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Synopsis 
 

Despite pathological diversity, chronic kidney disease and acute kidney injury are 

inextricably linked in a perpetual cycle of renal and cardiovascular damage and 

decline.  

In the 21st century, CKD is considered a global health crisis; comparatively, AKI is an 

emergent and escalating healthcare concern, the true scale of which is still to be 

established.  Persons with CKD experience more episodes of AKI compared to 

individuals without established renal disease. Equally, those afflicted by AKI have an 

increased prospect of advancing to CKD and ESRF than those not afflicted by AKI.  

Within CKD and AKI  populations, the capability to predict progressive renal function 

decline remains elusive. In CKD populations, previous renal trajectory can be used to 

predict future renal decline. However, historic serum biochemistry data is often 

incomplete or absent. Predicting renal outcomes in the AKI population is even more 

challenging; in many, there is an apparent biochemical recovery on the background of 

significant renal parenchymal damage. As a result, insidious and undetected renal 

disease often develops to CKD and ESRF, as does the secondary cardiovascular 

sequelae of renal disease.  

CKD and AKI are associated with a significant risk of developing end-stage renal 

failure and are connected by an increased cardiovascular burden. In particular, persons 

with CKD are more likely to die of cardiovascular disease than reach end-stage renal 

failure. Most patients with ESRF have established and substantial cardiovascular 

disease that continues to amass on renal replacement therapy. Equally, AKI  episodes 

are associated with higher all-cause and cardiovascular mortality rates, that remains 

for many years after hospital discharge.  

The work in this thesis aims to develop cardiac and renal imaging in the assessment 

of individuals with renal disease. The first half of the thesis is dedicated to 

understanding cardiovascular morbidity in acute and chronic renal replacement 

therapy.  

Firstly, thirteen individuals requiring acute RRT for AKI  were assessed using 

intradialytic echocardiography and speckle-tracking software.  Acute reductions in 
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cardiac function in response to therapy were identified in all participants. The pattern 

of segmental LV dysfunction was suggestive of subclinical myocardial ischaemia and 

persisted after the dialysis cessation. 

Secondly, a post hoc analysis study of ten individuals requiring chronic haemodialysis 

was performed.  Assessments of systolic and diastolic dysfunction were produced 

from intradialytic cardiac magnetic resonance images. Systolic and diastolic 

dysfunction were independently, adversely affected by dialysis and these 

deteriorations were related with ultrafiltration volume and rate.  

The second half of the thesis relates to the application of renal multiparametric 

magnetic resonance imaging to the understanding of pathophysiological processes in 

AKI and CKD.  

The initial multiparametric study involved 49 participants; 25 had stable CKD stage 

3-4 and underwent serial renal functional and structural multiparametric magnetic 

resonance imaging(MRI).  Multiparametric MRI successfully differentiated between 

healthy and CKD cohorts. The CKD population showed excellent reproducibility  of 

MR measures. The functional and structural MR measures evidenced smaller renal 

volumes, reduced perfusion, increased T1 values (suggesting increased 

inflammation/fibrosis) but no change in T2
* values (markers of renal parenchymal 

hypoxia). Importantly, biochemical and histological measures of renal disease 

correlated with MR measures. Longitudinally there was some evidence to suggest the 

detection of pathophysiological changes in spite of biochemical evidence to suggest 

clinical stability.  

The final multiparametric MRI study assessed ten individuals with AKI  stage 2/3. This 

study was the first to utilise multiparametric MRI to evaluate the pathophysiology of 

AKI by assessing renal function and structure both at the time of AKI and 

longitudinally into the post-AKI  recovery period. At the time of AKI injury, renal 

volume increased, renal perfusion declined, increased T1 values (suggesting increased 

inflammation) and decreased T2
* values, suggesting a decline in renal tissue hypoxia. 

Biochemical recovery occurred by 90-days; at this point, multiparametric results 

revealed a regression to normal physiology but not complete recovery. Renal volumes 

were still enlarged, a reduction in renal perfusion remained and increased markers of 

inflammation were still present. Many participantsô multiparametric measures had 

normalised at one year, but evidence of altered pathophysiology remained in others.  
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Chapter 1: Introduction  

 

1.1 The History of Acute Kidney Injury  

 

The first description of AKI was in the fifth century BC by Greek physicians[1].   

After witnessing the decline in urine output, Hippocrates said, ñexternal hurt is causing 

haemorrhage of the capillaries and the destruction of renal parenchymaò.  

An insightful, detailed and summative description of acute renal injury, which the 

Greek physicians termed ñrenal inflammationò and resulted from crushes injuries and 

poisoning. 

Much like modern medicine, Greek physicians studied patient signs and symptoms, 

paying particular attention to changes in urine output.  

Oreibisios of Pergamos eloquently and accurately described the certainty of death if 

the oliguria was not followed by polyuria [2].  

The 18th century brought new interests and insights into the understanding of renal 

injury. ñIschuria renalisò was coined by Giovanni Morgagni, an Italian anatomist[3], 

to define single-organ renal failure. William Heberden, a London physician, further 

expanded the definition to include a clinical syndrome. He famously quoted, ñthe 

worst ischuria is that in which the kidneys secret no urine from the bloodò[4].  

 

The work into understanding acute kidney injury continued into the 19th century, aided 

by the invention of the microscope.  Kidneys were examined post mortem and urine 

was examined for casts. Richard Bright described renal disease associated with 

albuminuria and classified an acute and chronic clinical course. Subsequently, ñAcute 

Brightôs Nephritis/Diseaseò replaced ñIschuria renalisò and suspected causes included 

pregnancy, trauma, cold and toxins[5].  

 

The pathological process causing Acute Brightôs Disease was explained as 

ñparenchymatous degeneration of the kidneysò.  In the following quote, the linguistic 

symmetry to the term AKI  and pathophysiological accuracy of our current 
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understanding of acute tubular injury[6] is remarkable. óóThe acute morbid process 

which seems to belong to the epithelium of the tubesé and a growth of new cells, to 

take the place of the desquamated epithelium. All these changes are most marked in 

the convoluted tubesô[7].  

The period from the 17th to 20th century saw a rise in crush related injuries and 

rhabdomyolysis induced AKI . These injuries were in response to the glut of combat 

seen in the American civil war, World War I and World War II. In addition, during 

this time, identifying acute kidney failure was further improved the ability to measure 

serum urea levels[7].  

 

The subsequent significant development in the history of acute kidney injury was 

during World War II. A case series describing ñacute renal failureò as oliguria and the 

retention of nitrogen waste products was published after four patients died after 

presenting with AKI, muscle necrosis and cardiovascular shock. The patients 

developed acute renal failure after sustaining crush injuries during the Blitz in 1941. 

Renal histology again showed damage to the tubules and brown pigmented casts in 

the urine[8].  

The four patients described in the case series suffered from rhabdomyolysis. A 

condition that arises from sustained and significant muscle breakdown occurs. The 

damaged muscle cells release myoglobin. However, myoglobin molecules are too 

large to pass through the tubules lumina and cause intraluminal obstruction and 

toxicity to the tubules [9]. Thus, Bywaters finding and pivotal paper changed the 

terminology from Acute Brights disease to Acute Renal Failure. Fifty years later, the 

pathological process responsible for causing acute renal failure in rhabdomyolysis was 

described in a review article by the original author of the case series[10]. Figure 1.1 is 

from the original Bywaters et al. article and demonstrates  an illustration from Case 

2ôs notes describing rhabdomyolysis in a blitz victim[8].  
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FIGURE 1.1, OBSERVATION CHART, DETAILING THE CLINICAL COURSE OF AN ADMISSION 

SECONDARY TO ñARFò FROM RHABDOMYOLYSIS THE ORIGINAL BYWATERS PAPER. 

 

ñAcute renal failureò was used to characterise a syndrome occurring due to a urea and 

creatinine rise and oliguria/anuria. Mainly applied to define those with severe renal 

impairment requiring dialysis or intensive care admission. However, a precise 

quantitative unifying definition remained elusive. Before a formalised definition for 

acute kidney injury was established, around 35 different terminologies could be found 

in the medical literature[11]. The discrepancies in the definitions of ARF even varied 

between hospitals within the same country. The inconsistencies led to the missed 

diagnosis of AKI , and equally, the lack of uniformity made comparing data across 

different units very challenging, if not impossible.  

 

In 2002 the Acute Dialysis Quality Initiative[12] organised an international consensus 

of nephrologists and intensivists. As a result, the term acute kidney injury replaced the 

terminology of acute renal failure. AKI  was defined as an abrupt decline in renal 

function (between 1 ï 7 days), lasting for more than 24 hours. The stages were 
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classified by the degree in serum creatinine rise for an individual or the degree in the 

decline of glomerular filtration rate or urine output[13]. The classification tool was 

named RIFLE, an acronym from the various stages R= Risk, I=Injury, F=Failure, 

L=loss, E= end-stage renal disease. In the new definition, risk, injury and failure were 

stages of severity of the AKI.  Loss and end-stage renal disease were considered acute 

kidney injury outcomes[12]. The RIFLE criteria are illustrated in Figure 1.2.  

 

 

FIGURE 1.2, ILLUSTRATES THE RIFLE CLASSIFICATION SYSTEM. * (SCREAT = SERUM 

CREATININE, GFR = GLOMERULAR FILTRATION RATE, ARF = ACUTE RENAL FAILURE, 

ESKD = END STAGE KIDNEY DISEASE. ML /KG/H= MILLILITRE / KILOGRAM / HOUR). 

 

The RIFLE tool gained widespread acceptance by physicians, nephrologists and 

intensivists. It was the first classification tool to describe and identify the staging of 

AKI . The new definitions of AKI used in the RIFLE criteria included patients 

previously not considered to have AKI , increasing the number of patients with a 

diagnosis of AKI  and exposing the scale of AKI in hospital medicine.   The RIFLE 

criteria has been validated in clinical studies, monitors the severity stage and outcomes 

of AKI  and is a good predictor of patient outcome[14]. 

The RIFLE classification was a step in the right direction but was accompanied by 

significant limitations. Firstly, the RIFLE classification is a combination of an AKI 

severity score and a patient outcome measure. As the first three categories define AKI 



23 
 

risk, injury, and failure in the acute context but the latter two categories loss and ESRF 

are more long-term outcome measures.  This combined classification  caused 

confusion in clinical practice[15].  

Secondly, the RIFLE severity score components include increases in creatinine and 

percentage declines in glomerular filtration rate values from the patientsô baseline 

values. The MDRD and eGFR-EPI equations are only valid in individuals with stable 

renal function and neither equation is valid in AKI  [16]. Therefore, the use of 

percentage changes of eGFR in AKI classifications can miss or underestimate AKI  

severity.  

Finally, the RIFLE classification is dependent on baseline renal function for 

comparison. In individuals without a baseline eGFR, one is calculated based on age, 

gender, and ethnicity. The calculated eGFR predicts a normal eGFR, assumes and 

overlooks prior CKD in a cohort of individuals. Resulting in the over-diagnosing AKI  

in CKD populations[17]. 

 

The RIFLE classification contributed to the advancement in the understanding, 

diagnosis, and treatment of AKI . However, due to its limitations, it led nephrologists 

as part of the Acute Kidney Injury Network (AKIN) in 2007 to update and develop 

the classification system used in the assessment of AKI. AKIN divided the severity of 

AKI  into three stages based on changes in creatinine values and urine output within 

48 hours. Risk, injury and failure were renamed in individuals without a baseline renal 

function AKI stage 1, 2 and 3, respectively[18], these are demonstrated in Figure 1.3.   

The AKI stage 1a sub-category was introduced based on the work performed by 

Chertow et al.[19]. Chertow et al. mapped increased increments in serum creatinine 

levels and discovered that even relatively small increments in absolute serum 

creatinine rise of 26.5µmol/L or >0.3mg/dL from baseline resulted in higher mortality 

rates and increased hospital length of stay than individuals who did not experience 

increment rises. Individuals with AKI stage 1a incur a separate but lesser risk on 

hospital length of stay and mortality compared to those with AKI stage 1; creatinine 

increments equal to or greater than 150% of baseline creatinine. 
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The AKIN classification has additional criteria in AKI stage 3 category compared to 

the RIFLE-failure category. Those that require RRT for acidosis, hyperkalaemia, 

anuria and fluid overload are included in AKI stage 3, independent of the creatinine 

rise. Also included in AKI stage 3 are individuals with CKD, with a baseline creatinine 

greater than 353µmol/L and develop an absolute increase, equal to or greater than 

44.2µmol/L[18]. 

These additions to the original staging criteria capture more individuals with AKI  and 

capture more severe AKI .  

AKI  is associated with extended hospital stays[20], increased morbidity[21], 

mortality[22], the development of CKD and end-stage renal failure[23]. 

 

 

Classification/Staging System for Acute Kidney Injury 

 

Stage Serum Creatinine Criteria Urine Output Criteria 

1 

 

Increase in serum creatinine of more than or 

equal to 0.3mg/dl (Ó26.4Õmol/l) or increase to 

more than or equal to 150% to 200% (1.5-2-

fold) from baseline 

 

Less than 0.5ml/kg per 

hour for more than 6 hours 

2 

 

Increase in serum creatinine to more than 200% 

to 300% (>2-to3-fold) from baseline 

 

Less than 0.5ml/kg per 

hour for more than 12 

hours 

3 

 

Increase in serum creatinine to more than 300% 

(3-fold) from baseline (or serum creatinine of 

more than or equal to 4.0mg/dl (Ó354Õmol/l) 

with an acute increase of at least 0.5mg/dl 

(44µmol/l) 

 

Less than 0.3ml/kg per 

hour for 24 hours or 

anuria for 12 hours 

FIGURE 1.3, AKIN AKI  CLASSIFICATION SYSTEM. 

 

The international KDIGO (Kidney Disease: Improving Global Outcomes) are a multi-

disciplinary group.  KDIGO develop and implement clinical practise guidelines for 

kidney disease. In 2012 the KDIGO group published the first set of clinical guidelines 

on AKI; the policies are the latest evolutionary step in the strategic initiative to 

improve outcomes for patients with AKI. The guideline covers the definition, 
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classification, prevention and treatment of AKI[24]. In addition, the KDIGO 

guidelines also offer special circumstances in AKI, renal replacement therapy and 

complications of AKI[25]. 

 

1.2 Aetiology of Acute Kidney Injury  

 

AKI  is a clinical syndrome resulting from various pathologies that structurally damage 

the kidney parenchyma via various mechanisms. The absence of underlying aetiology 

within the AKIN classification is itsôs main drawback.  

The underlying aetiologies of AKI are broadly categorised into three main categories 

of pathology.  The top category comprises of pathologies that decrease of renal 

perfusion (pre-renal AKI ), followed by intrinsic damage to kidney parenchyma 

(intrinsic AKI) and urinary tract obstruction causing kidney damage (post-renal 

AKI )[26].  

Pre-renal AKI  can be divided into three pathology groups; reduced cardiac output, 

hypovolaemia and reduced renal artery perfusion[27]. 

The causes of intrinsic renal disease are considerable, but can be broadly divided into 

microvascular, interstitial, tubular and glomerular pathologies. The most common 

causes of intrinsic renal disease are diabetic nephropathy, glomerulonephropathies, 

acute tubular necrosis and nephrotoxins[28]. The term nephrotoxins is used to define 

drugs that directly damage renal parenchymal tissue injury or damage, these include 

penicillin or proton pump inhibitors that can cause tubulointerstitial nephritis or 

lithium and gentamicin which are directly toxic to the tubules. Often in the clinical 

environment nephrotoxins can be inappropriately used against ACEi/ARBs or 

diuretics. These medications can cause a decline in renal function in the context of 

altered haemodynamics but they are not directly damaging to renal parenchymal 

tissue.  Post-renal AKI  occurs when the urine outflow is obstructed at any point across 

the urinary tract system. The causes can vary significantly from centre to centre, but 

the most common category is pre-renal AKI, followed by intrinsic AKI, then post-

renal AKI[29]. These aetiology classifications are demonstrated in Table 1.1. 
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AKI Category 
Mechanism of 

Injury 
Examples of Causes 

 

Pre-renal AKI  

Renal 

Hypoperfusion 

 

 

Hypovolaemia 

 

Reduced cardiac 

output 

 

 

Reduced renal 

artery perfusion 

 

Sepsis, dehydration, burns, haemorrhage, anaphylaxis, 

hypotension, excessive diuretic and laxative use 

Heart failure, cardiogenic shock, significant pulmonary 

embolism, valvular disease 

Renal artery stenosis, embolism or renal artery infarct 

NSAIDs via afferent arteriolar constriction affect 

ACEi/ARBs which cause mainly efferent arteriolar 

constriction and in the context of altered 

haemodynamics cause AKI 

 

Intrinsic AKI  

Injury/inflammati

on/damage to 

renal 

parenchymal 

tissue 

 

 

Glomerular injury 

 

 

Tubular injury 

 

 

Interstitial injury 

 

 

 

Renal vascular 

injury 

 

Diabetic nephropathy  

Primary or secondary glomerulonephritis  

Amyloid 

Drugs: Gentamicin, cisplatin, lithium  

Acute tubular necrosis  

Rhabdomyolysis  

Sarcoid, tuberculosis 

Tubulointerstitial nephritis (TIN) secondary to drugs 

(proton pump inhibitors, penicillinôs, NSAIDs) 

Or inflammatory tubulointerstitial nephritis and uveitis  

Ischaemic nephropathy 

Hypertensive nephropathy 

Vasculitis 

Haemolytic uraemic syndrome 

Post-renal AKI  

Interruption of 

urine outflow 

Intrinsic or extrinsic 

compression of 

urinary tract 

Malignancy, stones, ureteric strictures, benign prostatic 

hypertrophy 

Retroperitoneal fibrosis 

TABLE 1.1, OUTLINES COMMON AKI AETIOLOGIES.  

NON-STEROIDAL ANTI-INFLAMMATORY DRUGS (NSAIDS), 

TUBULOINTERSTITIAL NEPHRITIS (TIN), ANGIOTENSIN-CONVERTING ENZYME 

INHIBITOR/ANGIOTENSIN II RECEPTOR BLOCKERS (ACEI/ARBS). 
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1.3 Effects of Acute Kidney Injury  

 

AKI  is a global problem that affects both people within the community and those 

admitted to hospital. It is estimated that AKI  affects 13-18% of all hospital 

admissions[30] and 36-67% of intensive care admissions[31]. Furthermore, the 

incidence of AKI  is escalating[32] and is predicted to double as the population 

ages[33]. The worse the AKI stage, the higher the inpatient mortality rate. However, 

all severities of AKI , independent of the underlying aetiology, are associated with 

increased short and long term-morbidity, mortality and an increased risk of chronic 

kidney disease[33, 34].   

 

1.3.1 Short Term Morbidity  

 

AKI is associated with more extended hospital stays than those without AKI  and as 

the severity of AKI increases, as does the length of hospital stay[33].  Equally, an 

episode of AKI is associated with a longer hospital stay compared to other single organ 

dysfunctions [35], as demonstrated by Figure 1.4.  

Longer hospital stays are a financial burden on the health service systems or the 

patient/families. In addition, hospital admissions are associated with an increased risk 

of pressure sores, venous thrombo-embolism, gastrointestinal bleeding and increased 

hospital-acquired infections[36]. Extended length of stays secondary to AKI also 

increases the exposure to secondary complications of hospital admissions. In 

particular, the elderly afflicted with AKI  are at an increased risk of secondary 

complications than their younger counterparts[37]. Post coronary angiography 

associated AKI  episodes are more likely to suffer from complications including 

myocardial infarction, vessel re-occlusion, post-procedural bleeding and the need for 

intensive care admission for organ support[38].  

These added secondary complications may indicate the severity of the acute illness 

leading to AKI and other organ dysfunction[39]. A severe episode of sepsis will cause 

AKI secondary to hypotension and hypovolaemia. In addition, a severe episode of 

sepsis will cause acute morbidity leaving the individual susceptible to hospital-related 

complications, for example, immobility, anorexia, pressure sores.   
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Alternatively, the secondary complications may be due to the systemic pathological 

processes that arise secondary to an episode of AKI.  AKI experiments in animal 

models have revealed distant organ injury, likely secondary inflammatory pathways 

[40]. Renal ischaemia-reperfusion injury in rats leads to cardiac cell death and 

subsequent left ventricular dysfunction, associated with an elevation in systemic 

cytokine levels. Extra-renal injuries were not found in control rats or other studies 

involving unilateral nephrectomies[41]. Acute lung injury (ALI) and AKI commonly 

occur together in the intensive care setting; the mortality exceeds 80% when ALI and 

AKI are combined.  

Animal model studies have demonstrated ALI occurs after ischemia-induced 

reperfusion injury.  Lung vascular permeability increases due to cytokines (in 

particular interleukin-6) released from the damaged renal vascular endothelium. The 

inflammatory release downregulates lung sodium and water transporters resulting in 

alveolar oedema.[42]. In clinical studies following coronary artery bypass graft 

surgery, individuals with more severe episodes of AKI are more likely to suffer 

respiratory distress, failure and require ventilation[43].  

Similar to the AKI-induced ALI, rodent models have demonstrated that AKI-related 

cytokine release results in increased brain-specific inflammatory proteins and 

subsequent proliferation in cerebral vascular permeability[44].  

 

FIGURE 01.4,  ILLUSTRATES THE MEDIAN LENGTH OF STAY FOR EACH ORGAN  

DYSFUNCTION[45].  
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1.3.2 Hospital Mortality  

 

Hospital mortality rates are hugely increased in patients who sustain AKI. Liangos et 

al.[45] retrospectively investigated the case records of approximately 30 million 

patients notes, of which about half a million patients had AKI . The study revealed that 

those affected by an episode of AKI had a 4.1 higher odds ratio (age, gender, ethnicity 

and co-morbid conditions matched) for hospital death by comparison to their 

counterparts without AKI . 

Similar to short-term morbidity, AKI severity is associated with higher mortality rates. 

One paper published comparatively high mortality rates; AKI stage 1 has a 17-20% 

mortality rate versus AKI stage 3, which has a 50-56% mortality rate[23].  

Mortality is even higher in AKI patients who require renal replacement therapy, with 

rates exceeding 50%[45] whilst patients with AKI admitted to intensive care units 

have mortality rates up to 60%[23].  

A retrospective study by Woodrow et al.[46] spanning three decades, investigated 

1500 patient case files for death in those admitted with AKI. Cardiovascular causes 

accounted for approximately 43% of the causes of death. A more recent study on post 

cardiothoracic surgery mortality has mirrored a similar proportion of cardiovascular 

deaths in those with AKI , approximately 54%. The second most common cause of 

death was sepsis 28% [39]. 

Conversely,  AKI on the background of cardiovascular conditions, heart failure [47], 

myocardial infarction[48] is associated with an increased risk of end-stage renal 

disease, increased morbidity[49] and mortality[43].  

 

1.3.3 Renal Recovery 

 

AKI does not entirely resolve in all those affected, and many individuals develop 

CKD. However, the actual proportion developing CKD is clouded by uncertainty 

surrounding the definition of AKI recovery. Until recently there has been no agreed 

or unifying definition of renal recovery following AKI[50]. There is considerable 

variation in the definition of renal recovery between published studies and all of the 

following descriptions of renal end-points have been used: independence from renal 



30 
 

replacement therapy; estimated GFR greater than 30mls/min/m2[51]; serum creatinine 

changes returning to less than 10%[52], 25%[53], or 50%[39]  of the baseline 

creatinine value. The definition for length of time to achieve renal recovery has also 

varied considerably in literature; at hospital discharge, 7-days[52], 30-days[51] or at 

90-days post-discharge. The evidence summarised in the KDIGO guidelines suggests 

if recovery does not occur  by 90-days post-discharge from hospital[25], CKD has 

developed.   

 

The latest consensus defining the different stages in the post-AKI period are from the 

acute disease quality initiative (ADQI)[50].  Transient AKI is defined as the return to 

baseline serum creatinine values and normal urine output within 48 hours of the onset 

of AKI[54]. Persistent AKI is defined as AKI lasting for 2-7 days, if renal recovery 

has not been achieved by day 7, acute kidney disease (AKD) has developed and can 

be further quantified into stages of increasing severity. AKD is a result of persistent 

injury or inflammation and continues for a period of 90 days. If renal recovery is not 

achieved by 90 days, then CKD is established (Figure1.5). 

 

 

 

FIGURE 1.5, DEMONSTRATES THE ADQI (ACUTE DISEASE QUALITY INITIATIVE ) POST 

AKI RECOVERY OUTCOMES.  

(RRT: RENAL REPLACEMENT THERAPY. SCR: SERUM CREATININE. AKI : ACUTE KIDNEY 

INJURY. AKD: ACUTE KIDNEY DISEASE. CKD: CHRONIC KIDNEY DISEASE) 

 

Despite these staging criterion, assessing AKI recovery remains challenging due to 

various factors affecting the generation of creatinine, age, gender, muscle mass, and 

diet under a state of flux[55]. In addition, muscle mass declines rapidly during 

inpatient stays and considerably more in the critically ill; the reduction in muscle mass 
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results in the decline of serum creatinine[56]. Additionally, critically ill patients are in 

high catabolic states and require more protein and calorific intake, further altering 

creatinine generation[57]. The factors detailed all result in lower creatinine values 

leading to a false sense of security when creatinine values return to baseline and the 

return of creatinine values back to a normal baseline can still occur in the setting of 

incomplete renal recovery[58] secondary to the above factors.  

 

Furthermore, depending on the cause of AKI and the severity of the insult, renal tissue 

maybe injured, inflamed or damage. Injured or inflamed tissue may repair resulting in 

biochemical recovery that truly reflects the status of repaired renal parenchymal tissue. 

However, when renal tissue is damaged, the kidneyôs compensatory mechanism 

results in hyperfiltration of the remaining uninjured glomeruli to compensate for the 

inactivity from the damaged glomeruli. The hyperfiltration results in biochemical 

renal recovery despite significant parenchymal injury or damage. The renal 

parenchymal damage results in a loss of renal reserve and likely the mechanism by 

which CKD more readily develops after an episode of AKI in individuals. 

Aside from a renal biopsy, there is currently no method of assessing the extent of renal 

parenchymal damage and therefore assessing if the biochemical recovery truly 

represents the extent of the renal tissue damage. Due to the risks associated with a 

renal biopsy in the post-AKI recovery phase is generally reserved for individuals when 

intrinsic renal disease that maybe susceptible to therapy is suspected[59]. Therefore, 

only a minority of individuals with AKI are ever biopsied and the information on renal 

parenchymal damage in the majority of cases is unobtainable.  

 

1.4 LongïTerm Morbidity  

1.4.1 General Morbidity  

 

Individuals with AKI leave hospital frailer and are more likely to be discharged to care 

homes[45]. Care home placement is a marker of frailty[60], is related to a decline in 

cognitive[61] and functional status[62]. Furthermore, has profound cost implications 

for both the individual and social care cost.  

Hospital readmissions are associated with inferior outcomes[63]. Individuals affected 

by AKI have a 1 in 5 readmission rate 30-days post-hospital discharge[64]. James et 

al.[38] demonstrated after initial hospital admission for coronary angiography, those 
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who developed AKI had a more severe risk of hospital readmission with renal and 

cardiovascular pathologies. This risk of readmission was higher in individuals with 

more severe stages of AKI and individuals with AKI on CKD[65]. 

 

1.4.2 Risk of Chronic kidney disease(CKD) and CKD Progression 

 

As discussed previously, there is a significant incidence of CKD and ESRF after an 

episode of AKI.  One meta-analysis reported a hazard ratio of 8.8 of developing CKD 

after an episode of AKI[66].  Figure 1.6 is from a large HIV population, demonstrating 

the incidence of ESRF 90-days after discharge in those with an AKI 1-3 versus without 

an AKI episode[67].   

Those with more severe stages of AKI are less likely to achieve renal recovery when 

compared to individuals with lower AKI stages[11].  

 

 

FIGURE 1.6, DEMONSTRATES THE 90-DAY EVENT RATE IN HIV POPULATION ADMITTED 

WITH AKI . [67]. 

 

Chawla et al.[33] demonstrated that 20% of patients with a diagnosis of AKI  due to 

acute tubular necrosis (ATN) went on to develop CKD stage 4 or worse (estimated 

glomerular filtration rate <30mls/min/m2). Risk factors for CKD development were 

more severe stages of AKI (by comparison to milder AKI stages), elderly and diabetic 
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patients. Jones et al. [52] defined complete recovery as a serum creatinine returning to 

10% of the baseline creatinine level seven days post-discharge.  Individuals who 

reached AKI-recovery were three to four times more likely to develop CKD within 

two and a half years than individuals who had not suffered an episode of AKI. 

Ishani et al.[48]  demonstrated similar results with 72% of hospital-associated AKI  

episodes advancing to CKD within two years.  Strikingly, the risks of subsequent renal 

decline were more significant following AKI than in those with pre-existing CKD. 

Still, the combination of AKI on a background of CKD dramatically increased the risk 

of adverse renal outcomes, including ESRF requiring dialysis.  

It is estimated that 5-6 % of all AKI admissions require RRT[68]. Furthermore, 5-

20%[69] that require RRT for AKI  leave hospital dependant on RRT. Comparatively, 

individuals who achieve renal recovery are more likely to require RRT in the long 

term than individuals who did not suffer from AKI , demonstrated in Figure 1.7[70]. 

 

FIGURE 1.7, ILLUSTRATES THE LONGITUDINAL INCREASED RISK OF CHRONIC DIALYSIS 

BETWEEN INDIVIDUALS WITH /WITHOUT AKI [70]. 

 

In a subpopulation analysis by Sawhney et al.[[30], AKI on CKD added four to five 

times the risk of progressive CKD in the long term compared to counterparts with AKI  

on the background of a normal renal function. Furthermore, Wald et al. found that AKI 

on CKD conferred a greater risk of ESRF than AKI on the background on normal renal 
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function[70]. The increased risk of ESRF in the AKI on CKD population is further 

compounded by the presence of microalbuminuria or proteinuria[35]. The increased 

risk of AKI in individuals with baseline normal renal function and micro/ 

macroalbuminuria has also been demonstrated[71, 72], however the mechanism 

behind the increased risk is not fully understood[73].  The micro/macroalbuminuria 

could represent underlying, potentially undiagnosed renal parenchymal disease and 

CKD irrespective of stage severity is a risk factor for AKI. However, the consequent 

generalised endothelial dysfunction secondary to albuminuria may be a risk factor for 

the increased development of AKI [74]. 

The full extent of AKI progression to CKD or ESRF has not been fully assessed. 

Studies have predominantly been retrospective, relied on coding systems and therefore 

focused on the more severe AKI . Differentiating apparent renal recovery from true 

renal recovery remains elusive. The ability to differentiate would allow for targeted 

follow-up and potentially the testing of future novel therapeutics. To further develop 

the understanding of long-term outcomes after AKI, new methods of assessing renal 

parenchymal inflammation/damage are required to stratify injury. These could include 

the development of clinical risk scores, similar to the kidney risk failure equation used 

in CKD populations[75]. Equally, identifying novel serum/urine biomarkers or novel 

imaging techniques may provide greater resolution of pathophysiological changes in 

the renal parenchyma. Imaging the kidneys could provide the added benefit of 

identifying the location, quantity and severity of structural damage. Serial functional 

imaging could also provide real-time assessment of renal parenchymal tissue 

progression (improvement or deterioration).  

1.4.3 AKI and CKD Interconnected Syndromes 

 

Initially, popular nephrological opinion categorised AKI and CKD as separate clinical 

syndromes, but more recently, evidence has supported a hypothesis that AKI and CKD 

are parts of the same continuum[76]. Furthermore, there is a bidirectional and cyclical 

relationship between AKI and CKD represented in Figure 1.7; resulting in an enhanced 

risk of developing CKD following an episode of AKI  and a heightened risk of AKI in 

the CKD population[77].  

 The increased susceptibility of AKI in the CKD population is due to many factors, 

including frequent prescription of Angiotensin-Converting Enzyme (ACE) Inhibitors 
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and Angiotensin II receptor blockers (ARBs) which impair glomerular efferent 

arteriole constriction. Efferent arteriole constriction is a key compensatory mechanism 

to preserve filtration pressure in the setting of hypovolaemia. Diuretics may cause 

renal hypoperfusion and add an extra burden onto the renal haemodynamic system on 

the background of hypovolaemia. Afferent arteriole vasoconstriction is the mechanism 

by which sodium glucose transporter 2 inhibitors (SGLT2i), also the same mechanism 

by which non-steroidal anti-inflammatories adversely affect the renal function. There 

is concern that SGLT2i can cause AKI in a similar manner and clinical advice 

recommends that SGLT2i withheld during an acute illness[78]. SGLT2i are used in 

the management of type 2 diabetes mellites (DM), CKD with proteinuria and heart 

failure with reduced ejection fraction work all risk factors for AKI. However, the 

current assessment is that SGLT2i reduce the incidence of AKI in these patient groups 

compared to those not receiving SGLT2i[79]. 

Hypertension and diabetes are independent risk factors for developing AKI  and are 

very prevalent within the CKD population[80]. 

CKD results in overactive sympathetic nervous systems and, therefore, decreased 

vascular autoregulation ability and abnormal vasodilation[81]. Thus, the overactivity 

of the sympathetic nervous system may be a contributing factor to not only the 

increased risk of AKI but also cardiovascular complications.  

Experimental data describes similar pathological processes that occur following an 

episode of AKI that result in CKD. Crucially, many of these changes are the same as 

those shown to drive CKD progression. Including tubulointerstitial damage with 

peritubular capillary loss, leading to ischaemia, hypoxia and cell death. Evolving to 

cause nephron loss and interstitial fibrosis[82]. The nephron loss causes reduced 

filtering capacity of the kidneys and therefore reduces renal function. [83]. (Figure 

1.8). 
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FIGURE 1.8, ILLUSTRATES THE CYCLICAL NATURE OF INJURY BETWEEN AKI AND CKD 

AND OTHER ASSOCIATED FACTORS[84]. 

 

1.4.4 The Role of Cardiovascular Dysfunction in AKI/CKD Interconnected 

Syndrome 

 

Cardiovascular dysfunction is closely connected with both AKI and CKD. 

Cardiovascular complications in CKD populations are associated with a worse 

prognosis compared to non-CKD populations. For example, decompensated heart 

failure in CKD cohorts have a worse prognosis compared to non-CKD cohorts[85]. In 

addition, myocardial infarction (MI)  in persons with diabetic nephropathy have a 20% 

one-year survival. A stark contrast to MI in persons with diabetes (but without diabetic 

nephropathy) who have an 80% one-year survival[81].  

Equally, there are shared endothelial pathophysiological processes between renal and 

cardiovascular disease. Including an increase in endothelial biomarkers[86], for 

example the raised endothelial biomarkers in CKD lead to atherosclerotic disease 

cardiovascular disease[87].  In AKI, prolonged tubular injury results from renal 

vascular beds are affected by endothelial dysfunction [88]. Whether the endothelial 

injury remains local or results in widespread endothelial injury remains unsolved.  
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1.4.5 Long-term Mortality in AKI  

 

Lafrance et al.[89] prospectively analysed 82 711 patients records. The 90-day post-

discharge mortality was higher in the AKI  cohort versus those admitted without AKI.  

Sawhney et al..[30] performed a systemic literature review, including 16 AKI  

mortality-related studies. The AKI  mortality at five years was 83%, independent of 

the presence of apparent renal recovery. The prognosis was worse in persons with AKI 

on CKD, who suffered double the mortality risk compared to AKI on the background 

of normal function. A large proportion of the long-term mortality is secondary to 

cardiovascular disease [90].  

1.5 Chronic Kidney Disease (CKD)  

 

Chronic kidney disease is estimated to affect 13% of the worldôs population [91] and 

similarly the United Kingdomôs population[92]. CKD prevalence is increasing 

secondary to advancing population age, higher diabetes and obesity prevalence[76].  

CKD is defined as damage to the kidney parenchyma, structural damage evident on 

imaging or renal biopsy. Or persistent (lasting greater than three months) kidney 

dysfunction, a reduced glomerular filtration rate or abnormalities on urinalysis[93]. 

CKD encompasses a diverse range of pathologies and the aetiology varies between 

developed and developing countries[94]. In developed countries, the most 

conventional causes include diabetic nephrosclerosis, hypertensive 

nephrosclerosis/renovascular disease, and glomerulonephritis[95]. The diagnosis is 

confirmed through a combination of history taking, imaging, biochemical serum and 

urinary analysis, and a renal biopsy. In some cases, the diagnosis remains elusive 

either because a renal biopsy cannot be performed or because of late presentation to 

clinicians.  

Secondary complications of CKD include anaemia, renal bone disease, hypertension 

and hypervolaemia. In addition, CKD is burdened by an increased risk of progression 

to ESRF, AKI , cardiovascular disease and infections. Furthermore, persons with CKD 

often suffer from decreased functional condition and reduced nutritional state[96].  
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The KDIGO group produced guidelines categorising CKD in 2002. There are five 

stages; each consecutive stage describes more severe kidney dysfunction, as 

demonstrated by Figure 1.8[95]. The KDIGO classification is required to identify 

those with CKD, assess severity, ease monitoring and clinical coding[97]. The 

appropriate identification of CKD is the necessary first step before medical therapy 

can be initiated and titrated up in order to optimise blood pressure, HbA1c and 

proteinuria to reduce the rate of further renal decline and adjust for cardiovascular risk 

factors.  

The CKD complications, risks and outcomes are more prevalent as the CKD stage 

declines.  

 

The rate and risk of decline depend on renal disease aetiology, albuminuria, and 

superimposed episodes of AKI . The KDIGO group has devised a prognostic tool using 

estimated GFR and albumin as risk factors relating to the risk of progression[96]. The 

KDIGO prognostic tool is represented in Figure 1.9.  

 

 

FIGURE 1.9, KDIGO HEAT MAP PROGNOSTIC TOOL BY [96]. 

 

GFR values below 15mls/minute/m2 the KDIGO guidelines refer to this as kidney 

failure. However, the clinical diagnosis of kidney failure is considered commencing 
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RRT, dialysis or renal transplant. The need for RRT is based on a combination of low 

GFR value, hyperkalaemia, acidosis, uraemic and fluid overload symptoms. Despite 

the significant reduction in renal function, some people choose to opt-out of RRT or 

have a very high comorbid burden rendering them unfit for RRT. In these 

circumstances, the individuals' symptoms are managed conservatively.  

 

1.5.1 Cardiovascular disease in CKD  

 

The CKD population are at an increased risk of cardiovascular complications, 

resulting in increased morbidity, mortality[98] and hospital admissions[99]. 

Individuals with CKD stage 2 (eGFR 60-89ml/min/m2, relatively mild kidney 

dysfunction) are at increased risk of cardiovascular morbidity and mortality.  

 

CKD is considered an independent risk factor for CVD, including arrhythmias[100] 

and sudden death[101]. CKD precipitates[102] and accelerates the development of 

arteriosclerosis and atherosclerosis in cardiovascular structures[103]. The increased 

incidence is partly secondary to the increased incidence of traditional CVD risk 

factors[104], the high prevalence of albuminuria[105] and a reduced GFR[106]. The 

aforementioned are independent risk factors for cardiovascular disease also. 

Hypertension and hyperlipidemia are common CVD risk factors that occur in the 

presence of CKD at a higher frequency than in non-CKD populations.  Diabetes, 

another independent risk factor for CVD, is the most common cause of CKD in 

developing countries [107].  

 

In addition, CKD populations are also exposed to uraemic risk factors, which include 

vascular calcification [108], arterial stiffness [109] and left ventricular remodeling 

[110].  

 

The lower the GFR, the higher the incidence of cardiovascular morbidity, 

mortality[99] and all-cause mortality[111], particularly in the under 65-year-old 

population[98].  Those with CKD stages 3 and 4 are at a higher risk of CVD-related 

death than progressing to ESRF [112].  
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1.5.2 Albuminuria  

 

Albuminuria is the presence of abnormal, excessive urinary excretion of albumin and 

is a marker of renal disease. Normal albumin excretion can be expressed as urine 

albumin creatinine ratio (UACR) of 0-29 milligram albumin per gram creatinine. 

Microalbuminuria is defined as a level of 30-299 milligram albumin/gram creatinine. 

Macroalbuminuria or proteinuria is defined as the presence of greater than 

300milligram albumin/gram creatinine.   

 

Albuminuria mainly occurs either because the glomerular basement membrane incurs 

injury allowing excess filtration of proteins or the tubules incurred injury causing 

decreased reabsorption in the proximal convoluted tubules. Macroalbuminuria or 

proteinuria is generally diagnostic of glomerular disease.  

 

Glomerular albuminuria is secondary to the increased permeability of the glomerular 

basement membrane and the loss of the glomerular basement membranes electrical 

charge. This subsequently causes the pathological passage of proteins across the 

glomerular filtration barrier. In these circumstances, urinary protein consists of 

albumin (an intermediate molecular weight protein) or high molecular weight proteins 

(Immunoglobulins). The proximal tubules can reabsorb albumin but are incapable of 

handling large quantities of intermediate and high molecular weight proteins. The 

increased exposure of the tubular epithelial cells to proteins subsequently causes 

tubular interstitial damage, inhibiting the proximal tubular epithelial cells from 

reabsorbing low molecular weight proteins. Tubular proteinuria is secondary to the 

production of Ŭ1 and ɓ2 microglobulins and the decreased reabsorption of albumin 

and low molecular weight proteins. Thus, tubular damage occurs secondary to either 

primary tubular interstitial disease or due to exposure and damage from a high protein 

load[113].  

 

Persistent microalbuminuria is an independent[114] risk factor for cardiovascular 

disease. It has been associated with increased all-cause mortality, increased 

cardiovascular morbidity and mortality across hypertensive, diabetic, elderly and 

general populations [115].  
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Albuminuria is associated with an increased incidence in renal function decline due to 

glomerular damage [113]. Equally, albuminuria is a marker of glomerular and 

systemic endothelial dysfunction[116].  There is an association between smoking and 

increased microalbuminuria. Smoking is known to cause new and accelerated 

atherosclerosis in the cerebrovascular, renovascular and cardiovascular vessels. This 

damage may start the pathophysiological cascade that results in endothelial 

dysfunction [117]. 

 

The PREVEND (Prevention of Renal and Vascular End-stage Disease)[105] study 

examined approximately 8500 patients followed up (2-yearly collections of CKD-EPI 

GFRs and albuminuria) in the community for ten years. The study revealed a 

prevalence of microalbuminuria to be approximately 7.2% in a non-diabetic, non-

hypertensive population and an independent marker of cardiovascular morbidity. 

Other risk factors for the development of proteinuria included older age and higher 

BMI.  

 

1.5.3 Estimated Glomerular Filtration Rate 

 

Glomerular filtration rate (GFR) is an expression of blood filtration through a single 

nephron over a unit of time. GFR is considered the ideal method of measuring the 

excretory function of the kidneys in both healthy and diseased states. However, GFR 

cannot be directly measured and is usually calculated from the clearance of 

endogenous or exogenous compounds from urinary or serum.  

 

Urinary clearance is calculated by measuring endogenous compounds in both the urine 

and plasma. This is performed by collecting timed urine specimens and recording urine 

volume. This test can be cumbersome and inaccurate if  the urine collection is 

incomplete.  

 

Measuring plasma clearance of endogenous or exogenous markers can measure 

clearance or estimate GFR utili zing various equations. Measuring clearance using 

exogenous compounds is more accurate at establishing precise clearance rates but are 

resource and time-consuming. Therefore, these methods are impractical in routine 
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clinical practice. Methods of measuring clearance include Iohexol and Inulin clearance 

(the most accurate and considered the gold standard method of assessing GFR). 

Estimated GFR has been generated for use in clinical practice. The equations require 

the measurement of serum creatinine concentrations (endogenous waste molecules) 

plus the collection of demographic data, age, gender, ethnicity.  

The Chronic Kidney Disease-Epidemiology Collaboration equation and the abbreviate 

Modification of Diet in Renal Disease (MDRD) are the equations most used in clinical 

practice and research studies.  

Both require the measurement of serum creatinine concentration. Creatinine is an 

endogenous waste marker, formed from the breakdown of muscle and dietary intake. 

Creatinine is filtered by the glomeruli and secreted by the proximal convoluted tubule. 

The amount of plasma creatinine varies between age, gender, ethnicity and co-morbid 

status. Creatinine is easily measured in laboratories. The level of creatinine can be 

related to an estimated level of GFR (Figure 1.10). 

 

FIGURE 1.10, GRAPHS ILLUSTRATING THE RELATIONSHIP BETWEEN SERUM CREATININE 

AND ESTIMATED GFR[118]. 

The mean GFR in individuals younger than 40 years is approximately 

130mL/min/1.73m2 in men and 120mL/min/1.73m2 in women. A decrease in GFR by 

1mL/min/1.73 m2 per year occurs after 40-years of age. 

A reduced GFR combined with microalbuminuria has worse cardiovascular and all-

cause mortality[119] outcomes than a reduced GFR alone (Figure 1.11). 
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FIGURE 1.11, GO ET AL . [99] DEMONSTRATES THAT CARDIOVASCULAR DISEASE 

INCIDENCE IS INVERSELY PROPORTIONAL TO THE GFR. 

 

1.6 common Cardiac aetiologies found in ckd/hd population 

1.6.1 Systolic Function  

 

There are many cardiac imaging techniques and indices that have previously been used 

to assess cardiac dysfunction in individuals with renal disease. A common cardiac 

dysfunction in the CKD population is left ventricular hypertrophy (LVH). LVH leads 

to the left ventricle becoming thickened and enlarged and occurs due to increased 

pressure or volume load. LVH is an independent risk factor for cardiovascular death 

in CKD and ESRF[120] and can only be diagnosed via imaging, echocardiography, 

cardiac-CT or cardiac MRI.  

 

Pressure overload in persons with CKD can be secondary to hypertension or valvular 

disease. Volume overload is secondary to sodium and water retention from decreased 

renal function[121]. The increased pressure and volume load results in sustained 

hypertrophy. The sustained hypertrophy causes the myocardial cells to stretch and 

eventually fibrose and necrose. The death of myocardial cells adds further pressure on 

the remaining cardiac cells, which in turn stretch, fibrose, necrose, and the process 

continues cyclically. Continued cardiac muscle death eventually causes dilation of the 

cardiac chambers, resulting in left ventricular systolic dysfunction and a reduced 

ejection fraction.  
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The definition of left ventricular hypertrophy is a Left ventricular mass index (LAVi)  

of more than 100g/m2 in women and 131g/m2 in men[122]. LVM  is calculated via 

echocardiography or the gold standard method cardiac magnetic resonance imaging 

[123]. 

 

Paoletti et al.[124] found the prevalence of LVH to be inversely proportional to 

creatinine clearance and CKD stage in a non-diabetic CKD population. LVH 

prevalence was 71% in CKD stage 3, 80% in CKD stage 4 and 84% in CKD stage 5 

populations. 

 

Levin et al.[122] examined 197 patients using echocardiography. Lower creatinine 

clearance and higher CKD stage have a more significant incidence of LVH. The study 

described the incidence of LVH rising from 26.7% in subjects with creatinine 

clearance greater than 50 mL/min to 45.2% of subjects with a creatinine clearance less 

than 25 mL/min. 

 

The cardiovascular mortality in patients with ESRF is 10 to 20 times higher than age, 

gender, and diabetes matched cohorts[125].  Cardiovascular mortality rates are higher 

in younger dialysis patients[108]. Cardiovascular deaths account for approximately 

half of deaths in persons with ESRF. Cardiovascular disease, coronary artery disease, 

heart failure, and arrhythmias are more prevalent in ESRF than in the general 

population [126]. In addition, there is a high rate of sudden death associated with the 

more extended dialysis free gap, intradialytic hypotension, electrolyte imbalances and 

LVH[127]. 

Previous studies have demonstrated that approximately 70% of patients with ESRF 

requiring long term haemodialysis therapy have LVH[110]. LVH is the most common 

cardiac imaging finding amongst persons with ESRF and are more likely to progress 

as dialysis vintage increases[128].  The presence of LVH in haemodialysis populations 

lead to an independent risk of all-cause and cardiac-related mortality[110]. In addition, 

volume overload problems are more common in haemodialysis populations, 

accelerating the development and progress of LVH.  
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The pathophysiological processes present in CKD are further exacerbated by 

haemodialysis. ESRF populations have greater cardiovascular mortality[129], the 

increased presence of arteriosclerosis, higher systolic blood pressures and aortic 

stiffness. Early wave reflections are associated with higher cardiovascular mortality 

rates in individuals with ESRF[130]. However, additional factors related to the 

haemodialysis (HD) process for example ultrafiltration volume[131] contribute to the 

inferior outcomes in this cohort. Subclinical ischaemia in vulnerable vascular beds. 

Myocardial perfusion (when measured directly during dialysis using the gold standard 

of positron emission scanning) falls during dialysis[132] and this is associated with 

reductions in contractility[133]. These regional changes in left ventricular function can 

be visualized by echocardiography or cardiac MR[134] performed during dialysis. 

This process is termed myocardial stunning. Dialysis induced myocardial stunning is 

driven by intradialytic falls in blood pressure and ultrafiltration (volume of fluid 

removed by dialysis) and, over time, can result in persistent reductions in left 

ventricular systolic function. Dialysis induced cardiac injury also increases the risk of 

death and cardiac arrhythmia. The structural and functional changes that occur in the 

cardiovascular system in chronic uraemia prime the myocardium to be vulnerable to 

ischaemic insults. It is currently unknown whether the same process occurs during 

acute dialysis for acute kidney injury. If  so, this process may affect recovery following 

AKI  and be potentially amenable to dialysis-based interventions (that have been 

shown to be effective in the chronic dialysis population). Such studies would also 

answer whether dialysis induced myocardial stunning is driven by the haemodynamic 

effects of haemodialysis alone or whether the pathological processes in chronic 

uraemia resulting in a more susceptible cardiac vasculature are a prerequisite.  

 

1.6.2 Diastolic Function  

 

Individuals with CKD and diastolic heart failure have a worse outcome than CKD 

subjects with systolic dysfunction[135].  

 Individuals with diastolic dysfunction are often asymptomatic, challenging to 

diagnose and can develop into a significant clinical syndrome; heart failure with 

preserved ejection fraction (HFpEF). Many factors affect diastolic dysfunction, 

including changes to ventricular load, diastolic stiffness and abnormal systolic 

function.  
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Potentially diastolic function is the first cardiac index to decline in LV 

dysfunction[136]. Edvarsden et al.[137] compared individuals with no LVH to 

individuals with LVH and a normal ejection fraction. One-third of the latter group had 

diastolic dysfunction with lower peak diastolic strain rates. As diastolic dysfunction 

deteriorates over time[138], making the identification of individuals with diastolic 

dysfunction even more pertinent. Diastolic dysfunction is very common in the 

haemodialysis population[139], however it is particularly challenging to diagnose in 

dialysis patients, as many of the physiological effects off fluid overload; early left 

ventricular filling and dilated left atrium are markers of diastolic dysfunction[140].  

Therefore, diastolic dysfunction is more challenging to assess than systolic function 

in the dialysis population and unlike systolic function, there is no single measure that 

quantifies diastolic function. Therefore, the most robust assessment of diastolic 

dysfunction requires the use of several cardiac indices[141].  Many of these cardiac 

indices assessed using echocardiography are volume dependent and therefore affected 

by hypervolaemia and there is the potential for diastolic dysfunction to be over 

diagnosed. Conversely due to the same factors diastolic dysfunction can be overlooked 

and under assessed as the abnormal cardiac indices are presumed to be secondary to 

hypervolaemia. Adding further weight for the need to use several cardiac indices are 

required to accurately diagnose diastolic dysfunction[142] and more advanced 

imaging techniques that are less dependent on fluid status[143]. Despite the challenges 

in diagnosis, diastolic dysfunction is the most common cardiac abnormality in the 

CKD population[144], this progresses into haemodialysis and is the main predictor of 

mortality in this patient cohort[145]. Unfortunately, as in the non-dialysis population 

there are limited therapeutic interventions to improve or stabilise diastolic dysfunction 

and this remains a significant burden for the renal cohort. Further work is required to 

identify therapeutic interventions to disease modify and mitigate for the significant 

mortality associated with diastolic dysfunction in haemodialysis patients.  

 

1.6.3 Cardiac Imaging  

 

Cardiac MR is the gold standard for assessing chamber sizes, regional and global 

diastolic and systolic deformation[146]. CMR is reproducible and has been utilised to 

quantify several cardiac pathologies[147]. MR Tagging can be used to accurately 
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assess LV wall motion and evaluate systolic and diastolic strain across the cardiac 

cycle in real time[148]. Strain and strain rate are sensitive cardiac indices able to 

identify subtle changes in LV dysfunction before other cardiac indices; peak systolic 

strain identifies pathological dysfunction in contraction before a decline in ejection 

fraction[149].  SSR and early DSR are better rejection indicators in heart transplants 

than strain values[150] and GLS independently predicts all-cause mortality in patients 

with systolic heart failure, irrespective of EF[151].  

LA volume is another marker of diastolic dysfunction[152] and LA size is correlated 

with LV filling pressure. Therefore, LA structural remodelling represents a stable 

indicator of the severity of LV diastolic dysfunction[153]. Conversely, LV EDV is a 

marker of ventricular enlargement[154], myocardial fibre lengthening and systolic 

dysfunction. However, LV ED pressure does not always correlate to LV EDV because 

of the nature of LV wall compliance[155]. 

 

The main limitation to the clinical utility of tagged cardiac MR is the time-consuming 

post-image acquisition analysis[156]. In this study, cardiac MRI was used to assess 

changes in diastolic function during a haemodialysis (HD) treatment. 

 

1.7 Renal Imaging 

 

Imaging the kidneys and renal tract has been possible since the 1950s[157], and within 

clinical nephrology the utility of renal imaging is limited mainly to renal ultrasound. 

Renal ultrasound uses a transducer to emit high frequency sound waves, the procedure 

is quick to perform and uncostly. The images provide information on renal size, renal 

scarring and renal tract obstruction. No functional assessment can be made, in some 

circumstances assessments of renal artery flow and renal venous obstruction can be 

made[158].  

 

Computer tomography (CT) uses x-ray to generate 3D -images to produce detailed 

imaging. Renal CT imaging provides more detailed structural information, can 
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identify smaller renal lesions, renal stones and strictures but is unable to perform any 

functional assessments. CT often requires contrast in order to obtain more detailed 

imaging[159]. Generally, contrast is not administered in individuals with an 

eGFR<45ml/min/1.73m2, therefore cannot be used in many people with CKD or AKI.  

 

The next imaging modality is magnetic resonance imaging (MRI), the technique 

utilises the effect of radiofrequency waves on protons within a magnetic field. It is 

radiation free can assess structure but also function[160]. Some MRI protocols use a 

contrast called gadolinium, which in reduced renal function can cause a rare terminal 

disease nephrogenic systemic fibrosis[161].  

 

Due to the limitations on imaging renal patients the utility of advances imaging 

techniques have not translated to clinical nephrology[162]. The imaging techniques 

above are used in the basic assessment of renal tract structure or in specific indications 

such as renovascular disease. Renal MRI in particular is an area of immense promise 

and there have been considerable recent advances [163]; the combination of highly 

detailed structural images combined with functional assessment of the kidney is 

particularly compelling (Figure 1.12).  

1.8 Detection of Fibrosis 

 

Renal fibrosis is the final pathophysiological endpoint, irrespective of the primary 

renal disease aetiology or of the nature of injury, acute or chronic. The degree of 

interstitial fibrosis and tubular atrophy is currently the only determinant of long-term 

renal outcome [164]. Non-invasive characterisation of fibrosis on a whole kidney basis 

would have significant utility in characterising severity of disease, assessing recovery 
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and informing prognosis. A combination of MR techniques exhibit potential in these 

areas.  

 

FIGURE 1.12. ILLUSTRATES THE STRUCTURAL AND FUNCTIONAL MEASURES THAT CAN 

BE TAKEN USING ADVANCED MR IMAGING.  

 

1.8.1 Diffusion-weighted MRI 

 

Diffusion-weighted imaging utilises the fact that the movement of water molecules 

varies according to the nature of the tissue it is contained in[165]. Water molecules 

move differently within diseased or damaged tissue compared to healthy tissue[166]. 

In this study, apparent diffusion coefficient (ADC) and diffusion coefficient D are the 

measurements of water molecule movement through renal parenchymal tissue. The 

ADC values are averages of all and every direction of diffusion across a voxel 

area[167] and because of this can be affected by neighbouring structures water 

molecule motion[168]. 

 

All water molecules move, some with purpose and freely. Other water molecules move 

about within a confined area but are static within the tissue. The challenge of DWI is 

to differentiate between freely- moving and moving-about (static) water molecules.  

Two equally opposing radiofrequency pulses are applied at 1800 angles[169]; the first 
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radiofrequency pulse will cause all water molecules (static and free-moving) to shift 

(change in angle), the second radiofrequency pulse reverses the effects of the first 

radiofrequency pulse. The static water molecules go back to their original positions 

therefore there is no net change in shift because there is no change in location. 

However, the free-moving water molecules do not revert back to their original position 

and there is a definitive change in shift and a new location. The length and intensity 

of the radiofrequency pulses applied in the DWI sequence is the b-value[170]. 

The utility of DWI remains undetermined particularly as to whether ADC/coefficient 

D/FA can potentially assess the degree of renal fibrosis or inform long-term renal 

prognosis. 

 

Although two studies by Prasad et al. were unable to identify differences in ADC 

between healthy and diseased kidneys[171, 172] in both the cortex and the 

medulla[173]. Many other studies involving DWI have been able to identify 

differences between diseased and healthy renal cortical [174-178] and medullary 

parenchyma[179]. 

 

In a study by Ichikawa et al.[180], renal parenchymal diffusion was assessed using an 

IVIM MR sequence. Participants of varying renal impairment were scanned and 

categorized into four groups; eGFR>80ml/min/1.73m2, eGFR 60-80ml/min/1.73m2, 

eGFR 30-60ml/min/1.73m2 and <eGFR 30ml/min/1.73m2. Appreciable differences 

were only seen in cortical ADC and coefficient D. Cortical ADC values were lower in 

the eGFR 30-60ml/min/1.73m2 and <eGFR 30ml/min/1.73m2 cohorts compared to 

participants with better renal function. Cortical coefficient D was able to identify 

differences between eGFR 60-80ml/min/1.73m2, eGFR 30-60ml/min/1.73m2 and 

<eGFR 30ml/min/1.73m2 groups and those with normal renal function.  

 

1.8.2 T1 Imaging 

 

T1 imaging is an abdominal imaging technique[181] that can be used in the assessment 

of renal parenchymal macro[182] and microstructure[183], including the ability to 

differentiate between cortical and medullary renal tissue[184]. T1 cannot distinguish 

between inflammation and interstitial oedema[183]. T1 values have been shown to 
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correlate well with fibrosis and oedema in cardiac [185] and liver imaging [186]. Much 

like DWI, the utility of T1 imaging in renal disease remains undetermined. 

Renal T1 imaging has also been used to assess renal tissue microstructure in other 

diseases, cirrhosis[187] and compensated and decompensated heart failure[188] and 

disease severities.  

 

The utility of T1 imaging in the assessment of renal microstructure has been used for 

approximately 40 years. In the early eighties, it was identified that renal T1 values 

were raised in renal disease[189]. Marotti et al. [190] were able to identify longer 

cortical T1 values in individuals with renal vein occlusion and vasculitis compared to 

healthy volunteers. Later on, renal T1 imaging technique was applied to chronic kidney 

disease and specific renal disease aetiologies. Individuals with CKD[191, 192], IgA 

disease[193] and lupus nephritis[194] both demonstrated longer cortical T1 values 

compared to healthy individuals.  

Many studies identified a loss of corticomedullary T1 values differentiation in renal 

disease than HVs[195-197].   T1 imaging was later used to assess renal CMD T1 in 

cirrhotic subjects, who had lower renal CMD T1 values than healthy controls, despite 

no differences in eGFR between the groups [198].  

 

1.9 Renal Haemodynamics  

1.9.1 Arterial Spin Labelling  

 

ASL is a MR technique that utilises water-protons, naturally occurring components of 

blood; as an endogenous contrast agent[199]. A radiofrequency pulse is applied to 

arterial blood prior to the blood entering the kidney[200], at the start of the image 

plane inverting the spin and therefore magnetising water-protons. These magnetically 

labelled water-protons act as a diffusible tracer, the labelled water-protons within 

arterial blood substitute the unlabelled renal parenchymal water-protons. A labelled-

image is acquired while the labelled water-protons are within the renal 

parenchyma[201]. In order to calculate perfusion, another control or unlabelled-image 

is acquired, following this the labelled-image is subtracted from a control image. The 

end result of this subtraction is a perfusion-weighted image, the signal intensity of the 

perfusion-weighted image is proportional to perfusion. The water-protons magnetic 
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properties decay quickly, equivalent to the longitudinal relaxation time of water, 

approximately 1-2 seconds[202]. 

Increasing age, BMI and decreasing eGFR correlated with decreasing cortical renal 

perfusion in both the CKD[203] and HV cohort [188, 203-205]. Renal allograft 

recipients demonstrate the same strong positive correlation between eGFR levels, 

more severe CKD stages and lower cortical perfusion values in [206]. 

Artz et al.[207] and Rankin et al.[208], compared native kidneys (both healthy and 

diseased) and renal allograft recipients. Higher medullary perfusion values were seen 

in native healthy kidneys compared to renal allograft subjects and individuals with 

eGFR < 60ml/min/1.73m2.  

Renal perfusion can also differentiate between diabetic disease severities, irrespective 

of renal function [209]. Wang et al.[210] identified distinct patterns of decreasing 

perfusion in renal allograft recipients between those with normal renal function and 

normal histology compared to normal renal function but with abnormal pathology 

versus abnormal renal function with abnormal histology.  

 

1.9.2 Phase Contrast  

 

Phase contrast (PC) is the current standard for the measurement of renal blood flow 

(RBF) in the renal artery and veins[162]. PC uses the velocity-induced phase changes 

of moving blood to quantify blood flow. Aside from individuals with anatomical 

variations, PC correlates well with a number of alternative measures [211] of RBF. 

There are no studies that demonstrate understand changes in RBF across the evolution 

of acute and chronic kidney diseases, how this varies in different pathologies and in 

response to therapy remains to be established.  

 

PC correlated with eGFR[212], between lower renal blood flows and lower eGFR 

values and urine output volumes [213] and also illicit the percentage function of each 

kidney[214].  PC-RAF measurements are as good as renal blood flow measured by 
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gadolinium but without the serious health implications in individuals with renal 

dysfunction[215, 216]. PC-RAF measurements have been shown to identify 

individuals renal artery stenosis[213, 216]. In APCKD no change in PC-RAF 

measurements was found in response to Tolvaptan use[217] and a decline in PC-RAF 

measurements to angiotensin II receptor blocker[218].  

 

1.10 renal Oxygenation 

1.10.1 Blood-Oxygen-Level-Dependent (BOLD) MRI 

 

Hypoxia is the predominant process in the progression and failed recovery of many 

forms of acute and chronic kidney disease [219, 220]. The advent of BOLD technique 

can potentially provide an indication of tissue oxygenation. BOLD MR technique 

utilises the paramagnetic affect that deoxyhaemoglobin exerts to shorten the transverse 

relaxation time constant (T2*), which is also expressed as R2* (1/T2*). Higher R2* (or 

lower T2*) is an indicator of lower tissue oxygenation. BOLD MR is more sensitive 

at detecting changes in medullary as compared to cortical tissue oxygenation[162].  

 

These advances in renal MR technology and technique illustrate those complimentary 

measures of kidney structure and function are now possible within a single MR scan 

session that may provide furthermore detailed insights into the pathophysiology of 

renal disease. Next steps include clinically led studies prior to translation to clinical 

practice.  

Many studies have been unable to identify differences in T2
* values between healthy 

and diseased kidneys [194, 221-225]. The Van de Bel et al.[223] study that was unable 

to identify differences in cortical or medullary R2
* values between CKD and control 

groups but did identify that CKD subjects had considerably higher R2
* CMD values 

(lower oxygenation). 



54 
 

Michaely et al.[221] used BOLD MR technique to examine 343 participants with CKD 

across multiple eGFR ranges. The study was unable to differentiate between HV and 

CKD participants. Equally, the study did not identify an association between R2
* 

values, age and eGFR measurements. Similar findings were reported by Khatir et 

al.[222].   

The first renal BOLD MR study to illicit a difference between CKD and control 

cohorts was Manotham et al.[226], the study revealed higher R2
* values (lower 

oxygenation) in the CKD cohort (n=14) compared to the healthy cohort (n=5). Of note, 

the control group (n=5) were approximately half the age of the CKD group (26±1.1 vs 

51.4±8.8 years, respectively); this could potentially account for the variation in R2
* 

values across the two groups.  Subgroup analysis compared individuals with CKD 

secondary to diabetic nephropathy (n=7) and CKD without diabetic nephropathy (n=7) 

and revealed no differences were identified in R2
* values between CKD groups of 

different aetiologies.  

Following this, other studies have identified differences in renal tissue oxygenation 

between healthy and diseased kidneys[171, 172, 225, 227-231]. Prasad et al.[171, 

225], found that the CKD cohort had lower cortical oxygenation levels than HVs. 

Inoue et al.[228] identified lower oxygenation in CKD stage 5 subjectsô T2
* maps, 

compared to HVsô T2
* maps but did not comment on T2

* values. Subgroup analysis in 

the Inoue et al. study was performed between different CKD aetiologies; individuals 

with non-diabetic CKD disease (n=76, eGFR 45.8±30.1ml/min/1.73m2) and those 

with diabetic nephropathy CKD (n=43, eGFR 43.8±27.7ml/min/1.73m2). The non-

diabetic CKD disease cohort had lower T2
* values compared to the diabetic-CKD 

cohort, without there being a significant difference in eGFR values between groups. 

BOLD imaging technique has been applied to renal allograft recipients and significant 

changes have been identified in most studies.  Significantly lower medullary R2
* 

values (higher tissue oxygenation) have been identified between healthy transplant 

recipients and those with allografts displaying acute tubular necrosis or rejection[232]. 

Transplant recipients with rejection had lower medullary R2
* values than those with 

acute tubular rejection but additionally demonstrated lower medullary perfusion[233]. 

BOLD imaging results in allograft recipients appear to be able to differentiate between 

heathy and diseased kidneys but also different aetiologies.  
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Both animal[234] and human[229] studies were also able to identify differences in 

renal oxygenation levels across different stages of diabetic severity. In human studies, 

subjects in the early stages of diabetes had lower medullary renal oxygenation than 

healthy subjects. However, subjects with more severe diabetic disease (and therefore 

lower eGFR and worse proteinuria) exhibited lower medullary and cortical 

oxygenation compared to healthy controls.  

It was shown that lower medullary oxygenation correlated with higher HBA1c values 

(not eGFR values) in diabetic subjects with eGFR values >60ml/min/1.73m2[174]. In 

diabetic participants whose renal function was unassessed, hyperglycaemia was 

associated with lower cortical oxygenation[235]. After the induction of diabetes in 

rats, renal tissue oxygenation declined compared to the pre-diabetic state. These 

changes in renal tissue oxygenation declined regardless of the changes in renal artery 

blood flow[236]. Implying that hypoxia driven pathologies can occur independently 

of hypoperfusion. 

There are several studies that have demonstrated a link between glycaemic control and 

renal oxygenation levels. Acute hyperglycaemia in individuals with elevated BMI and 

normal renal function resulted in an acute rise in cortical renal oxygenation[237]. Yet, 

after one month of SGLT2 inhibitors use in non-diabetic individuals showed a positive 

biochemical and biological response to SGLT2 inhibitors use, with an increase in 

glucosuria and decrease in both diastolic and systolic blood pressure. These changes 

did not result in a corresponding change in renal tissue oxygenation[238].  
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Chapter 2 
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2.Thesis Aims 
 

The thesis's overarching aim is to assess the utility of renal and cardiac imaging in the 

assessment of AKI and CKD. Initially , to utilise cardiovascular imaging techniques to 

assess the cardiovascular changes in the setting of acute RRT and the interplay 

between systolic and diastolic intra-dialytic changes in chronic RRT. Secondly, to 

utilise advanced renal imaging techniques to assess the structural and functional 

pathophysiological changes in AKI and CKD. 

2.1 Study 1: The effects of acute renal replacement therapy on left regional 

ventricular function [239] 

To describe the effects of acute renal replacement therapy on myocardial function.  

Hypothesis 1: Acute haemodialysis in individuals with AKI is capable of inducing 

dialysis-related myocardial stunning.  

2.2 Study 2: Cardiac Magnetic Resonance in the Assessment of Intra-dialytic 

Diastolic Function (CAMRID -DIASTOLIC study)  

To describe the intradialytic effects of chronic haemodialysis on systolic and diastolic 

function.  

Hypothesis 2: Chronic haemodialysis is capable of inducing dialysis-related diastolic 

dysfunction.  

2.3 Study 3: Multiparametric MR in the Assessment of Chronic Kidney Disease 

(REMIND study )  

To utilise novel multiparametric magnetic resonance imaging (MPMR) techniques to 

gain insights into the pathophysiological changes that occur in CKD and determine 

how these changes related to change in renal function over time.  

Hypothesis 3: Novel MPMR imaging will be able to differentiate between healthy and 

diseased kidneys and the changes in pathophysiology over time.  

2.4 Study 4: Multiparametric MR in the Assessment of Acute Kidney Injury 

(REMIND -AKI study) 

To utilise MPMR imaging to gain insights into the pathophysiological changes in AKI 

and determine how these changes relate to change in renal function over time.  

Hypothesis 4: Novel MPMR imaging will differentiate between healthy and AKI 

persons and illicit the changes in pathophysiology over time.  
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Chapter 3: Methods 

3.1 Study 1: The effects of acute renal replacement 

therapy on left regional ventricular function [239]  
 

3.1.1 Study Procedures  

3.1.1.1 Laboratory Assays 

 

Biochemical testing was performed before and after each RRT session. These samples 

were part of routine clinical care and comprised of full blood count, renal function, 

bone profile, coagulation, liver function, C- reactive protein, lactate and cardiac 

troponin T, creatinine kinase and Beta natriuretic peptide. 

Separate plasma and serum samples were also collected, immediately centrifuged, 

labelled and frozen for subsequent analysis (stored in a 24/7 alarmed, secure -80°C 

freezer in the Medical School until assayed in a single batch).  

 

3.1.1.2. Sequential Organ Failure Assessment (SOFA) score 

 

The SOFA score was calculated on the study day; the SOFA score indicates the 

severity of the acute illness. If arterial blood gases (ABGs) were performed as part of 

routine clinical care then a SOFA score was calculated from those ABGs, to prevent 

further arterial puncture.  

 

AKI  occurs as a consequence of multi-organ dysfunction and or in critically ill patients 

who require more complex medical therapies and monitoring. Subjects involved in 

this study were only recruited from the renal high dependency unit.  

 

The Sequential Organ Failure Assessment (SOFA) score was designed primarily as a 

method of explaining the organ impairment severity. The secondary uses of the SOFA 

score include the ability to assess individual organ impairment in relation to other 

organ dysfunctions, evaluate the patientôs progression and response to therapy, both 

in clinical medicine[240] and within the context of clinical trials[240].  
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The SOFA score was designed to describe morbidity and individual organ dysfunction 

at a specific time point by assessing six different organ functions and grading each 

organ dysfunction from 0 to 4 (0 = normal function and 4 = organ failure) by 

measuring widely available routine variables. Unlike other scoring tools, it includes 

Pa02 (arterial oxygen partial pressure)/Fi02 ratio (inspired oxygen) an assessment of 

respiratory support and also includes urine output measurements in the evaluation of 

the renal component of the score[241]. The SOFA score is demonstrated in Figure 3.1. 

Further studies have demonstrated the SOFA score can be used to predict mortality in 

the initial seven day period after admission to intensive care[240] and hospital 

mortality[241]. 

 

The SOFA score can be used as a single measurement on admission to higher 

dependency care areas[242] or serial measurements during higher dependency 

care[243] to assess critical illness acuity.  

The reliability of the SOFA score has been assessed in critically ill patients in intensive 

care settings[242], including persons with AKI [244, 245] and those requiring 

RRT[246]. 

 

FIGURE 3.1, SOFA CLASSIFICATION SYSTEM[247]. 
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The information required to perform a SOFA score is collated from the subjectôs 

biochemistry results (renal, hepatic and haematological components), clinical 

examination (renal, respiratory, cardiovascular and Glasgow coma score components) 

and from an arterial blood gas (respiratory components). 

An arterial blood gas is required in order to obtain a Pa02 (arterial oxygen pressure). 

This involves sampling the radial artery. It is a mildly invasive and uncomfortable 

procedure and was only performed on the day of the study. It was not performed on 

subjects who refuse the investigation, have upper limb arterial vascular pathology or 

deemed at a high risk of bleeding due to haematological abnormalities. 

 

3.1.1.3 Acquisition of Cardiac imaging 

 

Left ventricle, apical images of two and four chamber views were identified using 

echocardiography using Vivid I ® with 1.5-3.6MHz imaging transducer, GE medical 

systems, Sonigen, Germany.  

 

These images were collected at baseline, 225 minutes into dialysis and 30 minutes 

after the completion of dialysis and stored offline. All studies were performed by one 

investigator trained in echocardiography and speckle tracking analysis. Ejection 

fraction calculated using the Simpsonôs biplane method[248]. LV size was assessed 

using 4-chamber measurements in end-systole and end-diastole[249]. Truncated 

ellipsoid formula from an apical four chamber view was used to calculate LV mass 

[239, 250].  

 

The stored images were analysed offline using Speckle tracking software (Echo-PAC 

Dimension, GE healthcare, Germany)[251]. Initially all offline images had the 

endothelial the endocardial perimeter traced. The endocardial perimeter was traced at 

peak systole. Figure 3.2 demonstrates a trace of the endocardial perimeter, including 

both septal and lateral mitral valve annulus and the left ventricular. ñThe software 

automatically selects stable acoustic objects within the myocardium to track and 

compute strain throughout the cardiac cycleò[252]. The speckle tracking software 

divides the LV endocardial perimeter into 6 segments for the two-chamber image and 
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6 segments for the four-chamber image. Images were included for analysis if no more 

than two segments failed to trace. 

 

The Software divides each left ventricular view into 6 differently coloured segments. 

4-chamber views are divided into basal septal wall, mid-septal wall, apical septal wall, 

basal lateral wall, mid-lateral wall and apical lateral wall segments. 2-chamber views 

are divided into basal ïinferior wall, mid-inferior wall, apical-inferior wall, basal ï 

anterior wall, mid-anterior wall, apical-anterior wall segments. 2-chamber image with 

segmentation demonstrated in Figure 3.2. Any segments which are not visualized by 

the software are excluded from further analysis[239]. 

Figure 3.3 demonstrates the strain curves for each segment (six curves, one for each 

segment), the point of inflexion for each curve is the peak systolic strain (PSS) value. 

The mean of all segments is the global longitudinal strain value. Strain values 

correspond to contractility strength and the more negative values suggest stronger 

contractility. Many published data have reported healthy GLS values ranging from -

16 to -19%[253]. ñThe primary endpoint was the development of new LV regional 

wall motion abnormalities (RWMAs) during dialysis, defined as LV segments that 

displayed Ó20% decrease in peak systolic longitudinal strain as compared to individual 

segmental pre-dialysis valuesò[239, 254].Two or more RWMAs that occurred in an 

individual during dialysis were deemed as significant and considered myocardial 

stunning, based on the strong association between this degree of change and adverse 

patient outcomes in the chronic haemodialysis population[239, 255]. 
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FIGURE 3.2, 2-CHAMBER IMAGE FROM THE STUDY ILLUSTRATING THE SPECKLE 

TRACKING ANALYSIS PROCESS. 

The software plots the segmental strain curves and calculates Peak (peak systolic 

strain), Peak G (peak global strain) and Peak P (peak positive strain) for longitudinal 

strain, strain rate, velocity, displacement, rotation and rotation rate. The lowest point 

on the curve is the aortic valve closing (AVC) this also signifies systolic contraction, 

demonstrated in Figure 3.3. 

 

           FIGURE 3.3, STRAIN ANALYSIS CURVES FROM 2-CHAMBER VIEW. 
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Strain can be a negative or positive direction. Negative values describe contraction 

therefore shortening of the myocardial muscle fibres. The more negative the value the 

more contractility.  Positive values describe relaxation and therefore lengthening of 

the myocardial muscle fibres. The analysis should reveal more negative than positive 

values. Strain is expressed as a percentage. A change in percentage strain during 

systole by greater than 20% suggests regional cardiac regional wall motion 

abnormality[239].  

 

3.1.1.4 Statistics 

 

Statistical analysis was performed using Stata v13 (StataCorp LP, Texas, USA) and 

Graphpad PRISM 6.0 (Graphpad software California, USA). Results are expressed as 

mean ± standard deviation (SD) and median (interquartile range, IQR) for parametric 

and non-parametric data, respectively. Paired T-test (or non-parametric equivalent) or 

repeated-measures ANOVA were used to compare variables over two or more time 

points. Correlations were performed be determining Spearmanôs correlation 

coefficient.  

 

3.1.1.5 Sample Size and Justification 

 

Cardiac stunning in acute renal replacement therapy has not been previously studied. 

The study was a pilot study and was not powered for analysis, therefore the sample 

size was selected on a pragmatic basis and is comparable with other studies that have 

detected dialysis induced stunning in chronic haemodialysis patients.  
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3.2. Study 2: Cardiac Magnetic Resonance in the 

Assessment of Intra-dialytic Diastolic Function 

(CAMRID -DIASTOLIC study)  
 

3.2.1 Study Procedures  

3.2.1.1 Cardiac Imaging  

 

Cardiac magnetic resonance imaging was performed on a 3T Philips Achieva MR 

scanner (Philips Medical Systems, Amsterdam, The Netherlands) using a 16ïchannel 

XL Torso coil. SPAMM tagging was used to assess cardiac strain in both the long and 

short axis. Once these images were acquired, CIM2D software (Auckland Uni 

Services) was used to segment the left ventricle into six segments for both the 4 and 2 

chamber views. 

3.2.1.2 Acquisition of Cardiac Measurements  

 

Left atrial volumes measurements were collected using 4 and 2-chamber of the heart 

using cardiac cine loops images. These images were assessed offline using MIPAV 

software (Centre for Information technology, National Institute of Health, Maryland, 

USA). In the first instance, the left atrium area was measured at end-diastole in both 

the 4 and 2 chambers views. Next, a ROI was manually drawn (using a point and click 

technique) around the circumference of the left atrial endocardial border at maximal 

dilation, including the septum, apex, mitral valves and excluding the pulmonary artery 

and papillary muscles[146]. Then the left atrial length during end-diastole was 

measured, from mitral annular plane valves to the left atrial back wall in the 4-chamber 

plane only. 

Using the above measurements and body surface area (BSA) technique, the LAVi was 

calculated using the biplane area-length method[152]. In those receiving dialysis, BSA 

was calculated using dry weight and height. 

Strain measurements are generated from SPAMM tagging software by calculating the 

movement of myocardial fibres across contraction. All values were obtained from 

mid-wall longitudinal strain measurements across the cardiac cycle. Strain is the 

change in myocardial fibre length divided by the time taken in milliseconds to reach 

that length[256]. Similar to speckle-tracking, positive strain values indicate 
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myocardial fibre lengthening/cardiac muscle relaxation that occurs during diastole. In 

comparison, negative strain values indicate shortening of myocardial fibres that occurs 

during systole. The more negative the value, the stronger the cardiac muscle 

contraction. 

Global longitudinal peak systolic strain (PSS) is an assessment of maximal cardiac 

contraction. PSS was calculated at each time point; baseline, 30 mins, 120 mins, 180 

mins, and post dialysis (figure 15).  

SSR is another method of assessing cardiac systolic function and is calculated by the 

change in strain (æstrain) between each time frame as a measure of time divided by 

ætime. SSR was calculated using the Ennis et al. technique;  90% of the difference 

from the beginning of the strain curve to maximal contraction  (the downward slope 

until the point of inflexion) over the difference in time (æt)[257]. Illustrated in figure 

15. 

Early DSR is one method of assessing diastolic function and was calculated using the 

Ennis et al. technique. The difference in strain is calculated from the strain value 

following the point of inflexion (maximal contraction) until the plateauing of strain 

values (mid-diastole)[257]. (Figure 15). Lower eDSR values indicate a decline in the 

rate of relaxation and therefore ventricular filling. Slower ventricular filling is a 

marker of left ventricular hypertrophy[258]. 

 

Peak DSR is another method of assessing diastolic dysfunction. æstrain/ætime was 

calculated between every two consecutive values across the strain curve, these 

calculated values are plotted against time (Figure 16). These values were used to 

generate a new strain curve; the lowest trough value correlates to peak systolic strain 

rate and the highest peak correlates to peak DSR [259].  
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FIGURE 3.4, DIAGRAMS DEMONSTRATING THE CARDIAC STRAIN CURVES. A, PEAK 

SYSTOLIC STRAIN. B, SYSTOLIC STRAIN RATE. C, EARLY DSR 

 

A B 

C 
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FIGURE 3.5, DIAGRAM ILLUSTRATING PEAK CALCULATION OF PEAK DSR. 

                                    

3.2.1.3 Statistics 

 

All statistical analyses were performed using PRISM (Graphpad software, San Diego, 

USA); continuous variables were presented as median and interquartile (IQR), the 

nadir group was formed by collecting the lowest values across dialysis (excluding 

baseline values). 

Nonparametric statistical analysis was used for all analyses; Wilcoxon signed-rank 

test analysis when comparing groups. In addition, Freidmann analysis was used to 

compare multiple groups and Spearmanôs rank for correlation. 
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3.3 Study 3: Multiparametric MR in the Assessment 

of Chronic Kidney Disease (REMIND study  and   

Study 4: Multiparametric MR in the Assessment of 

Acute Kidney Injury  (REMIND -AKI study)  
 

3.3.1 Study Procedures 

3.3.1.1 Iohexol Clearance 

  

Iohexol clearance was conducted to measure GFR within seven days of the baseline (first) and 

final (third) MR scan. Five millilitres of Iohexol (Omnipaque 240) were administered 

intravenously in one arm at zero minutes.  Blood was sampled from a venous cannula inserted 

in the contralateral arm at 120 minutes, 180 minutes and 240 minutes in patients whose 

eGFR>40ml/min/1.73m2) and another blood was sampled at 360 minutes for patients whose 

eGFR eGFR<40ml/min/1.73m2). Blood samples were centrifuged, and the serum was frozen 

at -80C until analysis. 

Single-batch analysis of the Iohexol assays were conducted at the Oxford, John Radcliffe 

Hospital biochemistry department using reverse-phase high-performance liquid 

chromatography assay with photodiode array detection at 254 nm[260]. Iohexol clearance was 

calculated from the rate of decline in Iohexol concentration and was corrected for body surface 

area. 

3.3.1.2 Multiparametric Renal MRI Scans 

 

Renal MRI was performed at baseline and a second scan was performed after 7-14 days to 

assess the reproducibility of MR parameters. A third MR scan was performed 365±30 days 

after the baseline scan to assess longitudinal changes in the MR parameters. A clinician and 

MR physicist were present during every participantôs scan. Each scan lasted approximately 45-

60 minutes and is represented in Figure 3.6. 

3.3.1.3 MR Sequence Protocol  

 

All MR scans were performed at the Sir Peter Mansfield Imaging Centre (SPMIC). The first 

three CKD participants had their baseline and reproducibility scans performed in a 3 Tesla 

Philips Achieva scanner multi-transmit capability (Philips Medical Systems, Best, The 

Netherlands). All subsequent scans were performed on a 3T Philips Ingenia scanner with multi-

transmit capability (Philips Medical Systems, Best, The Netherlands). Participants were 
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scanned in a supine position. A 16-channel SENSE torso receive coil was placed on over the 

participants' thorax and abdomen. At the start of the scan localizer sequence scans were 

obtained in three orthogonal planes to quantify kidney. Throughout the MR scan sequence, 

participants performed breath holds and the data was collected at expiration. 

 

 
 

FIGURE 3.6, ILLUSTRATION OF THE RENAL MULTIPARAMETRIC MR SEQUENCE. 

 

3.3.1.4 Renal Oxygenation  

 

The blood-oxygen-level-dependent (BOLD) MR imaging technique utilises deoxygenated 

blood as an endogenous contrast agent[261]. Deoxygenated blood has paramagnetic 

properties[262] and this is the primary method of assessing renal parenchymal oxygenation. 

As the content of parenchymal deoxyhaemoglobin increases, it results in increased signal decay 

time[263].  

Three breath-holds, lasting approximately 17 seconds, were required to obtain the T2
* data (a 

measure of renal parenchymal oxygenation) using multi-echo fast-field-echo sequences[205]. 
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The imaging parameters used were 1.5mm in-plane resolution, 12 echoes, with an echo time 

of 5ms and an echo time spacing of 3ms, SENSE 2, 5mm slice thickness and a flip-angle of 

25o[192]. 

3.3.1.5 Renal Haemodynamics  

 

As part of renal haemodynamic assessment, arterial-spin-labelling (ASL) and phase-contrast 

(PC) techniques were used to assess whole kidney perfusion and renal artery blood flow 

respectively. 

3.3.1.6 Arterial -spin-labelling 

 

Figure 3.7 demonstrates the ASL protocol used in the study; ASL images were collected using 

a flow-alternating inversion recovery (FAIR) scheme[264].   An inflow map is an 

additional ASL sequence with four pairs of selective (labels the water-protons) and non-

selective radiofrequency pulses but with post-labelling delay acquisition at differing time 

points 300ms, 500ms, 700ms and 900ms to identify reduced perfusion in diseased kidneys.  To 

further quantify and obtain more accurate perfusion measurements using the ASL technique, a 

T1 map and M0 scan were acquired. A M0 scan is a standard MR image.  

ASL is particularly sensitive to motion artefact which in turn can affect accuracy result 

accuracy. Saturation pulses are a method of combating this and are another non-selective 

radiofrequency pulse applied in order to suppress background noise from moving tissue outside 

the image slice[265]. (Figure 3.8) 

 

FIGURE 3.7, DEMONSTRATES (A) THE IMAGE SLICE AND (B) THE AQUISITION OF PERFUSION-

WEIGHTED IMAGES [266].  
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FIGURE 3.8, ILLUSTRATES THE ASL MR SEQUENCE.  

 

3.3.1.7 Phase Contrast 

 

 

Phase contrast is a non-contrast angiography MR technique used to assess blood flow to the 

renal artery. The TRANCE (Triggered Angiography Non-Contrast Enhanced) MR angiogram 

technique were used to acquire the renal artery images and renal blood flow measurements. 

The technique is contingent on the phases of the cardiac cycle, as an image is acquired in systole 

and another in diastole. The signal images alter across the cardiac cycle due to the speed of 

renal arterial blood flow. In the systolic phase, the flow of renal arterial blood is fast and due 

to the biphasic nature of arterial blood is not a continuous stream, therefore creating gaps in 

the signal image and this leads to the arterial blood signal being black in colour. Diastolic 

arterial blood flow is slower and there is a continuous, uninterrupted stream; therefore the 

signal from the diastolic phase of renal arterial blood flow is bright. Much like ASL, TRANCE 

phase-contrast MR is a subtraction technique. The systolic image is subtracted from the 

diastolic image[267].  

The phase-contrast MR angiogram image slice is placed at a perpendicular angle to the renal 

artery prior to the renal artery bifurcation. The image was taken during a breath-hold (Figure 

3.9).  Radiofrequency pulse is applied to the image slice; some of the protons (those within the 

tissue) stay stationary and other protons (within the blood components) move along the image 

slice. A phase-shift sequence assesses the velocity of moving protons relating to the image 

slice.   The phase image is a result of the phase-shift sequence. The magnitude image is acquired 

from a separate sequence, a zero-shift sequence, which compensates for inconsistencies and 

motion artefacts in the phase-shift sequence[268].  
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Velocity-encoding is a parameter applied to the phase-contrast sequence. The velocity-

encoding parameter establishes a threshold for the lowest and highest velocities that could 

potentially be identified within the renal arteries. The velocity-code parameter applied to the 

scan was 100cm/sec; therefore, the renal arterial blood flows expected within the renal arteries 

to be ± 100cm/sec. Renal artery area (mm2), renal arterial velocity (cm/s) and renal arterial 

flow (ml/s) can all be calculated from phase-contrast. 

 

 

FIGURE 3.9, ILLUSTRATE PHASE-CONTRAST IMAGE ACQUISITION. 

 

The top two images demonstrate the image acquisition plane perpendicular to the renal artery. 

The bottom two images show phase and magnitude image acquisition of the renal artery.  

The next MR parameters assess renal structure; macrostructure is assessed by volume 

measurement and renal parenchymal microstructure is assessed by diffusion-weighted 

imaging[269] and T1 imaging.  

 

3.3.1.8 Volume  

 

The localizer scans are low-resolution, whole-body images taken in three planes (transverse, 

sagittal and oblique). Five 5mm slices with 288 mm by 288 mm field-of-view were taken. The 

disc-summation method was used to calculate the renal volumes off-line[270].  

 

 



73 
 

3.3.1.9 Diffusion-Weighted Imaging  

 

Eleven DWI image acquisitions were collected with b-values at 0s/mm2, 5s/mm2, 10s/mm2, 

20s/mm2, 30s/mm2, 50s/mm2, 100s/mm2, 200s/mm2, 300s/mm2, 400s/mm2, 500s/mm2 at three 

orthogonal angles (horizontally, vertically and 450 diagonally). These are demonstrated in 

Figure 3.10.  

 

ADC values are affected by b-value diffusion weighting[271]. Multiple b-value weighting 

images were taken at different gradients in order to establish the ideal and most accurate ADC 

values. Lower ADC and coefficient D values suggest fibrosis/inflammation[272]. 

 

 

FIGURE 3.10, ADC IMAGES AT VARIOUS B-VALUE GRADIENTS.  

 

3.3.1.10 T1 Imaging 

 

A T1 inversion recovery sequence was used[273]; 1800 radiofrequency pulse was applied, 

followed by a spin-echo pulse sequence[274]. The inversion recovery sequence was applied at 

different times across the imaging slice; 200ms, 300ms, 400ms, 500ms, 600ms, 700ms, 800ms, 

900ms, 1000ms, 1100ms, 1200ms, 1300ms, 1500ms.  

In order to mitigate for motion artefacts and standardize multiple scans together, a modified 

respiratory trigger sequence was applied at inspiration[192]. T1 values for cortex and medulla 

were calculated.  
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FIGURE 3.11, ILLUSTRATES THE T1 IMAGING SEQUENCE AND T1 IMAGES[273]. 

 

3.3.1.11 Renal Biopsy Analysis 

 

Renal biopsies were performed as a standard medical intervention at the request of the caring 

physician. Renal tissue underwent standard histopathological processing for light microscopy, 

immunofluorescence and electron microscopy in the Pathology Department at Nottingham 

University Hospitals. Slides were assessed by an experienced specialist renal pathologist who 

reported the diagnosis. In addition, the H&E, PAS, silver staining and Massonôs trichrome 

slides were digitally scanned and images uploaded onto a digital imaging programme 

(Slidepath, version 4, Leica Biosystems), Figure 3.12. The specialist renal pathologist used 

Massonôs trichrome images were used to subjectively score interstitial fibrosis (IF) and the 

PAS images were used to subjectively assess a glomerulosclerosis (GS) score. Glomeruli were 

identified as either having sclerosis or not having sclerosis and the glomerular sclerosis score 

was calculated as the percentage of glomeruli with any sclerosis.  
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FIGURE 3.12, RENAL TISSUE SPECIMENS FROM ORIGINAL HISTOLOGICAL ANALYSIS SCANNED TO 

AND OBTAINED FROM SLIDEPATH FROM THE CKD COHORT.  A, SILVER STAINING OF RENAL 

TISSUE. B, MASSONôS TRICHROME STAINING. C, PAS-STAINED RENAL TISSUE. D, H&E-STAINED 

RENAL TISSUE.   

 

PAS images were used to calculate individual glomerular volumes; a region of interest (ROI) 

was manually drawn around each non-sclerosed glomeruli at x400 magnification for each core. 

The Slidepath analysis software measured the glomerular area (µm2), the glomerular volume 

(µm3) was estimated using the Weibel and Gomez equation[275].  

 

An additional objective analysis of histology was conducted at the Human Biomaterials 

Resource Centre (HBRC) at the University of Birmingham.  Previously unprocessed renal 

tissue blocks were cut, de-waxed, rehydrated and then stained with Picro-Sirius red solution 

(Sigma-Aldrich, Direct Red 80), which stains renal tissue for collagen I and III[276]. Using 

bright-field microscopy, collagen stains red and other renal structures stain yellow. The Sirius 

red slides were scanned and uploaded to Slidepath as images, Figure 3.13. These images were 

analysed offline using Tissue Studio software® version 3.0, (Definiens®, München, 

Germany). 

 

! .

/ 5
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FIGURE 3.13, CKD COHORTôS RENAL TISSUE STAINED WITH SIRIUS RED AND SCANNED ONTO 

SLIDEPATH.  A, IF SCORE 50%. B, IF SCORE 40%. C, IF SCORE 30%. D, IF SCORE 23%. 

  

A region of interest (ROI) was drawn around the cortical tissue and separate ROIs were drawn 

around structures excluded from analysis, including medulla, capsule, fat, glomeruli and 

arterioles, Figure 3.14. The Tissue Studio software quantified the amount of red staining 

(collagen) within the defined cortical area as a percentage[277].  

 

 

FIGURE 3.14, REPRESENTS THE MULTIPLE STAGES OF OFFLINE ANALYSIS OF A CKD SUBJECTS 

RENAL TISSUE STAINED WITH SIRIUS RED. A, ORIGINAL IMAGE STAINED WITH SIRIUS RED B, 

IDENTIFICATION OF RENAL CORE, EXCLUDING MEDULLA , FAT OR CAPSULE. C, EXCLUSION OF 

GLOMERULI (NAVY AREAS) AND VESSELS (WHITE AREAS). 

 

 

 

! .

/ 5



77 
 

3.3.1.12 Statistical Analysis  

 

Statistical analyses were performed using Graphpad Prism 7 (Graphpad software California, 

USA). Data were summarised as mean±SD or median (interquartile range) for parametric and 

nonparametric variables, respectively. A paired t-test, nonparametric equivalent or repeated-

measures ANOVA were used to compare variables over two or more time points. Correlations 

were performed with Pearson and Spearman rank tests. The within-subject coefficient of 

variance was calculated for individual MR parameters[278]. 

 

3.3.1.13 Sample Size and Justification 

 

Renal MPMR in a dynamic investigation of CKD has not been studied before. This is a pilot 

study to explore new methodologies and has not been powered for analysis of the data. 

Therefore, the sample size has been selected on a pragmatic basis and is comparable with 

published norms. 
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Chapter 4: 

Regional and Global Left Ventricular Dysfunction during 

Dialysis for Acute Kidney Injury  
 

 

 

 

 

 

 

 

 

 

The work for this chapter was published Myocardial stunning occurs during intermittent 

haemodialysis for acute kidney injury. 

Huda Mahmoud, Lui Forni, Christopher McIntyre, Nicholas Selby 

Intensive Care Medicine, 2017[239] 
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4.1 Introduction  

 

AKI is estimated to affect one in ten hospital admissions and confers a reduced risk of survival, 

with mortality rates of approximately 20% for all stages of AKI[279]. Individuals who receive 

RRT have particularly bleak outcomes with a doubling of in-hospital mortality and a higher 

risk of adverse outcomes that persists long after discharge[280]. In many cases, the severity of 

co-existing acute illness or chronic comorbidity are major factors in determining patient 

outcome[46], and the cause of death is not commonly due to uraemia per se. Cardiovascular 

mortality is second only to sepsis as a primary cause of death in patients with AKI[281]. Whilst 

experimental studies demonstrate that the presence of AKI worsens the severity of co-existing 

illness e.g. via inflammatory signalling and organ-cross talk[282], the precise mechanisms by 

which the presence of AKI is linked to increased all-cause and cardiovascular mortality[283] 

in humans are not fully understood.  

In patients with end-stage kidney disease, a large body of work shows how the process of 

haemodialysis contributes directly to a high burden of cardiovascular disease[284]. The 

haemodynamic stress of dialysis can cause subclinical myocardial ischaemia resulting in 

regional LV dysfunction, so-called dialysis-related myocardial stunning. Stunning can be 

detected by direct measurement of myocardial blood flow[285] or by using echocardiography 

to identify new left ventricular (LV) regional wall motion abnormalities[286]. When this 

process occurs recurrently during thrice-weekly dialysis, it leads to fixed reductions in LV 

systolic function. The occurrence of dysfunctional LV segments during dialysis associates with 

increased mortality in a dose-dependent relationship[255]. In addition, the process is associated 

with higher ultrafiltration volumes and more significant changes in systolic blood pressure, 

with dialysis-based interventions to lessen these factors effective in improving patient 

outcomes[287].  

Currently, it is unknown whether myocardial stunning occurs during renal replacement therapy 

for AKI. It is possible that a similar process could be relevant to the inferior patient outcomes 

that are observed in this group. Conversely, patients with AKI do not display the cardiovascular 

changes that are seen in chronic uraemia, which render patients more susceptible to myocardial 

ischaemia[288]. There are also notable differences in the delivery of RRT for AKI as compared 

to chronic haemodialysis.  
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4.2 Methods  

4.2.1 Study 1 Design: 

 

An observational proof of concept study. Participants were studied over a single, four-hour 

dialysis session with echocardiography and haemodynamic monitoring before, during and after 

dialysis (Figure 4.1). 

 

The presence of myocardial stunning is determined using 2-dimensional echocardiography to 

assess regional left ventricular wall abnormality. It is defined as the development of two or 

more left ventricular segments displaying ²20% reduction in wall motion from pre-dialysis 

(resting baseline). 

 

Data on dialysis prescriptions were collected prior to dialysis. The clinical parameters, and 

serum laboratory results were obtained prior to and after dialysis. In addition, the pre-AKI 

baseline renal function was documented, as were the three-month post-hospital-discharge renal 

function tests.  These results were determined from samples taken as part of standard clinical 

care.  

 

The caring nephrologist decided the ultrafiltration volume (UFV) prescription. Gambro Artis 

monitors were used to perform dialysis with surface treated AN69 dialysers (Nephral 300, 

Baxter, UK), bicarbonate buffer, dialysate temperature 370C. A standard dialysate was used 

containing the following electrolyte composition; sodium 137mmol/L, potassium 2.0mmol/L, 

glucose 1.0g/L, calcium 1.5mmol/L, magnesium 0.5mmol/L. The blood flow rate was between 

190-250ml/minute and a dialysate flow rate of 500 ml/minute was achieved. Unfractionated 

heparin was used to anticoagulate the dialysis circuit[239]. 

 

Primary Objective 

1. Identify the occurrence of myocardial stunning during acute RRT. 

Secondary Objectives 

1. Identify any association of RRT-associated myocardial stunning with 

haemodynamic stability and ultrafiltration volume during dialysis. 
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4.2.2 Eligibility Criteria  

 

Inclusion criteria  

¶ Age Ó18 years  

¶ Acute kidney injury requiring RRT because of the following parameters 

1. Refractory extravascular fluid overload  and/or pulmonary oedema  

2. Urea Ó25mmol/l and/or uraemia-induced organ toxicity (i.e. encephalopathy, 

pericarditis) 

3. Metabolic acidosis (pH <7.2 or HCO3 <15mmol/l) 

4. Hyperkalaemia (K+ Ó6.5mmol/l) 

5. Oliguria (urine output <100ml/6hrs) 

Exclusion Criteria 

¶ Obstructive causes of AKI 

¶ Receiving RRT greater than 7-days before recruitment  

¶ Receiving palliative care at the time of recruitment 

¶ Pre-existing CKD stage 5 or pre-morbid chronic dialysis 

 

4.2.3 Recruitment 

 

The Derbyshire Research Ethics committee granted ethical approval and recruitment occurred 

from individuals admitted to the renal high-dependency unit at the University Hospitals Derby 

and Burton, who all provided written consent. Subjects had AKI that required initiation of RRT 

within the previous seven days. AKI was defined by the KDIGO criteria plus the requirement 

for RRT, plus the prescence of a minimim one of the following factors; refractory metabolic 

acidosis defined as a pH<7.2 or bicarbonate <15mmol/l, refractory fluid overload or pulmonary 

oedema; uraemic toxicity; refractory hyperkalemia defined as Ó6.5mmol/l; or oliguria 

(<100ml/6hrs). Individuals with baseline CKD stage 5, significant valvular heart valve disease, 

cardiac arrhythmias and echocardiography images of insufficient quality were excluded[239].  

 

4.2.4 Ethics Considerations  

 

The East Midlands Research Ethics Committee and University Hospitals Derby and Burton 

Research and Development department approved the research projects.  
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The investigators performing this study are also medically qualified clinical practitioners and 

are trained in capacity assessment and consent in accordance with good clinical practice 

guidelines. 

The majority of subjects participating had capacity and were able to provide informed consent. 

The investigator (also a member of the clinical team) approached potential participants, 

explained participation is entirely voluntary; study details and provided a Participant 

Information Sheet (PIS). The investigator answered participant questions. 

 

All subjects had a capacity assessment performed before the consent process, capacity was 

assessed in concordance with the Mental Capacity Act Code of Practice 2007[289]. If the 

subject was unable to complete any one of the elements required in a capacity assessment, they 

were deemed not to have capacity. 

For subjects who lacked capacity to give informed consent, a system of deferred consent was 

applied in accordance with the Medical Research Councils guidance in involving adults who 

cannot consent in research. This Entails three separate conditions to be fulfilled. Initially 

approval from a Research Ethics Committee (The study was approved by Nottingham REC 

committee ï July 2015). Secondly, consultation and approval from either family or carers or 

other medical professionals.  

 

For subjects without the capacity to consent, the agreement of both an independent (from the 

research study) medical professional and a personal consultee was sought and required for 

recruitment into the study. 

A senior health care professional approved by the Trust would assess the potential subjectô 

interests and confirm that the subject was medically stable and appropriate to participate in the 

study. The decision is documented in the subjectsô medical notes and respected by the 

investigators. 

A patientôs consultee is a relative or friend who cares for or is interested in the welfare of the 

individual. A patientôs consultee cannot be a not professional carer or an individual involved 

with the subject in a professional capacity e.g. a solicitor. 

The patient consultee was approached and informed that their involvement as a consultee was 

voluntary. The role of a consultee and the details of the study were provided.  A patient 
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consulteeôs information leaflet was provided. The consultee had time to consider the 

information provided and the investigator was available to answer any questions. 

Consulteeôs decision will be documented on the consultee declaration consent form and 

respected by the investigators. 

Once the consultee agreed to patientsô participation, a copy of the consultee consent form was 

required for the patientôs/consultees personal record and the investigators' records. The original 

consent form was filed in the patientôs notes. The patientsô consultee was allowed to be in 

attendance during the study session. 

The study was minimally invasive with negligible risk to the subject and therefore posed 

minimal potential risk. Additionally, subjects whose advance directive contravenes 

participating in any research were respected.  

 

4.2.5 Study Days  

 

The study was performed during a standard 4-hour (240 minutes) haemodialysis (HD) or 

haemodiafiltration (HDF) session or an 8 hour (480 minutes).  

 

4.2.6 Prior to the Dialysis Session  

 

Before subjects commenced dialysis, a baseline echocardiography was performed. This 

included a four and two-chamber view of the left ventricle. 

The subject was attached to a NICOM machine (non-invasive cardiac monitoring) via sensors 

over the right and left clavicle and over the right and left upper abdominal quadrants. The 

sensors and a blood pressure cuff were attached to the monitor. The monitor recorded basic 

haemodynamic information. 

An arterial blood gas to calculate the SOFA score (sequential organ failure assessment score) 

was obtained if no contraindications existed (blood clotting problems, peripheral vascular 

disease). 

Routine baseline clinical blood tests, blood for centrifugation & storage and a venous blood 

gas were taken (for central venous oxygen saturation- Sv02) from the central venous 

catheter[239]. 
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4.2.7 During the Dialysis Session 

 

Another echocardiography was performed at 225 minutes into a HD/HDF session. During the 

dialysis session, the dialysis prescription, haemodynamic status and any complications were 

recorded.   

4.2.8 Haemodynamic Monitoring  

 

Continuous non-invasive cardiovascular and haemodynamic monitoring was performed 

throughout dialysis using Thoracic Bioreactance (NICOM, Cheetah Medical, Israel) that 

measures the relative phase shift of an applied electrical current, from which changes in 

thoracic fluid volume and therefore cardiac output can be calculated[290]. Stroke volume (SV) 

and cardiac output (CO) were calculated on a minute-to-minute basis with blood pressure (BP) 

readings and total peripheral resistance recorded every 15 minutes. Intradialytic hypotension 

was defined as a sustained drop in the systolic blood pressure by >20mmHg from baseline or 

a decline in the systolic blood pressure to <90mmHg for greater than 5 minutes[239].  

 

4.2.9 End of Dialysis Session 

 

At the end of dialysis from the central venous catheter routine post-dialysis blood tests, blood 

for centrifugation & storage and venous blood gas were performed. 30 minutes after the RRT 

session was completed, another echocardiogram of the left ventricle was performed. Troponin 

T was performed 6 hours after the final echocardiography[239]. 
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FIGURE 4.1, REGIONAL AND GLOBAL LEFT VENTRICULAR DYSFUNCTION DURING DIALYSIS FOR 

ACUTE KIDNEY INJURY, FLOW DIAGRAM OF STUDY PROCEDURES[239]. 

4.3 Results 

4.3.1 Participant  and dialysis treatment details 

 

Thirteen subjects were eligible for inclusion, two were excluded due to poor image acquisition, 

11 subjects were included in the analysis. The mean age of the participants was 59°15years, 

nine were male and five were diabetic. Four participants had pre-existing CKD-G3 (baseline 

eGFR 30-60ml/min/1.73m2) and in the overall group, baseline eGFR was 79.4±29.5 

ml/min/1.73m2. Complete demographic details are displayed in Table 1[239].  

 

In four subjects, the cause of AKI was determined by renal biopsy (one each of 

rhabdomyolysis, myeloma, plasma-cell leukaemia and anti-glomerular basement membrane 

disease). Of the remaining patients, five had AKI in the setting of sepsis, one had cardio-renal 

syndrome and one had renal artery thrombosis. On the study day, the median sequential organ 

failure assessment (SOFA) score was 6 (IQR 2). No patients required vasopressors[239]. 

 

Inclusion criteria: 
Age >18 

Haemodialysis 
 for AKI 

Haemodialysis 
240 minutes Session 

Follow up until hospital 
discharge/30days 
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Demographics (N=11)   

Age (years) Mean±SD 59±15 

Baseline Creatinine (µmol/L) Mean±SD 95.5±27.5 

Baseline eGFR (mL/min per 1.73m2) Mean±SD 79±30 

Creatinine (µmol/L) at the start of RRT Median±IQR 882 (IQR 801) 

Charlson Comorbidity Index Median±IQR 1 (IQR 5) 

SOFA Score (Study Day) 

Left Ventricular Mass (g/m2) 

Site of venous catheter (femoral: jugular) 

Median±IQR 

Mean±SD 

      Number 

6 (IQR 2) 

91±40 

(5:6) 

TABLE 4.1, BASELINE DEMOGRAPHIC DATA. ESTIMATED GLOMERULAR FILTRATION RATE (EGFR) AS 

CALCULATED BY CKD-EPI EQUATION; RENAL REPLACEMENT THERAPY (RRT); SEQUENTIAL ORGAN 

FAILURE ASSESSMENT SCORE (SOFA) [239].  

 

 

Comorbidities n=  

Ischaemic Heart Disease  3 

Peripheral vascular disease  1 

Heart failure 1 

Diabetes 6 

Hypercholesterolaemia  4 

Hypertension  7 

Previous coronary intervention  2 

Smoking Status   

Current smoker  1 

Ex-smoker 5 

TABLE 4.2, DEMONSTRATING THE COMORBIDITIES WITH THE COHORT. 

 

All participants commenced RRT within the first 48hrs of hospital admission (four 

participantsô day 0, five participantsô day 1, two participantsô day 2) and completed four hours 

of dialysis for study sessions. Mean UFV was 1.4±1L, with three participants having the 

minimum 0.5L removed. Relative blood volume change at the end of the dialysis sessions was 

-4.7±7%. Laboratory results are shown in Table 2. Troponin T values were significantly higher 

six hours after dialysis as compared to pre-dialysis, median 56 (IQR 394)ng/ml versus 39 (IQR 

216)ng/ml respectively, p=0.003.  
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Laboratory Data Pre-dialysis Post-Dialysis P value 

Urea (mmol/L) 32±3 14±2 <0.001 

Creatinine (µmol/L) 764±79 389±41 <0.001 

Potassium (mmol/L) 4.7±0.3 3.5±0.2 <0.001 

Sodium (mmol/L) 134±1 136±1 0.01 

Bicarbonate (mmol/L) 22±1 26±1 0.002 

Corrected Calcium (mmol/L) 2.4±0.1 2.3±0.1 0.5 

Phosphate (mmol/L) 1.7±0.2 1±0.1 0.002 

Lactate (mmol/L) 1.1±0.4 1.3±0.5 0.3 

TABLE 4.3. LABORATORY DATA, COMPARING VALUES BEFORE AND AFTER DIALYSIS (MEAN±SD) ALL 

SAMPLES WERE TAKEN IMMEDIATELY AFTER COMPLETION OF DIALYSIS, EXCEPT FOR THE SECOND 

TROPONIN T SAMPLE THAT WAS TAKEN AT 6HRS POST COMPLETION OF DIALYSIS[239].  

 

 

FIGURE 4.2.    A. BOX AND WHISKER PLOT COMPARING TROPONIN VALUES BEFORE, IMMEDIATELY 

AFTER AND 6 HOURS AFTER DIALYSIS CESSATION. TROPONIN VALUES DROP DURING DIALYSIS 

AND RISE HOURS AFTER THE COMPLETION OF DIALYSIS. B. BOX AND WHISKER PLOT COMPARING 

TROPONIN VALUES BEFORE, IMMEDIATELY AFTER DIALYSIS .   PRE-DIALYSIS TROPONIN AND BNP 

VALUES ARE BOTH SIGNIFICANTLY HIGHER THAN NORMAL RANGE.  

 

4.3.2 Blood pressure and haemodynamics 

 

Pre dialysis mean systolic BP (SBP) was 133±20mmHg and mean diastolic BP (DBP) was 

78±16mmHg.  During dialysis, BP was similar: SBP was 136±25mmHg (p=0.3 versus 

baseline), DBP was 80±15mmHg (p=0.8 versus baseline), Figure 4.3. However, the lack of 

change in mean blood pressure values masked individual change. The mean fall in SBP during 

! .
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dialysis (pre-dialysis to nadir) was 13.8±8mmHg. Seven episodes of IDH occurred in seven 

subjects; six of these episodes were asymptomatic and one required administration of a fluid 

bolus[239].  

Stroke volume (SV) declined throughout dialysis from a pre-dialysis mean of 93±34mls to 

78±m23mls at the end of dialysis (p=0.05). Heart rate (HR) increased during dialysis from 

74±19bpm to 78±14bpm (p=0.03) and cardiac output fell from 6.4±1.5litres/min to 

5.4±1litres/min (p=0.04). Total peripheral resistance (TPR) increased from a pre-dialysis mean 

of 1146±245dynes/sec/cmï5 to 1559±444 dynes/sec/cmï5 (p=0.03). Haemodynamic data are 

summarised in Figure 4.3[239]. 

 

4.3.3 Regional and global LV function during dialysis 

 

All 11 subjects developed two or more LV RWMAs during haemodialysis. The median number 

of affected LV segments at 225min during dialysis was 5 (IQR 4-6). These changes persisted 

to 30min after dialysis, at which point the median number of RWMAs was 4 (IQR 3-6). These 

data are summarised in Figure 4.4.  

Global LV function also deteriorated during dialysis. GLS declined from a pre-dialysis value 

of -17.78°3.7% to -15.27°2.3% during dialysis, p=0.03. Compared to pre-dialysis, GLS was 

also significantly less negative at 30min post-dialysis at -14.77%°2.8, p=0.002. Baseline EF 

was 70±8% and fell significantly during dialysis to 60±13% (p=0.035), and only partially 

recovered post-dialysis to 63±8%, p=0.046 versus baseline[239].  

 

4.3.4 Associations with LV dysfunction during dialysis 

 

A higher number of RWMAs were associated with a more significant decline in cardiac output 

(r=0.63, p=0.04) and a more minor increase in heart rate (r=-0.71, p=0.01). No association 

between the number of RWMA and UFV were observed, although there was a trend towards 

an association between higher UFV and decline in GLS (r=-0.67, p=0.07). A more considerable 

decline in GLS across dialysis was also associated with a greater decline in CO across dialysis, 

r=0.63, p=0.04. The change in EF during haemodialysis was associated with lower minimum 

systolic blood pressure (r=0.68, p=0.02)[239].  
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FIGURE 4.3, HAEMODYNAMIC PARAMETERS DURING DIALYSIS[239].  FIGURE A, REPRESENTS 

STROKE VOLUME ACROSS DIALYSIS. FIGURE B, REPRESENTS HEART RATE ACROSS DIALYSIS. 

FIGURE C, REPRESENTS CARDAIC OUTPUT ACROSS DIALYSIS. FIGURE D, REPRESENTS TOTAL 

PERIPHERAL RESISTANCE ACROSS DIALYSIS. FIGURE E, REPRESENTS SYSTOLIC AND DIASTOLIC 

BLOOD PRESSURE ACROSS DIALYSIS 

 

4.3.5 Sensitivity analysis 

 

Assessing ventricular contractile performance by longitudinal LV strain may be more sensitive 

than other methods to detect regional wall motion abnormalities (visual adjudication or 

endocardial border movement)[291]. A sensitivity analysis using more stringent definitions for 

the development of new RWMAs, in that a new RWMA was defined as a ²50% and then a 

²75% decrease in peak systolic longitudinal strain as compared to individual segmental pre-
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dialysis values. Even using a ²50% reduction in strain, 9 of the 11 subjects developed two or 

more RWMAs during dialysis, with only partial recovery post dialysis. Using a definition of a 

²75% reduction in strain, this figure fell to six subjects. The mean number of RWMAs at each 

strain cut-off, along with those using the standard definition of a ²20% reduction in strain, are 

shown in Figure 4.4[239].  
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FIGURE 4.4, COMPARING DIFFERENT PERCENTAGE STRAIN THRESHOLDS TO DEFINE RWMAS, THE 

GRAPH REPRESENTS THE UNAFFECTED NUMBER OF LEFT VENTRICULAR SEGMENTS DURING 

DIALYSIS[239]. ALL PATIENTS EXPERIENCED NEW RWMAS DURING DIALYSIS DEFINED AT A 20% 

THRESHOLD FOR REDUCTION IN SEGMENTAL STRAIN, AND 9 OUT OF THE 11 EXPERIENCED THIS AT 

A 50% THRESHOLD.  

 

4.3.6 Partic ipant Outcomes 

 

All participants survived to discharge, mean length of stay was 25±15 days. At hospital 

discharge, two individuals remained haemodialysis dependant, and one other initiated long-

term dialysis within one month of hospital discharge. Two of these subjects died within six 

months. Of the 9 subjects that did not require long term RRT, the mean eGFR (CKD-EPI) at 

three months post-hospital discharge was significantly lower at 48±39mls/min/1.73m2 

compared to the pre-AKI  mean of 79±30 mls/min/1.73m2 (p=0.04). The average time between 



91 
 

AKI and post-discharge blood tests was 91±11 days[239]. The study numbers were too small 

to extract meaningful mortality data. 

 

4.4 Discussion  

 

Using speckle tracking echocardiography to measure systolic strain, a sensitive technique to 

detect changes in regional and global LV function. This study demonstrated that participants 

undergoing dialysis for AKI display acute reductions in cardiac function in response to therapy. 

These changes were present in all of the subjects studied and were similar to those seen in 

chronic haemodialysis, with the pattern of segmental LV dysfunction, in particular, being 

suggestive of subclinical myocardial ischaemia[239].  

 

It is well recognised that chronic haemodialysis results in significant haemodynamic stress, 

with up to 20% of treatments complicated by IDH[292]. The haemodynamic changes in 

response to acute RRT are less well described. A small number of studies describe changes 

during continuous renal replacement therapies (CRRT) in critical care settings with 

inconsistent results. One study investigating RRT in patients with liver disease reported no 

major changes in measured variables[266], but intermittent haemodialysis in the critically ill 

often results in falls in BP[293].  

 

Significant changes in haemodynamic variables were observed, with SV and CO falling by 

16% during dialysis accompanied by a rise in total peripheral resistance. This pattern is of 

similar nature and magnitude to that reported during chronic dialysis with ultrafiltration, 

although these patients characteristically do not mount a heart rate response[294]. In contrast, 

our patients did display an increase in HR that may reflect better preserved baroreflex 

sensitivity in the absence of the cardiovascular changes of chronic uraemia[295]. Despite the 

lack of change in mean blood pressure, individual patients did experience IDH, and even 

without large ultrafiltration volumes it is clear that haemodialysis in acutely unwell patients is 

a significant haemodynamic stressor[239].  

 

In the chronic HD population, higher UFVs resulting in haemodynamic instability and falls in 

BP result in subclinical myocardial ischaemia. This has been shown with myocardial PET 

scanning to directly measure myocardial blood flow during dialysis[296] and more recently 

using arterial spin labelling (ASL) magnetic resonance imaging to determine intra-dialytic 
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changes in myocardial perfusion[297].These studies demonstrate that ischaemic LV segments 

become dysfunctional, providing justification for the use of echocardiography to detect new 

RWMAs that allows the study of wider populations. In the chronic HD population, dialysis-

induced myocardial stunning occurs in up to two-thirds of patients[298], with repeated 

exposure resulting in fixed reductions in LV systolic function and increased mortality[299].  

 

 

Dialysis-based interventions targeted at reducing haemodynamic stress such as cooled 

dialysate[300], biofeedback dialysis[301] and increased HD frequency[302] can reduce the 

frequency of myocardial stunning, with cooling the dialysate protective against long term 

reductions in cardiac function[303] and against ischaemic change in cerebral white 

matter[304]. For the first time, these results show that regional LV dysfunction occurs in 

response to dialysis for AKI. The pattern of segmental dysfunction is very similar to that 

observed in the chronic dialysis population, and the regional nature of this change suggests that 

the process is driven by subclinical ischaemia. This is further evidenced by the acute rise in 

troponin T that were observed at six hours post-dialysis. Notably, the process affected all of 

the participants studied, and resulted in reductions in global LV function, suggesting that 

acutely unwell patients are particularly vulnerable.  

 

However, there is evidence to indicate that the myocardial vulnerability/injury pre-exists 

dialysis as both troponin T and BNP are raised above normal levels in the pre-dialysis bloods 

(Figure 4.2). Raised troponin T and BNP indicating myocardial injury can occur for a variety 

of reasons including fluid overload, acidosis or electrolyte imbalance causing dysrhythmia, 

sepsis secondary to myocardial ischemia[305]. Troponin T and BNP are dialysed out over a 

high-flux membrane[306]  explaining the decline across dialysis, the subsequent 6 hour rise is 

likely to represent the subclinical ischaemia. There is no evidence that acid-base changes, 

dialysis induced electrolyte changes lead to RWMAs in the chronic dialysis population [255], 

nevertheless these parameters can affect cardiac muscle contractility and altering magnesium 

concentration during dialysis can lead to a reduction in GLS[307].  

Further studies investigating different dialysis prescriptions, including varied concentrations of 

dialysate electrolytes, calcium, potassium and bicarbonate are warranted. Dialysate potassium 

and calcium affect the electrolyte changes across dialysis[308] that may potentially have 

inadvertent effects on cardiac muscle contractility.  
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No clear associations between myocardial stunning and either BP changes or UFV in this 

cohort; this may reflect a small sample size, or alternatively that standard clinical assessments 

may not be adequate to reliably identify those at risk in this setting. These results suggest that 

segmental LV dysfunction during dialysis is predominantly driven by dialysis-related factors 

and not predicated on the cardiovascular changes of chronic uraemia; it was interesting to note 

that the ability to increment HR during dialysis was associated with the development of fewer 

RWMAs. However, key associations and determinants of dialysis-related stunning in the acute 

setting requires further study in larger cohorts[239].  

 

Previous work using intradialytic echocardiography has generally relied on measuring 

movement of the endocardial border to detect reductions in wall motion. In this study, speckle 

tracking analysis was used, a more current but well-validated technique, which reports strain 

(deformation) as an early and more sensitive measure of regional and global LV contractility 

as compared to ejection fraction[309]. Strain analysis using speckle tracking has been validated 

for the assessment of regional cardiac dysfunction after coronary artery reperfusion[310], valve 

replacement[311] and cardiac resynchronisation[312]. Longitudinal strain is considered the 

most sensitive marker of LV dysfunction, in part because longitudinal fibres are more prone to 

ischaemia[291]. In keeping with this, a fall in both EF and GLS during dialysis was noted, but 

whilst there was some recovery in EF post dialysis, that was not seen in GLS[239].  

 

Speckle tracking has been used to assess dialysis-induced cardiac dysfunction previously, but 

only in a single paediatric study[313]. RWMA was defined using current guidelines derived 

from the cardiology literature[254], it is possible that a 20% decline in segmental strain is too 

sensitive a threshold for the detection of dialysis-induced cardiac injury. Reassuring, a 

sensitivity analysis using more stringent strain thresholds for RWMAs did not change the 

overall pattern of our results, and associations between haemodynamic variables and number 

of RWMAs were preserved at a 50% threshold. At present it is not possible to state conclusively 

the optimal strain threshold to define dialysis induced RWMAs; future studies should include 

analyses with varying cut-offs of strain and link these to patient outcomes.  

 

Our study does have a number of weaknesses. As an initial proof of concept study, the sample 

size was small and longitudinal follow up was not performed. This precludes any comments as 

to whether the process of regional LV dysfunction that during dialysis has adverse effects on 

patient outcomes or longer-term cardiac function. In addition, this study occurred over a single 
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dialysis session, so cannot comment as to whether this process is persistent within individuals 

over the course of repeated haemodialysis sessions. Also, only those receiving haemodialysis 

were studied, and it cannot be inferred that the same process occurs during other modalities of 

acute RRT.  More protensive studies are required to investigate the effect dialysis-induced 

myocardial stunning has on the short- and long-term consequences and outcomes in persons 

with AKI  requiring acute RRT. Patients require acute RRT for varying amounts of time 

depending on their clinical course with a proportion not recovering renal function at all, and 

the degree of exposure to potential adverse effects of dialysis may be important. In our small 

cohort, the two patients who did not survive beyond six months were those that remained 

dialysis-dependent at hospital discharge. If dialysis-induced cardiac injury is shown to be 

pertinent to the outcomes of patients with AKI, then further research to study the effects of 

dialysis-related interventions (including comparisons of intermittent versus continuous 

techniques) will be warranted[239].  

 

 In summary, haemodialysis for AKI results in significant haemodynamic changes and acute 

deteriorations in regional and global LV function. The changes in regional LV function are 

consistent with a process driven by subclinical myocardial ischaemia. Further studies are 

required to determine whether this process has an impact on the extremely poor patient 

outcomes that are seen in this group[239].  
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Chapter 5: Cardiac Magnetic Resonance in the 

Assessment of Intra-dialytic Diastolic Function 

(CAMRID -DIASTOLIC)  
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5.1 Introduction  

 

The five-year relative survival for individuals requiring haemodialysis for renal replacement 

therapy (57% in men and 54% in women) is worse than many cancers; breast, lymphoma, 

leukaemia, and colon cancer[314].  Cardiovascular disease is the most significant contributor 

to the high mortality experienced by haemodialysis patients. More than 50% of those 

commencing haemodialysis have cardiovascular disease[315], 74% have LVH[316] and 36% 

already have a diagnosis of heart failure[317].  Higher  LVH and higher left ventricular end-

dilation volume values are associated with a worse prognosis[318] and directly impact all-

cause mortality in patients with ESRF. 

In the haemodialysis population with normal ejection fraction, half have diastolic dysfunction 

on imaging[319]. These individuals are often asymptomatic yet carry another significant 

independent risk factor for mortality[320]. Haemodialysis causes worsening in cardiovascular 

pathologies and therefore, an increase in cardiovascular morbidity and mortality.  

 

In many studies, global longitudinal peak systolic strain has been an independent predictor of 

LV remodelling. Furthermore, lower strain values are 18 times more likely to be associated 

with an adverse event, for example, admission with heart failure or death[321]. 

Haemodialysis patients suffer further cardiac insults from haemodynamic instability caused by 

high ultrafiltration volume and intradialytic hypotension resulting in increased RWMAs[322]. 

In addition, recurrent RWMAs secondary to coronary hypoperfusion result in LV remodelling 

and LVH. GLS and RWMAs can be assessed with echocardiography and cardiac MR imaging.  

 

Diastolic dysfunction is also associated with reduced mortality and morbidity and has a number 

of different assessment indices depending on the imaging modality including left atrial volume 

index (LAVI ), diastolic strain rate and unlike in the assessment of systolic function cannot be 

assessed by a single parameter.  

 

5.2 Study Design: 

 

Post-hoc analysis of cardiac MR data and images to assess the intradialytic changes in systolic 

and diastolic function.  
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The data was collected from a crossïover pilot study that used functional cardiac MR to 

compare the cardiac dysfunction that occurs across two dialysis modalities (standard 

haemodialysis and haemodiafiltration) on subjects already receiving HD for ESRF.  

This study focused on the change in measures of systolic and diastolic function across 

haemodialysis only. Analysing new images to calculate left atrial volume index (LAVi) cardiac 

function was assessed left atrial volumes, peak systolic strain and systolic and diastolic strain 

rates. 

Primary Objective 

1. Assess the occurrence of myocardial systolic dysfunction using peak systolic 

strain (%) and systolic strain rate (%/S). 

2. Assess the occurrence of myocardial diastolic dysfunction, measuring early and 

peak diastolic strain rate (%/S) and left atrial volume index. 

 

Secondary Objectives 

1. Identify correlations between acute systolic dysfunction and haemodynamic 

parameters 

2. Identify correlations between acute diastolic dysfunction and haemodynamic 

parameters 

 

5.2.1 Eligibility Criteria  

 

Inclusion/ Exclusion criteria 

¶ All the participants from the original study with sufficient raw data from the 

haemodialysis scans (strain values across the cardiac cycle)  

¶ Two participants were excluded from the original twelve participants.  One participant 

was excluded due to difficulties with the MR scanning process leading to poor image 

acquisition. The second participant was excluded due to insufficient data. 

  

5.2.2 Recruitment and Ethics Considerations  

 

The twelve subjects that participated in the original study were recruited from the University 

Hospitals Derby and Burton, Royal Derby Hospital site dialysis unit. East Midlands Research 

Ethics Committee provided the ethical approval and the study was sponsored by the University 
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of Nottingham (ClinicalTrials.gov no. NCT02494843). No further ethical approval was 

required for the post-hoc analysis. 

 

5.3 Methods 

 

Subjects were initially randomised to either HD or HDF and then received five dialysis sessions 

of their initial modality at the Royal Derby Hospital dialysis unit. Each dialysis therapy lasted 

four hours and was performed using a Fresenius 5008, high flux polysulfone dialyzers (FX800; 

Fresenius Medical Care, Bad Homburg, Germany).  

The sixth dialysis session was performed at the SPMIC, University of Nottingham. Subjects 

were transferred to the SPMIC to undergo serial functional cardiac MR assessments (Phillips 

3T Achieva), including short-axis cine, 2 and 4 chamber views and cardiac tagging whilst 

simultaneously receiving dialysis. The cardiac MR scans lasted approximately 50 minutes and 

were performed before dialysis (baseline), 30, 120, 180 minutes into dialysis and finally 30 

minutes post-dialysis. The study days at the SPMIC lasted 6 hours. 

Individuals were then transferred to the other arm of the study, switching to the other dialysis 

modality and the same study protocol occurred again. Haemodynamic changes were recorded 

throughout the study day and biochemical tests were collected before and after dialysis. The 

results from the original study have been published and included the assessment of coronary 

perfusion, regional wall motion abnormalities, systolic and diastolic blood pressure, heart rate, 

stroke volume and cardiac index. These cardiac and clinical indices were measured across 

dialysis, and comparative assessments were performed between HD and HDF.  

This post hoc analysis investigated different cardiac indices across the haemodialysis 

treatments only. These measures included left atrial volume index, global longitudinal peak 

systolic strain (PSS), systolic strain rate (SSR), both early and peak diastolic strain rate (DSR). 

Cardiac diastole involves multiple phases, early, mid and late-diastole. These phases represent 

changes in physiology. Early-diastole consists of left ventricular isovolumetric relaxation in 

conjunction with rapid ventricular filling. Mid-diastole involves increasing atrial pressure with 

low-flow ventricular filling. In late-diastole, atrial contraction results in late rapid ventricular 

filling [323].    In this study, early DSR is used to assess the rate of ventricular relaxation[324] 

and pDSR is used to evaluate mid-diastolic function[325].  
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LV longitudinal systolic deformation parameters, peak systolic strain (PSS) are expressed as 

(%) and systolic strain rate (SSR) expressed as a percentage per second (%/S) were assessed; 

more negative values indicate stronger systolic contraction or amplitude of contraction, 

respectively.  

LV longitudinal diastolic deformation parameters of early diastolic strain rate (eDSR) and peak 

diastolic strain rate (pDSR) expressed as percentage per second (%/S) were assessed. Lower 

values indicate a slower rate of LV relaxation and therefore ventricular filling. 

æt is the change in the time between measured strain values and was required to calculate SSR, 

eDSR and pDSR. 

LA enlargement is an independent cardiovascular risk factor, therefore left-atrial volume index 

ml/m2 (LAVI) was assessed as a chronic marker of diastolic dysfunction[326].  

 

 

FIGURE 5.1, STUDY PROTOCOL; A PARTICIPANT IN-BETWEEN SCANS WHILST ON DIALYSIS. B: 

STUDY DAY SCAN PROTOCOL. C: 2-CHAMBER AND 4-CHAMBER IMAGES 

 

 

C A B 
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FIGURE 5.2,  LA VOLUMES WERE CALCULATED USING THE BIPLANE METHOD [134]. 

DEMONSTRATED ARE THE CIRCUMFERENCE MEASUREMENTS OF LEFT ATRIAL END-DIASTOLIC 

AREA AND LENGTH IN BOTH 2&4 CHAMBER IMAGES. 

 

5.4 Results  

 

Twelve participants were recruited for the study; in two participants, the image quality was 

insufficient to perform strain analysis. Therefore, 10 participants were studied: median age 

56.5yrs (IQR 45 to 61), two female, one with pre-existing LVH. Median dialysis vintage was 

18.1 months (6.15,89.58), median pre-dialysis systolic blood pressure 134 (113 to 155) mmHg 

and diastolic blood pressure 77.5 (71 to 84.5) mmHg. The demographic data is illustrated in 

Table 5.1. 

Demographics N=10 

Age (yrs) 56.5(45.25,61.75) 

Gender Male 80% (n=8) 

Ethnicity  White 80% (n=8) 

BMI (kg/m2) 24.7(21.78,30.08) 

Qa (ml/min) 1143(745,1380) 

Systolic BP (mmHg) 134(113.5,154.5) 

Diastolic BP (mmHg) 77.5(71,84.5) 

Dialysis Vintage (months) 18.1(6.15,89.58) 

Dry Weight (kg) 79(56.5,92.88) 

IDWG (kg) 1.9(1.1,2.2) 

TABLE 5.1, PARTICIPANT DEMOGRAPHIC DATA FOR THE CAMRID-DIASTOLIC STUDY. QA, BLOOD FLOW 

MEASUREMENT. 

 

The median LV global longitudinal PSS at baseline were considerably lower -12.92 (-16.42, -

12.1)% than healthy age-matched adults[327]. 30 minutes into haemodialysis there is a 

significant decline in PSS to -10.43 (-12.77, -8.56)% and then declines further to -9.66 (-13.03, 

-6.38)% at 120 minutes and stays reduced to -9.7 (-13.17, -8.9)% at 180 minutes. Post dialysis, 

there is an improvement in median PSS -11.12 (-16.1, -8.4)%, similar to baseline PSS values.  
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Before dialysis, all participants had lower eDSR and pDSR values than normal adult reference 

ranges. Median pre-dialysis values for eDSR and pDSR were 32.1 (25.5 to 38.0)%/S and 53.7 

(40.6 to 63.6) %/S respectively. Median eDSR and pDSR did not change significantly across 

the different HD time-points. Although the group median did not change across dialysis, 

individual participants experienced a decline in eDSR/pDSR at different time points across 

dialysis. Nadir eDSR (22.4, IQR 15.9 to 31.5%/S, p=0.05) and nadir pDSR (40.7, IQR 27.0 to 

52.9%/S, p=0.04) results were significantly lower than pre-dialysis values. The strain values 

are demonstrated in Table 5.2. 

 

There are similarities within all the strain curves (demonstrated in Figure 5.3), all have a 

concave pattern, with strain values getting more negative (stronger contraction) until the point 

of inflexion (PSS). At the point of inflexion, isovolumetric relaxation occurs and strain values 

become less negative and in some subjects, myocardial fibre lengthening occurs and strain 

values become positive. 

 

It is also evident that there is variability between the strain curves, nadir PSS occurred at 

different scan points across dialysis. For example, some reach nadir PSS 30 minutes into 

dialysis (n=3), others 120 minutes (n=4), one participant at 180 minutes and two participants 

reached nadir PSS at the post-dialysis scan.  

The following graphs (Figure 5.4) demonstrate the changes in individual participants; æt (top 

line), PPS (middle line) and SSR (bottom line). These graphs illustrate how each parameter 

changes across dialysis in each participant.   
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Median, 

IQR 
Baseline 30 Mins 120 Mins 180 Mins Post Dialysis P= 

PSS  

(%) 
-12.92 

(-16.4, -12.1) 

-10.43 

(-12.77, -8.56) * 

-9.66 

(-13.03, -6.38)* 

-9.7 

(-13.17, -8.9)* 

-11.12 

(-16.09, -8.4) 
0.005 

Global 

SSR 

(%/S) 

-44.17  

(-60.01, -

41.76) 

-36.43  

(-49.25, -26.55)* 

-46  

(-54.62, -35.77) 

-41.44  

(-53.76, -20.23) 

-40.23  

(-53.29, -

32.08) 
NS 

Duration 

of Global 

SSR (ms) 

227.6 

 (199.8, 233.8) 

217.8  

(196.4, 245.9) 

188 

 (167.9, 199.4)* 

198  

(149.4, 231.6)* 

198.9  

(183.4, 246) 
0.08 

Early DSR 

(%/S) 
32.06 

 (25.48,38) 

36.83  

(25.8,44.39) 

33.55  

(25.45,35.97) 

33.58  

(21.01,46.58) 

35.42  

(21.05,46.38) 
NS 

Duration 

of Early 

DSR (ms) 

265.5 

 (220, 286.3) 

238.5  

(177, 274.8) 

277 

 (195.5, 316) 

220 

(152.3, 410) 

264.5  

(192, 383) 
NS 

Peak DSR 

(%/S) 
53.74 

 (40.6, 63.62) 

51.3  

(34.1, 62.5) 

58.36  

(41.48, 65.83) 

54.05  

(41.25, 63.24) 

50.8 

 (31.25, 56.06) 
NS 

Duration 

of Peak 

DSR (%/S) 

54.50  

(51, 56) 

54.5 

 (52, 55) 

55 

 (51.5, 57) 

53.5 

(51.75, 56) 

54.5 

(51, 56) 
NS 

LAVI  

(ml/m2) 
41.06  

(35.1, 44.24) 

35.2 

       (34.14, 47.97) 

24.46 

      (18.27, 35.54)* 

33.52  

(20.77, 41.11)* 

31.65  

(30.12, 44.74) 
0.05 

TABLE 5.2, GROUP MEDIAN STRAIN VALUES, LAVI AND ҟT, THE ASTERISKS REPRESENT SIGNIFICANTLY 

DIFFERENT RESULTS FROM BASELINE, PRE-DIALYSIS LEVELS. SSR; SYSTOLIC STRAIN RATE. PSS; PEAK 

SYSTOLIC STRAIN. DSR; DIASTOLIC STRAIN RATE. LAVI; LEFT ATRIAL VOLUME INDEX.  
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FIGURE 5.3, THESE GRAPHS DEMONSTRATE EACH PARTICIPANTSô STRAIN CURVES AT SCAN POINT 

ACROSS DIALYSIS (HORIZONTAL AXIS). THE POINT OF INFLEXION IS THE PEAK SYSTOLIC STRAIN. 

NEGATIVE VALUES RELATE TO MYOCARDIAL FIBRE SHORTENING AND POSITIVE VALUES 0 

RELATE TO MYOCARDIAL FIBRES LENGTHENING.  
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FIGURE  5.4, 

DEMONSTRATES 

INDIVIDUAL 

PARTICIPANTS PSS 

(PEAK SYSTOLIC 

STRAIN %), SSR 

(SYSTOLIC STRAIN 

RATE %/S-1) AND 

TIME TO PSS (æT) 

ACROSS DIALYSIS 
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At the nadir scan, six of the ten participants had a simultaneous decline in PSS and æt, 

accompanied by a subsequent decline in SSR. However, this pattern was not present in four 

participants, three of which had little or no change in æt. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

FIGURE 5.5, DEMONSTRATES THE POPULATION CHANGE OF (PEAK SYSTOLIC STRAIN %), SSR 

(SYSTOLIC STRAIN RATE %/S-1) AND æT (TIME DIFFERENCE) ACROSS HAEMODIALYSIS. THE 

ASTERISKS REPRESENT SIGNIFICANTLY DIFFERENT RESULTS FROM BASELINE, PRE-DIALYSIS 

LEVELS. 

 

Group baseline median æt values were 227.6 (IQR 199.8, 233.8)ms and declined at 120 minutes 

(188 IQR 167.9, 199.4, P=0.04)ms and at 180 minutes (198 IQR 149.4, 231.6, P=0.04)ms 

remained lower than baseline. However, by the end of dialysis, median æt returned to baseline 

values (198.9 IQR 183.4, 246, p=0.6)ms (Figure 5.5). 

 

SSR at baseline -44.17 (-60.01, -41.76)%/S is also lower than SSR in healthy individuals[328]. 

SSR then declines at 30 minutes (-36.43 IQR -49.25, -26.55. P=0.05) %/S into dialysis but 

recovers at 120 minutes (-46 IQR -54.62, -35.77. p=0.2) %/S and stays at baseline levels for 

the remainder of dialysis and into the post-dialysis period (Figure 5.5). 

 

p=0.08 

p=0.3 

p=0.005 



106 
 

Diastolic strain rate and left atrial volume index (LAVI) are two different measurements used 

to assess diastolic function. Diastolic strain rate can be measured at various time points across 

the diastolic cycle; early and peak DSR.  

 

These results of this study revealed that baseline eDSR were lower than values published for 

healthy population 32.06 (IQR 25.48,38)%/S[149]. The group median eDSR did not 

significantly change in across dialysis. Nadir eDSR was lower than baseline values, 22.36 (IQR 

15.92,31.48) %/S, p=0.05.  

Peak DSR followed a similar pattern to eDSR, baseline values 53.74 (IQR 40.6, 63.62) 

%/S[329]  were lower than published in the healthy population. There was also no change in 

the group median for peak DSR across dialysis. Again, nadir group median values, 40.7 (IQR 

26.97, 52.89)%/S, p=0.04 were lower than baseline values. 

 

 

 

 

 

 

 

 

 

 

FIGURE 5.6, DEMONSTRATES THE POPULATION CHANGE OF LAV I ACROSS HAEMODIALYSIS. THE 

ASTERISKS REPRESENT SIGNIFICANTLY DIFFERENT RESULTS FROM BASELINE, PRE-DIALYSIS 

LEVELS. 

 

At baseline, the left atrial volume index was 41.06 (IQR 35.1, 44.24) ml/m2, larger than healthy 

volunteer LAVI measurements[330]. The LAVI declines across dialysis to nadir at 120 minutes 

to 24.46 (IQR 18.27, 35.54) ml/m2, p=0.01. The LAVI then increases at 180 minutes and post 

dialysis to 31.65 (IQR 30.12, 44.74) ml/m2,p=0.05, still lower than pre-dialysis measurements.  

The diastolic dysfunction grading scheme classifies a LAVI >28 but <34 ml/m2 as grade 1 

diastolic dysfunction[331](Figure 5.6). 
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Both systolic and diastolic function is affected by fluid removal. Early DSR negatively 

correlates with both total ultrafiltration volume and ultrafiltration rate, both at 30 minutes 

(p=0.01, r=-0.85 and p=0.007, r=-0.9, respectively) and nadir scans (p=0.05, r=-0.64 and 

p=0.02, r=-0.74 respectively). Higher ultrafiltration volumes/rate strongly correlated with 

lower early DSR values. Peak DSR did not correlate with ultrafiltration volume/rate, Figure 

5.7. Furthermore, eDSR dysfunction occurs at different time points across dialysis depending 

on ultrafiltration rate. lower ultrafiltration rates initially induce an improvement in eDSR, 

followed by a decline. 

 

Percentage change in PSS at nadir   and ultrafiltration volume/rate strongly negatively 

correlated (p=0.006, r=0.81 and p=0.01, r=0.78 respectively) as did ultrafiltration volume/rate 

and percentage change nadir SSR (p=0.04, r=0.7 and p=0.04, r=0.78 respectively), Figure 5.7. 

There were no correlations between ultrafiltration volume/rate with LAVI .  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



108 
 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

FIGURE 5.7, CORRELATIONS BETWEEN ULTRAFILTRATION VOLUME/RATE AND SYSTOLIC AND 

DIASTOLIC DYSFUNCTION. PSS (PEAK SYSTOLIC STRAIN %), SSR (SYSTOLIC STRAIN RATE %/S-1), 

æT (TIME DIFFERENCE), EDSR (EARLY DIASTOLIC STRAIN RATE), UF (ULTRAFILTRATION RATE).  
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FIGURE 5.8, EDSR DYSFUNCTION OCCURS AT DIFFERENT TIME POINTS ACROSS DIALYSIS 

DEPENDING ON ULTRAFILTRATION RATE. LOWER ULTRAFILTRATION RATES INITIALLY  INDUCE AN 

IMPROVEMENT IN EDSR, FOLLOWED BY A DECLINE.  

 

Discussion  

 

CAMRID-DIASTOLIC is the first study to utilize CMRI to assess intra-dialytic myocardial 

systolic and diastolic function simultaneously.  Prior to dialysis, all participants evidenced 

systolic and diastolic dysfunction, including those with no history of cardiac dysfunction.  

 

Notably, individual participants nadir deterioration in systolic and diastolic function occurred 

at different time points across dialysis. Both systolic and diastolic dysfunction deteriorated 

during dialysis and these deteriorations were associated with ultrafiltration volume and 

ultrafiltration rate. This data adds to the previous studies showing that diastolic function, in 

addition to systolic function, is adversely affected by haemodialysis. However, no correlation 

was identified between systolic and diastolic markers of dysfunction.  

 

Fiveindividualsdemonstrated

animprovementineDSRat30

minutesfollowedbyadecline

asdialysiscontinuedandall

hadanultrafiltrationrateofless

than1.4ml/kg/hr.

Fiveparticipantssuffereda

decreaseineDSRby120

minutes, followedby an

improvementas dialysis

continuedandhadan

ultrafiltrationrateover1.5

ml/kg/hr.
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In a haemodialysis cohort that had commenced dialysis within the previous three months, 

Odudu et al. [332] detail baseline peak SSR and DSR values to be -0.97 ±0.2 S-1 and 1.05 ±0.3 

S-1, respectively. Comparatively, the CAMRID-DIASTOLIC cohort has lower peak SSR and 

DSR, likely reflecting the longer dialysis vintage and the increased exposure to recurrent 

myocardial stress caused by haemodialysis[133].  

 

 

Al Musa et al.[333] used tagging cardiac MR technique to assess patients with aortic stenosis. 

In this study, the healthy controls had a peak DSR and a peak SSR, of 96.93±20.65%/S and -

98.14±16.26%/S, respectively. The baseline systolic and diastolic values are nearly three times 

lower in the CAMRID-DIASTOLIC cohorts.  

 

PSS and SSR decline across dialysis and then returned to baseline values post-dialysis. This 

pattern is consistent with other haemodialysis studies. These studies were performed using 

echocardiography and speckle tracking software[334].  Results from these studies are 

comparable to CAMRID-DIASTOLIC study as there is a high degree of agreement between 

speckle-tracking echo imaging and MR tagging for peak DSR and SSR[335]. 

 

There are different methods of assessing systolic dysfunction; RWMAs are assessed 

quantitively by a decline in PSS by >20% from baseline or qualitative visual assessments. 

RWMAs occur because of dialysis induced ischaemia. In addition, RWMAôs are affected by 

intradialytic hypotension[302] and higher ultrafiltration rates[134]. Therefore, it is 

unsurprising that percentage change in PSS and SSR are both associated with ultrafiltration 

volume and rate.  

 

An interesting finding in this study was the disparity between the decline in PSS and SSR 

across dialysis. PSS declines at 30 minutes and remains low throughout dialysis and SSR 

declines at 30 minutes and recovers thereafter. The alterations in æt do not account for the 

disparity between PSS and SSR. Equally a literature search was unable to identify previous 

works on the variations of æt across dialysis. Variations in æt could be secondary to electrolyte 

shifts across dialysis[336] or dialysis-induced myocardial ischaemia or myocardial fibrosis. 

Hypoperfusion of subendocardial border can without a reciprocal change in strain rate[337]. 

Chronic haemodialysis patients experience both increased subclinical and myocardial 

fibrosis[338].  Myocardial fibrosis can lengthen the time taken for a contraction and affect SSR 
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[339]. PSS is a measurement of contractility alone, contrarily SSR is a calculation of multiple 

factors contractility and length of contractility. Length of contractility is affected heart rate, 

myocardial scarring/fibrosis and subclinical ischaemia and therefore SSR may not be a 

sensitive enough measure to illicit subclinical changes as SSR is and therefore should not be 

used alone to assess intradialytic changes[332].  

 

The group medians for early and peak DSR do not change across dialysis. Yet, the collective 

nadir eDSR and pDSR analyses were significantly lower than baseline values. This difference 

is because individual participants reached nadir at different time points, potentially secondary 

to the rate of fluid removal. Half of the participants had an ultrafiltration rate of less than 1.4 

ml/kg/hr; these participants demonstrated an improvement in eDSR at 30 minutes followed by 

a decline at 120 minutes. The other half had an ultrafiltration rate over 1.5 ml/kg/hr; these 

participants suffered a decrease in eDSR at 30 minutes, followed by an improvement as dialysis 

continued. UF is an independent risk factor for increased cardiovascular and all-cause 

mortality[131]. Previously published data investigated the difference between systolic 

impairment on dialysis and UF and goes some way to explain the increased mortality seen in 

the dialysis population. This study evidenced that irrespective of UF rate, a diastolic injury 

occurred on dialysis. However, in those with higher UF rates, the decline in eDSR occurs 

sooner. Therefore, only a proportion of acute diastolic dysfunction experienced during dialysis 

is mediated by the rate of fluid removal Figure 5.8. 

 

In contrast, LAVI declines across dialysis and returns to baseline values at the end of dialysis. 

Thus, LAVI both at baseline and post-dialysis was higher than data published for healthy 

populations[259]. Other studies have revealed a similar pattern in LAVI. Czifra et al. compared  

HD and HDF therapies using echocardiography; despite identical UF volumes, LA area 

declined post-dialysis in the HDF arm only[340]. Suggesting HDF has secondary 

haemodynamically stabilizing effects mitigating for UF. 

 

Diastolic dysfunction can be caused by a decline in active relaxation or an increase in passive 

stiffness[222], causing a decrease in suction and, therefore passive filling. Early diastolic strain 

rate is a marker of early diastolic dysfunction and the degree of LV fibrosis[329]. Fibrosed 

myocardium is particularly susceptible to ischaemia[341], an essential factor in the perpetual 

cycle of  LV remodelling secondary to injury. Irrespective of the cause, both systolic and 
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diastolic dysfunction cause LV remodelling.  Equally, once pathological LV remodelling has 

been established, it results in further systolic and diastolic dysfunction[341].   

 

There is evidence that therapeutic interventions can halt the progression of post-myocardial 

infarction LV dilation[342]  and improve diastolic function in diabetes-induced diastolic 

dysfunction with high-intensity training [343]. However, limited therapies have evidenced a 

cessation or improvement in diastolic dysfunction[229], within the CKD and ESRF population, 

the evidence for beneficial treatment is even more sparse.  

 

Diastolic dysfunction is affected by the ultrafiltration volume and rate on dialysis but also other 

dialysis-related factors that the CAMRID-DIASTOLIC study was unable to illicit. Further 

understanding of the role of dialysis in diastolic dysfunction is needed to identify appropriate 

therapies mitigating or even obliterating the repetitive diastolic injury that occurs with 

haemodialysis.  
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Chapter 6 

Multiparametric  MR in the Assessment of Chronic 

Kidney Disease (REMIND study)  
 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



114 
 

6.1 Introduction  

 

The incidence of CKD is rising[344] and reached global health crisis level. Yet, the clinical 

assessment of CKD has not evolved to match many of the unmet needs, demands and 

requirements necessary in the static and longitudinal evaluate 

on, management and treatment of CKD. The current practice of predicting prospective renal 

decline is heavily dependent on historic renal deteriorations. Therefore, renal decline can only 

be predicted once significant pathology has already commenced and irreversible parenchymal 

disease established. Bearing in mind, irrespective of the underlying primary aetiology for CKD, 

there is shared parenchymal pathological pathways of inflammation, ischaemia[345], 

hypoxia[346]. Causing a final combination of tubulointerstitial fibrosis, tubular atrophy and 

glomerulosclerosis[347]. There remain significant limitations in the dynamic assessment of 

pathophysiological processes.  In addition, a percutaneous biopsy is currently the only available 

method of establishing a diagnosis, assessing prognosis and evaluating interstitial fibrosis, 

glomerulosclerosis and inflammation but not renal function, hypoxia or perfusion. However, 

biopsy analysis is static and does not reflect the global assessment of renal parenchyma[348]. 

Comparatively, cardiac MRI provides diagnostic and prognostic information, dynamic 

evaluation of structure and function. Furthermore, CMRI is the gold-standard in the clinical 

assessment of congenital, infiltrative and non-ischaemic cardiomyopathies[349]. Historically 

MR techniques have been underutilised in nephrology. Still, the recent developments in non-

invasive, gadolinium-free, multi parametric magnetic resonance imaging techniques allow for 

a more comprehensive understanding of renal microstructure, haemodynamics and 

oxygenation. 

 

The REMIND study utilised MPMR in a CKD population, assessed feasibility, reproducibility 

and the ability to evaluate both static and longitudinal pathophysiological changes.  

 

6.2 Methods 

 

The REMIND study protocol[350] and data analysis are outlined in detail in the methods 

chapter and Figure 6.1. The study included 25 subjects with CKD Stage 3-4 (eGFR 59-

15ml/min/1.73m2), all had renal biopsies performed as part of standard nephrological care and 

24 healthy volunteers (HVs), acted as a comparator cohort.  
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CKD participants had two multiparametric renal MRI scans performed 7-14 days apart at 

baseline and a scan one-year later (+/-30days). Clinical parameters across the study (+/-7 days) 

the baseline and one-year follow-up scan. Histological quantification of renal disease were 

performed with Picro-sirius red staining to determine the percentage of interstitial fibrosis (IF) 

scores, percentage of glomerulosclerosis scores, glomerular size and number.  

 

All multiparametric MRI scans were performed on a 3T Philips Ingenia scanner at the SPMIC. 

MPMR measures included structural assessment included longitudinal relaxation time (T1) 

mapping and diffusion-weighted imaging to compute apparent diffusion coefficient and 

coefficient D as markers of fibrosis and/or inflammation and kidney volume. Functional 

assessments included phase-contrast MRI to measure renal artery blood flow, Arterial-Spin-

Labelling to measure renal perfusion and Blood-Oxygenation-Level-Dependent imaging renal 

oxygenation.  

 

Each of the MPMR measures had a coefficient of variance (CoV) calculated between the 

baseline scan sessions. Comparisons between CKD and HVs MPMR scans were performed, 

correlations between biochemical and MPMR measures in both cohorts and biochemical and 

MPMR measures in the CKD cohort.  

 

6.2.1 Study Design 

 

A single centre observational pilot study. The research study will translate renal MPMR scan 

techniques that have been developed and optimised in healthy volunteers into clinical practice 

by investigating how the combination of functional and structural assessments on the whole 

kidney can provide new insights into our understanding of the pathophysiology of renal 

disease. The study design is illustrated in Figure 6.1. 

 

6.2.2 Primary Objective  

 

1. To determine whether functional renal MRI can reliably demonstrate 

pathophysiological differences between individuals with and without kidney 

disease.  
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6.2.3 Secondary Objectives 

 

1. To identify correlations between MR measurements, biomarkers and renal function. 

2. Assess inter-subject variance and intra-subject reliability of MRI protocols in the 

CKD population. 

3. To identify correlations between MR diffusion measurements and blinded renal 

biopsy fibrosis score. 

 

6.2.4 Eligibility Criteria  

 

Inclusion Criteria 

¶ Individuals with eGFR> 15 and <60 ml/min/1.73m2 

¶ >18 years & < 95 years 

¶ Able to give informed consent 

 

Exclusion Criteria  

¶ Renal transplant 

¶ Contraindications to MRI, e.g. claustrophobia, cardiac pacemaker, metallic fragments 

or implants 

¶ Pregnancy or breastfeeding or intending pregnancy 

¶ Unable to give consent or understand written information 

¶ Unstable CKD; AKI Stage 1 or more or another unplanned hospital admission within 

the last 90 days 

¶ Iodine allergy 

¶ Patients unable to comply with basic verbal English commands whilst in scanner due 

to special communication needs 

 

6.2.5 Participants 

  

Participants were 18 years or older, able to give written consent, met the KDIGO criteria for 

CKD, had an estimated glomerular filtration rate (eGFR) of 15-59 ml/min/1.73m2 and 

underwent a renal biopsy as a standard component of clinical care. 
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The comparator group were healthy volunteers (HVs)with no evidence of renal disease, defined 

as an eGFR>60ml/min/1.73m2 and absent proteinuria. The HV cohort  were age (±5 years) and 

gender-matched to participants with CKD. HVs had eGFR>60ml/min/1.73m2 and no 

proteinuria and were subject to the same exclusion criteria as those with CKD. Healthy 

volunteers underwent clinical assessment as described above and a single multiparametric renal 

MR scan. 

6.2.6 Ethical Approval  

  

The study was registered at ClinicalTrials.gov (no NCT03578523). The East Midlands 

Research Ethics committee granted ethical approval. Healthy volunteers were recruited from 

the Centre for Kidney Research and Innovation (CKRI) pool of research participants.  

6.2.7 Clinical Assessments 

 

CKD participants had baseline assessments were performed within seven days of the baseline 

MR scan.  Demographic data, past medical history and medication history, were obtained from 

medical records. Anthropomorphic measurements were acquired, including height and weight.  

One blood pressure reading was measured using an oscillometric device at each time point. 

Routine blood sampling was performed for standard biochemical and haematological tests; full 

blood count, liver function and renal function tests. GFR was estimated from serum creatinine 

concentration using the CKD-EPI equation. Urine protein to creatinine ratio (PCR) was 

measured on a random urine sample. All assays were conducted in the chemical pathology 

laboratory at RDH.  

The demographic, anthropomorphic, clinical data were collected again within seven days of 

the third renal MR scan.  



118 
 

  

FIGURE 6.1, DEMONSTRATES THE REMIND STUDY PROTOCOL FOR BOTH THE CKD AND HV COHORT.  
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6.3 Results  

6.3.1 Clinical Results  

 

49 participants were recruited, 24 HVs (57±17yrs, 19 male) had a mean eGFR 

94.1±12.4mls/minute/1.73m2 and urine PCR 6.7±6 mg/mmol. 25 participants with CKD 

(57±15.4yrs, 20 male), with a mean baseline eGFR 40.6±13.6ml/minute/1.73m2 and mean PCR 

124±190mg/mmol. Table 7.1.  

The median time from biopsy to first MR scan was 58 days (IQR 30, 97), biopsy results 

revealed ischaemic (n=9), interstitial (n=3) and glomerular (n=13) pathology, all demonstrated 

in Table 7.2. 

 

Histological analysis revealed a group median glomerulosclerosis score of 46% (15, 62.5), IF 

score of 57% (34, 72) and a glomerular volume (GV) of 20549 (16615, 23727) µm3x106. (Table 

7.2).  

Interstitial fibrosis scores were categorised into four main groups according to the percentage 

IF calculated using the Sirius red technique[351]. The scoring system 1=<10%, 2=10-25%, 

3=26-50%, 4=>50% IF No difference in histological measurements were identified between 

the three renal disease categories.  

 

6.3.2 MR Results  

 

As previously discussed, MR parameters can be broadly divided into assessments of structure, 

oxygenation and haemodynamics. MR renal volume measurements assess renal 

macrostructure. T1, ADC and Coefficient D measurements are methods of assessing 

inflammation/fibrosis. Higher T1 values indicate higher fibrosis and inflammation levels. 

Lower ADC and Coefficient D measurements indicate higher T1 values indicate higher fibrosis 

and inflammation levels.  T2* can be used to indirectly assess renal oxygenation, lower T2* 

imply lower renal oxygenation levels. Renal haemodynamics measurements include using 

phase contrast, renal artery area, blood velocity and flow. Cortical perfusion is calculated using 

haemodynamic ASL and renal volume measurements.  
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    TABLE 6.1, DEMOGRAPHIC DATA AT BASELINE BETWEEN CKD AND HV COHORTS. 
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TABLE 6.2, SUMMARY OF HISTOLOGICAL FINDINGS IN THE CKD COHORT. DIVIDED INTO THREE MAIN 

HISTOLOGICAL CATEGORIES GLOMERULAR, TUBULAR AND ISCHAEMIC NEPHROPATHY. 

GLOMERULOSCLEROSIS AND INTERSTITIAL FIBROSIS (IF) PERFORMED USING SIRIUS RED (SR) ARE 

REPRESENTED IN PERCENTAGE SCLEROSED/FIBROSED TISSUE.  

IF IS CATEGORISED IN FOUR CLASSES ACCORDING TO SEVERITY 1=<10%, 2=10-25%, 3=26-50%, 4=>50% 

IF. MEDIAN GLOMERULAR VOLUME (GV) AND GLOMERULAR NUMBER WERE ALSO ASSESSED 

HISTOLOGICALLY. SECOND ROW FROM THE BOTTOM DEMONSTRATES THE NUMBER OF PARTICIPANT 

BIOPSIES.  

 

 

 

 
Glomerulosclerosis 

(%) 

Interstitial 

Fibrosis SR (%) 

IF Severity 

Scoring 
GV (µm3x106) 

Number of 

Glomeruli 

IgA Nephropathy 36% 60% 4 15696 3 

Crescentic IgA nephropathy 20%   23910 18 

IgA Nephropathy 20%   23910 18 

IgA Nephropathy 6% 57% 4 20175 14 

IgA Nephropathy 62% 81% 4   

IgA Nephropathy 70%     

Membranous GN 14% 49% 3 15548 15 

Henoch Schoenlein Purpura 7% 16% 2 19105 12 

MPGN Type 1 16% 23% 2 32697 17 

FSGS 73% 68% 4 22811 19 

Glomerular Loss 50% 38% 3 18452 10 

Enlarged Glomeruli 4% 16% 2 16553 18 

Hereditary GS and IF 50% 76% 4 28486 12 

Glomerular Disease: Median (IQR) 20 (10.5, 56) 53 (21.25, 70) - 
20175 (16553, 

23910) 
15 (12, 18) 

      

Tubulointerstitial Fibrosis 40% 53% 4 16635 2 

Tubulointerstitial Fibrosis 48% 61% 4 22078 14 

Chronic Tubulointerstitial Disease 36% 64% 4 25724 19 

Tubular Disease: Median(IQR)  
40 

(36, 48) 

61 

(53, 64) 
- 

22078 (16635, 

25724) 

14 

(2, 19) 

      

Ischaemic Nephropathy 60% 60% 4   

Ischaemic Nephropathy 20% 80% 4 20226 18 

Ischaemic Nephropathy 78%   45424 10 

Ischaemic Nephropathy 65% 48% 3 22635 6 

Ischaemic Nephropathy 8% 18% 2 23666 16 

Ischaemic Nephropathy 72% 76% 4 22251 3 

Ischaemic Nephropathy 63%   16330 31 

Ischaemic Nephropathy 52% 30% 3 20872 10 

Accelerated Hypertension 46% 53% 4 14030 10 

Ischaemic Nephropathy: Median (IQR) 
60 

(33, 68.5) 

53 

(30, 76) 
- 

21562 (17304, 

23408) 

10 

(7, 17.5) 

      

n= 25 21 21 22 22 

Total: Median (IQR)  
46 

(15, 62.5) 

57 

(34, 72) 

4 

(3.5, 4) 

20549 (16615, 

23727) 

13 

(9.25, 18) 
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Subjects had a reproducibility scan performed 10±3 days after the baseline scan. The 

coefficient of variance (CoV) for each MR parameter is demonstrated in Table 7.3.  

For comparison, the previously reported CoV for serum creatinine and creatinine clearance is 

4.1% and 13.2%, respectively.  

 

 

MR Parameters 

HV 

Mean ± SD 

(n=24) 

Initial Assessment CKD 

Mean ± SD (n=25) 

CKD Cohort 

CoV (%) 

Volume/BSA (ml/m2) 194.7±26.02 176 ± 63.07 3.04 

Cortical T1 (ms) 1424±92.46 1544± 81.11 2.8 

Medullary T1 (ms) 1855±88.75 1811± 124.4 2.9 

Cortical Perfusion (ml/100g/min) 213.2±52.6 113.8± 39.77 14.3 

Cortical T2* (ms) 53.65±4.72 51.7± 6.79 4.54 

Medullary T2* (ms) 34.94±5.69 35.3±6.5 6.9 

Cortical ADC (mm2/s) 2.24±0.15 2.12±0.17 5.8 

Cortical Coefficient D (mm2/s) 1.95±0.3 1.73± 0.17 6.8 

Medullary ADC (mm2/s) 2.23±0.13 2.17± 0.22 6.6 

Medullary Coefficient D (mm2/s) 1.91±0.31 1.78± 0.18 8.7 

Mean Renal Artery Velocity (cm/s) 21.68±3.63 22.41 ± 8.29 28.3 

Mean Renal Artery Area (mm2) 32.73±7.41 20.38 ± 3.19 19.2 

Mean Renal Artery Flow (ml/s) 7.04±1.61 4.5 ± 1.42 15.8 

TABLE 6.3, HV DATA FOR EACH MR PARAMETER AND INITIAL ASSESSMENT DATA AND COV FOR 

INDIVIDUAL MR PARAMETERS WITHIN THE CKD COHORT. COV, COEFFIENT OF VARIANCE.  

 

The subsequent diagrams will compare the healthy volunteers and chronic kidney disease 

group for each individual MR parameter.  

 

6.3.2.1 Renal Macrostructure 

 

Subjects with CKD had significantly lower renal volumes than HVs. There was an outlier 

within the CKD participants (renal diagnosis, IgA nephropathy) who had larger renal volumes 

when compared to the HV participants (Figure 6.2A). 
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6.3.2.2 Renal Haemodynamics 

 

The difference in cortical renal perfusion between the two groups was quite marked, the 

majority of CKD participants had approximately 50% lower renal perfusion when compared 

to the HV participants (Figure 6.2B).  

6.3.2.3 Renal Oxygenation  

 

No differences were identified in Cortical and Medullary T2* between the HV and CKD cohort 

(Figure 6.2C). 

   

6.3.2.4 Renal Microstructure 

 

When compared to HVs, the CKD cohort of patients had significantly higher cortical T1 values 

(Figure 6.2D). and significantly lower cortical ADC values (Figure 6.2E). Also, there was a 

trend that cortical coefficient D values were lower in the CKD group (Figure 6.2F). 

Assessments of the renal medulla; T1 and ADC/ coefficient D values showed no appreciable 

difference between the HV and CKD cohorts. Suggesting increased inflammation/oedema 

occurs within the cortex in the CKD group. 

 

Unlike all the other parameters, each renal artery was assessed individually for mean blood 

flow, velocity and arterial area. There was no difference in the area found in either the right or 

left renal arteries between the CKD or HV cohorts. There was a significant reduction in renal 

artery velocity and flow in both right and left vessels in the CKD cohort when compared to the 

HV group (Figure 6.3). 

To summarise the key difference; renal oxygenation, markers of medullary 

fibrosis/inflammation and renal artery area revealed no appreciable difference between those 

with healthy or diseased kidneys. However, there were marked differences in renal volumes, 

cortical perfusion, markers of cortical fibrosis/inflammation, renal arterial flow and velocities. 
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FIGURE 6.2, THE HV GROUP ARE REPRESENTED IN THE BLACK BOX AND WHISKER PLOTS, THE GREY SHADED BOX 

AND WHISKER PLOTS ARE THE CKD COHORT. COMPARISON BETWEEN THE HV AND CKD COHORT A: VOLUME/BSA, B: 

CORTICAL PERFUSION, C: CORTICAL AND MEDULLARY T2* , D: CORTICAL AND MEDULLARY T1 , E: CORTICAL AND 

MEDULLARY ADC, F: CORTICAL AND MEDULLARY COEFFICIENT D VALUES.
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FIGURE 6.3, INDIVIDUAL LEFT AND RIGHT RENAL ARTERY AREA, FLOW AND VELOCITY BETWEEN 

THE CKD AND HV COHORTS. THE HV GROUP ARE REPRESENTED IN THE BLACK BOX AND WHISKER 

PLOTS, THE GREY SHADED BOX AND WHISKER PLOTS ARE THE CKD COHORT 

 

6.3.3 Healthy Volunteers Associations Within Clinical Measures and MR Parameters  

 

HVôs with lower eGFR values had lower cortical perfusion values and HVs with higher BMIs 

were more likely to have lower cortical perfusion values (Figure 6.4A).  

6.3.4 Chronic Kidney Disease Participants Associations Within Clinical Measures and 

MR Parameters 

 

The next set of analyses investigates the correlations between clinical measurements and MR 

parameters. There was a moderate negative correlation, older CKD participants were more 

likely to have lower T2* values suggesting lower renal oxygenation (Figure 6.4E). This pattern 

was not identified within the HV population. In the CKD cohort cortical T1 values moderately 

positively correlated with creatinine, the higher the creatinine level the higher the cortical T1 
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values. Conversely, higher cortical T1 values were associated with lower estimated and 

measured GFRs (Figure 6.4B).  

There was a moderate correlation identified between higher UPCR values and lower cortical 

coefficient D values. There was a trend towards higher UPCR levels and lower medullary 

coefficient D values. No other associations were identified between UPCR and any other MR 

parameter, Figure 6.4E. 

The same pattern was seen with cortical perfusion, lower cortical perfusion values were 

associated with higher creatinine levels and lower estimated and measured GFRs. Interestingly, 

lower renal artery flows moderately correlated with lower measured GFR, but not creatinine or 

estimated GFR values. These correlations are illustrated in Figure 6.4C. 

Some similarities and differences were found in the patterns of associations between clinical 

and MR parameters between the HV and CKD groups. Firstly, there was a significant positive 

correlation between cortical perfusion and estimated GFR in both groups. Unlike in the CKD 

cohort, there was no correlation between creatinine and cortical perfusion in the HV group. 

The association between HV participants with higher BMIs and lower cortical perfusion was 

not seen in the CKD population. Equally the correlations between older CKD participants and 

lower T2
* values, higher UPCR and lower coefficient D values were not found in the HV group.  

 

There were two exciting finds; correlations with MR parameters were C- reactive protein and 

potassium.  Lower medullary ADC and higher CRP values were strongly negatively correlated; 

p=0.02, r=-6.1. An interesting pattern was discovered: higher potassium levels were strongly 

associated with lower cortical and medullary T2* values and lower cortical and medullary ADC 

and cortical and medullary coefficient D values. Lower ADC and coefficient D values suggest 

increased fibrosis and lower T2*values indicate decreased oxygenation. A positive correlation 

was found between potassium levels and interstitial fibrosis p=0.05, r=0.44, (Figure 6.5). 
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FIGURE 6.4, A: HV PARTICIPANTS HIGHER EGFR AND SMALLER BODY MASS INDEX (BMI)  AND HIGHER 

CORTICAL PERFUSION. B: CKD PARTICIPANTSô LOWER CREATININE, HIGHER EGFR AND MGFR 

CORRELATIONS WITH LOWER T1 VALUES. C: CKD PARTICIPANTSô LOWER CREATININE, HIGHER EGFR AND 

MGFR CORRELATIONS WITH BETTER CORTICAL PERFUSION VALUES. D: CKD PARTICIPANTSô HIGHER 

MGFR CORRELATED WITH RIGHT AND LEFT ARTERIAL FLOW VALUES. E: CKD PARTICIPANTSô 

CORRELATION BETWEEN OLDER AGE AND LOWER T2*  VALUES. F: CKD PARTICIPANTSô CORRELATION 

BETWEEN LOWER CORTICAL AND MEDULLARY COEFFICIENT D VALUES AND HIGHER UPCR LEVELS.
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FIGURE 6.5, A: CORRELATIONS BETWEEN POTASSIUM LEVEL AND MR PARAMETERS. B: 

CORRELATIONS BETWEEN HIGHER CRP VALUES AND LOWER MEDULLARY ADC VALUES. THE MEAN 

GROUP CRP 4.77±7.72(MG/L). 

 

6.3.5 Histological Correlations with Biochemical and MR parameters 

 

An important aspect of results are the correlations between the histological findings (current 

gold standard) with biochemical measurements and MR parameters. As previously 

demonstrated in table 7.2; the renal histology assessments included; interstitial fibrosis, 

glomerular sclerosis score, total number of glomeruli and glomerular volume. Subjects with 
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higher GS and IF values are more likely to have lower eGFR and mGFR values. Interestingly, 

higher creatinine values are associated with higher IF values but not with GS, Figure 6.6. 
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FIGURE 6.6, CORRELATIONS BETWEEN BIOCHEMICAL AND HISTOLOGICAL MEASURES. 

 

As all participants had a renal biopsy taken from the left kidney. All further correlations 

compare histological measurements with the MR parameters collected from the left kidney 

only. Higher IF values correlate with lower cortical perfusion values, higher cortical T1 values, 

lower cortical ADC and smaller renal arterial area.  Lower T2* values suggest lower renal tissue 

oxygenation levels, in this study lower T2* and smaller renal volumes (p=0.04, r=-0.48) were 

associated with higher glomerular sclerosis scores (Figure 6.7).  
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FIGURE 6.7 CORRELATIONS BETWEEN INTERSTITIAL FIBROSIS AND GLOMERULOSCLEROSIS AND 

MR PARAMETERS.  

Participants with lower glomeruli numbers were more likely to have higher cortical T1 values. 

Smaller glomerular volumes moderately strongly correlated with higher medullary T1 values 

and lower there was a trend that smaller glomerular volumes were associated with lower 

cortical perfusion values (p=0.07, r=0.43), Figure 6.8.   
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FIGURE 6.8, CORRELATIONS BETWEEN NUMBER OF GLOMERULI AND GLOMERULAR VOLUME AND 

MR PARAMETERS.  
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6.3.6 One-Year Data  

 

22 subjects completed their one-year follow-up visits, three withdrew from the study after the 

baseline MR studies, due to deteriorating non-renal health conditions. The group mean mGFR 

at baseline was 42.1±18.17 ml/minute/1.73m2 which at one-year mean eGFR was 40.5±19.5 

ml/minute/1.73m2, there was no change in the group mean compared to the previous year. Over 

the 12-month period, most of the clinical data remained unchanged (Table 6.4), except for a 

significant decline in urinary PCR and diastolic blood pressure, the mean group urinary PCR 

dropped by more than a third and group mean diastolic blood pressure dropped by 

approximately 10mmHg.  

The mean urine PCR significantly improved from 126±197mg/mmol to 71±101mg/mmol 

(p=0.02). Interestingly although mean systolic blood pressure did not improve 139±17mmHg 

to 137±17mmHg (p=0.6) there was a trend improvement in diastolic blood pressure from 

81±8mmHg to 76±10mmHg.  

 

Twelve patients started antihypertensive medication, of which four patients started 

angiotensin-converting enzyme inhibitors or angiotensin II receptor blockers. These changes 

were made by the caring nephrologist as part of participantsô routine clinical care. This may 

account for the decline in both diastolic blood pressure and urinary protein creatinine ratio.   

 

Overall, the group mean MR parameters did not alter across the year, except for the group mean 

cortical T1 values, which increased over the year, suggesting there was an increase in renal 

parenchymal fibrosis or inflammation (Table 6.5).  There was a decline in mean right arterial 

area values across the 12 months but there were no significant differences between in other 

vessel parameters across the year. This pattern was not identified in the left artery.  There was 

a decline in renal volumes by 15ml/m2, approximately 8.5% in total volume but it was not 

statistically significant Figure 7.8.  
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Demographics 

Initial 

Assessment 

(n=25) 

1-Year 

Assessment 

(n=22) 

 P Value 

Creatinine (µmol/L) 162±36.8 174.7±62.25 p=0.14 

eGFR 

(mL/min per 1.73m2) 
40.6±13.6 40.5±19.5 p=0.8 

Measured GFR (mL/min 

per 1.73m2) 
42±16.8 42.1±18.17 p=0.75 

Protein Creatinine Ratio 

(mg/mmol) 
124±190 76.9±102.5 p=0.018* 

Systolic Blood Pressure 

(mmHg) 
136±20 137.5±15.5 p=0.8 

Diastolic Blood Pressure 

(mmHg) 

85±15 75.71±10.38 
 

p=0.04* 
 

             Table 6.4, demonstrates the change in clinical across the 12-month period.  

 

Although the group mean did not change across the year, individual participants experienced 

changes across the 12-months. To identify sub-populations within the CKD populations with 

shared features that may be masked by group mean. The CKD cohort was divided into 

progressors versus non-progressors (describing the pattern of change in eGFR) and glomerular 

disease versus non-glomerular disease. There were no associations or correlations found 

between the sub-group with the declining renal function compared the group with static or 

improved renal function over 1-year. Equally no differences were identified between the 

glomerular versus non-glomerular disease groups. 
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MR Parameters 

Initial 

Assessment 

(n=25) 

1-Year 

(n=22) 

 

P Value 

Volume/BSA (ml/m2) 176 ± 63.07 161± 34 p=0.13 

Cortical T 1 (ms) 1544± 81.11 1579± 93.55 p=0.009* 

Medullary T1 (ms) 1811± 124.4 1872±89.12 p=0.29 

Cortical Perfusion 

(ml/100g/min) 
113.8± 39.77 127± 28.6 p=0.19 

Cortical T2* (ms) 51.7± 6.79 52.58±7.882 p=0.21 

Medullary T2* (ms) 35.3±6.5 30.54±7.01 p=0.21 

Cortical ADC 

(mm2/s) 
2.12±0.17 2.21± 0.1794 p=0.28 

Cortical Coefficient D 

(mm2/s) 
1.73± 0.17 1.839± 0.24 p=0.33 

Medullary ADC 

(mm2/s) 
2.17± 0.22 2.22± 0.18 p=0.72 

Medullary Coefficient D 

(mm2/s) 
1.78± 0.18 1.86± 0.21 p=0.6 

Right Mean Flow 4.29 ± 1.41 4.9 ± 1.7 p=0.98 

Right Mean Velocity 21.56 ± 8 23.87 ± 8.21 p=0.73 

Right Mean Area 20.36 ± 4.18 19.94 ± 3.34 p=0.03* 

Left Mean Flow 4.61 ± 1.66 4.83 ± 0 .86 p=0.81 

Left Mean Velocity 22.96 ± 9.03 23.96 ± 8 p=0.79 

Left Mean Area 20.57 ± 3.3 21.35 ± 5.43 p=0.5 

                   TABLE 6.5, GROUP MR MEASURES AT INITIAL ASSESSMENT AND 1-YEAR. 
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FIGURE 6.9, GRAPHICAL REPRESENTATION OF INDIVIDUAL MPMR MEASURES AT BASELINE 

(INITIAL ASSESSMENT) AND 1-YEAR.  

 

Interestingly, correlations between MR parameters and biochemical measures were very 

similar at 1-year when compared to baseline. Higher cortical T1 values at 1-year moderately 

strongly correlated with lower 1-year eGFR values and moderately positively correlated with 

1-year creatinine values. Subjects with lower 1-year mGFR values had a tendency to have 

higher 1-year cortical T1 values but the results of the group were skewed by an outlier. 

Similarly, 1-year cortical perfusion values correlated with both 1-year mGFR and eGFR values, 

subjects with lower GFRs were more likely to have lower cortical perfusion values. There was 

a tendency for higher 1-year creatinine values to be associated with lower 1-year cortical 

perfusion values was identified, again the group correlations were skewed by the outlier.  

At 1-year lower renal volumes correlated with lower eGFR values, this was not a correlation 

seen in at baseline and this pattern was not identified with mGFR or creatinine. The baseline 

renal volumes did have a participant with significantly large renal volumes, potentially skewing 

the baseline data, Figure 6.10.  
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FIGURE 6.10, CORRELATION BETWEEN BIOCHEMICAL RESULTS AND MR PARAMETERS AT 1-YEAR 

 

The histological measurements were correlated against MR parameters from the left kidney at 

1-year. A higher incidence of interstitial fibrosis at the start of the study correlated to higher 

cortical T1 values at baseline (as demonstrated previously) and also higher cortical T1 values at 

1-year. Higher glomerulosclerosis levels correlated moderately strongly with smaller sized left 

kidney and lower cortical perfusion rates at 1-year (Figure 6.11).  

 

 

FIGURE 6.11, HISTOLOGICAL MEASURES CORRELATIONS WITH 1-YEAR MR PARAMETERS 
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There were no correlations between UPCR values at 1-year and any MR parameters.  However, 

there were correlations between the change in urinary PCR across the year (delta PCR), Figure 

6.12. A negative delta value is a decline in the urinary PCR values (clinical improvement) 

across the 12-month period and positive delta value is an increase in the urinary PCR values 

(clinical decline) across the 12-month period. Individuals with lower ADC values were more 

likely to exhibit an improvement in UPCR across 12-months. 

 

 

FIGURE 6.12, 12-MONTH DELTA-UPCR CORRELATED WITH CORTICAL AND MEDULLARY ADC 

VALUES. A NEGATIVE DELTA VALUE IS A DECLINE IN THE URINARY PCR VALUES (CLINICAL 

IMPROVEMENT) ACROSS THE 12-MONTH PERIOD AND POSITIVE DELTA VALUE IS AN INCREASE IN 

THE URINARY PCR VALUES (CLINICAL DECLINE) ACROSS THE 12-MONTH PERIOD. 

 

 

6.4 Discussion 

6.4.1 Healthy Volunteers 

 

Cortical perfusion declined with lower eGFR and higher BMI but not with age. Interestingly, 

no other MR parameters correlated with age; previous studies have demonstrated a reduction 

in renal volume[344].  

 

6.4.2 CKD Participants 

 

Only a minority of individuals with CKD have a renal biopsy performed. This studies CKD 

population are not reflective of the CKD population in clinical practice. Only 24% of our study 

population had diabetes and none demonstrated evidence of diabetic nephropathy, while 40% 

the CKD population are estimated to have diabetic nephropathy[352]. Unless another renal 

aetiology is suspected, most clinicians do not biopsy diabetic patients with uncontrolled 

diabetes or with concurrent diabetic end-organ damage. As a renal biopsy will not change 
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management and there is risk of harm to the patient from renal biopsy complications. For 

similar reasons individuals with suspected renovascular disease generally do not undergo a 

biopsy. The prevalence of ischaemic nephropathy varies across studies but is estimated in some 

studies to be approximately 10%[353], while ischaemic nephropathy constituted 36% of this 

studies population. 

While glomerulonephritis is the primary aetiology in 52% of this studies population, in the 

wider CKD population only 7-16% would be expected to have a glomerulonephritis[354].   

As discussed, the two most common causes of CKD are diabetes a glomerular pathology, 

followed by hypertension and renovascular disease, which are vascular pathologies. The study 

population had reasonable representation from three major renal disease pathologies; 

glomerular, tubular and vascular and therefore these MPMR results are still applicable to the 

general CKD population. Furthermore, no differences in the IF or GS scores were identified 

between the sub-groups and equally no differences in MPMR measures were identified 

between glomerular and non-glomerular pathologies across 12-months. This maybe because 

sub-groups were too small to draw meaningful conclusions or there were no differences 

between the different renal pathology subgroups. Finally, MPMR is a functional technique 

exploring the presence of hypoxia, hypoperfusion and fibrosis which are the terminal 

pathological pathways of renal disease irrespective of aetiology. 

6.4.3 Feasibility 

 

The findings from this study demonstrate the potential application of multiparametric MR in 

the clinical assessment of patients with chronic kidney disease. Participants with chronic 

kidney disease were able to comply with the length of the scan comfortably. Subjects were also 

able to comfortably comply with two scans within 10±3 days of each other. All participants 

completed the first and second scans.  

 

6.4.4 Reproducibility  

 

Previously performed work by SPMIC on MR reproducibility data in HVs produced similar 

CoV values compared to published work from other centres [355-359]. The same renal MR 

protocol was utilised in the assessment of HV and CKD subjects. The CoV results across the 

HV and the CKD population were similar, except for better cortical coefficient D CoV values 

in the CKD populations. Within the CKD cohort, cortical and medullary T1 &  T2
*
, cortical ADC 
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and renal volumes were highly reproducible in the CKD cohort. The degree of reproducibility 

not only matches existing literature values for renal volumes [208], cortical and medullary 

ADC [208, 360] but exceeds reported reproducibility data for cortical perfusion, cortical T1,  

medullary T1 [194] and T2
*  values[213, 360].  

 

6.4.5 Differentiating between Heathy and Diseased Renal Parenchyma  

 

Importantly, multiparametric MRI can differentiate between healthy volunteers and individuals 

with chronic kidney disease. There were significant differences identified in renal volume, 

cortical perfusion, cortical T1, cortical and medullary ADC, renal artery flow and velocity 

between the two groups.  

These data suggest that functional MR can identify pathophysiological processes within the 

renal cortex in participants with CKD.  

 

6.4.6 T1 Imaging 

 

T1 analysis revealed many positive results, including an excellent CoV. CKD cohort had 

significantly prolonged cortical T1 values but not medullary T1 values. Longer cortical T1 

values also strongly correlated with biochemical markers of renal dysfunction; higher 

creatinine, lower eGFR and mGFR at baseline and at one year.  

Prolonged cortical T1 values are strongly associated with more significant histological markers 

of renal disease, elevated interstitial fibrosis scores and lower glomeruli numbers. In addition, 

severe interstitial fibrosis scores at baseline correlated positively with longer cortical T1 values 

at one year. 

Although mean eGFR, mGFR and creatinine values remained the same at one year, the only 

MR parameter to change across 12 months was cortical T1 values.  

 

Renal T1 imaging in several studies in individuals with IgA[193], diabetic nephropathy[197] 

and renal allografts[361] also found an excellent and similar coefficient of variance (CoV)  and 

interclass correlation (ICC ) to the REMIND study [350].  

 

Breidthardt et al.[188] examined T1 imaging in individuals with heart failure with and without 

CKD against a healthy cohort. The group with cardio-renal disease had longer T1 values than 

the other groups (heart failure with normal renal function and the healthy volunteer cohorts). 
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Similar to the REMIND study, Breidthardt et al. also demonstrated a negative correlation 

between longer T1 values and lower eGFR measurements. Kettritz et al.[362]  recognise that 

individuals with the parenchymal renal disease with reduced CMD were more likely to have 

higher creatinine values. Lee et al.[363] were also able to appreciate a negative correlation 

between renography measured single kidney GFR and longer T1 values. Further comparisons 

can be made with Graham-Brown et al.[193] and Gillis et al.[191] and Peperhove et al.[196], 

who demonstrated that both prolonged T1 and reduced CMD values are correlated to lower 

eGFR measurements. Peperhove et al. were able to demonstrate that at baseline (post-

transplantation), more prolonged renal cortical T1 and reduced CMD values in subjects with 

renal and lung transplant at baseline correlated to lower eGFR values at 3 months and 6 months.  

 

The majority of studies examining T1 imaging in native kidneys demonstrate differences within 

the renal cortex compared to HV.  It is predominantly renal allograft MR imaging[196] that 

have demonstrated differences in medullary T1 values compared to healthy cohorts.  

Huang et al.[364] examined native kidneys (healthy and those with CKD) versus renal allograft 

recipients with multiparametric renal imaging. T1 imaging was able to identify marked 

differences between native (eGFR range 19-88ml/min/1.73m2) and allograft kidneys (eGFR 

range 18-74 ml/min/1.73m2). Despite similar biochemical renal functions between both groups, 

allograft kidneys had longer cortical and medullary renal T1 values than native kidneys. 

Equally, the relationship between T1 and eGFR varied across the groups; the cortical T1 values 

only in native kidneys negatively correlated with eGFR. The renal allograft cohort revealed 

lower eGFR values correlated with lengthier cortical and medullary T1 values. Hectors et 

al.[361] also encountered the same relationship between eGFR and T1 values and a positive 

correlation between longer cortical T1 values and time from transplantation.  

 

In a two-tier study by Freidli et al. involving the unilateral urethral obstruction in rats ensued 

by serial, weekly functional MR imaging and renal histological analysis. A clear and significant 

identification that worsening IF correlated to longer T1 values [277]. In the second part of the 

Freidli et al. study attempted to translate the same methodology to the assessment of MR 

imaging and histology strategy to the assessment of human renal allograft recipients. Unlike 

the animal model experiment, reduced T1 CMD values and not higher cortical or medullary T1 

values correlated with more severe IF.  
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While Hector et al. were able to find correlations between higher IF scores and longer T1 

cortical values. They were unable to identify correlations between Banff criteria and T1 values. 

However,   Beck-Tölly et al.[365] compared Banff categorisations of interstitial fibrosis  

(greater levels of IF and tubular atrophy correspond to higher Banff categories) from renal 

allografts with T1 imaging. Longer cortical T1 and shorter CMD values were identified in 

participants with higher Banff criteria on histological examination. 

 

Renal T1 imaging acquisition, optimisation and application require further optimisation in 

healthy individuals and in kidney disease. Much like many of the structural and functional MR 

parameters, there exist different acquisition protocols for T1 imaging[366]. There is a degree of 

consistency in the results produced from renal T1 imaging in renal disease, including the results 

produced from the REMIND study. All studies comparing native CKD and healthy kidneys 

identified differences in cortical T1 imaging, either prolonged T1 values or reduced CMD T1 

values in the CKD population.  

 

T1 imaging does correlate with biochemical and histologically measures of renal dysfunction. 

Importantly there is some evidence from the REMIND study, Peperhove and Hectors et al. that 

T1 imaging could be used in renal progression prediction modelling. The ability to predict renal 

progression has vast clinical implications on the development of end-stage renal failure, 

cardiovascular disease and significant health care cost implications[367] and significant 

disruption to individuals quality of life[368].  Identifying individuals at risk of renal 

progression to end-stage renal disease is challenging[369]. The current renal prediction 

stratification models are based on biochemical parameters[370] and there is scope for the 

addition of T1 imaging as a MR imaging predictive biomarker. 

 

6.4.7 Diffusion Weighted Imaging  

 

DWI analysis revealed many positive results, including good cortical and medullary ADC and 

coefficient D CoV. CKD cohort had significantly lower cortical and medullary ADC values, 

and lower cortical but not medullary coefficient D values. 

There are no correlations between DWI parameters and serum biochemical markers of renal 

dysfunction; higher creatinine, lower eGFR and mGFR. At baseline, lower cortical and 

medullary coefficient D negatively correlate to elevated UPCR levels. 

https://www.ncbi.nlm.nih.gov/pubmed/?term=Beck-T%26%23x000f6%3Blly%20A%5BAuthor%5D&cauthor=true&cauthor_uid=33134501
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Both cortical and medullary ADC and coefficient D parameters strongly negatively correlated 

with serum potassium measurements. Lower cortical ADC values strongly associated with 

elevated interstitial fibrosis scores.  

At one year, the REMIND study revealed there was no change appreciated in cortical or 

medullary ADC or coefficient D values. However, there was a strong correlation between 

cortical and medullary ADC values at one year and delta UPCR. A decline in urinary PCR was 

associated with lower cortical and medullary ADC values at 1-year. Suggesting that a reduction 

in urinary PCR may lead to stasis or reduction in renal parenchymal inflammation/fibrosis. 

 

The reproducibility of DWI measures from the REMIND study are consistent and excels 

against other CoV from other published work [212, 371, 372]. 

 

Xu et al.[373] appreciated statistically different mean ADC values across subjects (n=110) with 

normal renal function, mild and moderate renal dysfunction. DWI can also be used to 

differentiate the severity of renal disease [371]. Zhao et al.[175] compared DWI imaging 

between individuals between CKD stage 2 (eGFR > 60 ml/min/1.73m2 but with significant 

proteinuria) and HVs. ADC values were significantly lower in the CKD group.  

 

The previous MR studies described  investigated the correlations between DWI measures 

(ADC/coefficient D/fractional anisotrphy-FA) and categorized renal function into groups[176, 

374-376] and other studies found associations between lower cortical and medullary ADC and 

eGFR values[177-179, 228, 375, 377], Cystatin C[378] and higher serum creatinines[176, 179, 

375]. Heart failure, renal allograft recipients and healthy individuals were assessed using DWI 

by Rankin et al.[208]. No correlations were found between eGFR and ADC in the healthy and 

heart failure cohorts. There was, however an association found between ADC and eGFR in 

renal allograft recipients. Furthermore, a significant association between lower ADC/FA values 

and increased proteinuria [176, 371, 379]. 

 

Lu et al.[380], used DWI to differentiate between individuals with diabetic nephropathy eGFR 

> 60 ml/min/1.73m2 and diabetic nephropathy eGFR < 60 ml/min/1.73m2 versus a healthy 

cohort. DWI was assessed using ADC and fractional anisotropy (FA). The fractional anisotropy 

(FA) describes the restriction water molecule motion[381] and is another parameter used in the 

assessment of DWI. Individuals with diabetic nephropathy eGFR > 60 ml/min/1.73m2 had 

lower medullary ADC and FA values compared to healthy individuals. Individuals with more 
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advanced diabetic nephropathy eGFR < 60 ml/min/1.73m2 demonstrated lower medullary FA 

values and lower ADC values in the cortex and the medulla. The study does not present the 

degree of proteinuria between the groups. This also maybe a contributing factor to the lower 

medullary ADC and FA values in the diabetic nephropathy group with preserved renal 

function.  There were substantial differences in FA values between a healthy, normal renal 

function with mild and significant albuminuria[176, 371]. Lower medullary FA is seen in early 

diabetic nephropathy with minimal albuminuria[382]. 

 

Functional MR assessments were performed in a cohort of participants with renovascular 

disease and subsequent revascularisation therapy[383]. Three months post revascularisation, 

there was an improvement in renal function and renal tissue oxygenation (BOLD) was elicited. 

However, ADC values remained unchanged to pre-vascularisation levels. ADC values in this 

study did have a negative correlation with higher IF scores assessed using trichrome 

staining[383].  

 

In longitudinal studies, ADC did not correlate with eGFR decline over a 12-month period[272], 

over 18-months[384] or a 5-year period[385] . However, longitudinal DWI functional MR were 

utilized in conjunction with biochemical and histological data to assess a nephrotic patients 

response to immunosuppression[386], there were improvements in cortical coefficient D, 

biochemical and histological parameters [180]. 

 

Other studies have also found a negative correlation between ADC values and IF on renal 

histology[175]. In a cohort of individuals with glomerulonephritis, Feng et al.[374] found 

significant correlations between lower cortical FA and higher glomerulosclerosis scores. 

Additionally, lower medullary FA values were associated with higher IF scores[387] and 

glomerular injury[376].  

 

Overall, DWI imaging outcomes are concordant. DWI imaging can successfully differentiate 

between healthy and diseased kidneys[376]. The two Prasad et al. studies [171, 172] that did 

not appreciate differences, these studies commenced the DWI imaging protocol at b=50 mm2/s, 

b=200 mm2/s, respectively, instead of b=0 mm2/s which were used in the REMIND study).  

This was purposefully performed to avoid blood and tubular tissue. This may have 

inadvertently masked findings consistent with renal fibrosis, especially considering the recent 
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consensus into DWI imaging that concluded that at least two b values (including b<200 mm2/s 

to a maximum of b=800 mm2/s) are required for ideal DWI imaging technique[388].  

 

Again, the majority of studies show a correlation between lower ADC/FA values and inferior 

biochemical evidence of renal dysfunction. The REMIND study was not able to illicit a 

correlation between ADC values and biochemical evidence of renal dysfunction in the CKD 

group alone. A correlation was identified between ADC values and biochemical evidence of 

renal dysfunction across the entire study population.  This pattern is likely secondary to a 

reduction in DWI readings secondary to a small number of participants who were unable to 

complete the entire scan and, therefore DWI imaging. Even low data dropouts in DWI readings 

on the background of a small study population can cause the absence of ADC/biochemical 

correlation within the CKD cohort.   

 

There is a moderate degree of evidence to suggest higher levels of proteinuria correlate to lower 

ADC/FA values. Proteinuria is a marker of tubular damage and therefore, disease severity[389] 

and risk factor for disease progression[390]. The notion that medullary diffusive measures 

[378] are early and sensitive markers in early tubular injury[176], especially in the context of 

minimal proteinuria [176, 371], and occur prior to the development of cortical fibrosis/damage 

and the significant concomitant proteinuria[377].  Medullary diffusive measures in particular, 

have the potential to aid in early identification of renal disease, disease prognostication and 

response to therapy.  

The sensitivity of medullary diffusive measures (ADC and coefficient D) is further supported 

by the significant correlation between elevated serum potassium results and reduced cortical 

and medullary ADC and coefficient D. Potassium molecules are completely filtered through 

the glomeruli and then reabsorbed in the proximal convoluted tubal and the loop of Henle, 

which are located within the medulla and cortex respectively [391]. Increased tubular damage 

decreases potassium reabsorption and results in elevated serum potassium levels[392]. 

 

6.4.8 BOLD 

 

The REMIND study demonstrates that the BOLD MR technique is both feasible and 

reproducible in individuals with CKD.  Good CoV is achieved for both medullary and cortical 

T2
* values. Significant differences were identified in T2

* values between the cortex and medulla 

in both the HV and CKD cohorts. These analyses did not reveal differences in cortical or 
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medullary T2
* values between the HV and CKD cohorts or differences between different CKD 

aetiologies.  

Within the CKD population, correlations were identified between T2
* values against age and 

serum potassium level. Lower cortical T2
* values (lower cortical renal oxygenation) were 

identified in older CKD participants. Additionally, CKD participants with lower cortical or 

medullary T2
* values had higher serum potassium levels. 

Histological correlations revealed higher glomerulosclerosis scores were associated with lower 

cortical T2
* values. 

There were no longitudinal changes identified in cortical or medullary T2
* values across one 

year. 

 

The CoV for T2
* values in the CKD cohort obtained in the REMIND study are good and these 

results are at least comparative to previously published studies in healthy controls[393] and at 

best, excelled the CoV in other studies of healthy[359] and CKD [222, 371] cohorts.  

Li et al. identified higher cortical R2
* values (decreased oxygenation) in healthy individuals 

over 40 years versus higher oxygenation levels in those under 40 years of age[359].  The 

REMIND study is the first to identify the difference in renal tissue oxygenation and age in a 

CKD population.  

The correlation between biochemical markers of renal dysfunction and renal oxygenation has 

equally conflicting reports in published literature. Much like the REMIND study, some 

published works[371] have not revealed a correlation between creatinine/GFR and renal 

oxygenation. Conversely, other studies have found positive correlations between lower cortical 

tissue oxygenation levels and lower GFR values in mixed-aetiology CKD cohorts[228-230, 

394], diabetic cohorts[229] and in non-diabetic CKD cohorts[228]. At the same time, lower 

medullary oxygenation was seen with lower eGFR values in nephrotic subjects[227, 230].  One 

study found differences within a CKD population, identifying a sub-group with markedly lower 

cortical oxygenation levels despite similar eGFR values, eluding to BOLD utility in identifying 

the physiologically frailer sub-group with reduced renal reserve. 

A few of the newer studies have evidenced that BOLD parameters may be able to predict future 

renal function outcomes[385, 395]. Subjects with rapidly progressive CKD had higher whole 

kidney R2
* values than their stable CKD counterparts[395].  Pruijm et al. assessed 183 

individuals, those with the highest cortical R2
* values (>90 percentile) had worse renal 
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outcomes, defined as commencing dialysis or a significant rise in serum creatinine[396]. While 

Li et al.[397] is the only study to identify medullary oxygenation levels that corresponded to 

the annual loss in eGFR. Renal tissue oxygenation and renal function improvements were 

identified after revascularisation therapy in individuals with reno-vascular disease[383]. 

Chrysochou et al. utilised a R2
* values/measured radioisotope GFR ratio and were able to 

predict which subjects would positively respond to revascularisation therapy for renal artery 

stenosis[398]. The revascularisation studies identified rapid changes in renal oxygenation 

proportional to improvements in renal function.  

The REMIND study, along with another longitudinal study spanning over 18 months, did not 

find any longitudinal change in renal tissue oxygenation levels in stable CKD populations[384]. 

In stable CKD, the 12 -month interval between the baseline and follow-up serial MR scan may 

be too short of revealing substantial change in renal parenchymal tissue.  Further evidenced by 

a study spanning 5-years, demonstrating that baseline renal oxygenation levels predicted a 

future decline in renal function[385].  

Alternatively, BOLD may not be adequately sensitive enough to identify minor changes in 

oxygenation longitudinally.  

Biochemical markers of renal and diabetic disease severity were associated with changes in 

renal oxygenation; higher UACR in diabetic individuals with normal eGFR were associated 

with lower medullary oxygenation[174, 371]. Whereas, in the same population a normal-to 

slightly elevated UACR resulted in an elevated medullary oxygenation levels[371]. In diabetic 

individuals, hypercholesterolaemia was associated with lower cortical oxygenation[235]. 

Indicating that the BOLD imaging technique is affected by many factors, clouding the 

interpretation of renal oxygenation results. 

The REMIND study demonstrated a correlation between higher glomerulosclerosis scores and 

T2
* values, but no link was demonstrated T2

* values and interstitial fibrosis scores. Previously 

published data has revealed that in animal models[399] and non-diabetic CKD cohort, lower 

T2
* values correlate to higher renal fibrosis scores on histology[228]. In nephrotic patientsô 

lower medullary oxygenation values were associated with higher interstitial fibrosis 

scores[230].  

The marked disparity renal-BOLD studies ability to identify differences in renal oxygenation 

levels between diseased and healthy kidneys is challenging.  These disparities are in part 

secondary to the uncertainty with regards to the physiological processes producing the BOLD 
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MR results[393].  Equally, the varying techniques for both MRI acquisition[400] and image 

analysis[396] affect the disparity in results[401].  

Furthermore, BOLD is affected by many physiological factors[385], including hydration 

status[402], salt injestion[403], glycaemic status[237], medications[404]. Many of these 

factors are difficult to modify or standardise and is a potential explanation for inconsistent 

results across studies.  

The patterns in renal tissue oxygenation identified in the REMIND study are consistent with 

results from other studies and do not reveal differences in renal oxygenation between healthy 

versus CKD, different eGFR ranges and different aetiologies. Conversely, other studies 

illustrate that BOLD imaging technique shows great promise, with the ability to differentiate 

between healthy and diseased kidneys, different disease severities, correlation with 

biochemical and histological markers of renal disease.  Therefore, trying to understand the 

utility of BOLD within academic and clinical nephrology is currently challenging.   

The sensitivity of the BOLD MRI technique to all the previously described parameters clouds 

the ability of BOLD MRI technique to identify differences in parenchymal tissue between 

different cohorts when there are too many shared (use of diuretics, ACE inhibition) or even 

differing (hydration, salt intake) variables.  The findings among studies from BOLD MR 

imaging in diabetic cohorts show a greater degree of consistency[174]. As the REMIND study 

recruited individuals with CKD from many different aetiologies and as the study population 

was small, it is possible that individual differences or even subgroup differences in BOLD 

parameters may have been cancelled out by the group mean. 

The utility of BOLD could be further understood initially  with large pre-clinical trials in 

healthy volunteers spanning across different ages, ethnicities and under various physiological 

stressors (dehydration, post-exercise). Equally, further work is required to identify the ideal 

BOLD MR imaging technique. This would subsequently be followed by a CKD study holding 

a larger population size (with the same or similar aetiologies)[405], covering a wider cross-

section of eGFR ranges.  

In conclusion, although this technique shows some promise, renal BOLD MR imaging still has 

a significant route to travel before it is a robust scientific technique[406] used in the assessment 

of renal disease. And an even longer route is required before it can be used in clinic nephrology.  
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6.4.9 Perfusion 

 

The cortical perfusion coefficient of variance is decent at 14.3%. The CKD cohort had 

significantly lower cortical perfusion, approximately 50% less cortical perfusion than the HV. 

Within both cohorts, cortical perfusion was strongly negatively correlated with creatinine and 

positively correlated with estimated and measured GFR (CKD cohort only). Correlations 

revealed lower cortical perfusion in individuals with higher interstitial fibrosis scores. 

The cortical perfusion rates did not alter across one year. However, the relationship between 

cortical perfusion and biochemical parameters changed slightly. Cortical perfusion remained 

positively correlated with estimated and measured GFR. While cortical perfusion values only 

trended with higher creatinine values.  

Due to different ASL acquisition and readout schemes[407], variation exists within published 

literature on the CoV for cortical perfusion. The REMIND study CoV is one of the lowest in 

published CKD population studies[408, 409].  

Cai et al.[408], Prasad et al.[172]  and Van de Bel et al.[223], amongst others, identified 

reduced cortical perfusion in CKD cohorts compared to healthy kidneys. The difference in 

renal blood flow in diabetic and CKD participants compared to healthy volunteers is 

significant; 28%[209] and 50%[410], respectively.  

Most literature also features the strong positive correlation between lower eGFR levels and 

lower cortical perfusion values [172, 223, 408] in the CKD population. Lu et al.[411] identified 

a correlation between higher CKD stage severity and lower cortical perfusion values[412].  

ASL has the potential to predict renal outcomes, as shown by Prasad et al.[172], who found 

that lower cortical perfusion values predicted a more acute renal decline. Furthermore, higher 

cortical perfusion values post revascularisation therapy was associated with better renal 

function outcomes six months post-procedure[413]. 

The sensitivity of ASL can detect alterations in pathophysiology secondary to therapeutic 

interventions; renal perfusion declines after hand-grip exercises but not the administration of 

furosemide[414] or nitrate vasodilators[415]. Van de Bel et al.[223] demonstrated a marked 

decline in eGFR and cortical perfusion after angiotensin-II infusion. One case report 

demonstrated improvement in renal perfusion after immunosuppressive therapy for nephrotic 

syndrome[386].    
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In diabetic nephropathy, more severe IF scores were associated with lower cortical 

fibsrois[412]. 

Equally, many multiparametric studies have revealed differences in other MR measures but 

with no reciprocal changes in perfusion. In animal models, early diabetic nephropathy was 

associated with a decrease in renal oxygenation without a change in perfusion [416]. 

Although there are differing ASL image acquisition protocols, the ASL protocol used in the 

REMIND study has been accepted as a feasible protocol to assess renal disease[417].  

 

6.4.10 Volume  

 

The CKD cohort had significantly smaller renal volumes compared to the healthy cohort. 

Despite an outlier with significantly raised renal volume.  

At baseline, no associations were found between renal volume size and biochemical or 

histological markers of renal dysfunction. Renal volumes did not change across the year.  

An interesting find, at one year, there were significant positive correlations between 

volume/BSA and eGFR. Smaller kidney volumes are associated with lower kidney function 

but only at one-year; this pattern was not identified at baseline. The baseline results are likely 

to be skewed by the outlier, who was unable to complete the study and therefore was not 

represented in the one-year data. Equally, the results demonstrate that higher 

glomerulosclerosis scores at baseline are associated with smaller renal volumes at one year. 

Across 12 months, the mean renal volume declined by 8.5%.  

 

These results reflect findings from previously published data that CKD had smaller volumes 

compared to HV [171]. In healthy cohorts, higher serum creatinine and increasing age[418] are 

associated with smaller renal volumes[419].  Within the CKD population, smaller renal 

volumes are associated with lower eGFR values[420]. 

The feasibility[421] and reproducibility of MR assessed renal volumes is excellent[422], renal 

volume is most accurately assessed with MR[423]. 

MR accurately quantifies renal volume in animal models [424], HV[270], donors and adult 

polycystic kidney disease[425]. Inferior renal outcomes are associated with larger kidney and 
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cyst volumes in APCKD[426] and incremental changes in renal volume proportionately match 

changes in renal function decline [427]. In APCKD, MR volume measurements improve after 

Tolvaptan use[217] and MR volume measurements were used in the assessment in kidney 

donors; better eGFR values are expected with larger volume increments of the remaining 

kidney volume (after kidney donation)[428].  

Renal volumes have been used to predict outcomes post interventions; contralateral lower renal 

volumes post radical nephrectomy were more likely to result in CKD[429] and renal volume 

calculations have been applied to post revascularisation therapy to assess longitudinal renal 

function response[430, 431].  

MR renal volume research outside the context of APCKD and renal artery stenosis (RAS)[216] 

is sparse, especially when compared to other MR parameters[358] and in comparison to 

histological markers of renal disease. Similar to the REMIND study, a renal-CT study in renal 

donors demonstrated smaller renal volumes had higher glomerulosclerosis scores[432]. In 

adults with previous intrauterine growth restriction and low birth weight, CKD can develop 

secondary to oligonephronia (reduced nephron numbers)[433]. These individuals have smaller 

kidneys[434] and increased glomerulosclerosis compared to their normal birth weight 

counterparts[435]. Therefore, renal parenchyma shrinks with increasing scarring due to renal 

disease and renal ageing. Yet, the pathophysiology behind decreasing renal parenchymal mass 

in advancing CKD is not fully investigated and is assumed to be related to lower glomeruli 

numbers and an increase IFTA and GS. Furthermore, in some non-cystic diseases (diabetic 

nephropathy, focal segmental glomerulosclerosis) there is an initial rise in renal volume[436], 

which may account for the decreased correlation between histopathological markers of disease 

progression and renal volume.  

 

6.4.11 Phase contrast  

 

The REMIND study demonstrated an excellent CoV for mean renal arterial flow. No difference 

in the mean arterial area were appreciated, although significantly reduced mean arterial 

velocities and flows were shown in the CKD cohort compared to the HV.  

Both left and right renal arterial flow positively correlated with mGFR only and left arterial 

area negatively correlated with the degree of IF. No longitudinal differences were identified in 

the mean arterial area, flow or velocity.  
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Similar to the REMIND study, published data reveal that PC-RAF is feasible[437] and similar 

reproducibility in HV and CKD cohorts[192, 215, 357]. CKD and ESRF populations have 

lower RAF assessed using PC than HV counterparts[222, 438, 439].  

Unlike many of the other MR parameters, there is a higher degree of concordance in the 

published results. with regards to feasibility in CKD, reproducibility and correlations between 

renal function assessments and PC-RAF measurements. The REMIND study is unique in the 

fact that PC-RAF measurements correlated with histological measures of renal dysfunction. 

Equally, it is the only longitudinal study assessing PC-RAF measurements in CKD. 

Phase-contrast MR studies in renal disease are very limited in number.  Coinciding with MR 

volume assessments, the majority of studies have been performed in APCKD and RAS. More 

data is required correlating phase contrast results within a variety of renal aetiologies, 

associations with histological and biochemical markers of disease severity and in response to 

different therapies.  

 

6.4.12 Histology  

 

Consistent with common nephrological knowledge were strong correlations between lower 

biochemical parameters and higher levels of IF (sirius red) and glomerulosclerosis.  

Interstitial fibrosis has the most correlations with MR parameters. The four parameters that 

correlated significantly with greater levels of interstitial fibrosis were reduced cortical 

perfusion, higher cortical T1 values and smaller left renal arterial area and reduced cortical ADC 

levels. At 1-year higher glomerulosclerosis percentage scores were associated with smaller 

renal volumes. Equally, interstitial fibrosis percentage scores at the beginning of the study 

stayed negatively correlated with cortical perfusion values at 1-year and positively correlated 

with higher cortical T1 values at 1-year. The most accurate predictive factor for estimating renal 

decline is IF, therefore the fact that cortical perfusion and cortical T1 values correlated at 

baseline and 1-year adds validity to the MR parametric results. 

The REMIND study provided an orthogonal approach to looking at multiple measures of the 

histological disease. Pathophysiologically, renal disease is driven by hypoperfusion, reflected 

in the reduced cortical perfusion and reduced renal arterial area. And irrespective of underlying 
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aetiology the net result of parenchymal damage is interstitial fibrosis and glomerulosclerosis, 

demonstrated by the increased cortical T1 and reduced cortical ADC values.  

However, many of the MR measures can reflect multiple changes in renal pathophysiology 

increased cortical T1 and reduced cortical ADC values can reflect inflammation or fibrosis and 

renal volumes have a biphasic pattern, enlarged in early inflammatory disease but shrunken in 

advanced disease. The ability to differentiate between these different states is paramount to the 

successful application of MPMR in quantifying renal pathophysiology. The solution lies not in 

individual MR measures describing individual histological parameters but in marrying multiple 

measures into an assessment equation to quantify renal pathophysiology.  

6.4.13 Potassium  

 

The correlations between multiple MR measures and potassium were an unexpected yet further 

evidenced the utility of MPMR as a reliable functional assessment of renal pathophysiology. 

Furthermore, higher potassium levels correlated with three different multiparametric MR 

measures across both the cortex and medulla; lower ADC, coefficient D and T2
* values, 

suggesting increased renal hypoxia and fibrosis. 90% of potassium excretion occurs kidneys 

and the mechanisms by which potassium excretion is altered in CKD is multi-factorial[440].  

As discussed earlier lower ADC values correlate with higher interstitial fibrosis scores and 

lower T2
* values correlate higher GS scores. Both GS and IF lead to hyperkalaemia, initially 

as decreased and damaged glomeruli lead to decreased filtration of hyperkalaemia causing 

increased serum potassium levels. Equally potassium excretion is dependent on the amount of 

potassium reaching the collecting duct which will also decrease with increased IF[441]. 

Therefore, as elevated potassium levels are secondary to both alternated mechanisms within 

the cortex and the medulla it aligns that both cortical and medullary lower ADC, coefficient D 

and T2
* values correlate with higher potassium levels. 

 

6.4.13 Longitudinal  Assessment 

 

Across the cohort both eGFR and mGFR stayed static and UPCR declined over 12 months, 

suggesting a picture of clinical stability in response to therapy. Even within sub-group analysis 

between those that biochemically progressed over 12-months versus those that did not no 

differences were identified in MPMR measures. This could be because the sub-groups were 
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too small to identify any differences or because biochemical deteriorations do not reflect 

histological deterioration.  

However, there are a number of factors identified on MPMR imaging to suggest the opposite, 

a decline in renal pathophysiology. Initially, this would be supported by the presence of more 

elevated T1 values at 12-months, indicating evidence of increased fibrosis/inflammation and 

therefore progression despite no evidence of biochemical deterioration. Therefore, changes in 

T1 values may be able to predict which subjects have the most significant risk of renal decline 

and therefore need closer clinical follow-up.  

Secondly, both IF and GS correlated with MR measures at 1-year. Within current clinical 

nephrology IF is the best method available of assessing renal disease prognosis.  IF scores at 

initial assessment correlate to T1 values at baseline and 12-months, reinforcing the idea that IF 

scores are the optimal predictor of renal decline but also intimate that T1 values or æT1 values 

are potential predictors of renal decline.  

Furthermore, GS is another predictor of renal outcome[442], baseline GS scores correlate to 

cortical perfusion values at baseline and 12-months, again suggesting that cortical perfusion 

values or cortical perfusion values are potential predictors of renal decline.  

Albeit cortical perfusion values remained unchanged across 12-months. The close relation 

between histological markers and cortical perfusion/T1 values at baseline and 1-year suggests 

cortical perfusion/T1 values with further development could advance the utility  of MPMR as a 

prediction tool in the CKD population. Cortical perfusion is assessed using ASL and due to the 

different ASL acquisition and readout schemes[407], variation exists within published 

literature on targets for normal ranges and also CoV. This may account for why there is no 

change in cortical perfusion across the 12-month period despite a correlation with IF.  

At initial assessment lower coefficient D values correlated with higher UPACR values. 

Coefficient D was the only MR parameter to correlate with UPCR. At 12-months no direct 

correlation was identified between ADC/coefficient D and T1 values and UPCR values at 12 

months. A correlation was identified that individuals who had the largest decline in UPCR over 

12-months had lower ADC values. These individuals had highest UPACR values at the 

beginning of the study and are potentially more likely to be receptive to ACE inhibitor/ARB 

therapy or immunosuppression. The correlation between changes in UPCR over time and ADC 

values suggests that MPMR may be able to detect changes in pathophysiology in response to 

treatment.   Currently there is not enough robust evidence to suggest MPMR can prognosticate 
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outcomes in individuals with CKD, there are suggestions that with a larger study cohort and 

further optimization of MR techniques Adding further evidence that MPMR can with further 

development potentially help prognosticate individuals with CKD.  

 

6.5 Conclusion 

 

The REMIND study used a multi-faceted approach to address renal imaging of structure and 

function in CKD. To date, the REMIND study holds the record for the most number of  MR 

measures to be assessed in a single MR scan to investigate chronic kidney disease. Plus, the 

orthogonal approach combining assessment and analysis of MPMR with detailed histological 

analysis, accurate biochemical data including measured GFR and also assessing longitudinal 

change. However, it is only a foot in the door to understanding the application of MPMR in the 

assessment of the pathophysiology of CKD.  

Once the MPMR protocol has been optimised, the short, medium and long term applications 

are massive. In the short term, using MPMR can be used to predict which individuals with 

CKD have a decreased glomerular robustness and filtration reserve. In the medium-term 

assessing therapeutic response to anti-fibrinolytics or sodium-glucose co-transporter-2 

inhibitors (SLGT2i) and the long-term vision to replace renal biopsy in aiding in the 

diagnosis of renal aetiology.  
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Chapter 7: 

Multiparametric  MR in the Assessment of Acute Kidney 

Injury  (REMIND -AKI study)  
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7.1 Introduction  

 

The medical post-take ward round is a mixture of critically unwell, acute morbidity on the 

backdrop of chronic multi-morbidity, the acute and chronic complications of alcohol and drug 

misuse, polypharmacy, frailty and the increasing more prevalent admissions related to excess 

vulnerabilities and unsafe living circumstances. Importantly, there is always guaranteed to be 

a case of community-acquired acute kidney injury or individuals at a high risk of developing 

hospital-acquired acute kidney injury or who go onto develop hospital-acquired AKI[443].   

Irrespective of the admitting speciality[444], AKI is prevalent and associated with significant 

in-patient morbidity & mortali ty and poorer long-term renal, cardiovascular[445] morbidity 

and all-cause mortality[446].  

At the time of injury, severity is assessed by creatinine rise or urine output and not 

histopathological changes; nephron loss, IF, degree of acute tubular necrosis (ATN) or 

glomerulosclerosis. Only AKI patients with a suspected intrinsic pathology (excluding ATN) 

are biopsied[59], as the risk of complications is too high to biopsy for diagnosis and prognosis 

alone. For many individuals, the severity of parenchyma damage is never assessed and 

therefore the true extent of renal tissue damage is unknown.  

This leads to a misleading sense of security for both medical professionals and patients, 

medications may be inappropriately introduced, cardiovascular risk factors underestimated and 

the risk of end-stage renal failure undervalued. 

In the post-AKI period, the easiest cohort to identify is those individuals left with a decline in 

function from baseline or those who develop new CKD or ESRF. The assessment of eGFR is 

challenging due to the inaccuracies of conventional biochemical markers of renal dysfunction 

in AKI and recovering AKI[447].  Therefore the most challenging to identify and quantify are 

the individuals with apparently normal renal function after an episode of AKI but with reduced 

filtration reserve and are more susceptible to the development of CKD and also further episodes 

of AKI [448]. The pathophysiology of progression from AKI to CKD in humans is not well 

described. The REMIND-AKI study aims to utilise multiparametric MRI to describe the 

pathophysiological processes that occur in AKI and potentially assess differences in renal 

structure and function between AKI and CKD and map the pathways that lead from AKI to 

CKD.  
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7.2 Methods 

 

The REMIND-AKI study protocol and data analysis[449] are outlined in detail in the methods 

chapter and figures 18 and 27. To summarise AKI stage 2/3 participants (no pre-existing CKD)   

were recruited from an inpatient setting for MPMR scans at three separate intervals across 12 

months; during peak-AKI injury, 90-days after the first scan and 365-days after the initial scan, 

coupled with the collection of biochemical data (serum creatinine, eGFR, Iohexol clearance-

mGFR and UPCR). 

MRI scans were performed on a 3T Philips Ingenia scanner. MR measures of structure 

(volume, T1) and function (cortical perfusion, BOLD) were taken. Results were compared to 

25 CKD subjects and 24 HVs from the previous REMIND study.  

 

 

A single centre observational pilot study using renal MPMR scan techniques in the 

investigating of whole kidney assessments of function and structure. Providing new insights 

into our understanding of the pathophysiology of acute kidney injury. 

 

7.2.1 Participants  

 

Participants were identified during an inpatient stay at the Royal Derby Hospital, UK with an 

episode of AKI stage 2/3 (based on the KDIGO criteria). Subjects were 18 years or older, able 

to give consent and had a normal baseline renal function, categorised as 

eGFR>60ml/min/1.73m2. 

Exclusion criteria were contraindications to MRI, previous renal disease, chronic kidney 

disease or AKI episodes, renal transplant recipient or obstructive nephropathy. 

HVs were recruited from a pool of volunteers from the Centre for Kidney Research (CKRI) 

and the University of Nottingham. HVs acted as a comparator group and had 

eGFR>60ml/min/1.73m2 and no proteinuria and were subject to the same exclusion criteria as 

those with AKI. 

Inclusion criteria 

¶ Acute Kidney Injury stage 2/3 (duration >24 hours) including patients requiring renal 

replacement therapy 



157 
 

¶ >18 years & < 95 years  

¶ Able to give informed consent 

 

Exclusion criteria 

¶ Renal transplant 

¶ Contraindications to MRI, e.g. claustrophobia, cardiac pacemaker, metallic fragments 

or implants 

¶ Pregnancy or breastfeeding or intending pregnancy 

¶ Unable to give consent or understand written information 

¶ Pre-existing CKD of any stage as per eGFR 

¶ Obstructive uropathy 

¶ AKI duration <24hrs, in the opinion of the investigator 

¶ Not medically fit for transfer to MRI scan, in the opinion of the clinical team or the 

investigator 

¶ Iodine allergy 

¶ Patients unable to comply with basic verbal English commands whilst in scanner due 

to special communication needs 

 

7.2.2 Study Protocol  

 

AKI participants were recruited to a year-long longitudinal study and underwent three MP MR 

scans, paired with clinical data collection. The first scan was performed as an inpatient during 

an episode of AKI, clinical and demographic data was collected from the inpatient stay. 

The second MP MR scan was performed 90 (+/- 14) days after the original scan and clinical 

data including an Iohexol clearance test was performed within seven days. The third MP MR 

scan was performed 365 (+/- 30) days after the first scan again clinical data and an Iohexol 

clearance test was performed within seven days. The study protocol is illustrated in figure 27.  

HVs only underwent a single MP MR scan and clinical data was collected at the same time. 

Demographic data and clinical data were collected, including anthropomorphic measurements 

including height and weight, Bloods, blood pressure, urinalysis, urine protein creatinine ratio.  
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FIGURE 7.1, REMIND-AKI STUDY DESIGN  

 

Once AKI participants were identified and consented as inpatients, demographic and clinical 

data were collected from medical records. 

Clinical data included anthropomorphic measurements including height and weight, Bloods, 

blood pressure, urinalysis, urine protein creatinine ratio were collected at various time points 

across the study.  

Serum U+Es and FBC were recorded at the following times: baseline (if available), admission, 

peak admission level and collected pre-MP MR scan.  Blood pressure measurements during 

inpatient stay were recorded, including admission and lowest blood pressure and collected pre 

and post MP MR scan. One blood pressure reading was measured using an oscillometric device 

at each time point. On the day of the scan fluid balance was recorded and a 24-hour urine 

collection was performed.  
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A Urine analysis was performed and urine protein to creatinine ratio (PCR) was collected and 

measured once. Serum samples were collected, centrifuged and the serum was frozen at -70C 

until analysis. Urine samples were collected and frozen at -70C until analysis.  

Participants were transferred under medical supervision in a private ambulance to the SPMIC 

where the MP MR scan was performed. After the MP MR scan a full set of observations were 

collected.  

 

7.2.3 Assessments for AKI participants at the 90-day and 365-day Scans 

 

These assessments included patientôs weight, U+Es, FBC, estimated GFR (GFR was estimated 

from serum creatinine concentration using the CKD-EPI equation), blood pressure, pulse, 

urinalysis, urine PCR and were performed within seven days of the MP MR scan, all performed 

in conjunction with the Iohexol clearance test.  

Serum samples were also collected, centrifuged and the serum was frozen at -70C until 

analysis. Urine samples were collected and frozen at -70C until analysis.  

 

7.2.4 Iohexol Clearance for AKI Participants  

 

Iohexol clearance was conducted to measure GFR within seven and fourteen days of the 90-

day and 365-day scans, respectively. Five ml of Iohexol (Omnipaque 240) was administered 

intravenously in one arm at 0 minutes.  Blood was sampled from a venous cannula inserted in 

the contralateral arm at 120 minutes, 180 minutes and 240 minutes in patients whose 

eGFR>40ml/min/1.73m2) and another blood was sampled at 360 minutes for patients whose 

eGFR eGFR<40ml/min/1.73m2). Blood samples were centrifuged and the serum was frozen at 

-70C and stored until analysis. Iohexol assays were conducted at the Oxford, John Radcliffe 

Hospital biochemistry department using reverse-phase high-performance liquid 

chromatography assay with photodiode array detection at 254 nm. Iohexol clearance was 

calculated from the rate of decline in Iohexol concentration and was corrected for body surface 

area. 
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7.3 Results  

 

34 participants were recruited, 24 HVs (57±17yrs, 19 male) had a mean eGFR 

94.1±12.4mls/minute/1.73m2 and urine PCR 6.7±6 mg/mmol. Ten participants with AKI stage 

2/3 (49±19yrs, five female), with a mean baseline eGFR 92±23ml/minute/1.73m2. The AKI 

cohort had a significantly higher BMI. (Table 10). 

 

Initially, 12 AKI participants were recruited; unfortunately, two were unable to participate at 

all, one deteriorated clinically and was not fit for transfer to the SPMIC. The other, although 

meeting all the weight, BMI recommendations, was too broad at the shoulders to enter the MR 

scanner and had to be withdrawn. 

 

 

TABLE 7.1,  AKI AND HV DEMOGRAPHIC DATA. AKI, ACUTE KINDEY INJURY. BMI, BODY MASS 

INDEX.GFR, GLOMERULAR FILTRATION RATE. PCR, PROTEIN CREATININE RATIO. IQR, INTERQUARTILE 

RANGE.  

 

All participants attended the hospital with a community-acquired AKI and creatinine levels 

continued to rise throughout and then peak during the admission. 90% of the AKI cohort had 

AKI stage 3, of which two persons required renal replacement therapy. It was approximately 

(N=10) 
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11 days from admission to the first (peak-AKI)  scan. 80% had a pre-renal AKI and two 

participants had multiple-factorial AKI with concurrent pre-renal and intrinsic AKI pathologies 

(Table 11).  Four persons required a renal biopsy and only two of those had enough surplus 

renal tissue to have IF scoring analysis. Therefore, histological analysis was not performed.  

Two participants withdrew and did not complete the last two visits. One participant has severe 

trypanophobia and did not consent to the Iohexol clearance mGFR test.  

 

 

TABLE 7.2, DESCRIBES THE CLINICAL DATA SURROUNDING THE INITIAL AKI EVENT. AKI, ACUTE KIDNEY 

INJURY. RRT, RENAL REPLACEMENT THERAPY. NSAIDS, NON-STEROIDAL ANTI-INFLAMMATORY DRUGS.  
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The UPCR results were elevated at the time of the first scan; for most participants, there were 

no baseline PCR results. Neither systolic nor diastolic blood pressure changed across the 12 

months. Biochemical recovery (creatinine values) occurred at 90 days and was maintained until 

365 days. As Iohexol clearance tests are not validated in AKI[450] and therefore were not 

measured at the initial peak-AKI scan. The mGFR results did not alter from 90-days 

(65±21.04ml/min/1.73m2) to 365-days (69±19.6ml/min/1.73m2). Although, the mGFR appear 

lower than eGFR EPI values 90-days (85±24ml/min/1.73m2) to 365-days 

(95±20ml/min/1.73m2), statistically no difference was identified between 90-days (p=0.2) to 

365-days (p=0.06) between mGFR and eGFR EPI.(Table 12). The participant with AKI stage 

2, also required another hospital admission and had another episode of AKI. Of the two 

participants that required RRT, one only completed the first scan and the other participant 

completed the entire study and recovered to baseline renal function.  

 

 

TABLE 7.3, CLINICAL DATA ACROSS ALL THREE SCAN VISITS. GFR, GLOMERULAR FILTRATION RATE. BP, 

BLOOD PRESSURE.  

 

The following data looks at the MPMR measures across the serial visits (Figure 56 & 57). Each 

MR measure is represented individually; there is a separate box and whisker plot for each time 

point; peak-AKI, 90-day and 365-day scan. The grey shaded box represents the HV mean plus 

two standard deviations and the final box and whisker plot(grey outline, with no fill) represent 

the CKD mean plus standard deviation.   

MPMR measures significantly changed across the 12 months; both cortical and 

corticomedullary T1 values were the highest at the peak-AKI scan and declined over the 

subsequent scans. Importantly at the 365-day scan, the cortical and CMD T1 values for most 

participants had reached the HV range and were significantly lower than the CKD cohort 
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values.  Medullary T1 values were significantly raised at the time of peak injury and declined 

to the HV range by the 365-day scan. (Figure 56). 

Cortical perfusion values were very low at the peak-AKI scan and improved over time. Cortical 

perfusion values, although higher than those seen in CKD, were not within the HV range 

213.2±52.6ml/100g/min, p=0.009. Conversely, renal volumes were largest at the peak-AKI 

scan and declined at the 365-day scan to within the HV range.  

There was a downwards trend in cortical T2
* values from the peak-AKI scan, through to the 

365-day scan. No differences were identified in medullary T2
* values across the study. 

DWI and renal artery flow measures were towards the end of the MPMR sequence protocol. 

The participants of the REMIND-AKI study found it challenging to complete the entire MR 

study scan protocol. Therefore these measures have not been presented. 

At the 365-day scan, some participants renal volume size dropped to within the CKD range, 

different participants cortical perfusion remained depressed to within the CKD range and other 

participants cortical T1 values remained elevated to within the CKD range. 

 

Similar to both the HV and CKD cohorts, the AKI cohort revealed a positive correlation 

between higher baseline creatinine, peak-AKI UPCR, peak-AKI systolic blood pressure and 

increasing age. (Figure 58) 

 

Lower mGFR levels negatively correlated with reduced CMD T1 values at 90-days and a 

negative trend towards reduced CMD T1 values at 365-days (Figure 59). This correlation was 

also identified that lower eGFR EPI values and reduced CMD T1 values at 90-days (r=-0.74, 

p=0.046) negatively correlated but not at 365-days.The peak WCC during admission correlated 

to higher cortical and lower CMD T1 values at the peak-AKI scan.  
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FIGURE 7.1, AKI  COHORTS INDIVIDUAL MR MEASURES ACROSS STUDY SESSIONS, COMPARED TO 

HV MEAN±2SDS AND THE BASELINE CKD MEAN±SD. EACH MR MEASURE IS REPRESENTED 

INDIVIDUALLY ; THERE IS A SEPARATE BOX AND WHISKER PLOT FOR EACH TIME POINT; PEAK-

AKI( WHITE FILL WITH BLACK BORDER), 90-DAY (BLACK BORDER WITH BLACK CHECKERED FILL 

PATTERN) AND 365-DAY SCAN (BLACK BORDER WITH BLACK STRIP FILL). THE GREY SHADED 

BOX REPRESENTS THE HV MEAN PLUS TWO STANDARD DEVIATIONS AND THE FINAL BOX AND 

WHISKER PLOT (GREY OUTLINE, WITH NO FILL) REPRESENT THE CKD MEAN PLUS STANDARD 

DEVIATION (WHITE FILL WITH GREY BORDER). 

 

 

 

 

 

 

 

FIGURE 7.2, PARTICIPANT 2, VISUAL REPRESENTATION OF IMAGES AT PEAK-AKI , 90-DAY AND 365-

DAYS SCANS[449]. AKI , ACUTE KIDNEY INJURY. CMD, CORTICOMEDULLARY DIFFERENTIATION. 

 

 

 

 

 

 

 

 

 

 

 

FIGURE 7.3, AKI  COHORTS INDIVIDUAL MR MEASURES ACROSS STUDY SESSIONS, COMPARED TO 

HV MEAN±2SDS AND THE BASELINE CKD MEAN±SD.  
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FIGURE 7.4, AKI  COHORTS INDIVIDUAL MR MEASURES ACROSS STUDY SESSIONS, COMPARED TO 

HV MEAN±2SDS AND THE BASELINE CKD MEAN±SD.  

 

7.4 Discussion 

 

This study was the first to utilise MPMR in participants with AKI longitudinally and clearly, 

demonstrates a distinct image pattern in kidneys across healthy, AKI, AKI -recovery and even 

CKD. These patterns in MPMR were evident despite the small study number.  

At the time of injury, there is an increase in renal volume, inflammation (reflected in the raised 

T1 values) in both the cortex and medulla and a decrease in cortical perfusion and renal tissue 

oxygenation. Thus, reflecting the current understanding around the pathophysiological 

mechanisms causing AKI , reduced blood flow, leading to parenchymal damage and a 

compensatory increase in oxygen consumption[451].  

Biochemical recovery occurs by 90 days, with creatinine and eGFR EPI values returning to 

pre-injury levels and the resolution of mild proteinuria (present at baseline). Yet, it is clear 

from the MPMR results that renal parenchymal injury is still present at 90 days, as cortical 

perfusion continues to be lower and renal volumes/cortical T1 values remain greater than HVs 

levels. Over 12 months, the mean group parameters normalised, albeit at different rates, with 

medullary T1 values normalising at three months. It is important to appreciate that for many 
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participants, complete normalisation does not occur in all MR measures by 12 months. Renal 

volumes reduce to below the HV range in two participants; cortical perfusion and T1 values do 

not normalise for many participants. Most interestingly, there was heterogeneity between 

participants around which MR measures failed to recover completely. This may be a reflection 

of different parenchymal injury and/or disease severity. 

 

For the most part, MPMR in AKI has been limited to animal models, with only a small number 

of human studies assessing individual/limited MR measures in AKI. Dong et al found 

decreased cortical perfusion in the AKI cohort compared to the HV cohort in a single ASL 

scan[452]. This study did not quantify the severity of AKI or degree of renal recovery. Inoue 

et al used a single MR scan assessing T2
* and ADC to subjects with AKI [228], no correlation 

was found between T2
* and ADC or histological measures. Neither study found a correlation 

between MR measures and serum creatinine levels.  

 

In swine models[453], both cortical and medullary T2
* values rose proportionately after graded 

application to renal artery occlusion and improved after reperfusion was reinstated[454]. The 

decline in renal oxygenation was reciprocal to a reduction in renal artery perfusion[455].  

In mice models, renal perfusion declined after an episode of AKI and more severe episodes of 

AKI were associated with a longer time to recovery[456]. Similarly, cortical T1 values 

increased after the induction of ischaemic-AKI. In contradiction to the REMIND-AKI data, 

mice models revealed immediate renal volume loss in response to AKI with limited evidence 

of normalisation in the recovery period[456]. After a bilateral ischaemic injury in mice studies, 

cortical T1 values peaked at day 3 and started to decline[457], with medullary injury occurring 

after cortical injury[458]. Cortical ADC [459], cortical T1 values [460] and cortical 

perfusion[461] continued to decline from the time of injury and correlated with increasing 

fibrosis on histology.  Cortical perfusion declined after ischaemia induced AKI in mice[462] 

and started to recover at day seven[461]. Complete recovery was not achieved by day 28 

irrespective of the severity of injury[461].  

 

These animal study results are similar to the findings from the REMIND-AKI study and other 

human studies, except animal studies demonstrated an acute decline in renal volumes in 
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response to ischaemia induced AKI. Smaller renal volumes correlated to lower ADC values 

28-days post-induction of AKI[463], connecting cell death, increased fibrosis and reduced 

renal parenchymal volume. The contrasting response in renal volume is potentially secondary 

to the cause of AKI . Complete ischaemia (in animal models, via clamping renal arteries) 

leading to renal cell apoptoisis[464] versus hypovolaemia in the REMIND-AKI study resulting 

in visceral oedema from intravenous fluid replacement or interstitial oedema[465] secondary 

to interstitial disease[466].  

Clinically, the assessment of renal volume in the context of AKI, is limited to the presence of 

hydronephrosis and renal size[467] but not diagnosis or AKI severity. In CKD, smaller renal 

volumes indicate more advanced disease[468]. The renal volume pattern exhibited in the 

REMIND- AKI study showed a mixed picture as the study progressed. While the initial rise in 

renal volume is likely secondary to a decrease in parenchymal oedema/ inflammation. The 

subsequent decline, maybe attributed to glomerular loss and glomerular sclerosis[469], and 

consequently results in volume shrinkage to within the CKD limits at 12 months. 

 

Of note is the numerical contrast between measured and estimated GFR at 90 and 365-day 

scans. mGFR values were lower than eGFR EPI values and statistically, a difference between 

the two-group means isn't detected until 12 months (a trend towards lower mGFR values 

compared to eGFR).   

eGFR is a poor biomarker of post-AKI renal recovery, as renal fibrosis is initially silent with 

no reciprocal change in biochemical and physiological measures[470] and fifty percent of 

nephron loss can occur without an equivalent rise in serum creatinine[471] and the 

development of post-AKI proteinuria is likely a reflection of renal fibrosis progression or the 

advancement of an underlying intrinsic renal pathology[472]. The aforementioned describes 

causes of renal parenchymal vulnerability and decline in glomerular filtration reserve, likely 

resulting in the negative renal sequelae that can last up to ten years, even after normalisation 

of eGFR[473].  

 

In many ways the interpretation of MPMR in AKI is simpler, AKI is categorised into three 

main classifiations[474], with pre-renal AKI being the primary and major cause of community 

and hospital-acquired AKI[475]. During hospital admissions that involve an AKI episode,  
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medications that interfere with MR measures (T2
* values)[476], ACEis, diuretics are often 

stopped[477].   

The beauty of this small study is it elegantly depicts the physiological vulnerability of renal 

parenchyma post-AKI [478], which remains in some individuals up to at least 12 months after 

the original insult with the appearance of biochemical recovery and a decline in proteinuria. 

The identification of renal parenchymal physiological vulnerability adds weight to the currently 

unresolved dispute surrounding when to cease and recommence ACEis and ARBs in AKI  

[479]. In the context of AKI with diminished renal perfusion, ACEis and ARBs will  cause 

additional hypoperfusion by decreasing glomerular pressure as a consequence of efferent 

arteriolar vasodilation and, therefore renal hypoxia. Post-AKI MPMR assessment could lead 

to more individualised treatment plans; those with persistent renal hypoperfusion may have 

better prognostic outcomes without the reintroduction of ACEis and ARBs. 

MPMR would also be incredibly useful in efficiently optimising fluid status, fluid resuscitation 

is an important therapy in restoring and maintaining haemodynamic stability[480] and 

hypervolaemia can easily occur as a repercussion of fluid therapy [481]. Both fluid states are 

associated with increased morbidity and mortality in AKI. The use of MPMR in early AKI[482]  

could in the future guide optimal fluid resuscitation.   

After further development of the MR measures in particular BOLD which has many different 

acquisition and readout schemes and very little evidence in the utility of assessing individuals 

with AKI. MPMR imaging may evolve as a method of diagnosing underlying renal aetiology 

without the need for renal biopsy or even an accurate biomarker in the assessment in the AKI 

recovery period to assess disease severity, for example degree of acute tubular necrosis. MPMR 

would be a valuable tool in the assessment in individuals with true versus apparant renal 

recovery, especially in those individuals who achieve biochemical recovery. As described 

earlier currently there are no realiable biomarkers in the assessment of AKI or the post-AKI 

period. MPMR as an imaging biomarker could help prognosticate high risk individuals at risk 

of developing CKD, therefore concentrating healthcare resources on these individuals. 

Additionally, identifying CKD sooner and starting disease modifying medication can have a 

significant reduction on the number of people starting renal placement therapy. There is even 

the potential to use disease modifing agents for example SGLT2 inhibitors to prevent furthur 

renal decline. There is even the potential to redefine the post-AKI period and identify 
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individuals with CKD sooner, in doing so optimising blood pressure, cholesterol and blood 

sugar targets.  

The MPMR scan protocol takes 45minutes and is too lengthy for clinically unwell participants 

to manage. Currently, MPMR only be performed in a research setting, outside of a hospital. 

Both the scan length and the transition of MPMR to a hospital setting is imperative in the 

success of MPMR assessment of individuals with AKI. Further studies are required with 

histological correlation, more regular and longer follow up with measured GFR are required.  

 

Conclusion  

 

MPMR has the potential to revolutionise the landscape of the understanding, management and 

risk stratification of AKI. In the short term, it can aid in the optimisation of haemodynamic 

management of AKI in the hospital setting. In the medium term, the ability to identify genuine 

from apparent renal recovery after an episode of AKI[483]. In the long term, MPMR can 

potentially detect subclinical AKI and the aetiology of AKI.  
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Chapter 8: Thesis Conclusion  
 

The work presented in this thesis utilised cardiac and renal imaging to firstly address the 

relationship between acute and chronic haemodialysis therapies and cardiovascular 

dysfunction. Subsequently, it explored the utility of multiparametric MR imaging in the 

pathophysiological assessment of  AKI and CKD, but also the link between AKI  and CKD 

progression.   

Echocardiography and cardiac MR imaging can detect cardiac changes in response to dialysis. 

Echocardiography has been used extensively in the assessment of intradialytic changes in 

chronic haemodialysis patients. These results were the first time echocardiography was used to 

assess intra-dialytic changes in acute haemodialysis for AKI. Although a small study, the 

results were quite stark, with 100% of participants experiencing myocardial stunning 30 

minutes into HD and persisted 30 minutes post-dialysis. GLS and EF also declined across acute 

HD, and also continued 30 minutes post-dialysis. Similar systolic strain dysfunctions were 

exhibited in a study investigating myocardial stunning in continuous renal replacement therapy 

in an intensive care setting[252], albeit without the same haemodynamic instability shown in 

chronic and acute haemodialysis cohorts.  

 

The presence of myocardial stunning in the chronic HD cohort is associated with significantly 

decreased survival compared to chronic HD without myocardial stunning. However, the study 

population was small and occurred over a single time-point therefore; these results were not 

able to identify a link between myocardial stunning in AKI requiring HD and increased 

mortality. Equally, the implication of persistent myocardial stunning decreased EF and GLS 

remains undiscovered and may indicate one potential factor for the increased cardiovascular 

morbidity and mortality in AKI populations. 

 

The subsequent study utilised cardiac MR imaging in a chronic HD cohort, although cardiac 

MR imaging is the gold standard in assessing systolic and diastolic dysfunction. This was the 

first study to utilise intra-dialytic cardiac MR imaging to assess systolic and diastolic 

dysfunction. These results revealed that all participants (including those with no cardiac 

history) had systolic and diastolic dysfunction before commencing dialysis; both systolic and 
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diastolic dysfunction declined across dialysis. Systolic dysfunction was easier to identify and 

follow a more uniform pattern across the study population. However, the identification of intra-

dialytic diastolic dysfunction was more challenging to identify. The diastolic decline occurred 

but followed a more individual pattern in each participant, with nadir diastolic decline 

occurring at different time points. No correlation was identified between intra-dialytic systolic 

and diastolic dysfunction, suggesting the mechanisms for injury between systole and diastole 

are different. However, both systolic and diastolic functions are affected by ultrafiltration 

volume and rate. The effect intra-dialytic diastolic decline has on cardiovascular morbidity and 

mortality requires further investigation with more extensive, longitudinal studies.  

 

The final two studies applied MPMR renal imaging to HV, CKD and AKI cohorts. MPMR is 

feasible in all three cohorts and is equally reproducible between HV and CKD cohorts. In 

addition, MPMR was able to distinguish between  HV, CKD and peak-injury AKI. CKD 

cohorts had reduced cortical perfusion, smaller renal volumes, within the cortex, there were 

longer T1 values and lower ADC and coefficient D values, suggesting more inflammation or 

fibrosis. Peak-injury AKI imaging demonstrated larger renal volumes,  reduced cortical 

perfusion, longer T1 values and reduced T2
* values (reflecting renal tissue hypoxia) compared 

to the CKD cohort. These changes improved over one year but did not normalise in all 

participants despite biochemical recovery occurring at three months. Limited longitudinal 

changes were seen within the CKD cohort, with longer T1 values demonstrated at one year 

despite no differences in eGFR and a significant improvement in proteinuria and diastolic blood 

pressure.  

 

These preliminary, pilot MPMR data are exciting and reveal a genuine potential to improve the 

methods of investigating, diagnosing, treating and prognosticating renal disease. Despite these 

exciting results, more experimental work is required to optimising and unifying the MR 

protocol sequence, in particular, optimising BOLD technique. The initial work of experimental 

studies is required on healthy cohorts across all ages, ethnicities and weights, assing the effects 

of different physiological stressors, fluid, diuretics, oxygen and medication. Once the MR 

sequence and HV normal ranges have been established, progression to assessing renal disease 

in larger cohorts will be the next ideal step. Initially, assessing single CKD disease entities, 

mechanisms of progression and response to therapeutics.  

Within the context of AKI, MPMR may identify different aetiologies, for example, between 

pre-renal and intrinsic AKI. Response to therapy for example, fluids or when to re-introduce 
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anti-hypertensive therapy and equally as influential, prognosticating which individuals are 

likely to progress to CKD.  

The potential utility of MPMR imaging in nephrology is immense and has the ability to change 

the landscape of clinical nephrology for the betterment of individuals and health care systems.  
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