.	

• I	understand	that	my	General	Practitioner	will	be	informed	by	the	research	investigator	that	I	am	taking	part	
in	this	study.	

• I	am	willing	to	allow	access	to	records	related	to	the	treatment	of	my	injury	by	the	researchers	and	related	to	
my	participation	in	this	study	by	the	research	ethics	committee	but	understand	that	strict	confidentiality	will	
be	maintained.		

• I	agree	to	take	part	in	the	above	study.	
	

………………………………………….	 	 	 …………………………		 	 ………………………………	

Name	of	Participant	(in	block	letters)	 		 Date	 	 	 	 Signature	

	

………………………………………….	 	 	 …………………………		 	 ……………………………….	

Name	of	Person	taking	consent	 	 Date	 	 	 	 Signature	

(If	different	from	doctor/researcher)	

	

………………………………………….	 	 	 …………………………		 	 ………………………………..	

Doctor/	Researcher	 	 	 	 Date	 	 	 	 Signature	

	

We	would	like	to	thank	you	for	considering	taking	part	in	the	research	study	
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The	role	of	advanced	magnetic	resonance	imaging	(MRI)	techniques	in	the	evaluation	

of	bone	bruising	of	the	knee	
	

Participant	Information	Leaflet	
	
Invitation	for	research	participation	
We	would	like	to	invite	you	to	participate	in	this	research	study	and	would	first	ask	you	to	take	
the	time	to	carefully	read	this	information	leaflet	before	deciding	whether	or	not	to	take	part.	
Please	feel	free	to	ask	for	further	information	at	any	point.	
	

What	is	the	purpose	of	the	study?	
The	aim	of	this	research	is	to	evaluate	the	use	of	a	magnetic	resonance	imaging	(MRI)	technique	
called	 diffusion-weighted	 imaging	 (DWI)	 for	 the	 examination	 of	 bone	 bruises	 associated	with	
injuries	to	the	small	ligaments	of	the	knee	joint,	particularly	the	anterior	cruciate	ligament.		DWI	
is	 a	promising	 technique	which	may	be	added	 to	 the	 standard	knee	MR	 scanning	protocol	 to	
provide	 further	 useful	 diagnostic	 information	 and,	 potentially,	 provide	 information	 on	 the	
severity	of	any	bone	bruising	and	the	likely	impact	on	healing	recovery.	

In	 this	 phase	 of	 the	 research	 study,	 we	 are	 seeking	 volunteers	 with	 no	 history	 of	 soft-tissue	
injuries	or	surgery	to	either	knee	joint.		This	volunteer	phase	will	allow	us	to	optimise	the	MRI	
examination	 techniques	 prior	 to	 undertaking	 a	 clinical	 study	 on	 patients	 who	 have	 recently	
injured	their	anterior	cruciate	ligament.	
	

Who	is	organising	and	funding	the	study?	
This	 study	 is	 being	 led	 by	 Professor	 Stephen	 Eustace,	 Consultant	 Radiologist	 at	 Mater	
Misericordiae	 University	 Hospital,	 and	 Dr.	 Jonathan	 McNulty,	 Assistant	 Professor	 and	
Researcher	in	the	School	of	Medicine,	University	College	Dublin	(UCD).		Its	methods	and	findings	
will	form	part	of	a	research	degree	being	undertaken	by	Ms.	Abrar	Alqattan.		Ms.	Allison	McGee,	
Assistant	 Professor	 and	 Researcher	 in	 	 the	 UCD	 School	 of	 Medicine,	 Dr.	 Eamonn	 Delahunt,	
Associate	Professor	and	Researcher	in	the	UCD	School	of	Public	Health,	Physiotherapy	&	Sports	
Science,	 and	 Professor	 Cathal	Moran,	 Chair	 of	 Orthopaedics	 &	 Sports	Medicine	 /	 Consultant	
Orthopaedic	Surgeon,	Sports	Surgery	Clinic	and	Trinity	College	Dublin,	are	also	collaborating	in	
this	research	project.		

This	 study	 is	 part-funded	 by	 the	 Kuwait	 Cultural	Office,	 Dublin,	who	 are	 providing	 a	 research	
scholarship	to	Ms.	Alqattan.	
	

What	will	happen	to	me	if	I	take	a	part?	
If	you	agree	to	participate,	you	will	first	be	invited	to	complete	a	consent	form	by	a	member	of	
the	research	team	and	will	also	be	asked	to	complete	a	standard	MR	safety	questionnaire.		You	
will	 then	 be	 invited	 to	 undergo	 an	MRI	 scan	 at	Mater	Misericordiae	University	 Hospital	 on	 a	
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specified	date	and	time.		On	arrival	at	the	MRI	department,	your	consent	form	and	MRI	safety	
questionnaire	 will	 be	 reviewed,	 you	 will	 be	 asked	 to	 change	 into	 a	 gown	 and	 the	 MRI	
examination	will	be	explained	to	you	by	the	radiographer.		You	will	then	be	asked	to	lie	flat	on	
your	back	on	the	MRI	scanner	table	which	will	 then	move	you,	feet	first,	 into	the	open-ended	
MRI	 scanner	with	 your	 head	 outside	 the	 scanner.	 	 You	will	 be	 given	 a	 set	 of	 headphones	 to	
reduce	the	noise	levels	associated	with	the	MRI	scan	and	also	a	call	bell	to	hold	should	you	need	
to	contact	the	radiographer	during	the	examination.		You	will	be	required	to	keep	your	leg	still	
for	the	duration	of	the	scan,	which	should	last	approximately	30	minutes.	

After	the	scan,	you	will	then	receive	reimbursement	of	your	travel	expenses	to	and	from	Mater	
Misericordiae	University	Hospital	and	a	token	gift	voucher	as	a	thank	you	gesture.	

Participation	in	the	research	is	entirely	voluntary	and	it	is	up	to	you	to	decide	whether	or	not	to	
take	part.		You	are	free	to	withdraw	your	participation	at	any	time.	
	

What	are	the	possible	risks	of	taking	part?	

MRI	is	considered	to	be	a	very	safe	procedure	with	no	known	side	effects	and	does	not	involve	
any	radiation	exposure.	 	However,	because	MRI	uses	a	very	powerful	magnet,	there	are	some	
risks	associated	with	metallic	objects,	on	or	in	the	body,	being	brought	into	the	scan	room.		The	
MRI	safety	screening	questionnaire,	which	you	will	be	asked	to	complete,	together	with	a	pre-
examination	interview	by	the	radiographer,	will	be	used	to	make	sure	that	this	risk	is	avoided.	

It	 is	 not	 possible	 for	 some	 individuals	 to	 have	 an	 MRI	 scan,	 and	 this	 would	 exclude	 these	
individuals	 from	participating	 in	 this	 study.	 	 Individuals	who	have	 any	 of	 the	 following	 in	 situ	
cannot	 undergo	 an	 MRI	 scan:	 a	 pacemaker;	 ear	 or	 eye	 implants;	 metal	 implants;	 metal	
aneurysm	clips;	 insulin	pump;	patients	with	artificial	 heart	 valves;	metallic	 intraorbital	 foreign	
bodies.	

While	the	risks	to	the	unborn	child	are	minimal,	the	pregnancy	status	of	female	participants	will	
be	checked	prior	to	the	MRI	scan,	and	an	MRI	scan	will	not	be	performed	where	pregnancy	 is	
known	or	suspected.	

Finally,	because	of	 the	relatively	enclosed	nature	of	 the	MRI	scanner,	and	 the	duration	of	 the	
study,	some	people	may	become	anxious.		Thus,	individuals	with	a	history	of	claustrophobia	will	
also	be	excluded	from	participating.	
	

What	are	the	benefits	of	taking	part	in	this	study?	

There	are	no	direct	benefits	to	you	from	taking	part	 in	this	study;	however,	by	participating	in	
this	 study,	you	are	helping	us	 to	gain	a	better	understanding	of	 the	use	of	diffusion-weighted	
imaging	 (DWI)	 in	 the	 knee	 joint	 and	 to	 optimise	 this	 examination	 for	 use	 in	 future	 clinical	
studies.	

You	will	be	informed	if	new	information	about	this	study	becomes	available	which	might	affect	
your	willingness	to	continue	taking	part.		A	member	of	the	research	team	will	talk	to	you	about	
this	 and	 discuss	 with	 you	 whether	 you	 want	 to	 continue	 in	 the	 study.	 	 If	 at	 any	 time	 the	
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researchers	consider	it	in	your	best	interest,	they	will	withdraw	you	from	this	study	and	explain	
the	reasons	directly	to	you.	
	

Is	anybody	being	paid	based	on	my	participation	in	the	study?	

The	sponsor	of	this	study	will	make	payment	to	Mater	Misericordiae	University	Hospital	for	the	
use	 of	 the	MRI	 scanner	 and	 to	 cover	 the	 staffing	 required	 to	 perform	 the	 knee	MR	 scanning	
examinations	and	image	review.	
	

Participant	expenses	

As	stated	above,	participants	will	 receive	 reimbursement,	 following	 their	 scan,	 for	 their	 travel	
expenses	upon	submission	of	a	parking	receipt,	public	transport	ticket	/	receipt,	or	taxi	receipt,	
to	and	from	Mater	Misericordiae	University	Hospital,	and	will	receive	a	token	gift	voucher	to	the	
value	of	€20	as	a	thank	you	gesture.	
	

Are	there	any	restrictions	on	what	I	might	eat	or	do?	

You	do	not	need	to	fast	before	or	after	the	MRI	scan	and	thus	you	can	eat	and	drink	as	normal.	
	

What	if	something	goes	wrong?	

There	are	minimal	 risks	associated	with	 your	participation	 in	 this	 study,	 and	 the	 study	 is	 fully	
compliant	with	ethical	guidelines.		Appropriate	insurance	and	indemnity	is	in	place	to	cover	any	
unforeseen	/	unexpected	eventualities.	
	

Confidentiality	–	who	will	know	I	am	taking	part	in	the	study?	

Your	involvement	and	identity	will	be	protected	throughout	the	study.		All	information,	which	is	
collected	 about	 you	 during	 the	 course	 of	 this	 research	will	 be	 kept	 strictly	 confidential.	 	 Any	
information	about	you,	which	leaves	the	hospital,	will	contain	no	information	as	to	your	identity	
so	that	you	cannot	be	recognised	from	it.	
	

GP	notification	

It	 is	 normal	 practice	 for	 your	GP	 to	 be	notified	of	 your	 participation	 as	 a	 volunteer	 in	 such	 a	
research	study.	 	By	signing	the	consent	form,	you	are	agreeing	to	participate	in	the	study,	and	
also	 for	 this	 notification	 to	 be	 issued.	 	 In	 the	 unlikely	 scenario	 of	 any	 abnormalities	 being	
detected	on	the	MRI	examination,	we	will	write	to	your	GP	to	advise	him	/	her	of	these	findings.	
	

Hospital	research	ethics	committee	approval	

This	 study	has	been	approved	by	 the	Mater	Misericordiae	University	Hospital	Research	Ethics	
Committee.	
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What	will	happen	to	the	results	of	the	study?	

Based	on	your	participation	and	that	of	other	volunteers,	the	findings	of	this	phase	of	the	study,	
will	 be	 used	 to	 allow	 us	 to	 optimise	 the	 diffusion	weighted	 imaging	MR	 pulse	 sequence	 and	
scanning	technique.	 	The	methodology	 for	 this	will	 form	part	of	a	 research	thesis	and	may	be	
presented	at	scientific	conferences	or	form	part	of	a	scientific	publication.	
	

If	you	require	any	further	information	

If	you	require	any	further	 information	or	have	any	questions	relating	to	this	study,	please	feel	
free	to	contact:	
	

Ms.	Abrar	Alqattan	 	 086	-	050	5756	 	 	 abrar.alqattan@ucdconnect.ie	
Dr.	Jonathan	McNulty	 01	-	716	6546	 	 	 jonathan.mcnulty@ucd.ie	
Ms.	Allison	McGee	 	 01	-	716	6546	 	 	 allison.mcgee@ucd.ie	
	
Please	also	feel	free	to	contact	your	GP	for	advice	relating	to	your	participation.	
	
Voluntary	participation	
Participation	in	this	study	is	entirely	voluntary,	and	you	may	withdraw	at	any	time	without	giving	
a	reason.	
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The	role	of	advanced	magnetic	resonance	imaging	(MRI)	techniques	in	the	evaluation	
of	bone	bruising	of	the	knee	

										Participant	Information	Leaflet	
													Patient	phase	

	
Invitation	for	research	participation	

We	would	like	to	invite	you	to	participate	in	this	research	study	and	would	first	ask	you	to	take	
the	time	to	carefully	read	this	information	leaflet	before	deciding	whether	or	not	to	take	part.	
Please	feel	free	to	ask	for	further	information	at	any	point.	
	

What	is	the	purpose	of	the	study?	

The	aim	of	this	research	is	to	evaluate	the	use	of	a	magnetic	resonance	imaging	(MRI)	technique	
called	 diffusion-weighted	 imaging	 (DWI)	 for	 the	 examination	 of	 bone	 bruises	 associated	with	
injuries	to	the	small	ligaments	of	the	knee	joint,	particularly	the	anterior	cruciate	ligament.		DWI	
is	 a	promising	 technique	which	may	be	added	 to	 the	 standard	knee	MR	 scanning	protocol	 to	
provide	 further	 useful	 diagnostic	 information	 and,	 potentially,	 provide	 information	 on	 the	
severity	of	any	bone	bruising	and	the	likely	impact	on	healing	recovery.	

In	this	phase	of	the	research	study,	we	are	recruiting	patients	with	suspected	anterior	cruciate	
ligament	 (ACL)	 injury.	 You	 have	 been	 identified	 as	 being	 in	 this	 category	 following	 a	 clinical	
examination	 by	 a	 sports	 medicine	 physician,	 sports	 physiotherapist,	 or	 orthopaedic	 surgeon,	
and/or	an	initial	diagnostic	MRI	scan.		This	phase	will	be	used	to	characterise	the	size,	location	
and	extent	of	ACL	injury-related	bone	bruises	on	the	standard	MRI	images	as	well	as	providing	
DWI	data	related	to	this	bruising.	
	

Who	is	organising	and	funding	the	study?	

This	 study	 is	 being	 led	 by	 Professor	 Stephen	 Eustace,	 Consultant	 Radiologist	 at	 Mater	
Misericordiae	 University	 Hospital,	 and	 Dr.	 Jonathan	 McNulty,	 Assistant	 Professor	 and	
Researcher	in	the	School	of	Medicine,	University	College	Dublin	(UCD).		Its	methods	and	findings	
will	form	part	of	a	research	degree	being	undertaken	by	Ms.	Abrar	Alqattan.		Ms.	Allison	McGee,	
Assistant	 Professor	 and	 Researcher	 in	 	 the	 UCD	 School	 of	 Medicine,	 Dr.	 Eamonn	 Delahunt,	
Associate	Professor	and	Researcher	in	the	UCD	School	of	Public	Health,	Physiotherapy	&	Sports	
Science,	 and	 Professor	 Cathal	Moran,	 Chair	 of	 Orthopaedics	 &	 Sports	Medicine	 /	 Consultant	
Orthopaedic	Surgeon,	Sports	Surgery	Clinic	and	Trinity	College	Dublin,	are	also	collaborating	in	
this	research	project.		

This	 study	 is	 part-funded	 by	 the	 Kuwait	 Cultural	Office,	 Dublin,	who	 are	 providing	 a	 research	
scholarship	to	Ms.	Alqattan.	
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What	will	happen	to	me	if	I	take	a	part?	

In	this	phase	of	the	research	study,	we	are	recruiting	patients	with	suspected	anterior	cruciate	
ligament	 (ACL)	 injury.	 You	 have	 been	 identified	 as	 being	 in	 this	 category	 following	 a	 clinical	
examination	 by	 a	 sports	 medicine	 physician,	 sports	 physiotherapist,	 or	 orthopaedic	 surgeon	
following	a	clinical	assessment,	and/or	an	initial	diagnostic	MRI	scan.	If	you	agree	to	participate,	
you	will	first	be	invited	to	complete	a	consent	form	by	a	member	of	the	research	team	before	
being	 asked	 to	 complete	 a	 standard	 MR	 safety	 questionnaire.	 	 You	 will	 then	 be	 invited	 to	
undergo	an	MRI	scan	at	Mater	Misericordiae	University	Hospital	on	a	specified	date	and	 time	
approximately	3-4	weeks	following	your	injury.			

On	 arrival	 at	 the	 MRI	 department,	 your	 consent	 form	 and	 MRI	 safety	 questionnaire	 will	 be	
reviewed	 and	 a	 member	 of	 the	 research	 team	 will	 ask	 you	 to	 complete	 two	 further	 short	
research	questionnaires	 relating	 to	your	 injury.	You	will	 then	be	asked	 to	change	 into	a	gown	
and	the	MRI	examination	will	be	explained	to	you	by	the	radiographer.	You	will	then	be	asked	to	
lie	 flat	 on	 your	 back	 on	 the	MRI	 scanner	 table	which	will	 then	move	 you,	 feet	 first,	 into	 the	
open-ended	 MRI	 scanner	 with	 your	 head	 outside	 the	 scanner.	 You	 will	 be	 given	 a	 set	 of	
headphones	to	reduce	the	noise	levels	associated	with	the	MRI	scan	and	also	a	call	bell	to	hold	
should	you	need	to	contact	the	radiographer	during	the	examination.	 	You	will	be	required	to	
keep	 your	 leg	 still	 for	 the	 duration	 of	 the	 scan,	which	 should	 last	 approximately	 30	minutes.	
Separately,	 if	 you	 undergo	 surgery	 for	 your	 injury	 we	 will	 request	 some	 information	 on	 the	
procedure	from	your	surgical	team.	

After	the	scan,	you	will	then	receive	reimbursement	of	your	travel	expenses	to	and	from	Mater	
Misericordiae	University	Hospital	and	a	token	gift	voucher	as	a	thank	you	gesture.	

As	this	is	a	longitudinal	study,	and	we	want	to	monitor	the	healing	processes	within	your	knee,	
you	 will	 be	 invited	 to	 attend	 for	 two	 further	 scans	 approximately	 3	 months	 and	 6	 months	
following	your	injury.	

Participation	in	the	research	is	entirely	voluntary	and	it	is	up	to	you	to	decide	whether	or	not	to	
take	part.		You	are	free	to	withdraw	your	participation	at	any	time.	
	

What	are	the	possible	risks	of	taking	part?	

MRI	is	considered	to	be	a	very	safe	procedure	with	no	known	side	effects	and	does	not	involve	
any	radiation	exposure.	 	However,	because	MRI	uses	a	very	powerful	magnet,	there	are	some	
risks	associated	with	metallic	objects,	on	or	in	the	body,	being	brought	into	the	scan	room.		The	
MRI	safety	screening	questionnaire,	which	you	will	be	asked	to	complete,	together	with	a	pre-
examination	interview	by	the	radiographer,	will	be	used	to	make	sure	that	this	risk	is	avoided.	

It	 is	 not	 possible	 for	 some	 individuals	 to	 have	 an	 MRI	 scan,	 and	 this	 would	 exclude	 these	
individuals	 from	participating	 in	 this	 study.	 	 Individuals	who	have	 any	 of	 the	 following	 in	 situ	
cannot	 undergo	 an	 MRI	 scan:	 a	 pacemaker;	 ear	 or	 eye	 implants;	 metal	 implants;	 metal	
aneurysm	clips;	 insulin	pump;	patients	with	artificial	 heart	 valves;	metallic	 intraorbital	 foreign	
bodies.	
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While	the	risks	to	the	unborn	child	are	minimal,	the	pregnancy	status	of	female	participants	will	
be	checked	prior	to	the	MRI	scan,	and	an	MRI	scan	will	not	be	performed	where	pregnancy	 is	
known	or	suspected.	

Finally,	because	of	 the	relatively	enclosed	nature	of	 the	MRI	scanner,	and	 the	duration	of	 the	
study,	some	people	may	become	anxious.		Thus,	individuals	with	a	history	of	claustrophobia	will	
also	be	excluded	from	participating.	
	

What	are	the	benefits	of	taking	part	in	this	study?	

This	study	will	not	impact	on	the	care	you	are	receiving	for	your	injury	or	any	diagnostic	tests	or	
treatments	you	will	 receive.	By	participating	 in	 this	 study,	 you	are	helping	us	 to	gain	a	better	
understanding	of	the	use	of	diffusion-weighted	imaging	(DWI)	in	the	knee	joint	and	its	ability	to	
provide	us	with	a	greater	understanding	of	the	bone	bruises	associated	with	this	type	of	injury	
and	their	healing	processes.	

You	will	be	informed	if	new	information	about	this	study	becomes	available	which	might	affect	
your	willingness	to	continue	taking	part.		A	member	of	the	research	team	will	talk	to	you	about	
this	 and	 discuss	 with	 you	 whether	 you	 want	 to	 continue	 in	 the	 study.	 	 If	 at	 any	 time	 the	
researchers	consider	it	in	your	best	interest,	they	will	withdraw	you	from	this	study	and	explain	
the	reasons	directly	to	you.	
	

Is	anybody	being	paid	based	on	my	participation	in	the	study?	

The	sponsor	of	this	study	will	make	payment	to	Mater	Misericordiae	University	Hospital	for	the	
use	 of	 the	MRI	 scanner	 and	 to	 cover	 the	 staffing	 required	 to	 perform	 the	 knee	MR	 scanning	
examinations	and	image	review.	
	

Participant	expenses	

As	stated	above,	participants	will	 receive	 reimbursement,	 following	 their	 scan,	 for	 their	 travel	
expenses	upon	submission	of	a	parking	receipt,	public	transport	ticket	/	receipt,	or	taxi	receipt,	
to	and	from	Mater	Misericordiae	University	Hospital,	and	will	receive	a	token	gift	voucher	to	the	
value	of	€20	as	a	thank	you	gesture.	
	

Are	there	any	restrictions	on	what	I	might	eat	or	do?	

You	do	not	need	to	fast	before	or	after	the	MRI	scan	and	thus	you	can	eat	and	drink	as	normal.	
	

What	if	something	goes	wrong?	

There	are	minimal	 risks	associated	with	 your	participation	 in	 this	 study,	 and	 the	 study	 is	 fully	
compliant	with	ethical	guidelines.		Appropriate	insurance	and	indemnity	is	in	place	to	cover	any	
unforeseen	/	unexpected	eventualities.	
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Confidentiality	–	who	will	know	I	am	taking	part	in	the	study?	

Your	involvement	and	identity	will	be	protected	throughout	the	study.		All	information,	which	is	
collected	 about	 you	 during	 the	 course	 of	 this	 research	will	 be	 kept	 strictly	 confidential.	 	 Any	
information	about	you,	which	leaves	the	hospital,	will	contain	no	information	as	to	your	identity	
so	that	you	cannot	be	recognised	from	it.	
	

GP	notification	

It	 is	 normal	 practice	 for	 your	GP	 to	 be	notified	of	 your	 participation	 as	 a	 volunteer	 in	 such	 a	
research	study.	 	By	signing	the	consent	form,	you	are	agreeing	to	participate	in	the	study,	and	
also	for	this	notification	to	be	issued.		In	the	unlikely	scenario	of	any	abnormalities,	unrelated	to	
your	injury,	being	detected	on	the	MRI	examination,	we	will	write	to	your	GP	to	advise	him	/	her	
of	these	findings.	
	

Hospital	research	ethics	committee	approval	

This	 study	has	been	approved	by	 the	Mater	Misericordiae	University	Hospital	Research	Ethics	
Committee.	
	

What	will	happen	to	the	results	of	the	study?	

Based	on	your	participation	and	that	of	other	volunteers,	the	findings	of	this	study,	will	be	used	
to	 provide	 us	 with	 an	 understanding	 of	 the	 potential	 role	 of	 DWI	 in	 the	 evaluation	 of	 bone	
bruising	associated	with	ACL	 injuries.	 	Findings	will	 form	part	of	a	 research	 thesis	and	may	be	
presented	at	scientific	conferences	or	form	part	of	scientific	publications.	
	

If	you	require	any	further	information	

If	you	require	any	further	 information	or	have	any	questions	relating	to	this	study,	please	feel	
free	to	contact:	

Ms.	Abrar	Alqattan	 	 086	-	050	5756	 	 abrar.alqattan@ucdconnect.ie	

Dr.	Jonathan	McNulty		 01	-	716	6546	 	 	 jonathan.mcnulty@ucd.ie	

Ms.	Allison	McGee	 	 01	-	716	6546	 	 	 allison.mcgee@ucd.ie	

Please	also	feel	free	to	contact	your	GP	for	advice	relating	to	your	participation.	
	

Voluntary	participation	
Participation	in	this	study	is	entirely	voluntary,	and	you	may	withdraw	at	any	time	without	giving	
a	reason.	
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What	is	MRI?	
MRI is an imaging technique that uses a 
powerful magnet and radio waves to produce 
detailed pictures of structures within the body. 

What is the purpose of the study? 

The aim of this research is to evaluate the use of 
an MRI technique called diffusion weighted 
imaging (DWI) for the examination of bone 
bruises associated with injuries to the ligaments 
of the knee joint. DWI is a promising technique 
which may be added to the standard MRI 
examinations to provide further diagnostic 
information and, potentially, provide 
information on the severity of any bone bruising 
and the likely impact on healing /recovery. 

For this volunteer study, the following 
participants are needed: 
 

• Healthy Adults (18-35 years) 

• No knee trauma or injury 

What	to	expect	during	the	scan?	
You will be asked a series of questions prior 
enrolment to make sure that the scan is safe for 
you. The MRI scanner is a large cylinder-shaped 
tube that is surrounded by a circular magnet. 
You will lie on a table (feet first) which will 
move into the scanner as far as your waist. 
During the scan the machine will make some 
loud noises but you will be provided with 
headphones to reduce this noise. 

You will be scanned once and the scan may take 
about 30 minutes (Scans will take place in Mater 
Misericordiae University Hospital , Dublin 7) 
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	The role of diffusion-based magnetic resonance imaging 

(MRI) in the evaluation of bone bruising of the knee  

Healthy Volunteer study 

 

Your general practitioner (GP) will be 
informed.  

 

Participation in this research is entirely 
voluntary; you are free to stop participating at 
any time without having to give a reason.  

MRI exclusion criteria: 
• Cardiac pacemakers, cardiac defibrillators 

• Recently inserted surgical implants / clips 

• Intra-orbital foreign bodies 

• Eye / ear implants, non-MRI compatible 
implants 

• Severe claustrophobia 

• Pregnancy 

If interested in participating contact: 
 

Ms. Abrar Alqattan, PhD Student, School 
of Medicine, University College Dublin 

086 - 0505756 
abrar.alqattan@ucdconnect.ie 

 

The Principal Investigator in this study is 
Dr. Jonathan McNulty, School of Medicine, 

UCD 
 

20€    
Gift	

Voucher	
Expenses	

COVERED		



 275	

 

 
 
  

	
	

DW-MR	Knee	Study	Notice	For	Clinician	Ver3	11.09.2018	

Patients with ACL tears needed for 
knee bone bruising study 

	
The	role	of	advanced	MRI	techniques	in	the	evaluation	of	bone	bruising	of	the	knee	

Aim: 	
In	this	research	we	are	evaluating	the	use	of	a	magnetic	resonance	imaging	(MRI)	technique	called	diffusion-weighted	
imaging	(DWI)	for	the	examination	of	bone	bruises	associated	with	injuries	to	the	small	ligaments	of	the	knee	joint,	
particularly	the	anterior	cruciate	ligament.	This	phase	will	be	used	to	characterise	the	size,	location	and	extent	of	ACL	
injury-related	bone	bruises	on	the	standard	MRI	images	as	well	as	providing	DWI	data	related	to	this	bruising.	
Who are we looking for? Patients	between	18	–	35	years	with	acute	anterior	cruciate	ligament	(ACL)	injury  

		
The	 research	 team	are:	Dr.	 Jonathan	McNulty	 (UCD	School	of	Medicine),	Prof.	Cathal	Moran	 (Sports	Surgery	Clinic	
and	TCD),	Prof.	Steve	Eustace	(MMUH),	Dr.	Eamonn	Delahunt	(UCD	Sports	Science),	Ms.	Allison	McGee	(UCD	School	
of	Medicine),	and	Ms.	Abrar	Alqattan	(UCD	School	of	Medicine).	
	
If	you	have	a	patient	with	a	recent	ACL	tear,	with	an	interest	in	participating	in	this	study,	please	provide	them	with	a	
patient	information	leaflet.	For	further	information	please	contact:	
Ms.	Abrar	Alqattan	 	 086	-	050	5756	 	 	 abrar.alqattan@ucdconnect.ie	
Dr.	Jonathan	McNulty	 01	-	716	6546	 	 	 jonathan.mcnulty@ucd.ie	
Ms.	Allison	McGee	 	 01	-	716	6546	 	 	 allison.mcgee@ucd.ie	

The	initial	scan	will	take	place	approximately	3-6	weeks	post	injury.		
	

Scans	will	take	place	in	the	Mater	Misericordiae	University	Hospital.		
	

As	 this	 is	 a	 longitudinal	 study,	 and	we	want	 to	monitor	 the	 natural	 history	 of	 the	 bone	 bruises	 so	 patient	
volunteers	will	be	 invited	 to	attend	 for	 two	 further	 scans	approximately	3	months	and	6	months	 following	
their	injury.	
Participation	 in	 this	 study	 is	entirely	 voluntary,	and	 volunteers	may	withdraw	at	any	 time	without	 giving	 a	
reason.	

	

Volunteers	will	receive	reimbursement	for	travel	expenses	to	and	from	the	scan	site	and	a	token	gift	voucher.	
	

We	would	also	require	access	to	your	patients’	initial,	diagnostic,	MRI	and	details	of	any	surgery	undertaken.	
	

The possible risks: 
MRI	 is	considered	to	be	a	very	safe	procedure	with	no	
known	side	effects	and	does	not	 involve	any	 radiation	
exposure.		However,	because	MRI	uses	a	very	powerful	
magnet,	 there	are	 some	 risks	associated	with	metallic	
objects,	on	or	in	the	body,	being	brought	into	the	scan	
room.	 	The	MRI	 safety	 screening	questionnaire,	which	
your	patient	will	be	asked	to	complete,	together	with	a	
pre-examination	interview	by	the	radiographer,	will	be	
used	to	make	sure	that	this	risk	is	avoided. 

The benefits of taking part in the study 
This	 study	 will	 not	 impact	 on	 your	 patients	 care	
which	 they	 are	 receiving	 for	 their	 injury	 or	 any	
diagnostic	tests	or	treatments	they	will	 receive.	By	
participating	in	this	study,	your	patient	is	helping	us	
to	gain	a	better	understanding	of	the	use	of	DWI	in	
the	 knee	 joint	 and	 its	 ability	 to	 provide	 us	with	 a	
greater	 understanding	 of	 the	 bone	 bruises	
associated	with	this	type	of	injury	and	their	healing	
processes.	
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Appendix	3	–	Letter	to	GP	(Volunteer	Phase)	

	

GP’s	Address	

Dublin	

	

						/						/	2018	

Re:	 Patient	participation	in	a	research	study	(Healthy	volunteer	phase)	

	

Dear	Dr.	________________	

We	hereby	notify	you	that	your	patient,	___________________	(DOB:	dd/mm/yyyy),	has	agreed	

to	 take	 part	 as	 a	 volunteer	 in	 a	 research	 study,	 involving	 the	 School	 of	 Medicine,	 University	

College	Dublin	 and	 the	Mater	Misericordiae	University	Hospital,	 investigating	 applications	of	 a	

type	of	Magnetic	Resonance	Imaging	(MRI)	known	as	diffusion-weighted	MRI	for	evaluating	bone	

bruising	 following	 anterior	 cruciate	 ligament	 injury.	 	 The	 study	 is	 being	 led	 by	 Dr.	 Jonathan	

McNulty	 at	 the	 School	 of	Medicine,	University	 College	Dublin,	 and	Professor	 Stephen	 Eustace,	

Consultant	Radiologist	at	the	Mater	Misericordiae	University	Hospital.	

The	aim	of	this	research	is	to	evaluate	the	use	of	a	magnetic	resonance	imaging	(MRI)	technique	

called	 diffusion	 weighted	 imaging	 (DWI)	 for	 the	 examination	 of	 bone	 bruises	 associated	 with	

injuries	 to	 the	knee	 joint	 ligaments,	particularly	 the	anterior	cruciate	 ligament	 (ACL).	 	DWI	 is	a	

promising	 technique	 which	 may	 be	 added	 to	 the	 standard	 MR	 scanning	 protocol	 to	 provide	

further	diagnostic	information	in	terms	of	the	severity	of	any	bone	bruising	and	the	likely	impact	

on	healing	/	recovery.			

In	 this	 phase	 of	 the	 research	 study,	 MRI	 will	 be	 performed	 on	 20	 healthy	 adult	 volunteers	

between	the	ages	of	18	to	35	years,	with	no	history	of	soft-tissue	or	bone	injuries	to	either	knee.		

This	 healthy	 volunteer	 phase	 will	 allow	 the	 research	 team	 to	 optimise	 the	 MRI	 examination	

techniques	 prior	 to	 undertaking	 a	 large	 clinical	 study	 on	 patients	who	 have	 had	 an	 acute	ACL	

tear.	

Your	patient	has	been	provided	with	the	relevant	documentation,	which	includes:	an	MRI	safety	

questionnaire,	information	leaflet,	and	consent	form	(attached).		They	are	free	to	withdraw	from	

the	study	at	any	point.		

This	 study	 has	 received	 full	 ethical	 approval	 from	 the	Mater	Misericordiae	University	 Hospital	

Research	Ethics	Committee	(Ref:	1/378/1971).		You	will	be	informed	in	writing	of	any	incidental	

findings	identified	by	the	consultant	radiologist	on	the	MR	examinations.	
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Appendix	3	–	Letter	to	GP	(Volunteer	Phase)	

	

	

Should	you	have	any	questions,	or	require	further	information	about	this	research,	please	do	not	
hesitate	to	contact	the	research	team	members:	

MMUH	Principal	
Investigator	

Prof.	Stephen	Eustace	 01	-	814	0379	 stephen.eustace@cappagh.ie	

UCD	Principal	
investigator	

Dr.	Jonathan	McNulty	 01	-	716	6530	 jonathan.mcnulty@ucd.ie	

PhD	Research	Student	 Ms.	Abrar	Al-Qattan	 086	-	050	5756	 abrar.alqattan@ucdconnect.ie	

Yours	sincerely,	

	

__________________	

Ms.	Abrar	Al-Qattan	

Researcher,	UCD	School	of	Medicine	

E-mail:				abrar.alqattan@ucdconnect.ie	

Mobile:				086	-	050	5756	
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Appendix	3	–	Letter	to	GP	(Patient	Phase)	

GP’s	Address	

Dublin	

	

						/								/	2019	

Re:	 Patient	participation	in	a	research	study	(Patient	phase)	

	

Dear	Dr.	________________	

We	hereby	notify	you	that	your	patient,	___________________	(DOB:	dd/mm/yyyy),	has	agreed	to	

take	 part	 as	 a	 volunteer	 in	 a	 research	 study,	 involving	 the	 School	 of	Medicine,	 University	 College	

Dublin	 and	 the	 Mater	 Misericordiae	 University	 Hospital,	 investigating	 applications	 of	 a	 type	 of	

Magnetic	 Resonance	 Imaging	 (MRI)	 known	 as	 diffusion-weighted	MRI	 for	 evaluating	 bone	 bruising	

following	anterior	 cruciate	 ligament	 injury.	 	 The	 study	 is	being	 led	by	Dr.	 Jonathan	McNulty	at	 the	

School	of	Medicine,	University	College	Dublin,	and	Professor	Stephen	Eustace,	Consultant	Radiologist	

at	the	Mater	Misericordiae	University	Hospital.	

The	 aim	 of	 this	 research	 is	 to	 evaluate	 the	 use	 of	 a	magnetic	 resonance	 imaging	 (MRI)	 technique	

called	diffusion	weighted	imaging	(DWI)	for	the	examination	of	bone	bruises	associated	with	injuries	

to	 the	 knee	 joint	 ligaments,	 particularly	 the	 anterior	 cruciate	 ligament	 (ACL).	 	 DWI	 is	 a	 promising	

technique	which	may	be	added	to	the	standard	MR	scanning	protocol	to	provide	further	diagnostic	

information	in	terms	of	the	severity	of	any	bone	bruising	and	the	likely	impact	on	healing	/	recovery.			

In	 this	 phase	 of	 the	 research	 study,	 we	 are	 recruiting	 patients	 with	 suspected	 anterior	 cruciate	
ligament	 (ACL)	 injury.	 Patients	 will	 be	 identified	 as	 being	 in	 this	 category	 following	 a	 clinical	
examination	 by	 a	 sports	 medicine	 physician,	 sports	 physiotherapist,	 or	 orthopaedic	 surgeon,	 and	
following	an	 initial	 /	 routine	diagnostic	MRI	 scan.	 	This	phase	will	be	used	 to	characterise	 the	size,	

location	 and	 extent	 of	 ACL	 injury-related	 bone	 bruises	 on	 the	 standard	 MRI	 images	 as	 well	 as	
providing	DWI	data	related	to	this	bruising.	The	scan	will	take	approximately	30	minutes.	Patients	will	
also	 be	 asked	 to	 complete	 additional	 validated	 questionnaires	 (Knee	 injury	 and	 Osteoarthritis	
Outcome	Score	(KOOS)	and	Tegner	activity	level	scale)	which	will	provide	us	with	further	information	
on	 the	 impact	of	 the	 injury.	 Scanning	will	 initially	 take	place	3-4	weeks	post-injury	and	as	 this	 is	 a	

longitudinal	study,	and	we	want	to	monitor	the	healing	processes	within	patient’s	knee,	patients	will	
be	invited	to	attend	for	two	further	scans	approximately	3	months	and	6	months	following	injury.	

Your	 patient	 has	 been	 provided	 with	 the	 relevant	 documentation,	 which	 includes:	 an	 MRI	 safety	

questionnaire,	information	leaflet,	and	consent	form	(attached).		They	are	free	to	withdraw	from	the	

study	at	any	point.		
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Appendix	3	–	Letter	to	GP	(Patient	Phase)	

	

This	 study	 has	 received	 full	 ethical	 approval	 from	 the	 Mater	 Misericordiae	 University	 Hospital	

Research	 Ethics	 Committee	 (Ref:	 1/378/1971).	 	 You	 will	 be	 informed	 in	 writing	 of	 any	 incidental	

findings	identified	by	the	consultant	radiologist	on	the	MR	examinations.	

Should	 you	 have	 any	 questions,	 or	 require	 further	 information	 about	 this	 research,	 please	 do	 not	

hesitate	to	contact	the	research	team	members:	

MMUH	Principal	Investigator	 Prof.	Stephen	Eustace	 01	-	814	0379	 stephen.eustace@cappagh.ie	

UCD	Principal	investigator	 Dr.	Jonathan	McNulty	 01	-	716	6530	 jonathan.mcnulty@ucd.ie	

PhD	Research	Student	 Ms.	Abrar	Al-Qattan	 086	-	050	5756	 abrar.alqattan@ucdconnect.ie	

Yours	sincerely,	

	

__________________	

Ms.	Abrar	Al-Qattan	

Researcher,	UCD	School	of	Medicine	

E-mail:				abrar.alqattan@ucdconnect.ie	

Mobile:				086	-	050	5756	
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Clinical site 3  
 

• Research study protocol 

• Healthy volunteer and patient consent forms 

• Healthy volunteer and patient information leaflet 

• Healthy volunteer research study information flyer 

• Study notice for clinicians 
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Research Study Protocol 

Abrar AlQattan 
Supervisors: Dr. Jonathan McNulty, Ms. Allison McGee, Prof. Stephen Eustace, A./Prof. Eamonn 

Delahunt 
The role of diffusion-based magnetic resonance imaging in the evaluation of bone 

bruising of the knee 

 
Background 
 
Knee injuries are common musculoskeletal (MSK) injuries, with the knee being the most commonly 
injured area of the body that is treated by orthopaedic surgeons.(1)  Anterior cruciate ligament (ACL) 
rupture is a common knee ligamentous injury.(2)  During ACL injury, a combination of large external 
forces with the patient’s ligament vulnerabilities during certain loading conditions, leads to a violent 
impact between the femoral and tibial articular cartilage, which is transferred to the adjacent bone, 
resulting in bleeding, swelling and oedema.(3)  Clinical studies of patients suffering knee trauma have 
observed a significant risk of subsequently developing osteoarthritis.(3)  Furthermore, traumatic ACL 
injuries are associated with the development of occult lesions in the adjacent bone; however, since 
these lesions are covered by cartilage and other formations, they cannot be seen on direct examination 
or plain radiographs. Such lesions are commonly termed occult bone injuries or bone bruises.(3) Bone 
bruises are the most important second sign for the diagnosis of ACL injury, with sensitivity and 
specificity values of 82%, 90% respectively(4), and 80% of patients with ACL injury, showed a bone 
bruise on the mid-lateral femoral condyle and posterolateral tibial plateau.(3)  Bone bruises can cause 
acute bone pain with resisted activation of the muscle, or functional loss in the joint, swelling around 
the soft tissue surrounding the bone, weakness in the involved muscle, in addition to tenderness at the 
sight of injury.(5) 

 
Conventional spin echo (SE), proton density (PD) and STIR sequences depend on the differing T1 and 
T2 relaxation characteristics of many pathological processes. (6) The evaluation of the MR images on 
each of these sequences is done qualitatively with analysis of signal intensity (SI) and morphology of 
anatomical structures. However, some MSK pathologies may limit the specificity of analyses, which 
can decrease diagnostic confidence due to similar imaging characteristics. (6) 
 
Diffusion weighted imaging (DWI) sequences are an encouraging addition to MR examinations of the 
musculoskeletal (MSK) system that are increasing the knowledge of diagnosing, staging and guide the 
development of future therapy intervention of much musculoskeletal pathology.(7) More recently, 
several studies indicated that DWI sequences have shown promising results and have been used to 
evaluate a number of musculoskeletal pathologies, such as primary bone tumours, soft tissue tumours, 
vertebral fractures, bone marrow malignancy and infection, in addition, post treatment follow-up has 
also been assessed. (6) 
 

The apparent diffusion coefficient (ADC) values are a promising potential to be used to grade MSK 
injuries and assist in consideration of differential diagnosis of the normal versus abnormal tissues.(8) In 
literature it has been shown that the use of ADC maps in association with DWI sequences will provide 
higher accuracy in detecting pathologies and providing diagnostic information. DWI is a promising 
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technique, and may be added to the standard MRI protocols setting for evaluation of MSK disease. The 
clinical importance of these results has yet to be established.(8) 

 

Aim:  

The aim of this research is to evaluate the use of diffusion-weighted (DW) magnetic resonance 
imaging (MRI) in the evaluation of bone bruising associated with anterior cruciate ligament (ACL) 
injury. 
 
Objectives: 

1. To develop an optimised DW MRI protocol for use in the knee joint; 
2. To characterise bone bruising using qualitative and quantitative MRI data, within 3 to 4 weeks 
of injury, at 3- and 6-months post-injury; 
3. To compare MR imaging data with data from clinical examination and patient management at 
each time-point; 
4. To describe the chronology of healing based on MR imaging data as a basis for future RCTs; 
5. To validate the DW MR imaging technique for use in the evaluation of bone bruising 

 
 
Methodology: 
This study will start with healthy volunteer imaging phase and then patient imaging phase, this (the 
focus of the current ethics application), in both phases full ethical approval will be sought.  
 

For the healthy volunteer phase, recruitment notices will be posted in University College Dublin and 
the clinical site in order to recruit volunteers who are interested in participating in the study. Interested 
individuals will be provided with a participant information leaflet and written consent will be obtained 
prior to enrolment. Normal departmental MRI screening procedures will be followed to make sure that 
the scan is safe for all volunteers. A standard MRI knee protocol will be performed on a number of 
volunteers (20 volunteers), without any knee pain or trauma, to facilitate the optimisation of the new 
diffusion weighted add-on to the knee MRI examination and to gain an insight into the normal MR 
DWI appearances of the knee.  All volunteers will be scanned once; the scan may take about 30 
minutes Participation in this research is entirely voluntary, participants are free to stop participating at 
any time without having to give a reason. Deciding not to participate will not affect them in any way. 
 

For the Patient phase: This phase will be used to characterise the size, location, and extent of ACL 
injury-related bone bruises on the standard MRI images as well as providing DWI data related to this 
bruising. Post-trauma patients will be recruited from their consultant orthopaedic surgeon, sport 
medicine physician or sports physiotherapist; the aim is to recruit 80 patients with suspected anterior 
cruciate ligament (ACL) injury, who has been identified as being in this category following a clinical 
examination by a sports medicine physician, sports physiotherapist, or orthopaedic surgeon, and/or an 
initial diagnostic MRI scan.  The standard knee MR scan in current clinical use at the hospital will be 
extended by 10 minutes due to the addition of the DWI sequence for all patients for whom bone 
bruising is evident on the initial MRI scan. All MRI patients with bone bruises involving the knee joint 
will be asked to participate in a follow-up study consisting of repeat MR imaging at approximately 
three different time intervals including: the early acute stage (3-6 weeks post injury), intermediate (3 
months post injury) and delayed (6 months post injury) stages, to demonstrate changes in bone marrow 
signal intensity on routine and DW images and measured ADC values over time.   
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Scanning will take place in both the MMUH and Sports Surgery Clinic, Santry. This will allow this 
novel imaging technique for the knee to be optimisesed on both GE Healthcare (SSC) and Siemens 
Healthineers (MMUH) scanners and the reproducibility of diffusion metrics to be evaluated on 
different systems using different MR sequences. 
 
For follow-up imaging, the same sequences and parameter settings will be used as for the initial knee 
MR scan.  ADC values will be calculated for areas of normal marrow and bone marrow oedema 
(bruising) for the three stages of imaging over the healing process to identify how the ADC value 
changes over the time course of healing relative to visible changes in MR signal intensity.  
 
Demographic data and clinical history on mechanism of injury will be collected initially, along with 
details of any surgical intervention and ongoing therapies. Two validated patient outcome 
questionnaires, the Knee Injury and Osteoarthritis Outcome Score (KOOS) and Tegner activity scale 
for sports participation history will be completed for all three imaging phases. This will allow 
comparisons between clinical findings, treatment approach and MR findings to be compared and 
correlations to be considered 
 

Study design 

The healthy volunteer phase will be used to facilitate the optimisation of an MR imaging examination 
for future use in clinical studies. The patient phase will be used to characterise the size and location of 
knee bone bruises and demonstrate changes in bone marrow signal intensity on routine and DW 
images and measured ADC values over time. ADC values will be calculated for areas of normal 
marrow and bone marrow oedema (bruising) for the three stages of imaging over the healing process to 
identify how the ADC value changes over the time course of healing relative to visible changes in MR 
signal intensity. 
 

Safety 

All participant are required to complete an MRI safety screening questionnaire and to read an 
information leaflet prior to the scan, care will be taken, in advance of their attendance at MMUH or 
SSC, by one of the member of the research team to insure that the participant is fully informed as to 
the nature of the study followed by written consent which will be witnessed. 

 

Statistics: 

Quantitative and qualitative analysis of the resulting data sets will be undertaken. Conventional MRI 
sequences will be first reviewed, qualitatively, by a consultant radiologist to rule out any underlying 
pathology. The DWI data sets will then be analysed quantitatively through manual and semi-automated 
region of interest drawing and the measurement of apparent diffusion coefficient values from various 
bone regions. Statistical advice will be provided by Dr. Marie Galligan, Statistician, UCD Clinical 
Research Centre. 
 

 

 



 284	

DW-MR	Knee	research	study	protocol	Ver.4	11.09.2018	

 

Data handling and record keeping 

For the purposes of the initial qualitative review of the conventional MRI in order to identify any 
incidental findings the data will be coded to allow the images to be matched back to a participant for 
GP follow-up. The coding information will be filed securely with Ms Abrar Alqattan acting as the 
custodian. All data will be stored on the archiving system in both MRI department in MMUH/ SSC 
and on the UCD Radiography and Diagnostic Imaging PACS system with secure password access in 
both cases. This archived data will be anonymised and coded. Signed consent forms, MRI safety 
screening questionnaires, KOOS and Tegner questionnaires will be stored securely in a locked filing 
cabinet in UCD. Other clinical data will be stored securely on a password-protected computer and 
backed-up on a password protected cloud folder. The data will be stored for 12 months after the end of 
the study. All data will be deleted from archiving system (MMUH, SSC and UCD) and any 
paperwork, such as signed consent forms, MR safety screening questionnaires, KOOS and Tegner 
questionnaires will be shredded. 
 
 

Ethics  

This study requires full ethical approval from the institutional human research ethics committee in the 

MMUH and a subsequent exemption from full approval from UCD and SSC. 

 

Financing and Insurance 

All costs for the study included in this ethics application, and the overarching study, are covered 
by a PhD scholarship from the Kuwait Cultural Office, Dublin. The total value of the award is 
€137,500. 
 

Estimated costs for the health volunteer and patient phases are: 

• Sessional costs associated with MR scanning in the MMUH / SSC €20,000 

• Printing         €250 

• Reimbursement of participant travel expenses    €5,000 

• Gift vouchers for participants      €4,000 

• Researcher travel costs       €500 

 

Clinical Study Report and publication policy 

The conventional MRI sequences will be first reviewed, qualitatively, by a consultant radiologist to 
rule out any underlying pathology. The participant’s general practitioner (GP) will be informed should 
any incidental findings of significance be identified.  
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DW-MR	Knee	Healthy	Volunteer	Consent	Form	Ver.1	

The	role	of	advanced	magnetic	resonance	imaging	(MRI)	techniques	for	the	
evaluation	of	bone	bruising	of	the	knee	joint	

	

CONSENT	FORM	
	

Reference	Number:		 	 	 	 SAREB13/05/19AA/EF	 

Name	of	Sponsor:		 	 	 	 Part-funded	by	the	Kuwait	Cultural	Office	

Participant	Name:	 	 	 	 __________________________________	

Name	of	GP	and	Telephone	Number:	 	 __________________________________	
	

By	signing	this	consent	form,	I	confirm	that:	

• I	have	read	and	understood	the	information	leaflet	for	the	above	research	study	and	received	an	explanation	
of	the	nature,	purpose,	duration,	and	foreseeable	effects	and	risks	of	the	study	and	what	my	involvement	will	
be.	
	

• I	 have	 had	 time	 to	 consider	 whether	 to	 take	 part	 in	 this	 study.	 My	 questions	 have	 been	 answered	
satisfactorily	and	I	have	received	a	copy	of	the	participant	information	leaflet.		

	

• I	understand	that	my	participation	is	entirely	voluntary	and	that	I	am	free	to	withdraw	at	any	time	without	my	
medical	care	or	legal	rights	being	affected.	

	

• I	have	to	the	best	of	my	knowledge	informed	the	investigator	of	any	past	knee	injuries	and	have	provided	a	
complete	history	related	to	the	MRI	safety	screening	questionnaire.	

• I	understand	that	my	General	Practitioner	will	be	informed	by	the	research	investigator	that	I	am	taking	part	
in	this	study.	

• I	 am	 willing	 to	 allow	 access	 to	 records	 related	 to	 my	 participation	 in	 this	 study	 by	 the	 research	 ethics	
committee	but	understand	that	strict	confidentiality	will	be	maintained.	The	purpose	of	this	is	to	check	that	
the	study	is	being	carried	out	correctly.	

• I	agree	to	take	part	in	the	above	study.	
	

………………………………………….	 	 	 …………………………		 	 ………………………………	

Name	of	Participant	(in	block	letters)	 		 Date	 	 	 	 Signature	

	

………………………………………….	 	 	 …………………………		 	 ……………………………….	

Name	of	Person	taking	consent	 	 Date	 	 	 	 Signature	

(If	different	from	doctor/researcher)	

	

………………………………………….	 	 	 …………………………		 	 ………………………………..	

Doctor/	Researcher	 	 	 	 Date	 	 	 	 Signature	

	

We	would	like	to	thank	you	for	considering	taking	part	in	the	research	study	
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DW-MR	Knee	Patient	Consent	Form	Ver.1	

The	role	of	advanced	magnetic	resonance	imaging	(MRI)	techniques	for	the	evaluation	
of	bone	bruising	of	the	knee	joint	

	

CONSENT	FORM	
	

Reference	Number:		 	 	 	 SAREB13/05/19AA/EF	 

Name	of	Sponsor:		 	 	 	 Part-funded	by	the	Kuwait	Cultural	Office	

Participant	Name:	 	 	 	 __________________________________	

Name	of	GP	and	Telephone	Number:	 	 __________________________________	
	

By	signing	this	consent	form,	I	confirm	that:	

• I	have	read	and	understood	the	information	leaflet	for	the	above	research	study	and	received	an	explanation	
of	the	nature,	purpose,	duration,	and	foreseeable	effects	and	risks	of	the	study	and	what	my	involvement	will	
be.	
	

• I	 have	 had	 time	 to	 consider	 whether	 to	 take	 part	 in	 this	 study.	 My	 questions	 have	 been	 answered	
satisfactorily	and	I	have	received	a	copy	of	the	participant	information	leaflet.		

	

• I	understand	that	my	participation	is	entirely	voluntary	and	that	I	am	free	to	withdraw	at	any	time	without	my	
medical	care	or	legal	rights	being	affected.	

	

• I	have	to	the	best	of	my	knowledge	informed	the	investigator	of	any	past	knee	injuries	and	have	provided	a	
complete	history	related	to	the	MRI	safety	screening	questionnaire.	

• I	understand	that	my	General	Practitioner	will	be	informed	by	the	research	investigator	that	I	am	taking	part	
in	this	study.	

• I	am	willing	to	allow	access	to	records	related	to	the	treatment	of	my	injury	by	the	researchers	and	related	to	
my	participation	in	this	study	by	the	research	ethics	committee	but	understand	that	strict	confidentiality	will	
be	maintained.		

• I	agree	to	take	part	in	the	above	study.	
	

………………………………………….	 	 	 …………………………		 	 ………………………………	

Name	of	Participant	(in	block	letters)	 		 Date	 	 	 	 Signature	

	

………………………………………….	 	 	 …………………………		 	 ……………………………….	

Name	of	Person	taking	consent	 	 Date	 	 	 	 Signature	

(If	different	from	doctor/researcher)	

	

………………………………………….	 	 	 …………………………		 	 ………………………………..	

Doctor/	Researcher	 	 	 	 Date	 	 	 	 Signature	

	

We	would	like	to	thank	you	for	considering	taking	part	in	the	research	study	
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The	role	of	advanced	magnetic	resonance	imaging	(MRI)	techniques	in	the	evaluation	

of	bone	bruising	of	the	knee	
	

Participant	Information	Leaflet	
	
Invitation	for	research	participation	
We	would	like	to	invite	you	to	participate	in	this	research	study	and	would	first	ask	you	to	take	
the	time	to	carefully	read	this	information	leaflet	before	deciding	whether	or	not	to	take	part.	
Please	feel	free	to	ask	for	further	information	at	any	point.	
	

What	is	the	purpose	of	the	study?	
The	aim	of	this	research	is	to	evaluate	the	use	of	a	magnetic	resonance	imaging	(MRI)	technique	
called	 diffusion-weighted	 imaging	 (DWI)	 for	 the	 examination	 of	 bone	 bruises	 associated	with	
injuries	to	the	small	ligaments	of	the	knee	joint,	particularly	the	anterior	cruciate	ligament.		DWI	
is	 a	promising	 technique	which	may	be	added	 to	 the	 standard	knee	MR	 scanning	protocol	 to	
provide	 further	 useful	 diagnostic	 information	 and,	 potentially,	 provide	 information	 on	 the	
severity	of	any	bone	bruising	and	the	likely	impact	on	healing	recovery.	

In	 this	 phase	 of	 the	 research	 study,	 we	 are	 seeking	 volunteers	 with	 no	 history	 of	 soft-tissue	
injuries	or	surgery	to	either	knee	joint.		This	volunteer	phase	will	allow	us	to	optimise	the	MRI	
examination	 techniques	 prior	 to	 undertaking	 a	 clinical	 study	 on	 patients	 who	 have	 recently	
injured	their	anterior	cruciate	ligament.	
	

Who	is	organising	and	funding	the	study?	
This	 study	 is	 being	 led	 by	 Professor	 Stephen	 Eustace,	 Consultant	 Radiologist	 at	 Mater	
Misericordiae	 University	 Hospital,	 and	 Dr.	 Jonathan	 McNulty,	 Assistant	 Professor	 and	
Researcher	in	the	School	of	Medicine,	University	College	Dublin	(UCD).		Its	methods	and	findings	
will	form	part	of	a	research	degree	being	undertaken	by	Ms.	Abrar	Alqattan.		Ms.	Allison	McGee,	
Assistant	 Professor	 and	 Researcher	 in	 	 the	 UCD	 School	 of	 Medicine,	 Dr.	 Eamonn	 Delahunt,	
Associate	Professor	and	Researcher	in	the	UCD	School	of	Public	Health,	Physiotherapy	&	Sports	
Science,	 and	 Professor	 Cathal	Moran,	 Chair	 of	 Orthopaedics	 &	 Sports	Medicine	 /	 Consultant	
Orthopaedic	Surgeon,	Sports	Surgery	Clinic	and	Trinity	College	Dublin,	are	also	collaborating	in	
this	research	project.		

This	 study	 is	 part-funded	 by	 the	 Kuwait	 Cultural	Office,	 Dublin,	who	 are	 providing	 a	 research	
scholarship	to	Ms.	Alqattan.	
	

What	will	happen	to	me	if	I	take	a	part?	
If	you	agree	to	participate,	you	will	first	be	invited	to	complete	a	consent	form	by	a	member	of	
the	research	team	and	will	also	be	asked	to	complete	a	standard	MR	safety	questionnaire.		You	
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will	then	be	invited	to	undergo	an	MRI	scan	at	at	Mater	Misericordiae	University	Hospital	or	the	
Sports	Surgery	Clinic,	Santry	on	a	specified	date	and	time.	

On	 arrival	 at	 the	 MRI	 department,	 your	 consent	 form	 and	 MRI	 safety	 questionnaire	 will	 be	
reviewed,	you	will	be	asked	to	change	into	a	gown	and	the	MRI	examination	will	be	explained	to	
you	by	 the	 radiographer.	 	 You	will	 then	be	asked	 to	 lie	 flat	on	your	back	on	 the	MRI	 scanner	
table	which	will	 then	move	 you,	 feet	 first,	 into	 the	 open-ended	MRI	 scanner	with	 your	 head	
outside	the	scanner.		You	will	be	given	a	set	of	headphones	to	reduce	the	noise	levels	associated	
with	 the	MRI	 scan	 and	 also	 a	 call	 bell	 to	 hold	 should	 you	 need	 to	 contact	 the	 radiographer	
during	the	examination.		You	will	be	required	to	keep	your	leg	still	for	the	duration	of	the	scan,	
which	should	last	approximately	30	minutes.	

After	the	scan,	you	will	then	receive	reimbursement	of	your	travel	expenses	to	and	from	Mater	
Misericordiae	 University	 Hospital	 or	 the	 Sports	 Surgery	 Clinic,	 and	 a	 token	 gift	 voucher	 as	 a	
thank	you	gesture.	

Participation	in	the	research	is	entirely	voluntary	and	it	is	up	to	you	to	decide	whether	or	not	to	
take	part.		You	are	free	to	withdraw	your	participation	at	any	time.	
	

What	are	the	possible	risks	of	taking	part?	

MRI	is	considered	to	be	a	very	safe	procedure	with	no	known	side	effects	and	does	not	involve	
any	radiation	exposure.	 	However,	because	MRI	uses	a	very	powerful	magnet,	there	are	some	
risks	associated	with	metallic	objects,	on	or	in	the	body,	being	brought	into	the	scan	room.		The	
MRI	safety	screening	questionnaire,	which	you	will	be	asked	to	complete,	together	with	a	pre-
examination	interview	by	the	radiographer,	will	be	used	to	make	sure	that	this	risk	is	avoided.	

It	 is	 not	 possible	 for	 some	 individuals	 to	 have	 an	 MRI	 scan,	 and	 this	 would	 exclude	 these	
individuals	 from	participating	 in	 this	 study.	 	 Individuals	who	have	 any	 of	 the	 following	 in	 situ	
cannot	 undergo	 an	 MRI	 scan:	 a	 pacemaker;	 ear	 or	 eye	 implants;	 metal	 implants;	 metal	
aneurysm	clips;	 insulin	pump;	patients	with	artificial	 heart	 valves;	metallic	 intraorbital	 foreign	
bodies.	

While	the	risks	to	the	unborn	child	are	minimal,	the	pregnancy	status	of	female	participants	will	
be	checked	prior	to	the	MRI	scan,	and	an	MRI	scan	will	not	be	performed	where	pregnancy	 is	
known	or	suspected.	

Finally,	because	of	 the	relatively	enclosed	nature	of	 the	MRI	scanner,	and	 the	duration	of	 the	
study,	some	people	may	become	anxious.		Thus,	individuals	with	a	history	of	claustrophobia	will	
also	be	excluded	from	participating.	
	

What	are	the	benefits	of	taking	part	in	this	study?	

There	are	no	direct	benefits	to	you	from	taking	part	 in	this	study;	however,	by	participating	in	
this	 study,	you	are	helping	us	 to	gain	a	better	understanding	of	 the	use	of	diffusion-weighted	
imaging	 (DWI)	 in	 the	 knee	 joint	 and	 to	 optimise	 this	 examination	 for	 use	 in	 future	 clinical	
studies.	
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You	will	be	informed	if	new	information	about	this	study	becomes	available	which	might	affect	
your	willingness	to	continue	taking	part.		A	member	of	the	research	team	will	talk	to	you	about	
this	 and	 discuss	 with	 you	 whether	 you	 want	 to	 continue	 in	 the	 study.	 	 If	 at	 any	 time	 the	
researchers	consider	it	in	your	best	interest,	they	will	withdraw	you	from	this	study	and	explain	
the	reasons	directly	to	you.	
	

Is	anybody	being	paid	based	on	my	participation	in	the	study?	

The	sponsor	of	this	study	will	make	payment	to	Mater	Mater	Misericordiae	University	Hospital	
and	Sports	Surgery	Clinic	 for	 the	use	of	 the	MRI	scanner	and	to	cover	the	staffing	required	to	
perform	the	knee	MR	scanning	examinations	and	image	review.	
	

Participant	expenses	

As	stated	above,	participants	will	 receive	 reimbursement,	 following	 their	 scan,	 for	 their	 travel	
expenses	upon	submission	of	a	parking	receipt,	public	transport	ticket	/	receipt,	or	taxi	receipt,	
to	and	from	Mater	Misericordiae	University	Hospital	or	Sports	Surgery	Clinic,	and	will	receive	a	
token	gift	voucher	to	the	value	of	€20	as	a	thank	you	gesture.	
	

Are	there	any	restrictions	on	what	I	might	eat	or	do?	

You	do	not	need	to	fast	before	or	after	the	MRI	scan	and	thus	you	can	eat	and	drink	as	normal.	
	

What	if	something	goes	wrong?	

There	are	minimal	 risks	associated	with	 your	participation	 in	 this	 study,	 and	 the	 study	 is	 fully	
compliant	with	ethical	guidelines.		Appropriate	insurance	and	indemnity	is	in	place	to	cover	any	
unforeseen	/	unexpected	eventualities.	
	

Confidentiality	–	who	will	know	I	am	taking	part	in	the	study?	

Your	involvement	and	identity	will	be	protected	throughout	the	study.		All	information,	which	is	
collected	 about	 you	 during	 the	 course	 of	 this	 research	will	 be	 kept	 strictly	 confidential.	 	 Any	
information	about	you,	which	leaves	the	hospital,	will	contain	no	information	as	to	your	identity	
so	that	you	cannot	be	recognised	from	it.	
	

GP	notification	

It	 is	 normal	 practice	 for	 your	GP	 to	 be	notified	of	 your	 participation	 as	 a	 volunteer	 in	 such	 a	
research	study.	 	By	signing	the	consent	form,	you	are	agreeing	to	participate	in	the	study,	and	
also	 for	 this	 notification	 to	 be	 issued.	 	 In	 the	 unlikely	 scenario	 of	 any	 abnormalities	 being	
detected	on	the	MRI	examination,	we	will	write	to	your	GP	to	advise	him	/	her	of	these	findings.	
	

Hospital	research	ethics	committee	approval	
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This	 study	has	been	approved	by	 the	Mater	Misericordiae	University	Hospital	Research	Ethics	
Committee	and	has	received	exemptions	 from	ethical	approval	 from	University	College	Dublin	
and	the	Sports	surgery	Clinic	on	this	basis.	

	

	

What	will	happen	to	the	results	of	the	study?	

Based	on	your	participation	and	that	of	other	volunteers,	the	findings	of	this	phase	of	the	study,	
will	 be	 used	 to	 allow	 us	 to	 optimise	 the	 diffusion	weighted	 imaging	MR	 pulse	 sequence	 and	
scanning	technique.	 	The	methodology	 for	 this	will	 form	part	of	a	 research	thesis	and	may	be	
presented	at	scientific	conferences	or	form	part	of	a	scientific	publication.	
	

If	you	require	any	further	information	

If	you	require	any	further	 information	or	have	any	questions	relating	to	this	study,	please	feel	
free	to	contact:	
	

Ms.	Abrar	Alqattan	 	 086	-	050	5756	 	 	 abrar.alqattan@ucdconnect.ie	
Dr.	Jonathan	McNulty	 01	-	716	6546	 	 	 jonathan.mcnulty@ucd.ie	
Ms.	Allison	McGee	 	 01	-	716	6546	 	 	 allison.mcgee@ucd.ie	
	
Please	also	feel	free	to	contact	your	GP	for	advice	relating	to	your	participation.	
	
Voluntary	participation	
Participation	in	this	study	is	entirely	voluntary,	and	you	may	withdraw	at	any	time	without	giving	
a	reason.	
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The	role	of	advanced	magnetic	resonance	imaging	(MRI)	techniques	in	the	evaluation	
of	bone	bruising	of	the	knee	

	
										Participant	Information	Leaflet	

													Patient	phase	
	
Invitation	for	research	participation	

We	would	like	to	invite	you	to	participate	in	this	research	study	and	would	first	ask	you	to	take	
the	time	to	carefully	read	this	information	leaflet	before	deciding	whether	or	not	to	take	part.	
Please	feel	free	to	ask	for	further	information	at	any	point.	
	

What	is	the	purpose	of	the	study?	

The	aim	of	this	research	is	to	evaluate	the	use	of	a	magnetic	resonance	imaging	(MRI)	technique	
called	 diffusion-weighted	 imaging	 (DWI)	 for	 the	 examination	 of	 bone	 bruises	 associated	with	
injuries	to	the	small	ligaments	of	the	knee	joint,	particularly	the	anterior	cruciate	ligament.		DWI	
is	 a	promising	 technique	which	may	be	added	 to	 the	 standard	knee	MR	 scanning	protocol	 to	
provide	 further	 useful	 diagnostic	 information	 and,	 potentially,	 provide	 information	 on	 the	
severity	of	any	bone	bruising	and	the	likely	impact	on	healing	recovery.	

In	this	phase	of	the	research	study,	we	are	recruiting	patients	with	suspected	anterior	cruciate	
ligament	 (ACL)	 injury.	 You	 have	 been	 identified	 as	 being	 in	 this	 category	 following	 a	 clinical	
examination	 by	 a	 sports	 medicine	 physician,	 sports	 physiotherapist,	 or	 orthopaedic	 surgeon,	
and/or	an	initial	diagnostic	MRI	scan.		This	phase	will	be	used	to	characterise	the	size,	location	
and	extent	of	ACL	injury-related	bone	bruises	on	the	standard	MRI	images	as	well	as	providing	
DWI	data	related	to	this	bruising.	
	

Who	is	organising	and	funding	the	study?	

This	 study	 is	 being	 led	 by	 Professor	 Stephen	 Eustace,	 Consultant	 Radiologist	 at	 Mater	
Misericordiae	 University	 Hospital,	 and	 Dr.	 Jonathan	 McNulty,	 Assistant	 Professor	 and	
Researcher	in	the	School	of	Medicine,	University	College	Dublin	(UCD).		Its	methods	and	findings	
will	form	part	of	a	research	degree	being	undertaken	by	Ms.	Abrar	Alqattan.		Ms.	Allison	McGee,	
Assistant	 Professor	 and	 Researcher	 in	 the	 UCD	 School	 of	 Medicine,	 Dr.	 Eamonn	 Delahunt,	
Associate	Professor	and	Researcher	in	the	UCD	School	of	Public	Health,	Physiotherapy	&	Sports	
Science,	 and	 Professor	 Cathal	Moran,	 Chair	 of	 Orthopaedics	 &	 Sports	Medicine	 /	 Consultant	
Orthopaedic	Surgeon,	Sports	Surgery	Clinic	and	Trinity	College	Dublin,	are	also	collaborating	in	
this	research	project.		

This	 study	 is	 part-funded	 by	 the	 Kuwait	 Cultural	Office,	 Dublin,	who	 are	 providing	 a	 research	
scholarship	to	Ms.	Alqattan.	
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What	will	happen	to	me	if	I	take	a	part?	

In	this	phase	of	the	research	study,	we	are	recruiting	patients	with	suspected	anterior	cruciate	
ligament	 (ACL)	 injury.	 You	 have	 been	 identified	 as	 being	 in	 this	 category	 following	 a	 clinical	
examination	 by	 a	 sports	 medicine	 physician,	 sports	 physiotherapist,	 or	 orthopaedic	 surgeon	
following	a	clinical	assessment,	and/or	an	initial	diagnostic	MRI	scan.	If	you	agree	to	participate,	
you	will	first	be	invited	to	complete	a	consent	form	by	a	member	of	the	research	team	before	
being	 asked	 to	 complete	 a	 standard	 MR	 safety	 questionnaire.	 	 You	 will	 then	 be	 invited	 to	
undergo	 an	MRI	 scan	 at	Mater	Misericordiae	University	Hospital	 or	 the	 Sports	 Surgery	 Clinic,	
Santry,	on	a	specified	date	and	time	approximately	3-6	weeks	following	your	injury.			

On	 arrival	 at	 the	 MRI	 department,	 your	 consent	 form	 and	 MRI	 safety	 questionnaire	 will	 be	
reviewed	 and	 a	 member	 of	 the	 research	 team	 will	 ask	 you	 to	 complete	 two	 further	 short	
research	questionnaires	 relating	 to	your	 injury.	You	will	 then	be	asked	 to	change	 into	a	gown	
and	the	MRI	examination	will	be	explained	to	you	by	the	radiographer.	You	will	then	be	asked	to	
lie	 flat	 on	 your	 back	 on	 the	MRI	 scanner	 table	which	will	 then	move	 you,	 feet	 first,	 into	 the	
open-ended	 MRI	 scanner	 with	 your	 head	 outside	 the	 scanner.	 You	 will	 be	 given	 a	 set	 of	
headphones	to	reduce	the	noise	levels	associated	with	the	MRI	scan	and	also	a	call	bell	to	hold	
should	you	need	to	contact	the	radiographer	during	the	examination.	 	You	will	be	required	to	
keep	 your	 leg	 still	 for	 the	 duration	 of	 the	 scan,	which	 should	 last	 approximately	 30	minutes.	
Separately,	 if	 you	 undergo	 surgery	 for	 your	 injury	 we	 will	 request	 some	 information	 on	 the	
procedure	from	your	surgical	team.	

As	this	is	a	longitudinal	study,	and	we	want	to	monitor	the	healing	processes	within	your	knee,	
you	 will	 be	 invited	 to	 attend	 for	 two	 further	 scans	 approximately	 3	 months	 and	 6	 months	
following	your	injury.	

After	 each	 scan,	 you	will	 receive	 reimbursement	 of	 your	 travel	 expenses	 to	 and	 from	Mater	
Misericordiae	University	Hospital	or	Sport	Surgery	Clinic	and	a	token	gift	voucher	as	a	thank	you	
gesture.	

Participation	in	the	research	is	entirely	voluntary	and	it	is	up	to	you	to	decide	whether	or	not	to	
take	part.		You	are	free	to	withdraw	your	participation	at	any	time.	
	

What	are	the	possible	risks	of	taking	part?	

MRI	is	considered	to	be	a	very	safe	procedure	with	no	known	side	effects	and	does	not	involve	
any	radiation	exposure.	 	However,	because	MRI	uses	a	very	powerful	magnet,	there	are	some	
risks	associated	with	metallic	objects,	on	or	in	the	body,	being	brought	into	the	scan	room.		The	
MRI	safety	screening	questionnaire,	which	you	will	be	asked	to	complete,	together	with	a	pre-
examination	interview	by	the	radiographer,	will	be	used	to	make	sure	that	this	risk	is	avoided.	

It	 is	 not	 possible	 for	 some	 individuals	 to	 have	 an	 MRI	 scan,	 and	 this	 would	 exclude	 these	
individuals	 from	participating	 in	 this	 study.	 	 Individuals	who	have	 any	 of	 the	 following	 in	 situ	
cannot	undergo	an	MRI	scan:	a	pacemaker;	ear	or	eye	implants;	metal	implants;	metal		



 293	

 

 
 
  

	
	

DW-MR	Knee	Information	Leaflet	–	Patient	Study	Ver4	11.09.2018	 	 3	
	

aneurysm	clips;	 insulin	pump;	patients	with	artificial	 heart	 valves;	metallic	 intraorbital	 foreign	
bodies.	

While	the	risks	to	the	unborn	child	are	minimal,	the	pregnancy	status	of	female	participants	will	
be	checked	prior	to	the	MRI	scan,	and	an	MRI	scan	will	not	be	performed	where	pregnancy	 is	
known	or	suspected.	

Finally,	because	of	 the	relatively	enclosed	nature	of	 the	MRI	scanner,	and	 the	duration	of	 the	
study,	some	people	may	become	anxious.		Thus,	individuals	with	a	history	of	claustrophobia	will	
also	be	excluded	from	participating.	
	

What	are	the	benefits	of	taking	part	in	this	study?	

This	study	will	not	impact	on	the	care	you	are	receiving	for	your	injury	or	any	diagnostic	tests	or	
treatments	you	will	 receive.	By	participating	 in	 this	 study,	 you	are	helping	us	 to	gain	a	better	
understanding	of	the	use	of	diffusion-weighted	imaging	(DWI)	in	the	knee	joint	and	its	ability	to	
provide	us	with	a	greater	understanding	of	the	bone	bruises	associated	with	this	type	of	injury	
and	their	healing	processes.	

You	will	be	informed	if	new	information	about	this	study	becomes	available	which	might	affect	
your	willingness	to	continue	taking	part.		A	member	of	the	research	team	will	talk	to	you	about	
this	 and	 discuss	 with	 you	 whether	 you	 want	 to	 continue	 in	 the	 study.	 	 If	 at	 any	 time	 the	
researchers	consider	it	in	your	best	interest,	they	will	withdraw	you	from	this	study	and	explain	
the	reasons	directly	to	you.	
	

Is	anybody	being	paid	based	on	my	participation	in	the	study?	

The	 sponsor	 of	 this	 study	will	make	 payment	 to	Mater	Misericordiae	University	 Hospital	 and	
Sports	 Surgery	 Clinic	 for	 the	 use	 of	 the	 MRI	 scanner	 and	 to	 cover	 the	 staffing	 required	 to	
perform	the	knee	MR	scanning	examinations	and	image	review.	
	

Participant	expenses	

As	stated	above,	participants	will	 receive	 reimbursement,	 following	 their	 scan,	 for	 their	 travel	
expenses	upon	submission	of	a	parking	receipt,	public	transport	ticket	/	receipt,	or	taxi	receipt,	
to	and	from	Mater	Misericordiae	University	Hospital	or	Sport	Surgery	Clinic,	and	will	receive	a	
token	gift	voucher	to	the	value	of	€20	as	a	thank	you	gesture.	
	

Are	there	any	restrictions	on	what	I	might	eat	or	do?	

You	do	not	need	to	fast	before	or	after	the	MRI	scan	and	thus	you	can	eat	and	drink	as	normal.	
	

What	if	something	goes	wrong?	

There	are	minimal	 risks	associated	with	 your	participation	 in	 this	 study,	 and	 the	 study	 is	 fully	
compliant	with	ethical	guidelines.		Appropriate	insurance	and	indemnity	is	in	place	to	cover	any	
unforeseen	/	unexpected	eventualities.	
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Confidentiality	–	who	will	know	I	am	taking	part	in	the	study?	

Your	involvement	and	identity	will	be	protected	throughout	the	study.		All	information,	which	is	
collected	 about	 you	 during	 the	 course	 of	 this	 research	will	 be	 kept	 strictly	 confidential.	 	 Any	
information	about	you,	which	leaves	the	hospital,	will	contain	no	information	as	to	your	identity	
so	that	you	cannot	be	recognised	from	it.	
	

GP	notification	

It	 is	 normal	 practice	 for	 your	GP	 to	 be	notified	of	 your	 participation	 as	 a	 volunteer	 in	 such	 a	
research	study.	 	By	signing	the	consent	form,	you	are	agreeing	to	participate	in	the	study,	and	
also	for	this	notification	to	be	issued.		In	the	unlikely	scenario	of	any	abnormalities,	unrelated	to	
your	injury,	being	detected	on	the	MRI	examination,	we	will	write	to	your	GP	to	advise	him	/	her	
of	these	findings.	
	

Hospital	research	ethics	committee	approval	

This	 study	has	been	approved	by	 the	Mater	Misericordiae	University	Hospital	Research	Ethics	
Committee	and	has	received	exemptions	 from	ethical	approval	 from	University	College	Dublin	
and	the	Sports	surgery	Clinic	on	this	basis.	
	

What	will	happen	to	the	results	of	the	study?	

Based	on	your	participation	and	that	of	other	volunteers,	the	findings	of	this	study,	will	be	used	
to	 provide	 us	 with	 an	 understanding	 of	 the	 potential	 role	 of	 DWI	 in	 the	 evaluation	 of	 bone	
bruising	associated	with	ACL	 injuries.	 	Findings	will	 form	part	of	a	 research	 thesis	and	may	be	
presented	at	scientific	conferences	or	form	part	of	scientific	publications.	
	

If	you	require	any	further	information	

If	you	require	any	further	 information	or	have	any	questions	relating	to	this	study,	please	feel	
free	to	contact:	

Ms.	Abrar	Alqattan	 	 086	-	050	5756	 	 abrar.alqattan@ucdconnect.ie	
Dr.	Jonathan	McNulty		 01	-	716	6546	 	 	 jonathan.mcnulty@ucd.ie	
Ms.	Allison	McGee	 	 01	-	716	6546	 	 	 allison.mcgee@ucd.ie	
Please	also	feel	free	to	contact	your	GP	for	advice	relating	to	your	participation.	
	

Voluntary	participation	
Participation	in	this	study	is	entirely	voluntary,	and	you	may	withdraw	at	any	time	without	giving	
a	reason.	
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Healthy Volunteer Flyer - Version 3  11.9.2018 

 

  

 

 

1

What is MRI? 

What is the purpose of the study? 

 

• Healthy Adults (18-35 years) 
• No Knee trauma or injury 

What to expect during the scan? 

2

 

Healthy Volunteer study 

MRI exclusion criteria: 

If interested in participating contact: 
 

Ms. Abrar Alqattan, PhD Student, 
School of Medicine, University College 

Dublin 
086 - 0505756 

abrar.alqattan@ucdconnect.ie 
 

The Principal Investigator in this study is 
Dr. Jonathan McNulty, School of 

Medicine, UCD 

20 € 
Gift 

voucher 
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Patients with ACL tears needed for knee bone 
bruising study 

	
The	role	of	advanced	MRI	techniques	in	the	evaluation	of	bone	bruising	of	the	knee	

Aim: 	
In	this	research	we	are	evaluating	the	use	of	a	magnetic	resonance	imaging	(MRI)	technique	called	diffusion-weighted	
imaging	(DWI)	for	the	examination	of	bone	bruises	associated	with	injuries	to	the	small	ligaments	of	the	knee	joint,	
particularly	the	anterior	cruciate	ligament.	This	phase	will	be	used	to	characterise	the	size,	location	and	extent	of	ACL	
injury-related	bone	bruises	on	the	standard	MRI	images	as	well	as	providing	DWI	data	related	to	this	bruising.	
Who are we looking for? Patients	between	18	–	35	years	with	acute	anterior	cruciate	ligament	(ACL)	injury  

		
The	 research	 team	are:	Dr.	 Jonathan	McNulty	 (UCD	School	of	Medicine),	Prof.	Cathal	Moran	 (Sports	Surgery	Clinic	
and	TCD),	Prof.	Steve	Eustace	(MMUH),	Dr.	Eamonn	Delahunt	(UCD	Sports	Science),	Ms.	Allison	McGee	(UCD	School	
of	Medicine),	and	Ms.	Abrar	Alqattan	(UCD	School	of	Medicine).	
	
If	you	have	a	patient	with	a	recent	ACL	tear,	with	an	interest	in	participating	in	this	study,	please	provide	them	with	a	
patient	information	leaflet.	For	further	information	please	contact:	
Ms.	Abrar	Alqattan	 	 086	-	050	5756	 	 	 abrar.alqattan@ucdconnect.ie	
Dr.	Jonathan	McNulty	 01	-	716	6546	 	 	 jonathan.mcnulty@ucd.ie	
Ms.	Allison	McGee	 	 01	-	716	6546	 	 	 allison.mcgee@ucd.ie	

The	initial	scan	will	take	place	approximately	3-6	weeks	post	injury.		
	

Scans	will	take	place	in	either	the	Mater	Misericordiae	University	Hospital	or	the	Sports	Surgery	Clinic,	Santry.		
	

As	 this	 is	 a	 longitudinal	 study,	 and	we	want	 to	monitor	 the	 natural	 history	 of	 the	 bone	 bruises	 so	 patient	
volunteers	will	be	 invited	 to	attend	 for	 two	 further	 scans	approximately	3	months	and	6	months	following	
their	injury.	
Participation	 in	 this	 study	 is	entirely	 voluntary,	and	 volunteers	may	withdraw	at	any	 time	without	 giving	 a	
reason.	

	

Volunteers	will	receive	reimbursement	for	travel	expenses	to	and	from	the	scan	site	and	a	token	gift	voucher.	
	

We	would	also	require	access	to	your	patients’	initial,	diagnostic,	MRI	and	details	of	any	surgery	undertaken.	
	

The possible risks: 
MRI	 is	considered	to	be	a	very	safe	procedure	with	no	
known	side	effects	and	does	not	 involve	any	radiation	
exposure.		However,	because	MRI	uses	a	very	powerful	
magnet,	 there	are	 some	 risks	associated	with	metallic	
objects,	on	or	in	the	body,	being	brought	into	the	scan	
room.	 	The	MRI	 safety	 screening	questionnaire,	which	
your	patient	will	be	asked	to	complete,	together	with	a	
pre-examination	interview	by	the	radiographer,	will	be	
used	to	make	sure	that	this	risk	is	avoided. 

The benefits of taking part in the study 
This	 study	 will	 not	 impact	 on	 your	 patients	 care	
which	 they	 are	 receiving	 for	 their	 injury	 or	 any	
diagnostic	tests	or	treatments	they	will	 receive.	By	
participating	in	this	study,	your	patient	is	helping	us	
to	gain	a	better	understanding	of	the	use	of	DWI	in	
the	 knee	 joint	 and	 its	 ability	 to	 provide	 us	with	 a	
greater	 understanding	 of	 the	 bone	 bruises	
associated	with	this	type	of	injury	and	their	healing	
processes.	
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Appendix VIII 
 
 
 
Conference Dissemination  
 
 

Irish MRI Meeting (IMRIM) Faculty of Radiologists, Royal 
College of Surgeons in Ireland 
Quantitative diffusion-weighted magnetic resonance imaging 

of the knee 
 

 

 
European Congress of Radiology (ECR)  
Quantitative diffusion-weighted knee MR imaging and ADC 

mapping in healthy volunteers. 
 

 

 

Future work:  European Congress of Radiology (ECR)  
Impact of Phase-encoding direction on calculated ADC in 

DWI-MRI of normal bone marrow in the distal femur and 

proximal tibial   

26th-Jan-2019,      
 Co. Kilkenny / 

Ireland 
	

27th-Feb-2019,      
 Vienna, Austria	

July-2020      
 Vienna, Austria	
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