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Synopsis

Despite pathological diversity, chronic kidney disease and acute kidney injury are
inextricably linked in a perpetual cycle of renal acatdiovascular damage and

decline

In the 22! century CKD is considered globalhealth crisiscompaativdy, AKI is an

emergent amh escalatinghealthcareconcern the true scale of whicks still to be
established Personswith CKD experiencemore ejsodes of AKI compared to
individuals without establishedenal diseasd=qually, thoseafflictedby AKI have an

increased prospect atlvancing taCKD and ESRRhan those ot afflicted by AKI.

Within CKD andAKI populationsthe capabilityto predictprogressive rendiinction
declineremainselusive In CKD populationsprevious renal trajectoryan be used to
predict future renal declineHowever, historic serum biochemistrgata isoften
incomplete or absenPrediding renal outcomes ithe AKI population is even more
challenging in many, there is an apparebtochemical recoveron the background of
significart renal paenchymé& damage.As a result, ngdious and undetectedenal
diseaseoften developsto CKD and ESRF as does the secondacgrdiovascular

sequelee of renal disease.

CKD and AKI are associated with significantrisk of developing endtage renal
failureandareconnected bgn increasedardiovascular burdein particular persons
with CKD aremore likely to die of cardiovascular diseasartleachendstage renal
failure. Most patientswith ESRF have establishednd substantiatardiovascular
diseasehatcontinuego amasonrenal replacement therapgqually, AKI episodes
areassociated witlinigher all-cause and cardiovasculaortality rates,that remains

for many yearafterhospitaldischarge

The workin thisthesis aims to develop cardiac and renal imaging in the assessment
of individuals with renal disease. The first half of the thesss dedicated to
understandingcardiovascularmorbidity in acute and chronic renal replacement

therapy.

Firstly, thirteen indivduals requiring acuteRRT for AKI were assessed using

intradialytic echocardiogaphy and speckldracking software. Acute reductions in



cardiac function in response tteerapywere identified in all participant3.he pattern
of segmental LV dysfunctiowassuggestive of subclinical myocardial ischaeama
persisted after the dialysis cessation.

Secondlyapost hoanalysisstudyof ten individuals requiringhronic haemodialysis
was performed. Assessmestof systolic and diastolic dysfunctiowere produced
from intradialytic cardiac magnetic resonandenages Systolic and diastolic
dysfunction were independently, adversely affected by dialysis and these
deteriorations wereelatedwith ultrafiltrationvolume andate.

The second half of thehesisrelates tothe application ofrenal multiparametric
magnetic resonance imaging to tiederstanding of pathophysiologiqgabcessem
AKIl and CKD.

The initial multiparametric studynvolved49 participants 25 had stableCKD stage
3-4 and underwenserial renal functional and structurainultiparametric magnetic
resonance imagirflylR1). Multiparametic MRI successfully differentiatebetween
healthy andCKD cohorts. TheCKD population showeéxcellentreproduciliity of

MR measuresThe fnctionaland structural MR measuresidencedsmaller renal
volumes reduced perfusign increased Ti1 values (suggesting increased
inflammatiorifibrosis) but no change inT." values(markers ofrenal parenchymal
hypoxia). Importantly, ochemical and histological measures of renal disease
correlated with MR measurdsongitudinally theravassomeevidenceo suggesthe
detection of pathophysiological changesspite of biochemical evidence to suggest

clinical stability.

The finalmultiparametric MRbtudyassessdten individuals withAKI stage 2/3This

study was the first to utiliseaultiparametricMRI to evaluatethe patlophysiology of

AKI by assessing renafunction and structureboth at the time of AKI and
longitudinally into the postAKI recovery periodAt the time of AKI injury, renal
volumeincreasegdrenal perfusiomeclined increased 1 values(suggesting increased
inflammatior) and decreaset.” values suggesting decline irrenaltissuehypoxia.

Biochemical recovery occurred by -8ys at this point,multiparametric results

revealed aegression to normalhysiologybut not complete recoveryeRal volumes

were $ill enlarged, areduction in renal perfusion remained and increased markers of
inflammation were still presenMany participantsd multipat

normalised at one yedsut evidence ofltered pathophysiology remained in others
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Chapter 1: Introduction

1.1 The History of Acute Kidney Injury

Thefirst description of AKlwas in theifth century BC by Greekpysician$l].

After witnessing tke decline in urine outputjippocrates ai d, fAext ernal hu

haemorrhage of the capillariesandthe st r uct i on of. renal par e

An insightful, detailed and summative description of acute renal injury, which the
Greekphysiciand er me d A r e n aand resulfed fammroshes injariasand

poisoning

Much like modern medicingzreek physicianstuded patientsigns andsymptoms

payingparticularattention tochanges in urine output

Oreibisios of Pergamasloquently and accurately described the certainty of death if

the oligurawas not followed by polyurig2].

The 18" centurybroughtnew interests andnsightsinto the understanding of renal
injury. Alschuria renal gnsanltalaa anatcmogBlned by
to definesingleorganrenalfailure. William Heberdena London physicianfurther
expandedhe definition to include aclinical syndrome. He famously quoted t h e

worst ischuriaisthatiwhi ch t he ki dneys sef@ret no uri

The work into understanding acute kidney injury continued into thedstury aided

by the invention of the microscop&idneyswere examinegost mortem andrine

was examine@ for casts. Richard Bright described renal disease associated with
albuminuria andlassifiedan acute andhronicclinical courseSubsequentlyi Ac ut e
Bight 6s Nephritis/ Diseaseo replaced #fAl sch

pregnancy, trauma, cold and toXmis

The pathological processausing Ac ut e Bri ght Oexplaibed ase a s e \
Aparenchymat ous de g elmteerfadlawingguote,dé linguiktie ki d n

symmetry to the term AKI and pathophysiological accuraayf our current
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understanding o&cute tibularinjury[6] is remarkabled The acute morbid process
which seems to belong to the epithelium of the tabesd a growth of new cells, to
take the place of the desquamated epithelium. All these changes ammaniesd in
the convo[fluted tubesbo

The period from thel7" to 20" centuy saw arise in cush relatednjuries and
rhabdomyolysis induceAKI. These injuries were iresponse to thglut of combat
seen in theAmericancivil war, World War | and World War llin addition, diring

this time,identifying acutekidney failurewas furtheimprovedtheability to measure

serum uredeveld7].

The subsequet significant development in the history of acute kidney injury was
during World War 11. A case series descri
retention of nitrogen waste products was published after four patients died after
presenting withAKI, muscle necrosis and cardiovascular shock. The patients
developed acute renal failure after sustaining crush injuries during the Blitz in 1941.
Renal histologyagainshowed damage to the tubules and brown pigmented casts in

the uring8].

The four patientsdescribedin the caseseriessuffered from rhabdomyolysis.A
conditionthat arisesfrom sustainedand significant muscle breakdownoccus. The
damagedmusclecells releasemyoglobin However, myoglobin moleculesare too
large to passthrough the tubuleslumina and causeintraluminal obstructionand
toxicity to the tubules[9]. Thus, Bywatersfinding and pivotal paperchangedthe
terminologyfrom Acute Brights diseasdo Acute RenalFailure.Fifty yearslater, the
pathologicaprocessesponsibldéor causingacuterenalfailurein rhabdomyolysisvas
describedn areviewarticle by theoriginal authorof the caseserie$10]. Figurel.1lis
from the original Bywaterset al. article anddemonstratesan illustration from Case
2 onstesdescribingrhabdomyolysisn ablitz victim[8].
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FIGURE 1.1, OBSERVATION CHART, DETAILING THE CLINICAL COURSE OFAN ADMISSION
SECONDARY TONARFO FROM RHABDOMYOLYSIS THE ORIGINAL BYWATERS PAPER

fAcute renal failurée wasused tacharacterise a syndrome occurrohge toaureaand
creatininerise and oliguria/anuriaMainly appliedto definethosewith severe renal
impairment requiring dialysis or intensive care admissidowever, aprecise
guantitativeunifying definition remained elusiv&eforea formalised definition for
acute kidney injuryvasestablishedaround35 different terminologies could be found
in themedical literaturgl1]. The dscrepawgies inthedefinitionsof ARF evenvaried
between hospitals within the same counifite inconsistencies led to tmeissed
diagnosis ofAKI, and equallythe lack ofuniformity made comparing data across

different units very cHénging if not impossible

In 2002 the Acute Dialysis Quality Initiatif2] organised an international consensus
of nephrobgists and intensivistés a result,lie termacute kidney injury replaced the
terminology of acute renal failurdKl was defined as an abrupt decline in renal

function (between 1 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 degjnee in
decline of glomerular filtration rate or ugroutpufl3]. The classification tool was
named RIFLE, an acronym from the various stages R= Risk, I=Injury, F=Failure,
L=loss, E= enestage renal disease. In the new definitisk, injury and failure were
stages of severity of th&KI. Loss and endtage renalidease were considered acute

kidney injury outcomg42]. The RIFLE criteria are illustrated Figure1.2.

GFR criteria Urine output criteria
Increased creatinine x 1.5 or UO <0.5mikg™' h' J
Risk \  GFR decrease >25% x6h | High sensitivity
Increased creatining x2 or UO<05mikg' h'
Injury | GFR decrease >50% x12h
| Increased creatinine x3 or|

1 1 f
l'\ GFR decrease >75% or Uzoaio Imikg™ h o
Failure | Créatinine = 4 mg per 1.0 | High specificity
| 100 mi (acute rise of nuria x12h 5@ g

\ ;O.Smgper 100 mi di)

- ]
1 J
! J
\ Persistent ARF = complete loss of

renal function > 4 weeks /

ESRD \ End-stage renal disease /

FIGURE 1.2, ILLUSTRATES THERIFLE CLASSIFICATION SYSTEM * (SCREAT = SERUM
CREATININE, GFR= GLOMERULAR FILTRATION RATE, ARF = ACUTE RENAL FAILURE,
ESKD=END STAGE KIDNEY DISEASE ML/KG/H= MILLILITRE / KILOGRAM/ HOUR).

Loss |

The RIFLE tool gained widespread acceptance by physicians, nephrologists and
intensivists It was the first classification tool ttescribeandidentify thestaging of

AKIl. The new definitions of AKI used in the RIFLE criteriancluded patients
previously notconsideredto haveAKI, increasing the number gfatiens with a
diagnosis ofAKI andexposing the scale of AKI in hospital medicineThe RIFLE
criteriahas been validated in clinical studies, monitors the sevaatgegandoutcomes

of AKI and is a good predictor of patient outc¢hdg.

The RIFLE classificationwas a step in the right directidout was accompanied by
significantlimitations Firstly, the RIFLE classification is aombination of a AKI

severity scor@anda patienbutcome measurds the first three categories defifKl
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risk, injury, and failure in the acute contdxit the latter two categories loss and ESRF
are morelongterm outcome measures This combined classification caused

confusion inclinical practicgl5].

Secondly the RIFLE severity score componentslude increases iareatinine and
percentage declines glomerular filtration rate valuesr om t he pati ent s
values The MDRDandeGFREPI equations arenly valid in individuals withstable

renal functionand neither equation is validh AKI [16]. Therefore, he use of

percentage changes eGFRin AKI classificationscan missor underestimat@KI

severity.

Finally, the RIFLE classification is dependeonh baselire renal function for
comparisonln individualswithout a baselineGFR oneis calculated based on age,
gender, and ethnicityThe calculatedeGFR predicts a normal eGERissumes and
overlooks prior CKDm a cohort ofndividuals Resulting in theverdiagnosingAKI

in CKD populationfl7].

The RIFLE classification contributed to the advancement in the understanding,
diagnosis and treatment oAKI. However, die to its limitations, ited nephrologists

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

the classification systemsed in the assessment of AKRKIN divided the severity of

AKI into three stages based changes ircreatinine values and urine outpuithin

48 hoursRisk, injury and failure were renamiedndividuals without a baseline renal

function AKI stage 1, 2 and, 3espectivel{18], these are demonstratedrigure 1.3.

The AKI stage la sulwategory wasntroduced based on the work performed by
Chertow et a[19]. Chertow et almappedincreased increments serum creatinine
levels and discovered thateven relatively small increments iabsolute serum
creatinine rise of 26.5umol/ar >0.3ng/dL from baselinegesulted irhigher mortality
ratesand increased hospital length sihy thanindividuals who did not experience
increment riseslndividuals with AKI stage la incur aeparatebut lesserrisk on
hospital length of stay anmdortdity compared tahose with AKI stage ;1creatinine
incremens equal to or greater tha®b0% of baseline creatinine
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The AKIN classification has additiahcriteriain AKI stage 3category compared to
the RIFLEfailure category Thosethat require RRT for acidosis, hyperkalaemia,
anuria and fluid overload are includedAKI stage 3 independent of the creatinine
rise.Also includedin AKI stage 3 are individualsith CKD, with abaseline creatinine
greater than 353umol/and develop an absolutecreaseequal to orgreater than
44.2umol/L18].

These additions to the original staging criteria capture mdreidualswith AKI and

capture morsevereAKl.

AKIl is associated withextended hospital stay|20], increased morbidif21],
mortality[22], the development aZKD and endstage renal failur3].

Classification/Staging System for Acute Kidney Injury

Stage Serum Creatinine Criteria Urine Output Criteria

Increase in serum creatinine of more than
equal to 0. 3mg/ dl ( {Less than 0.5ml/kg pe
more than or equal to 150% to 20q%5-2- | hour for more than 6 hout
fold) from baseline

. - Less than 0.5ml/kg pe
> Increase in serum creatinine to more than 2( hour for more than 1
to 300% (>2to3-fold) from baseline hours

Increase in serumreatinine to more than 300
(3-fold) from baseline (or serum creatinine| Less than 0.3ml/kg pe€

3 'more than or equal hour for 24 hours o
with an acute increase of at least 0.5m¢ anuria for 12 hours
(44pmol/l)

FIGURE 1.3, AKIN AKI CLASSIFICATION SYSTEM

The internationakDIGO (Kidney Disease: Improving Global Outcomes) aneulti-
disciplinarygroup KDIGO develop and implement clinical prasgtiguidelines for
kidney disease. In 2012 tKIGO 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 ttezent of AKI24]. In addition, he KDIGO
guidelines also offer special circumstances in AKI, renal replacement therapy and

complications of AKJ25].

1.2 Aetiology of AcuteKidney Injury

AKI is a clinical syndromeesuting from variougpathologies that structurally damage
the kidneyparenchymaia variousmechanism. Theabsence of underlying aetiology
within the AKIN classificatimi s indinglrawsack

The underlying aetiologies &Kl arebroadly categosed intothree main categories
of patholoy. The top categorycomprises ofpathobges thatdecreaseof renal
perfusion (prerenal AKl), followed by intrinsic damage to kidney parenchyma
(intrinsic AKI) and urinary tract obstruction causing kidney damage -{jeost
AKI)[26].

Pre-renal AKI can bedivided intothreepathology groupgsreduced cardiac output

hypovolaemia and reduced renal artery perfygion

The causes ohtrinsic renal diseasare considerabléutcan ke broadly divided ird
microvasculay interstitial, tubularand glonerular pathologiesThe most common
causes of intrinsic renal disease drabetic nephropathy, glomerulonephropathies,
acute tubular necrosis and nephrotopdB8$ The term ephrotoxings used to define
drugs thatirectly damage renal parenchymal tisgyary or damage, theseclude
penicillin or proton pump inhibitorghat can cause tubulointerstitial nephrios
lithium andgentamicinwhich are directlytoxic to the tubulesOften in the clinical
environment nephrotoxns can be inappropriately used against ABRBs or
diuretics. These medications can cause a decline in renal fumctiba context of
altered haemodynamics but they are not directly damaigingnal parenchymal
tissue.PostrenalAKI occurs when the urine outflow is obstrucég@ny point across
the urinary tract systenirhe causes can vasygnificartly from centre to centrebut
the most common category is genal AKI, followed by intmsic AKI, then post
renal AKI[29]. These aetiologclassificatiors are demonstrated ifable 11.
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AKI Category

Mechanism of
Injury

Examples of Causes

Pre-renal AKI

Hypovolaemia

Reduced cardiac

Sepsis, dehydration, burns, haemorrhage, anaphy
hypotension, excessive diuretic and laxative use

Heart failure, cardiogenic shock, significant pulmon

Injury/inflammati
on/damage to
renal
parenchymal
tissue

Interstitial injury

Renal vascular
injury

output embolism, valvular disease
Renal
Hypoperfusion Renal artery stenosis, embolismrenal artery infarct
NSAIDs via afferent arteriolar constriction affect
Reducedenal
artery perfusion | ACEi/ARBs which cause mainly efferent arterio
constriction and in the context of alter
haemodynamics cause AKI
Diabetic nephropathy
Glomerular injury | Primary or secondary glomerulonephritis
Amyloid
Drugs: Gentamicin, cisplatin, lithium
Tubular injury Acute tubular necrosis
Intrinsic AKI

Rhabdomyolysis

Sarcoid, tuberculosis

Tubulointerstitial nephritis (TIN) secondary to dru
(proton pump inhibitorgp e n i ¢, NSAIDs)n 6 s

Or inflammatory tubulointerstitial nephritis and uveit

Ischaemic nephropathy
Hypertensive nephropathy
Vasculitis

Haemolytic uremic syndrome

Postrenal AKI

Interruption of
urine outflow

Intrinsic or extrinsic
compression of
urinary tract

Malignancy, stones, ureteric strictures, benign prosi
hypertrophy

Retroperitoneal fibrosis

TABLE.1, OUTLINEGOMMON AKAETIOLOGIES

NON-STEROIDAL ANTI-INFLAMMATORY DR UGS (NSAIDS),
TUBULOINTERSTITIAL NEPHRITIS (TIN),ANGIOTENSIN-CONVERTING ENZYME
INHIBITOR/ANGIOTENSIN || RECEPTOR BLOCKERSACEI/ARBS).
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1.3 Effects of Acute Kidney Injury

AKIl is a global problem that affexcbothpeoplewithin the community andhose
admitted to hospital. It is estimated thAKI| affects 1318% of all hospital
admissionB80] and 3667% of intensive care admissi¢ds]. Furthermore, e
incidence ofAKI is escalatin{82] and is predicted to double as the population
age$33]. The worse the AKI stage, the higher the inpatient mortedity However,

all severities ofAKI, independent of the underlyiragtiology are associated with
increased short and long temorbidity, mortality and an increased risk of chronic
kidney diseaq83, 34]

1.3.1Short Term Morbidity

AKIl is associated witlmore extendethospital stays thathosewithout AKI andas
the severity of AKI increasgas does théength of hospital st4$3]. Equally, an
episode of AKI is associated with a longespital stagompared to other single organ
dysfunctiongd35], as demonstrated Bygure 1.4.

Longer hospital stays are a financial burden on kiealth service system®r the
patient/familiesin addition, lospital admissionare associatedith an increased risk
of pressure sores, venous thrordibolism, gastrointestinbleedingand increased
hospitd-acquired infectiori86]. Extended lendt of stayssecondary to AKI also
increass the exposureto secondgy complications of hospital admissions. In
particular, the elderly afflicted with AKI are at an increased riskf secondary
complications than their younger counterpaid/]. Post coronary angiography
associatedAKl| episodesare more likely to suffer frontomplicatiors including
myocardial infarction, vessel-@cclusion,postprocedurableeding and the need for

intensivecare admission for organ suptj88].

These added secondary complications nradicatethe severity of the acute illness
leading to AKland other organ dysfunctif39]. A severeepisode of sepsisill cause
AKI secondary to hypotension and loymlaemia In addition, asevereepisode of
sepsis willcause acute morbidity leavingetimdividual sugeptible tohospitatrelated

complications, for examplé@nmobility, anorexia, pressure sores
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Alternatively, the secondary complicatomaybe due b the systemic pathological
processeshat arise secondary to an episode of AKAKI experimentsn animal
modelshave revealedlistant organ injurylikely secondarynflammatory pathways
[40]. Renal ischaemiaeperfusion injuryin rats leads to cardiac cell death and
subsequent left vémcular dysfunction,associatedvith an elevation in systemic
cytokine levels Extrarenal injuries were not found icontrol rats or other studies
involving unilateral nephrectoreg41]. Acute lung injury(ALIl) and AKIcommonly
occur togethem theintensive care settinghe mortality exceeds 80% when ALI and

AKI are combined

Animal model studies havelemonstratedALI occurs afterischemiainduced
reperfusioninjury. Lung vascular permeabilityincreasesdue to cytokines (in
particular interleukirg) released from the damaged renal vascular endothelium. The
inflammatoryreleasedownregulate lungsodium and water transporterssulting in
alveolar oedempt2]. In clinical studies following coronary artery bypass graft
surgery,individuals with more severeepisodes ofAKI are more likely to suffer

respiratorydistress, failurand require ventilatiqa3].

Similar to the AI-induced ALI, ndent model®iave demonstratettiat AK I-related
cytokine releaseresuls in increased brakspecific inflammatory proteinsand

subsequent proliferation merebral vascular permeabiliiy].

=

Median hospital length of stay (days)

Cardiac Neurological Hepatic Hematological Respiratory Renal

Acute Organ System Dysfunction

FIGURE 014, ILLUSTRATES THE MEDIAN LENGTH OF STAY FOR EACH ORGAN
DYSFUNCTION45].
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1.3.2Hospital Mortality

Hospitalmortality rates are hugely increased in patients who sustain AKI. Liangos et
al.[45] retrospectively investigated the case records of approximately 30 million
patientsnotes of which @outhalf a million patients hadKl. The study revealed that
those affected by an episode of Aldd a 4.1 higher odds ratio (age, gender, ethnicity
and cemorbid conditions matched) for hospital death by comparisonhéar

counterpartsvithout AKI .

Similar to shorterm morbidity, AKI sewerity is associatedith higher mortalityrates.
One papepublishedcomparativelyhigh mortality ratesAKI stage 1 has a 120%
mortality rateversusAKI stage 3 which has a 5666% mortality ratf23].

Mortality is even higher in AKI patients who requienal replacement therapy, with
rates exceeding 50%b] whilst patients with AKI admitted to intensive care units

have mortality rates up t60%423].

A retrospective study by Woodrow et[d6] spanningthree decadesnvestgated
1500 patientase filedfor deathin those admitted with AKICardiovascular causes
accounted forgproximately 8% ofthe causes of deatA more recent studgn post
cardiothoracic surgergnortality has mirrored a similar proportion of cardiovascular
deaths inthosewith AKI, approximately54% The second most common cause of
death wasepsis 28%39].

Conversely, AKI on the backgroundf cardiovascular conditionseart failurg47],
myocardial infarctiof8] is associated with anncreased risk of ensgtage renal

disease, increased morbid#9] and mortality43].

1.3.3Renal Recoery

AKI does notentirely resolvein all thoseaffected,and many individuals develop
CKD. However,the actual proportion eéwveloping CKD is clouded byincertainty
surrounding the definition of AKtecovery Until recently herehas beemo agreed

or unifying definition of renal recovery following AK30]. There isconsiderable
variationin the definition of renal recovetyetweenpublishedstudies and all of the
following descriptions of renandpoints have been used: independence from renal
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replacement therapy; estimated GFR greater than 30mls/fiiJrserum creatinine
changes returning to less than 1694, 25%453], or 509439] of the baseline
creatinine valueThedefinition forlength of time to achieve renal recovérgsalso
varied considerablyin literature at hospital discharge day$52], 30-dayg51] or at
90-dayspostdischargeTheevidence summarised in the KDIGfidelines suggests
if recoverydoes not occurby 90-days postischarge from hospit@5], CKD has

developed

Thelatest consensus definitige different stageis thepostAKI period arefrom the
acute disease quality initiati¢@DQI)[50]. Transient AK is defined as the retuto
baselineserum creatiningalues and normal urireutputwithin 48 hours of the onset
of AKI1[54]. PersistentAKI is definedasAKI lasting for 2-7 days if renal recovery
hasnot been achieved ljay 7, acutekidney diseas€AKD) has developed anthn
be further quantifiednto stages of increasing severiBKD is a result ofpersistent
injury or inflammation and continues for a period of 90 ddfysenalrecovery is not
achieved by 9@ays,thenCKD is establishedFigure15).

@./njury
Up to 7 days 7-90 days >90 days
_ —> AKD stage (congruent to AKl stage) —> CKD

Ongoing RRT Ongoing RRT Stage 0 subtypes
3 (SCr 3x)/RRT 3 (SCr 3x)/RRT C: SCr not back to
baseline
2 (SCr 2x) 2 (SCr 2x) B: Biomarker or loss of
1(SCr 1.5x) 1(SCr 1.5x) renal reserve
indicates injury
Subacute AKI 0 Subacute AKD A: No evidence of injury

FIGURE 1.5, DEMONSTRATES THEADQI (ACUTE DISEASE QUALTY INITIATIVE ) POST
AK| RECOVERY OUTCOMES

(RRT: RENAL REPLACEMENT THERAPY. SCR: SERUM CREATININE AKI : ACUTE KIDNEY
INJURY. AKD : ACUTE KIDNEY DISEASE CKD: CHRONIC KIDNEY DISEASH

Despite thee staging criterion, ssessing AKI recoveryemainschallenging due to
various factors affecting the generation cfatinine age, gender, muscle mass, and
diet under a state of fl{&5]. In addition, muscle mass declines rapidly during

inpatient staysrad considerably more in the critically ill; the reduction in muscle mass
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results in the decline of serum creatinft@. Additionally, critically ill patients are in

high catabolic states and require more protein and calorific intake, further altering
creatinine generati¢s7]. The factors detailed all result in lower creatinine values
leading to a falseemse of security when creatinine values return to baseline and the
return of creatinine values back to a normal baselinestifiroccur in the setting of

incomplete renal recove®B] secondary to the above factors.

Furthermoregepending on the cause of AKI and fawerity of the insult, renal tissue
maybeinjured, inflameddr damagelnjured or inflamed tissue may repair resulting in
biochemical recovery that truly reflects gtatus ofepairedenal parenchymaissue.
However, when renal tissue is damagdtie kidneyp sompensatory mechanism
results inhyperfiltration of theremaining umjured glomerulito compensate for the
inactivity from thedamagd glomeruli. The hyperfiltrationresults in biochemical

renal recovery despite significant parenchymal injuly 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 biopsyhereis currently no method of assessing the extent of renal
parenchymal damage and therefore assessing if the biochemical recovery truly
represents thextent of the renaissuedamage Due to the risks associated with a
renal bopsy inthepostAKI recovery phases generallyreservedor individuals when
intrinsic renal disease that maybasceptible to therapyg suspectg@9]. Therefore,

only a minority of individuals with AKI arever biopsie@ndthe information a renal

parenchymal damage the majority of cases is unobtainable.

1.4 ongl Term Morbidity
1.4.1General Morbidity

Individuals with AKI leave hospital frailer arade more likely to be discharged to care
homeg[45]. Care home placement is a marker of frgd6}, is related to a decline in
cognitivg61] and functional stat{i82]. Furthermore, has profound cost implications

for both the individual and social care cost

Hospital readmissions are associated with inferior outcf@@@pdndividuals affected
by AKI have a 1 in 5 readmission rate-88ys poshospital dischargé4]. James et
al.[38] demonstratedfter 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 mgker inindividuals with

more severe stages of Akhd individuals with AKI on CKIPB5].

1.4.2Risk of Chronic kidney diseas¢CKD) and CKD Progression

As discussed previously, there is a significacidence of CKD and ESRF after an
episode of AKI. @e metaanalysis repoedd ahazard ratio of 8.8f developing CKD
after an episode of AK®6]. Figurel.6is from a large HIV population, demonstrating
the incidence of ESRF 9fays after discharge in those with an AK3 Yersus without
an AKI episodfg7].

Those withmore severe stages of AKI are less likely to achieve renal recaeny

compared to individualwith lower AKI stagefL1].

| No AKI
o AKl stage 1
» AKl stage 2 and 3
» Dialysis-requiring AKI

Age-standardized event rate
(per 1,000 person—years)

Heart failure Cardiovascular End-stage renal Mortality
disease disease

FIGURE 1.6, DEMONSTRATESTHE 90-DAY EVENT RATE INHIV POPULATION ADMITTED
WITH AKI. [67].

Chawla et a[33] demonstratethat 20% of patients ih a diagnosis oAKI due to
acute tubular necros{?ATN) went on to develofKD stage4 or worse (estimated
glomerular filtration rate <30mls/minfn Risk factors for CKD development were

more severe stages of AKI (by comparison to milder AKI stagkerlgand diabetic
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patients. Jones et. §2] defined complete recovery as a serum creatinine returning to
10% of the baseline creatinine level seven dagstdischarge. Individuals who
reached AKirecoverywere three to four times more likely develop CKD within

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

Ishani et a[48] demonstrated similar results wit2% of hospitatassociatedi\Kl
episodesdvancing taCKD within two yeas. Strikingly, the risks of subsequent renal
decline weremore significanffollowing AKI than in those with prexisting CKD.
Still, the combination of AKI on a background of CKD dramatically increésedsk

of adverse renal outcomes, including ESRF requiring dialysis.

It is estimated that-b % of all AKI admissiongequireRRT[68]. Furthermore 5-
209469] that require RRT for AKlleave hospital dependant on RRomparatively,
individualswho achieverenal recoveryare more likely b require RRT in tl long
termthan individuals who did not sufférom AKI, demonstrated iRigure 1.7[70].
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Hospitalization with
acute kidney injury

o
3
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6% A

i

Cumulative risk of chronic dialysis
5
=

4% o
— Hospitalization without
2% 1 — acute kidney injury

0%

Follow-up, years

FIGURE 1.7, ILLUSTRATES THE LONGITUDINAL INCREASED RISK OF CHRONIC DIALYSIS

BETWEEN INDIVIDUALS WITH /WITHOUT AKI[70].

In asubpopulatioranalysisby Sawhney et d[30], AKI on CKD addedfour to five
timestherisk of progressive CKDn the long terntompared to counterparts wikKI
on the background of a normal renal functiearthermoreWald et al found that AKI
on CKD conferred a greater risk of ESRF than AKI on the backgt on normal renal
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function70]. The increasedisk of ESRF in the AKI on CKD population is further
compounded by thpresence omicroalbuminuria or proteinurid5]. Theincreased
risk of AKI in individuals with baseline normal renal function ah micro/
macroalbuminuriahas also beendemonstratdd1, 72] however the mechanism
behind the increased risk is not fully undersf@8]. The micrdmacroalbuminuria
could represent underlyingptentially undiagnosed renal parenchymal diseasd
CKD irrespective of stagseverityis a risk factor for AKI.However,the consequent
generalised endothelial dysfunctisecondary to albuminuria may beigkrfactor for

the increased developmentAI[74].

The full extent ofAKI progressionto CKD or ESRFhas not been fully assessed.
Studies have predominantbeen retrospective, relied onding systems and therefore
focused on the moresevereAKIl . Differentiating apparent renal recoveryrom true
renal recovery remains elusivehe ability to dfferentiatewould allowfor targeed
follow-up and potentially theéesting of future novel therapeutid further develop
the understanding dbng-term outcomesafter AKI, newmethods of assessimgnal
parenchymalinflammation/damagare required to stratify injury.fese couldnclude
the development of clinical risk scorssnilar to thekidney risk failure equation used
in CKD populationgr5]. Equally,identifying novel serum/urine biomarkers or novel
imaging techniquemay provide greater resolution of pathoplglsgical changes in
the renal parenchyma. Imaging the kidneymuld providethe added benefit of
identifying the location, quantity and severity of structural damage. Serial functional
imaging could also provide reaiftime assessment afenal parenchymal tissue

progression (improvement or deterioration)

1.4.3AKI and CKD Interconnected Syndromes

Initially, popular nephrological opinion categoris&dl and CKD asseparate clinical
syndromesbut more recentlyevidence has supported a hypaibe¢hat AKI and CKD
are parts of the same continyu®)]. Furthermore,here is abidirectionaland cyclical
relationshippetween AKI and CKDepresented iRigurel1.7; resulting inanenhanced
risk of developingCKD following an episode oAKI andaheightenedisk of AKI in
the CKD populatiori77].

The increased sgeptibility of AKI in the CKD populationis due to many factoys
including frequentprescriptionof AngiotensinConverting Enzyme (ACE) Inhibitors
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and Angiotensin Il receptor blockef®\RBs) which impair glomerular efferent
arteriole constrictionEfferent arteriole constriction éskey compensatory mechanism
to preserve filtration pressure in the setting of hypemia Diuretics may cause
renal hypoperfusioand add aextra burden onto the renal haemodynamic system
thebackgrounaf hypovolaemiaAfferent arteriole vasoconstriction is the mechanism
by which @dium glucose transport@rinhibitors (SGLT2i), also the same mechanism
by whichnonsteroidal antinflammatoriesadverselyaffect therenalfunction There

iIs concern thatSGLT2i can cause AKI in a similar mannand clinical advice
recommends tha&8GLT2i withheld during an acute illngg8]. SGLT2iareused in
the management dfpe 2 diabetes mellite€DM), CKD with proteinuria andheart
failure with reduced ejection fractiomork all risk factors for AKI However,the
currentassessmeis that SGLT2reduce the incidence 8Kl in these patient groups

comparedo those not receiving SGLT[Z9].

Hypertension and diabetese independerisk factors fordevelopingAKI andare
very prevalent withirthe CKD populatior{80].

CKD results inoveractive sympathetic nervous systemd, @herefore, decreased
vascular autoregulation ability and abnormal vasodilfibjp Thus, he overactivity
of the sympathetic nervous system may be a contributing factor to not only the

increased risk of AKI butlao cardiovascular complications.

Experimental data describesimilar pathological process 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 progressionncluding tubulanterstitial damage with
peritubular capillary loss, leading to ischaemia, hypoxia and cell deatitving to

cause nephron loss and interstitial fibrf&23. The nephron loss causes reduced
filtering capacity of the kidneys and therefore reduces renal fun¢88h.(Figure

1.8).
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FIGURE 1.8, ILLUSTRATES THE CYCLICAL NATURE OF INJURY BETWEEN AKI AND CKD
AND OTHER ASSOCIATED FACTOR[B4].

1.4.4 The Role of Cardiovascular Dysfunction in AKI/CKD Interconnected
Syndrome

Cardiovascular dysfunctioris closely connectedwith both AKI and CKD.
Cardiovascular complicationsn CKD populations areassociated with a worse
prognosiscompared to nalKD populations.For example, dcompensated heart
failurein CKD cohortshaveaworse prognosisompared to noi®tKD cohort$85]. In
addition, nyocardial infarction(MI) in personswith diabetic nephropathy have a 20%
oneyear survivalA stark contrast thl in persons with diabesgbut without diabetic

nephropathyyvho havean 80% oneg/ear survivdi8l].

Equally, here aresharedendothelialpathophysiologicaprocesses betweeanal and
cardiovascular diseasdéncluding anincrease inendothelial biomarker§86], for
examplethe raised endothelial biomarkers in CKD lead to atherosclerotic disease
cardiovascular disegd®¥]. In AKI, prolonged tubular injuryresults fromrenal
vascular beds are affected hydethelial dysfunctiof88]. Whetherthe endothelial

injury remains local oresults in widespreaghdotheliainjury remainsunsolved.

36



1.4.5Long-term Mortality in AKI

Lafrance et aJ89] prospectively analysed 82 711 patients records.90h@ay post
discharge mortality was higher tine AKI cohort versus thossdmitted without AKI.

Sawhney et a[30] performed a systemic literature reviewcluding 16 AKI
mortality-related studies. Tha&KI mortality atfive years was 83%ndependent of
the presence of apparent renal recovEéhe prognosis was worse iargonswith AKI|
on CKD, who suffered double the mortality riskmpared t&AKI on the background
of nomal function A large proportion of the lorterm mortaity is secondary to

cardiovascular disea$@Q].

1.5 Chronic Kidney Disease(CKD)

Chronickidneydiseasds estimatedo affect 13% of the worldé population[91] and
similarly the United Kingdom& populatioi92]. CKD prevalenceis increasing
secondaryto advancingpopulationage,higherdiabetesand obesityprevalencf/6].
CKD is definedasdamageto the kidney parenchymastructuraldamageevidenton
imaging or renal biopsy. Or persistent(lasting greaterthan three months)kidney
dysfunction a reducedglomerularfiltration rate or abnormalitieson urinalysi§93].
CKD encompassea diverserangeof pathologiesandthe aetiologyvariesbetween
developed and developing countrie§94]. In developed countries, the most
conventional cau®s include diabetic nephrosclerosis, hypertensive
nephrosclerosisenovasculadisease and glomerulonephritif®5]. The diagnosisis
confirmedthrougha combinationof historytaking imaging,biochemicalserumand
urinary analysis and a renal biopsy. In somecasesthe diagnosisremainselusive
eitherbecause renalbiopsycannotbe performedor becausef late presentationo

clinicians.

Secondarnconplicationsof CKD includeansemia,renalbonediseasehypertension
andhypervolaemialn addition,CKD is burdenedy anincreasedisk of progression
to ESRF,AKI, cardiovasculadiseasandinfections Furthermorepersonswith CKD

oftensufferfrom decreasedlinctionalconditionandreducedhutritional stat¢96].
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The KDIGO group producedguidelinescategorsing CKD in 2002. Thereare five
stages each consecutive stage describesmore severe kidney dysfundion, as
demonstratedy Figure 1.895]. The KDIGO classificationis requiredto identify
those with CKD, assessseverity, easemonitoring and clinical codind97]. The
appropriateidentificationof CKD is the necessaryirst stepbeforemedicaltherapy
can be initiated and titrated up in order to optimise blood pressure HbAlc and
proteinuriato reducetherateof furtherrenaldeclineandadjustfor cardiovascularisk
factors.

The CKD complications risks and outcomesare more prevalentas the CKD stage

declines.

The rate and risk of decline dependon renal diseaseaetiology, albuminuria,and
superimposedpisode®f AKI. TheKDIGO grouphasdevisedaprognostidool using
estimatedsFR andalbuminasrisk factorsrelatingto therisk of progressiof®6]. The

KDIGO prognostidool is representeth Figure1.9.

Persistent albuminuria categories
Description and range

Al A2 A3
Prognosis of CKD by GFR
and Albuminuria Categories: Norr}?l fo Moderately e
KDIGO 2012 n:;arsyed increasad increasad

<30 mo'g 30-300 mg/g =300 mg/g
<3 mg/mmol 3-30 mg/mmol >30 mg/mmol

«E‘ G1 | Normal or high 290
o

<@ | G2 | Midydecreased 60-89
£g

Eg Mildly to moderately

z S | % | Gecreased =
- c

® 0 Moderately to

0= 30-44
tTa =0 severely decreased

ot

25

% 8 | G4 | Severel decreased 1520
i

é G5 | Kidney failure <15

Green: low risk (if no other markers of kidney disease, no CKD); Yellow: moderately increased risk; Orange: high risk; Red, very high risk.

FIGURE 1.9, KDIGO HEAT MAP PROGNOSTIC TOOL BY96].

GFR valuesbelow 15mlis/minute/ri the KDIGO guidelinesrefer to this as kidney
failure. However,the clinical diagnosisof kidney failure is considereccommencing
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RRT, dialysisor renaltransplantTheneedfor RRT is basedn a combinationof low
GFRvalug hyperkalaemiaacidosis,uraemicandfluid overloadsymptomsDespite
the significantreductionin renalfunction somepeoplechooseto opt-out of RRT or
have a very high comorbid burden rendering them unfit for RRT. In these

circumstancegheindividuals symptomsaremanageaonservatively.

1.5.1 Cardiovascular disease in CKD

The CKD population are at an increasedrisk of cardiovascula complications,
resulting in increased morbidity, mortalityj98] and hospital admissionf9].
Individuals with CKD stage 2 (eGFR 60-89ml/min/nR2, relatively mild kidney
dysfunction)areatincreasedisk of cardiovasculamorbidity andmortality.

CKD is consideed an independentisk factor for CVD, including arrhythmiagl100]
and suddendeathjl01]. CKD precipitatefl02] and accelerateshe developmenbf
arteriosclerosignd atherosclerosig cardiovasculastructuregl03]. The increased
incidenceis partly secondaryto the increasedincidenceof traditional CVD risk
factorg104], the high prevalenceof albuminurigl05] andareducedGFR106]. The
aforementionedare independentrisk factors for cardiovasculardisease alsa
Hypertensionand hyperlipidemiaare commonCVD risk factorsthat occurin the
presenceof CKD at a higher frequencythanin nonCKD populations Diabetes,
anotherindependentisk factor for CVD, is the most commoncauseof CKD in

developingcountrieq107].

In addition CKD populationsarealsoexpo®dto uraemicrisk factors whichinclude
vascularcalcification[108], arterial stiffness[109] and left ventricularremodding
[110].

The lower the GFR the higher the incidence of cardiovascularmorbidity,
mortality[99] and all-cause mortality{111], particularly in the under 65-yearold
population98]- Thosewith CKD stages3 and4 areat a higherrisk of CVD-related
deaththanprogressingo ESRF[112].
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1.5.2Albuminuria

Albuminuriais the presenc®f abnormal excessivairinary excretionof albuminand
is a markerof renal diseaseNormal albumin excretioncan be expresseds urine
albumin creatinineratio (UACR) of 0-29 milligram albumin per gram creatinine.
Microalbuminuriais definedasa level of 30-299 milligram albumin/grancreatinine.
Macroalbuminuria or proteinuria is defined as the presenceof greater than

300milligramalbumin/grancreatinine.

Albuminuriamainly occurseitherbecausé¢he glomerulatbasemenmembranencurs
injury allowing excessfiltration of proteinsor the tubulesincurredinjury causing
decreasedeabsorptionin the proximal convolutedtubules. Macroalbuminuriaor

proteinuriais generallydiagnosticof glomerulardisease.

Glomerularalbuminuriais secondaryo the increasegermeabilityof the glomerular
basemenmembraneandthe loss of the glomerularbasementmembraneslectrical
charge.This subsequentlycausesthe pathologicalpassageof proteinsacrossthe

glomerular filtration barrier. In these circumstancesurinary protein consists of

albumn (anintermediatenoleculamweightprotein)or high moleculamweightproteins
(Immunoglobulins) The proximal tubulescanreabsortalbuminbut areincapableof

handlinglarge quantitiesof intermediateand high molecularweight proteins.The

increasedexposure of the tubular epithelial cells to proteins subsequentlycauses
tubular interstitial damage,inhibiting the proximal tubular epithelial cells from

reabsorbingow molecularweight proteins.Tubular proteinuriais secondaryto the

productionof U landb 2microglobulinsandthe decreasedeabsorptiorof albumin

andlow molecularweightproteins.Thus,tubulardamageoccurssecondaryto either

primarytubularinterstitialdiseaser dueto exposureanddamagdrom a high protein

load113].

Persistentmicroalbuminuriais an independerii14] risk factor for cardiovascular
disease It has been associatedwith increased all-cause mortality, increased
cardiovasculamorbidity and mortality acrosshypertensive diabetic, elderly and

generalpopulatiors [115].
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Albuminuriais associateavith anincreasedncidencen renalfunctiondeclinedueto

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

systemicendothelialdysfunctiorfl16]. Thereis anassociatiorbetweersmokingand

increasedmicroalluminuria. Smoking is known to cause new and accelerated
atherosclerosim the cerebr@ascular renovasculaandcardiovasculavesselsThis

damage may start the pathophysiologicalcascadethat results in endothelial
dysfunction117].

The PREVEND (Preventionof Renaland VascularEnd-stageDiseasd)L05] study
examinedapproximately8500patientsollowed up (2-yearlycollectiors of CKD-EPI
GFRs and albuminuria) in the community for ten years. The study revealeda
prevalenceof microalbuminuriato be approximately7.2% in a nondiabetic, non
hypertensivepopulation and an independentmarker of cardiovasculamorbidity.
Otherrisk factorsfor the developmenbf proteinuriaincludedolder ageand higher
BMI.

1.5.3Estimated Glomerular Filtration Rate

Glomerularfiltration rate (GFR)is anexpressiorof bloodfiltration througha single
nephronover a unit of time. GFR is consideredhe ideal methodof measuringhe
excretoryfunction of the kidneysin both healthyanddiseasedtatesHowever,GFR
canrot be directly measuredand is usually calculated from the clearanceof

endogenousr exogenousompound from urinaryor serum

Urinary clearances calculatedby measuringgndogenousompoundsn boththeurine
andplasmaThisis performedoy collectingtimedurinespecimensindrecordingurine
volume. This test can be cumbersomeand inaccurateif the urine collection is

incomplete.

Measuring plasma clearanceof endogenousr exogenousmarkerscan measure
clearanceor estimateGFR utili zing various equations Measuringclearanceusing
exogenousompoundss moreaccuratet establishingpreciseclearanceatesbutare

resourceand time-consuming Therefore,thesemethodsare impracticalin routine
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clinical practice Methodsof measuringlearancéncludelohexolandinulin clearance
(the most accurateand consideredthe gold standardmethod of assessingsFR).
Estimatel GFR has beengeneratedor usein clinical practice.The equationgequire
the measurementf serumcreatinineconcentrationgendogenousvastemolecules)
plusthe collectionof demographi@ata,age,gendergthnicity.

TheChronicKidney DiseaseEpidemiologyCollaboratiorequatiorandtheabbreviate
Modificationof Dietin RenalDisease(MDRD) aretheequationsnostusedn clinical
practiceandresearctstudies.

Both require the measuremendf serumcreatinineconcentrationCreatinineis an
endogenousvastemarker,formedfrom the breakdowrof muscleanddietaryintake.
Creatinines filtered by theglomeruliandsecretedy the proximalconvolutedubule.
Theamountof plasmacreatininevariesbetweerage,genderethnicityandco-morbid
status.Creatinineis easily measuredn laboratories.The level of creatininecanbe
relatedto anestimatedevel of GFR (Figurel1.10).

Men Women

8 _ 1, Black men
; White men

8- , Black women
White women

Serum Creatinine (mg/dl)
Serum Creatinine (mg/dl)

GFR (ml/min/1.73 m?) GFR (ml/min/1.73 m?)

FIGURE 1.10, GRAPHS ILLUSTRATING THE RELATIONSHIP BETWEEN SERUM CREATININE
AND ESTIMATED GFR{118].

The mean GFR in individuals younger than 40 years is approxmately
130mL/min'1.73n% in menand120mL/min1.73nt in women.A decreasén GFRby
1mL/min/1.73m? peryearoccursafter40-yearsof age.

A reducedGFR combinedwith microalbuminuriahasworse cardiovasculaandall-

causamortality{119] outcomegshanareducedGFRalone(Figurel.11).
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Table 2. Adjusted Hazard Ratio for Death from Any Cause, Cardiovascular
Events, and Hospitalization among 1,120,295 Ambulatory Adults,
According to the Estimated GFR.*

Any
Death from Cardiovascular Any
Estimated GFR Any Cause Event Hospitalization

adjusted hazard ratio (95 percent confidence interval)
=60 ml/min/1.73 m2y  1.00 1.00 1.00
45-59 ml/min/173 m? 1.2(1.1-12)  14(1.4-15  11(L1-1.1)
30-44 ml/min/1.73 m2 1.8 (1.7-19)  2.0(1.9-2.1) 1.5 (1.5-15)
15-29 ml/min/173 m? 3.2 (3.1-3.4)  2.8(2.6-2.9) 2.1 (2.0-2.2)
<15 ml/min/1.73 m? 5.9 (5.4-6.5) 3.4 (3.1-3.8) 3.1(3.0-3.3)

FIGURE 1.11, GO ETAL. [99] DEMONSTRATES THAT CARDIOVASCULAR DISEASE
INCIDENCE IS INVERSELY PROPORTIONAL TO THIBFR.

1.6 common Cardiac aetiologies found in ckd/hd population
1.6.1Systolic Function

Therearemanycardiadmagingtechniguesndindicesthathavepreviouslybeenused
to assessardiacdysfunctionin individuals with renal disease A commoncardiac
dysfunctionin the CKD populationis left ventricularhypertrophy(LV H). LVH leads
to the left ventricle beconing thickenedand enlargedand occursdue to increased
pressureor volumeload. LVH is anindependentisk factorfor cardiovasculadeath
in CKD andESRH120] andcanonly be diagnosedria imaging, echocardiography,

cardiaeCT or cardiacMRI.

Pressureverloadin personswith CKD canbesecondaryo hypertensioror valvular
diseaseVolumeoverloadis secondaryo sodiumandwaterretentionfrom decreased
renal functio121]. The increasedpressureand volume load resultsin sustained
hypertrophy.The sustainechypertrophycauseshe myocardialcells to stretchand
eventuallyfibroseandnecroseThedeathof myocardialcellsaddsfurtherpressuren
the remainingcardiaccells which in turn stretch fibrose necroseandthe process
continuescyclically. Continuedcardiacmuscledeatheventuallycauseslilation of the
cardiacchambersresulting in left ventricular systolic dysfunctionand a reduced

ejectionfraction.
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Thedefinition of left ventricularhypertrophyis a Left ventricularmassindex (LAVi)
of morethan100g/nf in womenand 131g/nf in mer{122]. LVM is calculatedvia
echocardiographyr the gold standardnethodcardiacmagneticresonancemaging
[123].

Paoletti et al.[124] found the prevalenceof LVH to be inversely proportionalto
creatinine clearanceand CKD stagein a nondiabetic CKD population LVH
prevalencavas71%in CKD stage3, 80%in CKD stage4 and84%in CKD stageb

populations

Levin et al.[122] examired 197 patientsusing echocardiographylL.ower creatinine
clearanceindhigherCKD stagehavea moresignificantincidenceof LVH. Thestudy
describedthe incidence of LVH rising from 26.7% in subjectswith creatinine
clearancgreatethan50 mL/min to 45.2%of subjectswith acreatinineclearancéess
than25 mL/min.

Thecardiovasculamortality in patientswith ESRFis 10to 20 timeshigherthanage,

genderanddiabetesnatchedcohorg[125]. Cardiovasculamortality ratesarehigher

in youngerdialysis patient$108]. Cardiovasculadeathsaccountfor approximately
half of deathsgn personswith ESRF.Cardiovasculadiseasgcoronaryarterydisease,
heart failure, and arrhythmiasare more prevalentin ESRF than in the general
population[126]. In addition,thereis a high rate of sudderndeathassociateavith the

moreextendedlialysisfreegap intradialytichypotensionelectrolyteimbalancesnd

LVH[127].

Previousstudieshave demonstratedhat approximately70% of patientswith ESRF
requiringlongtermhaemodialysisherapyhaveLVH[110]. LVH is themostcommon
cardiacimagingfinding amongstpersonsvith ESRFandaremorelikely to progress
asdialysisvintageincreaseld 28]. Thepresencef LVH in haemodialysipopulations
leadto anindependentisk of all-causeandcardiacrelatedmortality{110]. In addition,

volume overload problems are more common in haemodialysis populations

acceleratinghedevelopmenandprogresof LVH.
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The pathophysiologicalprocessespresentin CKD are further exacerbatedby
haemodialysis ESRF populationshave greater cardiovasculamortality[129], the
increasedpresenceof arteriosclerosishigher systolic blood pressurs and aortic
stiffness.Early wave reflectionsare associatedvith highercardiovasculamortality
ratesin individuals with ESRH130]. However, additional factors related to the
haemodialysigHD) procesdor exampleultrafiltration volumg131] contributeto the
inferior outcomesdn this cohort Subclinical ischaemian vulnerablevascularbeds.
Myocardialperfusion(whenmeasuredlirectly duringdialysisusingthegold standard
of positronemissionscanning)falls during dialysig132] andthis is associatedvith
reductionsn contractilityf 133]. Thesearegionalchangesn left ventricdar functioncan
be visualizedby echocardiographyr cardiacMR[134] performedduring dialysis.
This processs termedmyocardialstunning.Dialysisinducedmyocardialstunningis
driven by intradialytic falls in blood pressureand ultrafiltration (volume of fluid
removedby dialysis) and over time, can result in persistentreductionsin left
ventricularsystolicfunction.Dialysisinducedcardiacinjury alsoincreasesherisk of
deathandcardiacarrhythmia.The structuralandfunctionalchangeghatoccurin the
cardiovasculasystemin chronicuraemiaprime the myocardiumto be vulnerableto
ischaemicinsults. It is currently unknownwhetherthe sameprocessoccursduring
acutedialysisfor acutekidneyinjury. If so,thisprocessnayaffectrecoveryfollowing
AKI and be potentially amenableto dialysisbasedinterventions(that have been
shownto be effective in the chronic dialysis population).Such studieswould also
answemwhetherdialysisinducedmyocardialstunningis drivenby thehaemodynamic
effects of haemodialysisalone or whetherthe pathologicalprocessesn chronic

uraemiaresultingin amoresusceptibleardiacvasculaturearea prerequisite.

1.6.2Diastolic Function

Individuals with CKD and diastolic heart failure have a worse outcome than CKD
subjectawith systolic dysfunctiofi35].

Individuals with diastolic dysfunction are often asymptomatahallenging to
diagnose and can develop intosignificant clinical syndrome; heart failure with
preserved ejection fraction (HFpEHYany factors affect diastolic dysfunctipn
includng changes to ventricular load, diastolic stiffnemsd abnormal sywlic
function
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Potentially diastolic function is the firstardiac in@x to decline in LV
dysfunctionil36]. Edvarsden et d4lL37] comparedindividuals with no LVH to
individualswith LVH and a normal ejection fractio@ne-third of the latter group had
diastolic dysfunction with lower peak diastolic strain rates.dastolic dysfunction
deteriorates ovetime[138], making the identification of individuals with diastolic
dysfunction even more pertinenRiastolic d/sfunction is very commonn the
haemodialysigpopulatiori139], however itis particularly challengig to diagnose in
dialysis patientsas many of the physiological effectsff fluid oveload early left
ventricular filling and dilated left atriuraremarkes of diastolic dysfunctiofi140].
Thereforediastolic dysfunction isnore challengingto assess than systolic function
in the dialysis populatioand unlike systolic function, there is no single measure that
quantifies diastolic functionTherefore, he most robustasseswment of diastolic
dysfunctionrequires the use afeveral cardiac indicflst1l]. Many of these cardiac
indices assessed using echocardiograpbyolumedependenand therefore affected
by hypervolaemiaand there is thepotential for diastolic dysfunctionto be over
diagnosedConverselydue to the same factors diastolic dysfunction can be overlooked
and under assessadthe abnormal cardiac indices are presumed to be secptul
hypervolaemiaAdding furtherweight for the need to useweral cardiac indicesre
required to accurately diagnosédiastolic dysfunctiofi42] and more advanced
imaging techniques that are less dependent ondtatd$143]. Despite the challenges
in diagnosis, diastolic dysfunctias the most common cardiabnormality in the
CKD populationl44], this progresses into haemodialyal is the main predictor of
mortality in this patient cohdi45]. Unfortunately, as in the nedialysis population
therearelimited therapeutic interventiorte improve or stabilise diastolic dysfunction
and this remains significantburden forthe renal cohort. Further work is required
identify thergeuticinterventions to disease modify and mitigate for significant

mortality associated wittliastolicdysfunction n haemodialysis patients.

1.6.3Cardiac Imaging

Cardiac MR is the gold standard for assessing chamber, s&zgsnal and global
diastolic and systolicaformatiorjl146]. CMR is reproducible and has beeitisgd to
guantify severakardiac pathologi¢$47]. 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 timgl48]. Strain and strain rate are sensitive cardiac indices able to
identify subtle changes in LV dysfunctitxeforeother cardiac indices; peak systolic
strain identifies pathological dysfunction in contractlmefore a decline in ejection
fraction149]. SSR and early DSRrebetterrejection indicators in heart transplants
thanstrain valueg50] andGLS independently predicts alhuse mortality in patients
with systolic heart failure, irrespective of gb51].

LA volume is another marker of diastolic dysfuncfi®?] andLA size is correlated
with LV filling pressure.Therefore,LA structural remodelling represents a stable
indicator of the severity of LV diastolic dysfunct{@s3]. ConverselyLV EDV is a
marker of ventricular enlargem¢bb4], myocardial fibre lengtheningnd systolic
dysfunction However LV ED pressure&loes not always correlate to LV EDV because

of the nature of LV wall complian§&55].
Themainlimitation tothe clinical utility oftaggedcardiacMR is the timeconsuming

postimage acquisition analy$ib6]. In this study,cardiacMRI was used to assess

changes in diastolic functiaturinga haemodialysis (HDjyreatment.

1.7 Renal Imaging

Imaging the kidneys arménal tract has been possible since the 1a50% andwithin
clinical nephrologythe utility of renal imagings limitedmainly to renal ultrasound
Renal ultrasoundses a transducer ¢émit high frequency sound waves, the procedure
is quick to perform and uncostlyhe imageprovideinformation on real size renal
scarringand renakract obstruction No functionalassessment can be magesome
circumstances assessments of renanaflow andrenal venous obstruction can be

madg158].

Computer tomography (CT)sesx-ray to generate 3Bimages to produce detailed

imaging. Renal CT imaging provides more detailedstructural information can

47



identify smaller renal lesions, renal stones simtturesbutis unable to perform any
functional assessmentCT often requires contrast in order to obtain more detailed
imagind159]. Generally, contrast is not administered in individuals with an

eGFR<45ml/min/1.73/ thereforecannot be used in many people with CEIDAKI.

The next imaging modality is magnetic resonamaging MRI), the technique
utilisesthe effect of radiofrequency wavea protonswithin a magnetic field. It is
radiation freecan assess structure but also fungfi6d]. SomeMRI protocolsuse a
contrast calledjadolinium which in reduced renal function can caasereterminal

diseasaephrogenicystemicfibrosig161].

Due to he limitations on imaging renal patieritse utility of advancesmaging
techniques havaot translaté to clinical nephrolog{162]. The imaging techniques
aboveare used in the basic assessment of renal tract stroctargpecific indications
such as renovasculdisease. Renal MRI in particular is an area of immense promise
and there have been considerable recent advgbh68k the combination of highly
detailed structural images combined with functional assessment of the kidney is

particularly compelling (Figuré.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 oftemy

renal outcom§glL64]. 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.
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FIGURE 1.12. ILLUSTRATES THE STRUCTURALAND 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 tbk tissue it is contained[it65]. Water molecules

move differently within diseased or damaged tissue compared to healthyl&jue

In this study, apparentiftusion 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
aredql67] and because of this can be affected by neighbouring structures water

molecule motiofl68].

All water molecules move, some with purpose and freelyeQtater molecules move
about within a confined area but are static within the tissue. The challenge of DWI is
to differentiate between freelynoving and movingabout (static) water molecules.

Two equally opposing radiofrequency pulses are applied®iahgle$169]; the first
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radiofrequency pulse will cause all water molecules (static andrfosng) to shift
(change in angle), the second radiofrequency pulse reverses the effects of the first
radiofrequency pulse. The stawater molecules go back to their original positions
therefore there is no net change in shift because there is no change in location.
However, the freenoving water molecules do not revert back to their original position
and there is a definitive chamgn shift and a new locatioithe length and intensity

of the radiofrequency pulses applied in the DWI sequence is\thkig170].

The utility of DWI remains undetermingmarticularly as to whether AD€oefficient

D/FA canpotentially assess the degree of renal fibrosighfmrm longterm renal

prognosis

Although two studies by Prasad et akre unable to identify differences in ADC
between healthy and diseased kidfigys, 172]in both the cortex and the
medulld173]. Many other studies involving DWI have been able to identify
differences between diseased and healthy renal cofficdt178] and medullary
parenchymgl79].

In a study by Ichikawa et §180], renal mrenchymal diffusion was assessed using an
IVIM MR sequence. Participants of varying renal impairment were scanned and
categorized into four groups; eGFR>80mlI/min/1.738GFR 6680ml/min/1.73m,
eGFR 3660ml/min/1.73mM and <eGFR 30ml/min/1.73m Apprecialie differences
were only seen in cortical ADC and coefficient D. Cortical ADC values were lower in
the eGFR 3@0ml/min/1.73mM and <eGFR 30ml/min/1.73cohorts compared to
participants with better renal function. Cortical coefficient D was able to iglentif
differences between eGFR -80ml/min/1.73m, eGFR 3660ml/min/1.73M and

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

1.8.2T1 Imaging

T1imaging is an abdominal imaging techniffil]that can be used in the assessment
of renal parenchymal mada®82] and microstructuf@83], including the ability to
differentiate between cortical and medullary renal tigs24. T1 cannot distinguish
between inflammation and interstitial oed¢h®3]. T1 values have been shown to
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correlate well with fibrosis and oedema in cardis®85] and liver imaging186]. Much
like DWI, the utility of Ty imaging in renal disease remains undetermined.

Renal T imaging has also been ustxlassessenal tissue microstructure in other
diseasescirrhosig187] and compensated and decompenshgatt failur¢l88] and

disease severities.

The utility of T: imaging in the assessment of renal microstructure has been used for
approximately 40 years. In the early eighties, it was identified that ranaldes
were raised in renal dise§$89]. Marotti et al [190] were able to ideify longer
cortical Ty values in individuals with renal vein occlusion and vasculitis compared to
healthy volunteers. Later on, renalifiaging techniquevas appliedo chronic kidney
disease and specific renal disease aetiologies. Individuals witHI®KD192] IgA
diseasfl93] and lupus nephritj$94] both demonstrated longer cortical Falues
compared to healthy individuals.

Many studies identiéd a loss of corticomedullary; Values differentiation in renal
diseaseéhanHVs[195-197]. T imaging was later used to assess renal CMIh T
cirrhotic subject, who had lower renal CMD1lvalues than healthy controldespie

no differences in eGFR between the gro@s].

1.9 Renal Haemodynamics
1.9.1Arterial Spin Labelling

ASL is a MR technique that utilises wafaotons, naturally occurring components of
blood; as an endogenous contrast §d68{. A radiofrequency pulse is applied to
arterial blood prior to the blood entering the kidi28p], at the start of the image
plane inverting the spin and therefore magnetising wataions. These magnetically
labelled watefprotons act as a diffusible tracehetlabelled wateprotons within
arterial blood substitute the unlabelled renal parenchymal \padéons. A labelled
image is acquired while the labelled wapeotons are within the renal
parenchymg01]. In order to calculate perfusion, another control or unlathéitage

is acquired, following this the labellaohage is subtracted from a control image. The
end result of this subtraction is a perfusweighted image, the signal intensity of the

perfusionweighted image is proportional to perfusion. The watetors magnetic
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properties decay quickly, equivalent to the longitudinal relaxation time of water,

approximately 12 second202].

Increasing age, BMI and decreasing eGFReatated with decreasing cortical renal
perfusion in both the CKR03] and HV cohort[188, 203205]. Renal allograft
recipients demonstrate the same strong positive correlation between eGFR levels,
more severe CKD stages and lower corfpefusion values if206].

Artz et al[207] and Rankin et a[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/1.73mM.

Renal perfusion can also differentiate between diabetic disease severities, irrespective
of renal function[209]. Wang et a[210] identified distinct patterns of decreasing
perfusion in renal allograft recipients between those with normal renal function and
normal histology comared to normal renal function but with abnormal pathology

versus abnormal renal function with abnormal histology.

1.9.2Phase Contrast

Phase contrast (PC) is the current standard for the measurement of renal blood flow
(RBF) in the renal artery anaing162]. PCuses the velocigghduced phase changes

of moving blood to quantify blood flowAside from individualswith anatomical
variations,PC correlats well with a number of alternative measu{2$1] of RBF.

There are nstudieghatdemonstrateinderstand changes in RBF across the evolution

of acute and chronic kidney diseases, how thries indifferent pathologies and in

response to therapgmains to be established.

PC corréated with eGFR12], between lower renal blood flows and lower eGFR
values and urine output volumgi 3] and alsoliicit the percentage function of each

kidney[214]. PGRAF measusments are as good as renal blood flow measured by
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gadolnium but without the serious health implications in individuals with renal
dysfunctioi215, 216] PGRAF measusments have been shown to identify
individuals renal artery stenof?d3, 216] In APCKD no change in RPRAF
measuements was found in response to Tolvaptarjdisg and a decline in PKRAF

measuements to angiotensin Il receptor blod2418].

1.10renal Oxygenation
1.10.1Blood-OxygenL evelDependent (BOLD) MRI

Hypoxiais the predominanprocess in the progression and failed recovery of many
forms of acute and chronic kidney disef&E9, 220] Theadventof BOLD technique

can potentiallyprovide an indication of tissue oxygenati®dOLD MR technique
utilisesthe paramagnetic affect that deoxyhaemoglobin exerts to shorten the transverse
relaxation time constant £9), which isalso expressed as’R1/T>*). Higher R* (or

lower T>*) is an indicator of lower tissue oxygenation. BOMR is more sensitive

at detecting changes in medullary as compared to caisak oxygenatidt62].

These advances in renal MR technology and technique illugicge complimentary
measures of kidnestructure and function are ngeessible within a single MR scan
session that may providerthermoredetailedinsights into the pathophysiology of
renal diseaseNext steps includelinically led studies prior to translation to clinical
practice.

Many studies have been unable to idfgrdifferences in T values between healthy
and diseased kidnejk94, 221225]. The Van de Bel et 23] study that was unable
to identify differences in cortical or medullary’Ralues between CKD and control
groups but did identify that CKD subjects had considerably highe€RD values

(lower oxygenation)
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Michaely et a[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. Equallythe study did not identify an association between R
values, age and eGFR measuremmeBimilar findings were reported W¢hatir et
al.[222].

The first renal BOLD MR study to illicit a difference between CKD and control
cohorts was Manotham et.[2R6], the study revealed high R" 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, respectivelythis could potentially account fahe variation in B
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 Wlues between CKD groups of

different aetiologies.

Following this, other studies have identified differences in renal tissue oxygenation
between healthy and diseddadneyg171, 172, 225, 22231] Prasad et 4171,

225], found that the CKD cohort had lower cortical oxygenation levels than HVs.
Inoue et a[228] identified lower oxygenation irCKD stage 5 subjeddsT;” maps
compar e dT; maps buvds dot comment on Values. Subgroup analysis in
the Inoue et alstudy was performed between different CKD aetiologies; individuals
with nondiabetic CKD disease (n=76, eGFR 45.8+30.1ml/min/1%J3md those

with diabetic nephropathy CKD (n=43, eGFR 43.8+27.7ml/min/1?J3fhe non
diabetic CKD disease cohort had lowEr values compared to the diabeG&D

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

BOLD imaging techniquéas been applied to renal allograft recipiemd significant
changes have been identified in most studi€gnificantly lower medullary &
values(higher tissue oxygenatiofjave been identified between healthy transplant
recipients and those with allografts displaying acute tubular necrosis or rd28#pn
Transplant recipients with rejection had lower medullagy\Rlues than those with
acute tubular rejection but additionally demonstrated lower medullary pef2G8)n
BOLD imaging results imallograft recipientsppear to be able to differentiate between

heathy and diseased kidneys but also different aetiologies.
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Both animal234] and humaf229] studies were also able to identify differences in
renal oxygenation levels across different stages of diabetic severity. In huniag stud
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 ompared 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/i[734h In

diabetic participants whose renal function was unassessed, hyperglycaemia was
associated with lower cortical oxygenafi@dd5]. After the induction of diabetes in

rats, renal tissue oxygenation declinednpared to the prdiabetic state. Thse
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
normalrenal function resulted in an acute rise in cortical renal oxygef28dh Yet,

after one month of SGLazlinhibitors use in nomliabetic individuals showed a positive
biochemical and biological response to SGlifhibitors use with an increase in
glucosuria and decrease in both diastolic and systolic blood pressure. These changes
did not result in a correspding change in renal tissue oxygenaik38].
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Chapter 2

Aims and Hypothesis
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2.ThesisAims

The thesis's overarching aimtgsasses the utility ofrenal and cardiac imaging in the
assessment of AKI and CKlhitially, to utilise cardiovasculammagingtechniqueso
assesghe cardiovascular changes the setting of acuteRRT and the interplay
betweensystolic and diastolientra-dialytic changesn chronic RRT. Secondly to
utilise advanced renalmaging techniques to assess the structural and functional
pathophysiological changes in AKI and CKD

2.1 Study 1: The effects ofacute renal replacement therapyon left regional

ventricular function [239]
To describe the effects of acute renal replacement therapy on myocardial function.

Hypothesis 1: Acutdvaemadalialysis inindividualswith AKI is capable of inducing

dialysisrelated myocardial stunning.

2.2 Study 2: Cardiac Magnetic Resonance in theAssessment of Intradialytic
Diastolic Function (CAMRID -DIASTOLIC study)
To describéhe intradialytic effects athronichaemodialysis omystolic and diastolic

function.

Hypothesi2: Chronichaemadalialysis is capable of inducing dialysislateddiastolic

dysfunction

2.3 Study 3: Multiparametric MR in the Assessment of Chronic Kidney Disease
(REMIND study)
To utilise noveimultiparametric magnetic resonance imaging (MPN&Ehniques to

gain insights into the pathophysiological chandes bccur in CKDand determine

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

Hypothesis3: Novel MPMR imagingwill be able to differentiate between healthy and
diseased kideys andhe changes in pathophysiologyer time.

2.4 Study 4: Multiparametric MR _in_the Assessment of Acute Kidney Injury
(REMIND -AKI_study)
To utiliseMPMR imagingto gain insights into the pathophysiological changesKl

and determine how these changested¢tachange in renal function over time.

Hypothesis4: Novel MPMR imaging willdifferentiate between healthy and AKI
persons and illicit thehanges in pathophysiology over time.
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Chapter 3: Methods

3.1 Study 1: The effects ofacute renal replacement
therapy on left regional ventricular function[239]

3.11 Study Procedures
3.1.11 Laboratory Assays

Biochemical testingvas performetbefore and after ead®R T session. These samples
werepart of routine clinical care and compudsef full blood count, renal function,
bone profile, coagulation, liver function,- Ceactive protein, lactate and cardiac

troponin T, creatinine kinase and Betriureticpeptide.

Separate plasma and serum samplege alsocollected, immediately centuged,
labelled and frozen for subsequent analysis (stored in a 24/7 alarmed,-86C(re

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

3.11.2.Sequential Organ Failure Assessment (SOFA) score

The SOFA scoravas calculated on the study dathe SOFA score indicatebe
severity oftheacute illness. If arterial blood gasgBGs) wereperformed as part of
routine clinical care then a SOFA scavas calculatedrom those ABGs, to prevent

further arterial puncture.

AKI occusas a consequence of medtigan dysfunction and or in critically ill patients
who require more complex medical therapies and monitoBagjectsinvolved in

this studywereonly recruited from the renal high dependency unit.

The Sequential Organ Failure Assessment (SOFA) scasedesigned primarilysaa
method ofexplainingthe organmpairmentseverity The secondary uses of the SOFA
score include the ability to assess individual orgapairmentin relation to other
organ dysfunctios) evaluatet h e p grogressiotardd sesponse tiherapy both

in clinical medicing240] and within the context of clinical trig&40].
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The SOFA score wasesigned 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 wtine variables. Unlike other scoring toalsincludes

Pa02 (arterial oxygen partial pressure)/Fi02 ratio (inspired oxyaeassessment of
respiratory support and also includes urine output measurementsevathationof

the renal component of thewd241]. The SOFA soreis demonstrated ifigure3.1.

Further studies have demonstrated the SOFA score can be used to predict mortality in
the initial seven day period after admission to intensive[240¢ and hospital
mortality[241].

The SOFA score can be used as a single measurement on admission to higher
dependency care arg¢242] or serial measurements during higher dependency
card243] to assess critical illness acuity.

The reliability of the SOFA score haeen assessed in critically ill patients in intensive
care setting242], including personswith AKI[244, 245] and those requiring
RRT[246].

Organ system 0 1 2 3 4
Respiration
PaO,/FiO, (mmHg) > 400 <400 <300 < 200" < 100"
(kPa) >53.3 < 533 <40 <26.7 <133
Coagulation
Platelets (x10°/1) >150 <150 <100 <50 <20
Liver
Bilirubin (umol/l) <20 20-32 33-101 102-204 > 204
Cardiovascular
Hypotension MAP =70 MAP <70 Dopa<35or Dopa > 5 or Dopa > 15 or
mmHg mmHg dobu (any dose)” epi<0.1 or epi > 0.1 or

b

s e b
norepi < 0.1 norepi > 0.1

CNS
Glasgow Coma Score 15 13-14 10-12 6-9 <6
Renal
Creatinine (tmol/L) <110 110-170 171-299 300-440 > 440
urine output (ml/day) < 500 < 200

* with respiratory support; " adrenergic agents administered at least for one hour (doses given are pg/kg/min);
MAP, mean arterial pressure: dopa, dopamine; dobu, dobutamine; epi, epinephrine; norepi, norepinephrine;

CNS, central nervous system

FIGURE 3.1, SOFACLASSIFICATION SYSTEM247].
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The information required to perform a SOFA score is collated fronstheb j ect 0 s
biochemistry results (renal, hepatic and haematological components), clinical
examination (renal, respiratory, cardiovascular and Glasgow coma score components)
and from an aerial blood gas (respiratory components).

An arterial blood gas is required in order to obtain a Pa02 (arterial oxygen pressure).
This involves sampling the radial artetty.is a mildly invasive and uncomfortable
procedureand wasonly performed on the daof the study. ltvasnot performed on
subjectswho refuse the investigation, have upper limb arterial vascular pathology or

deemed at a high risk of bleeding due to haematological abnormalities

3.11.3 Acquisition of Cardiac imaging

Left ventricle,apical images otwo and fourchamber views were identifiaasing
echocardiographysing Vivid |® with 1.5-3.6MHz imaging transducer, GE medical

systems, Sonigen, Germany.

Theseimageswere collectedat baseline, 225 minutasto dialysisand 30 minutes
after the completion of dialysend stored offlineAll studies were performed liyne
investigator trained inechocardiography and speckle tracking analySjection
fraction calculated using the Simpsdrs b impthod2A8} LV size was assessed
using 4-chamber measurements in esybtole and endiastolg¢249]. Truncated
ellipsoid formula from an apical four chamber viewas used to calculateV mass
[239, 250]

The stored images were analyséfline usingSpeckle trackingoftware (Echeé?AC
Dimension, GE healthcare, Germa@pl]. Initially all offline images had the
endothelial he endocardigberimetertraced. The endocardial perimeter was traated
peaksystole Figure3.2 demonstratea trace of the endocardial perimetecluding
both septaland lateralmitral valve annulusnd the left ventricular fiThe software
automatically seleststable acoustic objects within the myocardium to track and
compute strain throughout the cardiac cg@82]. The speckle tracking software

divides theLV endocardiaperimetelinto 6 segmentir thetwo-chambeimage and
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6 segmentfor the fourchamber imagdmages were included for analy#isio more

than twosegmentgailed to trace.

The Software divides each left ventricular view into 6 differently coloured segments.
4-chamber views are divided inbasal septal wall, mideptal wall, apical septal wall,
basal lateral wall, midateral wall and apical lateral wall segmentshamber views

are divided into basalinferior wall, midinferior wall, apicalinferior wall, basali
anterior wall, midanteror wall, apicalanterior wall segment2-chamber image with
segmentation demonstratedrigure 32. Any segments which are not visualized by

the software are excluded from further anal289].

Figure3.3 demonstrates the strain curves for each seg(senturves, one for each
segment)the point of inflexion foreach curves thepeak systolic straifPSS)value

The mean of all segments is thgdobal longitudinal strainvalue Strain values
correspond to contractility strength and the more negative values suggest stronger
contractility. Many published datsavereportedhealthy GLSvalues ranging from

16 t0-1994253]. fiThe primary endpoint was the development of new LV regional
wall motion abnormalities (RWMASs) during dialysis, defined as LV segments that
di splayed 0O20% decrease in peak wduatolic
segmental prelialysis valueg239, 254]Two or moe RWMAs that occurred in an
individual during dialysis were deemed as significant considered myocardial
stunning based on the strong association leetwthis degree of change and adverse

patient outcomes in the chronic haemodialysis popul@8$) 255]
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SEPTUM

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 rotationTiagelowest point

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

demonstratech Figure3.3.

{ i
Lmii

FIGURE 3.3, STRAIN ANALYSIS CURVES FROM2-CHAMBER VIEW.
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Strain can be a negative or positive direction. Negative valuesilslesomtraction
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 veegfadin 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
abnormality239].

3.11 4 Statistics

Statistical analysis was performed using Stata v13 (StataCorp LP, TexasalBA)
Graphpad PRISM 6.0 (Graphpad software California, USA). Results are expressed as
mean * standard deviation (SD) and median (interquartile range, IQR) for parametric

and nonparametric dataespectively. Paired-Test (or norparametric equivalent) or
repeateemeasures ANOVA were used to compare variables over two or more time

poi nts. Correlations wer e perfor med be

coefficient.

3.11.5 SampleSize andJustification

Cardiac stunning in acute renal replacement therapy has not been previously studied.
The studywasa pilot study andvasnot powered for analysishereforethe sample
sizewasselected 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 Intradialytic Diastolic Function
(CAMRID -DIASTOLIC study)

3.2.1 Study Procedures
3.2.11 Cardiac Imaging

Cardiac magnetic resonance imaging was performed ®h Philips Achieva MR
scanner (Philips Medical Systems, Amsterdam, The Netherlands) usiingrettel
XL Torso coil. SPAMM tagging was used to assess cardiac strain in both the long and
short axis One these images were acquire@IM2D software (Auckland Uni
Services) was used to segment the left ventricle into six segments for both the 4 and 2

chamber views.

3.2.1.2Acquisition of Cardiac Measurements

Left atrial volumes measurements were collecteidg 4 and zhamber of the heart
using cardiac cinéoops images. These images were assessed offline using MIPAV
software (Centre for Information technology, National Institute of Health, Maryland,
USA). In the first instance, thHeft atrium areavas masured at endiastole in both

the 4 and 2 chambers viewidext, aROI 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 muscl¢$46]. Then the |& atrial length during endiastole was
measuregdrom mitral annular plane valves to the left atbatk wallin the 4chamber

plane only.

Using the above measurements and body surfac€E®dg techniquethe LAVi was
calculated usinthebiplane aredength methof52]. In those receiving dialysis, BSA

was @lculatedusingdry weightandheight

Strain measurements are generated from SPAMM tagging software by calculating the
movement of myocardial fibres across contraction.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 takemillisecondsto reach

that lengtii256]. Similar to speckldracking, positive strain values indicate
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myocardial fibre lengthening/cardiac muscle relaxation that occurs during di&stole.
comparisonnegative strain valuesdicate shorteningf myocardial fibres that occurs
during systole The more negative the value, the stronger ttegdiac 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 diysis(figure 15)

SSR is another method of assessing cardiac systolic function and is calculated by the
changeinstraif eest r ai n) bet wasameasare df time divided by r a me
adime. SSR was calculated using the Ennis et al. technique; 9Q@be dlifference

from the beginning of the strain curve to maximal contraction (the downward slope

until the point of infl&ion) over the difference in timed)[257]. lllustrated in fgure

15.

Early DSR is one method of assessing diastolic functiomasdalculated using the
Ennis et al. technique. The difference in strain is calculated from the strain value
following the point of infl&kion (maximal contraction) until the plateauing of strain
values (middiastole)257]. (Figurel5). Lower eDSRvalues indicate a decline in the
rate of relaxation and therefore ventricular fillinglower ventricular filling is a

markerof left ventricular hypertropH58].

Peak DSR is another method of assessing diastolic dysfunestnainégdime was
calculated betweenvery two consecutive values across the strain curve, these
calculated values are plotted against time (FiglBe These valuesvere used to
generate a newtraincurve the lowest trouglvaluecorrelates to peak systolic strain
rate and the highest peak cdates to peak DSH259].
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FIGURE 3.4, DIAGRAMS DEMONSTRATINGTHE CARDIAC STRAIN CURVES A, PEAK
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FIGURE 3.5, DIAGRAM ILLUSTRATING PEAK CALCULATION OF PEAK DSR.

3.2.1.3 Statistics

All statistical analyss were performed using PRISM (Graphpad software, San Diego,
USA); continuous variables were presented as medianndéadjuartile (QR), the
nadir group was formed by collecting the lowest values across dialysis (excluding

baseline values).

Nonparametricstatistical analysis was used for allalyses; Wilcoxorsignedrank
test analysis when comparing groups addition,Freidmann analysis was used to

compare multiple groups and Spear manos
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3.3 Study 3: Multiparametric MR in the Assessment
of Chronic Kidney Diseaseg(REMIND study and
Study 4: Multiparametric MR in the Assessment of
Acute Kidney Injury (REMIND -AKI study)

3.3.1Study Procedures
3.3.1.1lohexol Clearance

lohexol clearance was conducted to measure GFR va#vierdays of the baseline (first) and

final (third) MR scan. Fivemillilitres of Iohexol (Omnipage 240)were administered
intravenously in one arm aerominutes. 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/1.73/&) and another blood was sampled at 360 minutes for patients whose
eGFR eGFR<40ml/min/1.7%). Blood samples were centrifuged, and the serum was frozen

at-80C until analysis.

Singlebatch analysis of the lohexol assays were conducted at the Oxford, John Radcliffe
Hospital biochemistry department using revephase higkperformance liquid
chramatography assayith photodiode array detection at 254[@60]. lohexol clearance was
calculated from the rate of decline in lohexol concentration and was corrected for dadg sur

area.

3.3.1.2Multiparametric Renal MRI Scans

Renal MRI was performed at baseline and a second scan was performedldftdays 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 parametengiak end

MR physicist were present duringevena r t i cdam Bachtséas lasted approximately 45

60 minutesand is represented Figure 3.6.

3.3.13 MR Sequence Protocol

All MR scans were performed at the Sir Peter Mansfield Imaging CE@#®IIC). The first

three CKD participants had their baseline and reproducibility scans performed in a 3 Tesla
Philips Achieva scanner muliansmit capability (Philips Medical Systems, Best, The
Netherlands). All subsequent scans were perfoioned3T Philips Ingenia scanneith multi-

transmit capability(Philips Medical Systems, Best, The Netherland®rticipants were
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scanned in a supine positiolh 16-channel SENSE tors@ceivecoil was placed on over the

participants thorax and abdomerAt the start of the scarotalizer sequence scans were
obtained in three orthogonal planes to quantify kidddyoughout the MR scan sequence
participants performed breath holds and the data was collected at expiration

~— Oxygenation

ﬁ
Blood oxygen-level-dependent
(BOLD) T,*

|

Kidney |_J
Function

Haemodynamics

-
Phase Contrast (Renal Artery)

Velocity em/s

Area mm?

\_Flow ml/min

(Arterial Spin Labelling (Perfusion)

— \_ Total
Perfusion

[ Volume R

Fibrosis & Inflammation
Kidney (Diffusion Weighted Imaging (DWI) )
Structure |} Apparent Diffusion Coefficient

Coefficient D
4
( T, Mapping
0 » ‘ b —“ 8 /

FIGURE 3.6, ILLUSTRATION OF THE RENAL MULTIPARAMETRIC MR SEQUENCE

3.3.1.4Renal Oxygenation

The bloodoxygenleveldependent (BOLDMR imaging technique utilises deoxygenated
blood as an endogenous contragienf261]. Deoxygenated blood haparamagnetic
propertief262] and this is the primargnethod of assessing renal parenchymal oxygenation.
Asthe contat of parenchymédeoxyhaeroglohin increases, it resulis increased signal decay
time[263].

Three breattholds, lasting approximately 17 secoysre required to obtain ¢hT," data(a

measure of renal pamchynal oxygenationlusing multiecho fasfield-echo sequencg5].
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The imagng parameters used were 1.5mnplane resolution12 echoes, with an echo time
of 5ms and an echo time spacing of 3ms, SENSE 2, 5mm slice thickness arang|#ipf
25°[192].

3.3.1.5Renal Haemodynamics

As part of renal haemodynamic assessmamériatspinlabelling (ASL) and phaseontrast
(PC) techniques were used to assess whole kidney perfusion and renal artery blood flow

respectively.

3.3.1.6Arterial -spin-labelling

Figure3.7 demonstrates the ASL protoagded in the stugyASL images wee collectedising

a flow-alternating inversion recovery (FAIR) schd@t). An inflow map is an
additional ASL sequence with four pairs of selective (labels the spabéons) and non
selective radiofrequency pulses but with pasielling delay acquisition at differing time
points 300ms, 500ms, 700ms and 900ms to identify reduckdcsjom in diseased kidneys. To
further quantify and obtain more accurate perfusion measurements using the ASL technique, a

Timap and Mscan were acquired. Addcan is a standard MR image.

ASL is particularly sensitive to motion artefact which in twan affect accuracy result
accuracy. Saturation pulses are a method of combating this and are anotBetentive
radiofrequency pulse applied in order to suppress background noise from moving tissue outside
the image slidg65]. (Figure3.8)

Control Label Perfusion-weighted image

FIGURE 3.7, DEMONSTRATES(A) THE IMAGE SLICE AND (B) THE AQUISITION OF PERFUSION
WEIGHTED IMAGES[266].
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Selective radiofrequency Non-selective radiofrequency
inversion pulse inversion pulse

End of sequence

Post-labelling Delay . Labelled Image Post-labelling Delay Control Image

-

1800ms Acquisition 1800ms Acquisition

-
45mm 400mm

25 Paired pulse sequences performed
Field of view=288x288mm
Voxel Resolution=3x3x5mm?

FIGURE 3.8, ILLUSTRATES THEASL MR SEQUENCE

3.3.1.7Phase Contrast

Phase contrast is a n@ontrast angiography MR technique used to adslessl flowto the

renal artery. The TRANCE (Triggered Angiography Noantrast Enhanced) MR angiogram
techniquewere 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 imagiead atgystole

and another in diastole. The signal images alter across the cardiac cycle due to the speed of
renal arterial blood flow. In the systolic pha#®e flow of renal arterial blood is fast and due

to the biphasic nature of arterial blood ig mocontinuous 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 sttiearafore the

signal from the distolic phase of renal arterial blood flow is bright. Much like ASL, TRANCE
phasecontrast MR is a subtraction technique. The systolic image is subtracted from the
diastolic imagf267].

The phaseontrast MR angiogram image slice is placed at a perpendicular angle to the renal
artery prior to the renal artery bifurcation. The imagestaken during a breathold (Figure

3.9). Radiofrequency pulse is applied to the image stioeme of the protons (those within the
tissue) stay stationary and other protons (within the blood components) move along the image
slice. A phaseshift sequence assesses the velocity of moving protdasng to the image

slice. The phase image is aut of the phasshift sequence. The magnitude image is acquired
from a separate sequeneezerashift sequencewhich compensates for inconsistencies and

motion artefactin the phaseshift sequend@68].
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Velocity-encodingis a parameter applied to the phasatrast sequence. The veloeity
encoding parameter establishes a threshold for the lowest and highest velocities that could
potentially be identified within the renal arteries. The veloctdye parareter applied to the

scan was 100cm/sgihereforethe renal arterial blood flows expected within the renal arteries

to be + 100cm/sec. Renal artery area @nmenal arterial velocity (cm/s) and renal arterial

flow (ml/s) can all be calculated frophasecontrast.

Magnitude Image

8
-

FIGURE 3.9, ILLUSTRATE PHASECONTRAST IMAGE ACQUISTION.

The top two images demonstrate the image acquisition plane perpendicular to the renal artery.
The bottom twamages showhase and magnitude image acquisition of the renal artery.
The next MR parameters assess renal structure; macrostructure is assessddme
measurement and renal parenchymal microstructure is assessed by adiffeigibted

imaging269] and T.imaging.

3.3.1.8Volume

The localizer scans are lesg@solution, wholébody images taken in three planes (transverse,
sagittaland oblique). Five 5mm slices with 288 niy288 mm fieldof-view were taken. The

discsummation method was used to calculate the renal volumésej#70].
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3.3.1.9Diffusion-Weighted Imaging

Eleven DWI image acquisitions were collected withidhues at 0s/m#y 5s/mn?, 10s/mn3,
20s/mn%, 30s/mm, 50s/mm, 100s/mm, 200s/mm, 300s/mm, 400s/mn3, 500s/mm at three
orthogonal angles (horizontally, vertically and®4Bagonally). These are demonstrated in
Figure3.10

ADC values are affected by-\alue diffusion weightinf271]. 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/inflamniai@h

b-value = 0 s/mm? b-value = 50 s/mm?2 b-value = 500 s/mm?2

FIGURE 3.10 ADC IMAGES AT VARIOUS B-VALUE GRADIENTS.

3.3.1.10T1 Imaging

A Ti inversion recovery sequence was (i2&d]; 18@ radiofrequency pulse was appljed
followed by a spirecho pulse sequeri@@4]. The inversion recovery sequence was applied at
different times across the imaging slice; 200ms, 300ms, 400ms, 500ms, 600ms, 700ms, 800ms,
900ms, 1000mg,100ms, 1200ms, 1300ms, 1500ms.

In order to mitigate for motion artefacnd standardize multiple scans togetiaemodified
respiratory trigger sequence was applied at inspirdi@#). T: values for cortex and medulla

were calculated.
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FIGURE 3.11, ILLUSTRATES THET1 IMAGING SEQUENCE ANDT1IMAGES273].

3.3.1.11Renal Biopsy Analysis

Renal biopsiesvereperformedas a standard medical interventatrthe request of the caring

physician. Renal tissue underwent standard histogdathical 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 additianh e H&E, PAS, silver staining
slides were digitally scanned and images uploaded onto a digital imaging programme
(Slidepath, version 4, Leica BiosystemBigure 3.12 The specialist renal pathologist used
Massonds tr iwele usedrie subjectzelyessore 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 percentafiglomeruli 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, MASSONS TRICHROME STAINING. C, PAS-STAINED RENAL TISSUE D, H&E-STAINED
RENAL TISSUE

PAS imags were used to calculate individual glomerular volumes; a region of interest (ROI)
was manually drawn around each rsmherosed glomeruli at x400 magnification for each core.
The Slidepath analysis software measured the glomerular arég {penglomerwr volume
(um®) was estimated using the Weibel and Gomez equaiidh

An alditional objective analysiof histology was conducted at the Human Biomaterials
Resource Centre (HBRC) at the University of Birmingham. Previously unprocessed renal
tissue blocks were cut, deaxed, rehydrated and then stained viAtbro-Sirius red solution
(SigmaAldrich, Direct Red 8Q)which stains renal tissue for collagen | and2ll6]. Using
bright-field microscopy collagen stains red and other renal structures stain yellowSifibe

red slides were scanned and uploaded to Slidepath as irkapgee,3.13 Thesamages were
analysed offline ueg Tissue Studio software® version 3.0, (Definiens®, Minchen,
Germany).
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FIGURE 3.13 CKD COHORTES RENAL TISSUE STAINED WITHSIRIUS RED AND SCANNED ONTO
SLIDEPATH. A, IF sSCORE50%.B, IF SCORE40%.C, IF sScCORE30%.D, IF SCORE23%.

A region of interest (ROI) was drawn around the cortical tissue and separate ROIs were drawn
around structures excluded from analysigluding medulla, capsule, fat, glomeruli and
arterioles,Figure 3.14 The Tissue Studio softwaguantified the amount of red staining
(collagen) within the defined cortical area as a perce[R@dg

FIGURE 3.14 REPRESENTS THE MULTIPLE STAGES OF OFFLINE ANALYSIS OF@KD SUBJECTS
RENAL TISSUE STAINED WITHSIRIUS RED. A, ORIGINAL IMAGE STAINED WITH SIRIUS REDB,
IDENTIFICATION OF RENAL CORE EXCLUDING MEDULLA , FAT OR CAPSULE C, EXCLUSION OF
GLOMERULI (NAVY AREAS) AND VESSELS(WHITE AREAS).
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3.3.1.12Statistical 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 v@ables respectively A paired ttest nonparametric equivaleitr repeated
measures ANOVA were used to compare variables over two or more time Qantdations
were performed with Pearson aggearman rank test§he wthin-subject coefficient of

variance was calculated for individual MR paramg[&#8].

3.3.1.13SampleSize andJustification

RenalMPMR in adynamicinvestigation ofCKD has not been studied befofiéis is apilot
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:

Reqgional and Global LeftVentricular Dysfunction during
Dialysis for Acute Kidney Injury

The work for this chapter was publishédyocardial stunning occurs during intermittent
haemodialysis for acute kidney injury
Huda Mahmoud, Lui Forni, Christopher Mcintyre, Nicholas Selby
Intensive Care Medicine, 20[PB9]
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4.1 Introduction

AKIl is estimated to affect one in ten hospital admissions and canfedsiced risk of survival,

with mortality rates of approximately 20% for all stages of [RK®]. Individualswho receive

RRT have particularly bleak outcomes with a doubling dfaspital mortality ané higher

risk of adverse outcomes that persistglafter discharg280]. In many cases, the severify
co-existing acute illness or chronic comorbidity are major factors in determining patient
outcomé46], andthe cause of death is nhot commonly due to uraemia per se. Cardiovascular
mortality is second only to sepsisagsrimary cause of death in patients with A&81]. Whilst
experimental studies demonstrate that the presence of AKI worsens the severxisting
illness e.g. via inflammatory signalling guorgancross talk282], the precise mechanisms by
which the presence of AKI is linked to increasedcallise and cardiovascular mortdR§3]

in humans are ndully understood.

In patients with endtage kidney disease, a large body of work shows how the process of
haemodialysis contributes directly to a high burden of cardiovascular J&&&serhe
haemodynamic stress of dialysis can cause subclinical myocardial ischaemia resulting in
regional LV dysfunction, sealled dialysisrelated myocardial stunning. Stunning can be
detected by direct measurement of myocardial blood[#8%] or by using echocardiography

to identify new left ventricular (LV) regional wall motion abnormalifg86]. When this
process occurs recurrently during thrigeekly dialysis it leads to fixed reductions in LV
systolic function The occurrence of dysfunctional LV segments during dialysis associates with
increased mortality in a doskependent relationsHgb5]. In addition, he pocess is associated

with higher ultrafiltration volumes anchore significantchanges in systolic blood pressure,
with dialysisbased interventions to lessen these factors effective in improving patient
outcomef287].

Currently, it is unknown whether myocardial stunning occurs during renal replacement therapy
for AKI. It is possible that a similar process could be relevant tinfeeor patient outcomes

that are observed in this group. Conversely, patients with AKI ddisgiay the cardiovascular
changes that are seen in chronic uraemia, which render patients more susceptible to myocardial
ischaemif288]. There are alsoatable differences in the delivery of RRT for AKI as compared

to chronic haemodialysis.
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4.2 Methods
4.2.1Study 1 Design:

An observational proof of concept study. Participants were studied over a singleodour
dialysis session with echocardiogra@md haemodynamic monitoring befpdeiringand after

dialysis(Figure4.1).

The presence of myocardial stunning is determined usthigh@nsional echocardiography to
assess regional left ventricular wall abnormality. It is defined as the developmerd of t
more left ventricular segments displayifig0% reduction in wall motion from pidialysis

(resting baseline).

Data on dialysis prescriptions were collected prior to dialysis. Tiheeal parameters, and
serumlaboratoryresultswere obtainedgrior to and after dialysisin addition, the préAKI
baseline renal functiowas documented, as were theeemonthposthospitaldischargeenal
functiontests. These resultgvere determined from samples taken as pastaridarcclinical

care.

The caring nephrologist decided the ultrafiltration volume (UFV) prescripBambro Artis
monitorswere used to perform dialysis wiurface treated AN69 dialysers (Nephral 300,
Baxter, UK), bicarbonate buffer, dialysate temperatufR€3A& standard thlysatewas used
containing the following electrolyte compositisgdium 137mmol/L, potassium 2.0mmol/L,
glucose 1.0g/lL.calcium 1.5mmbL, magnesium 0.5mmol/LTheblood flow rate was between
190-250ml/minuteand adialysate flow rateof 500 ml/minutewas achievedUnfractionated

heparinwas used to anticoagulate the dialysis ci{2G®)].

Primary Objective
1. ldentify the @currence of myocardial stunning during adeiT.

Secondary Objectiwe
1. Identify any &sociation of RRT-associated myocardial stunning with

haemodynamic stability and ultrafiltration volume during dialysis.
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4.2 .2Eligibility Criteria

Inclusion criteria
1 Age O18 years

1 Acute kidney injury requirin@RRT because of the following parameters
1. Refractory extravascular fluid overload and/or pulmonary oedema
2.Urea O25mmol / knduceddrgan toxicityr (ieeeemdeghalopathy,
pericarditis)
3. Metabolic acidosis (pH <7.2 $tCO3 <15mmol/l)
4. Hyperkalaemia (KO6 . 5 mmol / | )
5. Oliguria (urine output <100ml/6hrs)
Exclusion Criteria
1 Obstructive causes of AKI
1 ReceivingRRT greater tharr-daysbeforerecruitment
1 Receiving palliative care at the time of recruitment
1

Preexisting CKD stag® or premorbid chronic dialysis

4.2.3Recruitment

The Derbyshire Research Ethics committee granted ethical approval and recruitment occurred
from individuals admitted ttherenalhigh-dependency unit at tiéniversity HospitalDerby

and Burton, whall providedwritten consentSubjecthad AKI that required initiation of RRT

within the previous seven daysKl was defined by the KDIGO criteria plus the requirement

for RRT, plusthe prescence of a minimione ofthe following factorsrefractorymetabolic
acidosidefined as @aH<7.2 or bicarbonate <15mmgoWéfractory fluid overloadr pulmonary
oedema; uraerui toxicity; refractory hyperkalemia defined @6 . 5 mnoo loliguria
(<100ml/6hrs)Individualswith baseline CKD stage Significant valvular heart valve disease,

cardiac arrhythmias and echocardiography images of insufficient quality were eXxeRffjed

4.2 .4Ethics Considerations

The East Midlands Reseh Ethics Committee andniversity Hospitals Derby and Burton

Research and Development departnagproved the research projects.
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The investigators performing this study are also medically qualified clinical practitioners and
are trained in capacity assenent and consent in accordance with good clinical practice

guidelines.

The majority ofsubjectgarticipatinghadcapacity andvereable to provide informed consent.
The investigator (also a member of the clinical team) approagioéential participants
explaired participation is entirely voluntary; study details and prodide Participant

Information SheefP1S) Theinvestigatolansweregarticipant questions

All subjects hadc capacity assessment perfornedorethe consent process, capacigs
assesseth concordancevith the Mental Capacity Act Code of Practice 2[28B]. If the
subjectwasunable to complete any one of the elements required in a capacity assessment, they

weredeemed not to have capacity.

For subjectsvho lacled cgpacity to give informed consent, a system of deferred comsznt
applied in accordance with the Medical Research Councils guidance in involving adults who
cannot consent in researchhis Entailsthree separate conditions to be fulfilled. Initially
approwal from a Research Ethics Committee (The study was approved by Nottingham REC
committeei July 2015) Secondly consultation and approval from either family or carers or

other medical professionals.

For subjectswithout the capacity toconsentthe agrement of both an independent (from the
research study) medical professional and a personal conswtesought and required for

recruitment into the study.

A senior health care professioregdproved by the Trustould assess the potentialibjecb
interests and confirm that tisebject wasnedically stable and appropriate to participate in the
study. The decisions documented in thes u b | enedical dotes and respected by the

investigators.

A patientods consul t ee fororisanterestdd anthe wedfaremfthef r i e n
individual A patientds consultee cannot be a not

with thesubjectin a professional capacity e.g. a solicitor.

The patient consulteeasapproached and informed thheir involvement as a consultegs

voluntary. The role of a consultee atite details of the studyvere provided. A patient
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consul teeds i nwas@rovided iThe nconduleedatl timreetto consider the

information provided anthe investigatowas available to answer any questions

Consul teeds deci si on wi || be document ed on

respected by the investigators.

Once theconsultee agret o0 p at i e nt ,sadopyoathetcansuitep @ohsendfonas

requed for the patientds/ consul'reeoeds. Theerigisao nal r
consent formwasf i | ed i n thé&hpatpiae ntedwasadovedisbsinl t e e
attendance during the study session.

The studywas minimally invasive vith negligible risk to thesubjectand therefore pose
minimal potential risk. Additionally, subjects whose advance directive contravenes

participating in any researetererespected.

4.2 5Study Days

The studywas performed during a standardhéur (240 minute haemodialysis (HD) or

haemodiafiltration (HDF) session or an 8 hour (480 minutes).

4.2 .6Prior to the Dialysis Session

Before subjectscommened dialysis a baseline echocardiographyas performed. This

includad a four and twechamber view of the left ventricle.

Thesubject wasittached to a NICOM machine (novasive cardiac monitoring) via sensors
over theright and left clavicle and over the right and left upper abdominal quadrants. The
sensors and a blood pressure audlre attached to the monitor. The monitor recthasic

haemodynamic information.

An arterial blood gas to calculate the SOFA score (sg@@rgan failure assessment score)
was obtainedif no contraindicationgxisted (blood clotting problems, peripheral vascular

disease).

Routine baseline clinical bloagsts blood for centrifugation & storage and a venous blood
gas were taken for cental venous oxygen saturatiorsv02) from the central venous
cathetej239].
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4.2.7During the Dialysis Session

Another echocardiographwasperformed at 225 minutes into a HD/HIBEssion. During the
dialysis session, the dialysis prescription, haemodynamic status and any complizati®ns

recorded.

4.2 .8HaemodynamicMonitoring

Continuous nofnvasive cardiovascular and haemodynamic monitoring was performed
throughout dialysisusing 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 calc{28t@dStroke volume (SV)

and cardiac output (CQyerecalculated on a minut®-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 decine in the systolic blood pressure to <90mmHg for greater than 5 n{RR@¢s

4.2 .9End of Dialysis Session

At the end of dialysis from the central venous catheter routinedpalysis bloodtests blood
for centrifugation & storage and venous blood gaseperformed. 30 minutes after tRRT
sessiorwascompletedanotherechocardiogranof the left ventriclavasperformed.Troponin
T wasperformed 6 hours after the final echocardiogr§p89].
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Inclusion criteria:
Age >18
Haemodialysis
for AKI

Predialysis echo

Minutes) 240 minutes Session

Haemodynamic
monitoring

Post Dialysis Echo
(30 Minutes)

EchoDuring Dialysis (225}::) Haemodialysis

<

Follow up until hospital
discharge/30days

FIGURE 4.1, REGIONAL AND GLOBAL LEFT VENTRICULAR DYSFUNCTION DURINGDIALYSIS FOR

ACUTEKIDNEY INJURY, FLOW DIAGRAM OF STUDY PROCEDURE$239].

4.3Results
4 .3.1Participant and dialysis treatment details

Thirteensubjectswvere eligible for inclusion, two were excluded due to poor image acquisition,
11 subjectswere included in the analysis. The mean age of the participants WhSygars,
nine were male and five were diabetic. Fparticipantshad preexisting CKDG3 (baseline
eGFR 3060ml/min/1.73mM) and in the overall groypbaseline eGFR was 79.4+29.5
ml/min/1.73n%. Complete demographic details are displayed in TqB[@9]

In four subjects,the cause of AKI was determined kynal biopsy (one each of
rhabdomyolysis, myeloma, plasroall leukaemia and anglomerular basement membrane
disease). Of the remaining patients, five had AKI in the setting of sepsis, one hadeaatlio
syndrome and one had renal artery thrombosigh®study day, the median sequential organ

failure assessment (SOFA) score was 6 (IQR 2). No patients required vasof#89§ors
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DemographicgN=11)

Age (years) Mean+SD 59+15
Baseline Creatiningumol/L) Mean+SD 95.5+£27.5
Baseline eGFR (mL/min per 1.73m Mean+SD 79+30
Creatinine gmol/L) at the start of RRT Median+IQR | 882 (IQR 801)
Charlson Comorbidity Index Median+IQR 1 (IQR 5)
SOFA Score $tudy Day Median+IQR 6 (IQR 2)
Left Ventricular Masgg/nr) Mean+SD 91+40
Site of venous catheter (femoral: jugular ~ Number (5:6)

TABLE4.1, BASELINE DEMOGRAPHIC DATA. ESTIMATED GLOMERULAR FILTREGFRARATE
CALCULATED BXDBEPIEQUATION; RENAL REPLACEMENT THEREPYEQUENTIAL ORGAN
FAILURE ASSESSMENT SSORE239]

Comorbidities n=

Ischaemic Heart Disease

Peripheral vascular disease

Heart failure
Diabetes
Hypercholesterolaemia
Hypertension

N (N[O, (W

Previous coronary intervention
Smoking Status
Current smoker

Exsmoker 5

TABLE4.2, DEMONSTRATINEE COMORBIDITIES WITH THE COHORT.

=

All partidpants commenced RRT within the first 48hrs of hospital admission (four
participant®day O, fiveparticipantdday 1, twoparticipant®day 2) and completed four hours

of dialysis for study sessions. Mean UFV was 1.4+1L, with tlp@eicipantshaving the
minimum 0.5L removed. Relative blood volume change at the end of the dialysis sessions was
-4.7+£7%. Laboratory results are showriable 2. Troponin T values were significantly higher

six hours after dialysis as compared to-giaysis, median 56 (IQR 394)ngl versus 39 (IQR
216)ng/ml respectively, p=0.003.
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Laboratory Data Predialysis PostDialysis| P value
Urea (mmol/L) 323 14+2 <0.001
Creatinine imol/L) 764+79 389141 <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+1 261 0.002
Corrected Calcium (mmol/L) 2.440.1 2.310.1 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.3. LABORATORY DATA, COMPARING VALUES BEFORE AND AFNERAMADYRIS
SAMPLES WERE TAKEN IMMEDIATELY AFTER COMPLETION OF DIALYSIS, EXCEPT FOR THE SECC
TROPONIRSAMPLE THAT WAS TAKEN AT 6HRS POST COMPLETIONZ3BDIALYSIS

*p==<0.0001

| | *p==0.002
Boos . 40000 T 1
2000 = 35000 ee ]
3000 A £ 30000 .
~ 2000 [ =, ;fn'ggg—
= 600 T
=4 & 15000 -
£ =
— oo
£ | &
£ 4004 @ 10000}
3 G
? :
200 = 5000
&
= 1
o N — D
Pre-diabysis Tropinin [Post-dia heis Tro pinin| 6-hours Post-diatysis Troginin] Pre-dlalysls BNP | Post-dialysls BNP
ean ER2 A ) 4429 Mean 13388 10448
S0 1487 B215 1050 50 11387 11124

FIGURE4.2. A. BOX AND WHISKER PLOTCOMPARINGTROPONINVALUES BEFORE IMMEDIATELY
AFTER AND 6 HOURS AFTER DIALYSIS CESSATION TROPONIN VALUES DROP DURING DIALYSIS
AND RISE HOURS AFTER THE COMPLETION OF DIALYSIB. BOX AND WHISKER PLOTCOMPARING
TROPONINVALUES BEFORE IMMEDIATELY AFTER DIALYSIS. PRE-DIALYSIS TROPONIN ANDBNP
VALUES ARE BOTH SIGNIFICANTLY HIGHER THAN NORMAL RANGE.

4.3.2Blood pressure and haemodynamics

Pre dialysis mean systolic BP (SBP) was 133+20mmHg and mean diastolic BP (DBP) was
78x16mmHg. During dialysjsBP was similar: SBP was 136+25mmHg (p=0.3 versus
baseline), DBP was 80+15mmHg (p80rersus baseline), Figude3. However, the lack of

change in mean blood pressure values masked individual change. The mean fall in SBP during
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dialysis (predialysis to nadir) was 13.888nHg. Seven episodes of IDH occurred in seven
subjects six of theseepisodes were asymptomatic and one required administration of a fluid
bolug239].

Stroke volume (SV) declined throughout dialysis fromreadialysis mean of 93+x34mls to
78+tm23mls at the end of dialysis (p=0.05). Heart rate (HR) increased during dialysis from
74+£19bpm to 78x14bpm (p=0.03) and cardiac outfelt from 6.4+1.5litres/min to
5.4+1litres/min (p=0.04). Total peripheral resis@{tPR) increased from a pdealysis mean

of 1146+24%lynes/sec/chi to 1559+444dynes/sec/chi (p=0.03).Haemodynamic data are
summarised in Figuré.3239].

4.3.3Regional and global LV function during dialysis

All 11 subjectgleveloped two or more LV RWMAs during haemodialysis. The median number
of affected LV segments at 225min during dialysis was 5 (IR Zhese changes persisted

to 30min after dialysis, at which point the median number of RWMAs was 4 (1Q)RThese
data are summarised kigure4.4.

Global LV function also deteriorated during dialysis. GLS declined from -@iphgsis value

of -17.78 3.7% t0-15.27 2.3% during dialysis, p=0.08€ompared to prelialysis, GLS was
also significantly less negative at 30min pdstlysis at-14.77%6 2.8, p=0.002. Baseline EF
was 70+8% and fell significantly during dialysis to 60+13% (p=0.035), and onlyalbarti
recovered postlialysis to 63+8%, p=0.046 versus bas¢R38)].

4.3.4Associations with LV dysfunction during dialysis

A higher number of RWMAs ereassociated with enore significantiecline in cardiac output
(r=0.63, p=0.04) and more mina increase in heart rate (671, p=0.01)No association
between the number of RWMA and URkére observedalthough there was a trend towards

an association between higher UFV and decline in GL®.@%, p=0.07). Anore considerable
decline in GLS acrasdialysis 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[230].
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FIGURE 4.3, HAEMODYNAMIC PARAMETERS DURING DIALYSIJ239]. FIGURE A, REPRESENTS
STROKE VOLUME ACROSS DIALYSISFIGURE B, REPRESENTS HEART RATE ACROSS DIALYSIS
FIGURE C, REPRESENTS CARDAIC OUTPUT ACROSS DIALYSISIGURE D, REPRESENTS TOTAL
PERIPHERAL RESISTANCE ACROSS DIALYSI$-IGURE E, REPRESENTS SYSTOLIC AND RISTOLIC
BLOOD PRESSURE ACROSS DIALYSIS

4 .3.5Sensitivity 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 movemel291]. A sensitivity analysis using more stringent definitions for
the development of new RWMAs, in that a new RWMA was defined?&08% and then a

275% decrease in peak systolic longitudirtahia as compared to individual segmentalpre
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dialysis values. Even using2®0% reduction in strain, 9 of the $libjectsdeveloped 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 siMbjects The mean number of RWMAs at each
strain cutoff, along with those using the standard definition 828% reduction in strain, are
shown in Figuret.4[239].

129

10

e

=& Greater than 75% reduction in strain

Number of Unaffected Segments

4l Greater than 50% reduction in strain

@ Greater than 20% reduction in strain

FIGURE 4.4, COMPARING DIFFERENT PERCENTAGE STRAIN THRESHOLDS TO DEFIN&®VMAS, THE

GRAPH REPRESENTSTHE UNAFFECTED NUMBER OF LEFT VENTRICULAR SEGMENTS DURING
DIALYSIS[239]. ALL PATIENTS EXPERIENCED NEWRWMAS DURING DIALYSIS DEFINED AT A20%
THRESHOLD FOR REDUCTION IN SEGMENTAL STRAINAND 9 OUT OF THEL1EXPERIENCED THIS AT
A 50%THRESHOLD.

4 .3.6Participant Outcomes

All participants survived to discharge, mean length of stay was 25+15 days. At hospital
discharge, twandividualsremained haemodialysis dependant, and one other initzee

term dialysis within one month of hospital discharge. Two of theggectsdied within six
months.Of the 9subjectshat did not require long term RRT, the mean eGFR (D) at
three month posthospital discharge was significantly lower at 48#®€min/1.73m
compared tahe pre-AKI mean of 79+3@nls/min/1.73mM (p=0.04. Theaverage time between
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AKI and postdischarge blood tests was 91+11 dag9]. The study numbers were too small

to extract meaningfuhortality data.

4.4 Discussion

Using speckle tracking echocardiography to measure systolic strain, a sensitive technique to
detect changes in regional and global LV functidhis studydemonstrated thataptic pants
undergoing dialysis for AKI display acute reductionsandtac function in response to therapy.
These changes were present in all of gbbjectsstudied and were similar to those seen in
chronic haemodialysis, with the pattern of segmental LV dysfunctioparticular,being

suggestive of subclinical myocaaflischaemig239].

It is well recognised that chronic haemodialysisutts in significant haemodynamic stress,

with up to 20% of treatments complicated by IR28R]. 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
inconsistat results. One study investigating RRT in patients with liver disease reported no
major changes in measured variaf#6§], but intermittent haemodialysis in the critically ill

often results in falls in BR93].

Significant changes in haemodynamic variablesre observedwith 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 r¢2pdhde contrast,

our patients did display an increase in HR that may reflect better preserved baroreflex
sensitivity in the abseecof the cardiovascular changes of chronic ura@@t. Despite the

lack of change in mean blood pressure, individual patients did experience IDH, and even
without large ultrafiltration volumes it is clear that haemodialysiacutely unwell patients is

a significant haemodynamic stre42@9].

In the chronic HD population, higher UFVs resulting in haemodynamtability and falls in
BP result in subclinical myocardial ischaemia. This has been shown with myocardial PET
scanning to directly measure myocardial blood flow during didB88& and more recently

using arterialspin labelling (ASL) magnetic resonance imaging to determine-dlditgtic
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changes in myocardial perfus{@97]. These studies demonstrate that ischaemic LV segments
become dgfunctional, 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 4thivds of patientR98], with repeated

exposure resulting in fixed reductions in LV systolic function anceesed mortalif299].

Dialysisbased interventions targeted at reducing haemodynamic stress such as cooled
dialysat¢300], biofeedback dialysj801] and increased HD frequer{8®2] can reduce the
frequency of myocardial stunning, with cooling the dialysate protective against long term
reductions in cardiac functif803] and against ischaemic change in cerebral white
mattef304]. For the first timetheseresults show that regional LV dysfunction occurs in
response to dialysifor 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 theiseue
troponin T that wee observed at six hours pedialysis. Notably, the process affected all of

the participantsstudied, and resulted in reductions in global LV function, suggesting that

acutely unwell patients are particularly vulnerable.

Howe\er, there isevidence toindicate that he myocardial vulnerability/injury pre-exists
dialysis as both troponih andBNP are raisedbove normal levelm the predialysis bloods
(Figure 42). Raised troponin T and BNiRdicating nyocardial injurycanoccurfor a variety
of reasons includindiuid overload acidosis orlectrolyte imbalance causirdysrhythmia
sepsis secondary to myocardial ischgB0&]. Troponin T and BNRare dialysed out over a
high-flux membrang806] explaining thedecline across dialysithe subsequent 6 hour rise
likely to represent the subclinicachaemiaThere is no evidence thaacidbase changes,
dialysis inducectlectrolyte changelead toRWMAs in the chronic dialysis populatig®55],
neverthelestheseparameters can affect cardiaeiscle contractilityand alteringnagnesium
concentratiorduring dialysis can lead to a reduction in GRG].

Further studiesvestigating differendlialysis prescriptionsncluding variecconcentrations of
dialysateelectrolytescdcium, potassium and bicarbonatee warrantedDialysatepotassium
and calcium affect the electrolyte changes across ys&{308] that may potentially have

inadverteneffectson cardac muscle contractility.
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No clear associations between myocardial stunning and either BP changes or tHd/ in
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 seftimgseresultssuggesthat
segmental LV dysfunction during dialysis is predominantly driven by diatgtased factors

and not predicated on the cardiovascular changes of chronic uraemia; it was interesting to note
that the ability to increment HR duringatysis was associated with the development of fewer
RWMAs. However, key associations and determinants of diatgased stunning in the acute
setting requires further study in larger coh@38].

Previous work using intradialytic echocardiography has generally relied on measuring
movement of the endocardial bordedttect reductions in wall motion. In this studpeckle
tracking analysisvas useda more current but wellalidated technique, which reports strain
(deformation) as an early and more sensitive measure of regional and global LV contractility
as comparetb ejection fractiofB09]. Strain analysis using speckle tracking has been validated
for the assessment of regional cardiac dysfunction after coronary artery repg3fijoralve
replacemen811] and cardiac resynchronisat[842]. Longitudinal strain is considered the
most sensitive marker of LV dysfunction, in part because longitudinal fibres are more prone to
ischaemif291]. In keeping with this, a fall in both EF and GLS during dialyss notedbut

whilst there was some recovery in EF post dialysis, that was not seen [B39].S

Speckle tracking has been used to assess diitgkised cardiac dysfunction previously, but

only in a singlepaediatric studid13]. RWMA was definedusing current guidelines derived

from the cardiology literatuf254], it is possible that a 20% decline in segmental strain is too
sensitive a threshold for the detection of dialmsduced cardiac injury. Reassuring, a
sensitivity analysis using more stringemtagh thresholds for RWMAs did not change the
overall pattern of our results, and associations between haemodynamic variables and number
of RWMASs were preserved at a 50% threshold. At present it is not possible to state conclusively
the optimal strain thshold to define dialysis induced RWMAs; future studies should include

analyses with varying cdffs 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 smakind longitudinal follow upvas not performedrhis precludes any comments as
to whether the process of regional LV dysfunction that during dialysis has adverse effects on

patient outcomes or longégrm cardiac function. In additiothis studyoccurredover 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 sesdMsts.only thosereceiving haemodialysis

were studied, and it cannot be inferthdt the same process occurs during other modalities of
acute RRT. More protensivestudies are requirea tinvestigate the effect dialysisduced
myocardial stunning has on tebort and longterm consequences armitcomesn persons

with AKI requiring acute RRTPatients 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 effedgbysis may be important. In our small
cohort, the two patients who did not survive beyond six months were those that remained
dialysisdependent at hospital discharge. If dialjsduced cardiac injury is shown to be
pertinent to the outcomes of patiemwith AKI, then further research to study the effects of
dialysisrelated interventions (including comparisons of intermittent versus continuous

techniques) will be warrantfB9].

In summary, haemodialysis for AKI results in sigcéfint 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 pges has an impact on the extremely poor patient

outcomes that are seen in this gri@39].
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5.1 Introduction

The fiveyear relative survival fomdividualsrequiring haemodialysis for renal replacement
therapy (57% in men and 54% in womeas)worse than many cancers; breast, lymphoma,
leukaemiaand colon cancg$14]. Cardiovascular disease is tmest significah contributor

to the highmortality experienced by haemodialysis patie¥tore than 50% of those
commencing haemodialysis have cardiovascular digEESe 74% have LVH316] and 36%
already have a diagnosis of heart fail@ie’]. Higher LVH andhigher leftventricularend
dilation volume values are associated with a worse progf®s8j and directly impact aH
cause mortality in patients with ESRF

In the haemodialysis population with normal ejection fraction, half have diastolic dysfunction
on imaging319]. Theseindividuals are often asymptomaticyet carry another significant
independent risk factor for mortaljB20]. Haemodialysis causes worsening in cardiovascular

pathologies and therefgran increase in cardiovascular morbidity and mortality.

In manystudies, global longitudinal peak systolic strain has been an independent predictor of
LV remodelling. Furthermore, lower strain valum® 18 times more likely to be associated
with an advese eventfor exampleadmission with heart failure or defg@g@1].

Haemodialysis patiensuffer further cardiac insults from haemodynamic instability caused by
high dtrafiltration volume and intradialytic hypotensioesulting inincreasd RWMAS[322].

In addition, recurrent RWMAs secondary to coronary hypoperfusion result in LV remodelling
and LVH. GLS and RWMAcan be assessed with echocardiography andacavtR imaging.

Diastolic dysfunctions also associated with reduced mortality and morbidityhasch number
of differentassessmeimmdicesdepending on the imaging modality includied} atrial volume
index(LAVI), diastolic strain ratand unlike in the assessment of systolic functannotbe

assessed by a single parameter.

5.2 Study Desiqgn:

Posthoc 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 crio®ger pilot study that used functional cardiac MR to
compare the cardiac dysfunction that occurs across two dialysis modalities (standard

haemodialysis and haemodiafiltration) subjectsalready receiving HD for ESRF.

This study focused on the change in measures of systolic and diastolic function across
haemodialysis onlyAnalysing new images to calculate left atrial volume index (LAVi) cardiac
function was assessed left atrial volumes, peak systolic straisyatalic 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. ldentify correlations between acute diastolic dysfunction and haemodynamic

parameters

5.2.1Eligibility Criteria

Inclusion/ Exclusion criteria
1 All the participants from the original study with sufficient raw data from the

haemodialysis scans (strain values across the cardiac cycle)

1 Two participantsvere excluded from the origal 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.

5.2.2Recruitment and Ethics Considerations

The twelve subjectthat participatedn the original studyvere recruited from th&niversity
Hospitals Derby and Burton, Royal Derby Hosp#tiéd dialysis unit East Midlands Research

Ethics Committe@rovidedthe ethical approval arttle study wasponsored by thniversity
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of Nottingham (ClinicalTrials.gov no. NCT02494843). No further ethical approval was

requiredfor the posthoc analysis.

5.3Methods

Subjectsvere initially randomised to either HD or HRIRdthen received five dialysis sessions
of thdr 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 CarBad Homburg, Germany).

The sixth dialysis session was performed at the SPMIC, University of Nottinghaijects

were transferred to the SPMIC wodergo serialunctional cardiac MR assessme(®@hillips

3T Achieva) including shoraxis cine, 2 and 4 ember views and cardiac taggingpilst
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 postialysis. The studgays at the SPMIC lasted 6 hours.

Individualswere then transferred to the other arm of the study, switching to the other dialysis
modalityandthe same study protocol occurred again. Haemodynamic changes were recorded
throughout the study day and biocheah 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 vdume 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 onlyThese 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, midiateetiastole. These phases represent
changes in physiology. Earljiastole consists of left ventricular isovolumetric relaxation in
conjunction with rapid ventricular filling. Midliastole involves increasing atrial pressure with
low-flow ventricular filling. In latediastole, atrial contraction results in late rapid ventricular
filling [323]. In this study, early DSR issed to assess the rate of ventricular relaxgiat}
and pDSR is used to evaluate rdiidstolic functiofi325].
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LV longitudinalsystolicdeformation parameterpeak systolic strain (PS&ye expressed as
(%) andsystolic strain rate (SSRXpressed aapercentage per second/Spwere assessed
more negativevalues indicatestronger systolic contractioor amplitude of contraction,

respectively.

LV longitudinaldiastolicdeformation parameteas early diastolic strain rate (eDSR) and peak
diastolic strain rate (pDSRxpressed as percentage per secorl®)(dere assessetdower

values indicate slower rat®f LV relaxation and therefore ventricular filling.

& is thechangan thetime between measured strain valaad was required twalculate SSR,
eDSR and pDSR.
LA enlargement is amdependent cardiovascular risk factirerefore éft-atrial volume index

ml/m? (LAVI) was assessedsa chronic marker afiastolic dysfunctiof826].

A B C
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Pre- Dialvsis Post-
Dialysis Y Dialysis
Dialysis .

Machine

4 Chamber

3 Scin 1 Sca¢n 2 Scan3 Scan4 Scan 5
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Patient 30 0 30 60 90 120 150 180 210240 270

FIGURES.1, STUDY PROTOCOL A PARTICIPANT IN-BETWEEN SCANS WHILST ON DIALYSISB:
STUDY DAY SCAN PROTOCOL C: 2-CHAMBER AND 4-CHAMBER IMAGES
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FIGURE 5.2, LA VOLUMES WERE CALCULATED USING THE BIPLANE METHOD [134].
DEMONSTRATED ARE THE CIRCUMFERENCEMEASUREMENTS OF LEFT ATRIAL ENBDIASTOLIC
AREA AND LENGTH IN BOTH 2&4 CHAMBER IMAGES.

5.4 Results

Twelve paticipants were recruitetbr the study, in two participantsthe image qualitywas
insufficient to performstrain analysis.Therefore,10 participants were studied: median age
56.5yrs (IQR45t0 61), two femalepnewith preexisting LVH. Median dialysis vintage was
18.1months 6.15,89.58, median prealialysis systolic blood pressure 13413 to 155) mmHg
and diastolic blood pressur&.% (71 to 845) mmHg. The demographic data is illustrated in
Table5.1

Demograplts 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)

TABLEB.1, PARTICIPANT DEMOGRAPHIC DATA FOR THIBGGWRIDC STURKX,BLOOD FLOW
MEASUREMENT.

The median LV global longitudinal PSS at baselszeconsiderably lowefl2.92 ¢16.42,-
12.1)% than healthy agenatched adul{827]. 30 minutes into haemodialysis there is a
significant decline in PSS t40.43 ¢12.77,-8.56)%and then declines further 18.66 ¢13.03,
-6.38)% at 120 minuteand stays reduced 6.7 (-13.17,-8.9)% at 180 minutes. Post dialysis,

there is an improvement in mediB8S-11.12(-16.1,-8.4)% similar to baseline PSS values.
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Beforedialysis, all participants had lower eDSR and pDSR values than normal ad@hcefe
ranges. Median prdialysis values for eDSR and pDSR wag&1 (25.5 to 38.0%/S and53.7

(40.6 to 63.6Y4/S respectively. Median eDSR and pDSR did not change significantly across
the different HD timepoints Although the group median did nohange across dialysis,
individual participants experienced a decline in eDSR/pDSR at different time points across
dialysis. Nadir eDSR (22.4, IQR 15.9 to 3%/%, p=0.05) and nadir pDSR (40.7, IQR 27.0 to
52.9%/S, p=0.04) results were significantly lowtran predialysis valuesThe strain values

are demonstrated ifable5.2

There are similarities within all the strain curvgemonstrated irrigure 5.3), all have a
concave pattern, with strain values getting more negative (stroaggaction) until the point
of inflexion (PSS) At thepoint of inflexion, isovolumetric relaxation occurs asttain values
become less negative and in some suhjesy®cardial fibre lengthening occurs and strain

values become positive.

It is also evident that there is variabilibetweenthe strain curvesnadir PSS occurred at
different scan pointacross dialysis. For examplegnse reach nadir PSS 30 minutes into
dialysis (n=3), others 120 minutes (n=4), one participant at 180 miantesvo participants
reached nadir PSS at the pdstlysis scan.

The following graphgFigure5.4) demonstrate the changes in individual participaestiop
line), PPS(middle line) and SSR (bottom linefhese graphdlustrate how eactparameter

charges across dialysia eachparticipant.
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Mle((?:ism, Baseline 30 Mins 120 Mins 180 Mins Post Dialysis | P=
PSS -12.92 -10.43 -9.66 -9.7 -11.12 0.005
(%) (-16.4,-12.1) | (-12.77,-8.56) * (-13.03,-6.38)* (-13.17,-8.9)* | (-16.09,-8.4) )

Global -44.17 -40.23
SSR (-60.01,- -36.43 -46 -41.44 (-53.29,- NS
(%/S) 41.76) (-49.25,-26.55)* (-54.62,-35.77) (-53.76,-20.23) 32.08)

Duration

of Global 227.6 217.8 188 198 198.9 0.08

SSR (ms) | (199.8,233.8) (196.4, 245.9) (167.9,199.4)* | (149.4,231.6)* | (183.4, 246)

Early DSR 32.06 36.83 33.55 33.58 35.42 NS
(%/S) (25.48,38) (25.8,44.39) (25.45,35.97) (21.01,46.58) | (21.05,46.38)

Duration

of Early 265.5 238.5 277 220 264.5 NS

DSR (ms) | (220, 286.3) (177, 274.8) (195.5, 316) (152.3, 410) (192, 383)

Peak DSR 53.74 51.3 58.36 54.05 50.8 NS
(%/S) (40.6, 63.62) (34.1, 62.5) (41.48, 65.83) (41.25, 63.24) | (31.25, 56.06)
Duration
of Peak 54.50 54.5 55 53.5 54.5 NS

DSR (%/S) (51, 56) (52, 55) (51.5,57) (51.75, 56) (51, 56)

LAVI 41.06 35.2 24.46 33.52 31.65 0.05
(ml/m2) (35.1, 44.24) (34.14, 47.97) (18.27, 35.54)* | (20.77,41.11)*| (30.12,44.74)

TABLEB.2, GROUP MEIAN STRAIN VALUESI ANCK T, THE ASTERISKS REPRESENT SIGNIFICANTLY
DIFFERENT RESWHHGM BASELINAREDIALYSIS LEVELS. SSR; SYSTOLIC STRAIN RATE. PSS; PEAK
SYSTOLIC STRABR; DIASTOLIC STRAIN RATE. LAVI; LEFT ATRIAL VOLUME INDEX.

102



1 ..-"-'.--
I .
2 g T
= e L : :
E g '
EI
]
tlawmyd a8y
[N — & A
B ___.Ff--'
F ] z -~ pll—
£} c
£ £ =
I Jtreasyi
—
£ g
| =
& "
& ] &
adt o LAt eyl

[ B i N
T 01 % #
# R i
£ ] . e
B M
= ] —
1 -
a1
=t I a &y

AN (%)
Etraim (%]

LIt o By L1t 2 By

® | 2 JOMBAS b2 FAcim Ay dzi SE MH@MA Y dzll SAmymAy dzi SE t 240 5Al

FIGURE 5.3, THESEGRAPHS DEMONSTRATE EACH PRTICIPANTSOSTRAIN CURVES AT SCAN POINT
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At the nadir scan six of the ten participants had a simultaneous decline in PS$dand
accompanied by a subsequent decline in $8Rvever, his pattern was not present in four
participants, threef which hadlittle or no change .
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FIGURES.5 DEMONSTRATESTHE POPULATION CHANGE ORPEAK SYSTOLIC STRAIN%), SSR
(SYSTOLIC STRAIN RATE%/S?) AND & (TIME DIFFERENCE ACROSS HAEMODIALYSIS THE
ASTERISKS REPRESENT SIGNIFICANTLY DIFFERENT RESULTS FROM BASELINEREDIALYSIS
LEVELS.

Group baselinene d i aaluessdre227.6 (IQR 199.8, 233.8)namddeclined at 120 minutes
(188 IQR 167.9, 199,4°=0.04)ms and at 180 minutes (198 IQR 149.4, 23=6.04)ms
remained lower than baselirtdowever, ly the end of dialsis me d i aeturneeko baseline
values (198.9 IQR 183.4, 246-0.6ms(Figure 5.5).

SSR at baselingl4.17 ¢60.01,-41.76%/S isalsolower than SSR in healthy individuf328].
SSR then declines at 30 minute36(43 IQR-49.25,-26.55. P=0.05) %/$to dialysis but
recovers at 120 minutes4p IQR-54.62,-35.77. p=0.2) %/&nd stays at baseline levels for
the remainder of dialysis and into the pdstlysis periodFigure5.5).
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Diastolic strain rate and left atrial volume index (LAVI) are tfferent measurementsed
to assess diastolic function. Diakst strain rate can be measured at various time points across

the diastolic cycle; early and peak DSR.

Theseresults of this study revealed that baseline eD@Relower than values published for
healthy population 32.06 (IQR 25.48,38)%d/#]. The group median eDSR did not
significantly change in across dialyddadir eDSR was lower than baseline values, 22.36 (IQR
15.92,31.48) %/S, p=080

Peak DSR followed a similar pattern to eDSR, baselineeg83.74 (IQR 40.6, 63.62)
%/9329] were lower than published in the healthy population. There was also no change in
the group median for peak DSR across dialysggain, nadir group median value$0.7 (IQR

26.97, 52.89)%/p=0.04were lower than baselinalues

P=0.05
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FIGURES.6, DEMONSTRATESTHE POPULATION CHANGE ORLAV | ACROSSHAEMODIALYSIS. THE
ASTERISKS REPRESENT SIGNIFICANTLY DIFFERENT RESULTS FROM BASELINPREDIALYSIS
LEVELS.

At baselinethe left atrial volume index was 41.06 (IQR 35.1, 44.24) fllangerthan healthy
volunteer LAVI measuremegiB30]. The LAVI declines across dialysis to nadir at h2@utes

to 24.46 (IQR 18.27, 35.54) mlfmp=0.01. The LAVI then increases at 180 minutes and post
dialysis to 31.65 (IQR 30.12, 44.74) mHyp=0.05 still lower than predialysis measurements
The diastolic dysfunction grading scheme classifies a LAV8 b@t <34ml/m? as grade 1
diastolic dysfunctiof831](Figure 56).
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Both systolic and diastolic function is affected by fluid remowdrly DSR negatigly
correlates with both total ultrafiltration volume and ultrafiltration rate, both at 30 minutes
(p=0.01, r=0.85 andp=0.007, r=0.9, respectively) and nadiscans(p=0.05, r=0.64 and
p=0.02, r=0.74 respectively). Higher ultrafiltration volumes/rate strongly correlated with
lower early DSR valueg?eak DSR did not correlate withtrafiltration volume/rate Figure
5.7.Furthermore, eDSR dysfunction occurs at défé time points across dialysis depending
on ultrafiltration rate. lower ultrafiltration rates initially induce an improvement in eDSR,

followed by a decline.

Percentage changm PSSat nadir and dtrafiltration volume/rate stronglynegatively
correldged =0.006, r=0.81 and p=0.01, r=0.78 respectively) as did ultrafiltration volume/rate
andpercentage changedir SSR (p=0.04, r=0.7 and p=0.04, r=0.78 respectivéiyyre5.7.

There were no correlations between ultrafiltration volume/rate iAW .

107



3m 10-

° p=0.02, r=-0.74 L]
.

UF Rate (mL/kg/hr)
=
1
®
®
[
[ ]
UF (L)
al
1

0 T T '_. T 1 0 .
10 20 30 40 50 50
-1+ Nadir Early DSR (%/S)
Nadir Early DSR (%/S)
_5_
o
=
< 104
3 2 °
- L
£ o 54 °
g £ .
@ o °
o [
w 0 T T T —e—
2 10 20 30 40 50
1 Early DSR (%/S) at 30 Mins 5 Early DSR (%/S) at 30 Mins
4 15=
-
p=0.006, r:0.81| p=0.01, r=0.7
IS
(o)}
X
= -
E o
) =)
T
o
LL 1
> 0 40 60 80 100 100
) % Change in PSS
‘1= Percentage Change in PSS (%) 5

4= 15-
p=0.04,1=0.7

10+

UF Rate (mL/kg/hr)

1_ % Change in SSR

Percentage Change in SSR (%/S)

o
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FIGURE 5.8, EDSR DYSFUNCTION OCCURS AT DIFFERENT TIME POINTS ACROSS DIALYSIS
DEPENDING ONULTRAFILTRATION RATE. LOWER ULTRAFILTRATION RATESINITIALLY INDUCE AN
IMPROVEMENT IN EDSR,FOLLOWED BY A DECLINE.

Discussion

CAMRID-DIASTOLIC is the first study to utilize CMRto assess intrdialytic myocardial
systolic and diastolic function simultaneouslPrior to dialysis all participantsevidenced

systolic anddiastolic dysfunctionincludingthose with no history of cardiac dysfunction.

Notably, individual participants nadir deterioration in systolic and diastolic function occurred
at different time points across dialysioth systolic andliastolic dysfunctiordeteriorated
during dialysis and these deteriorations wessociated with ultrafiltration volume and
ultrafiltration rate. This data add to the previous studies showing that diastolic function, in
addition to systolic function, is adversely affected bgrmodialysisHowever,no correlation

was identified between systolic and diastolic markers of dysfunction.
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In a haemodialysis cohort that had commenced dialysis within the previous three months,
Odudu et al[332] detail baselinpeak SSRand DSRvaluesto be-0.97 +0.2 S and1.05 +0.3
S respectively Comparatively, th€€ AMRID-DIASTOLIC cohorthas lowempeak SSR and
DSR likely reflecting the longer dialysis vintageand theincreased exposure tecurrent

myocardial stress caused by haemodia]¥8i3].

Al Musa et a[333] used tagging cardiac MR technique to assess patients with aortic stenosis
In this studythe healthy controls had a peak D&RI apeak SSRof 96.93+20.65%/%nd-
98.14+16.26%/SrespectivelyThe baselinsystolic and diastoligalues araearly three times
lower inthe CAMRID-DIASTOLIC cohorts.

PSS and SSHKecline across dialysis and then returned to baseline valuediplysis This
patternis consistent with other haemodialysis studiBsese studiesvere performed using
echocardiography and speckle tracking soft{&34]. Results from these studies are
comparable to CAMRIEDIASTOLIC study & thereis a high degree of agreement between
speckletracking echo imaging and MR tagging for peak DSR and[ &35

There are different methods of assesssygtolic dysfunction RWMAs are assessed
guantitively by a decline in PSS by >20% from baseline or qualitative visual assessments.
RWMAs occur because of dialysis induced ischaemiadditionnRWMA 6 s ar e af f ecH
intradialytic hypotensioi302] and higher ultrafiltration rat§s34]. Therefore, it is

unsurprising that percentage changd®S andSSR are both associated with ultrafiltration

volume auw rate.

An interesting finding in this study was the disparity betwgendecline inPSS and SSR
across dialysisPSS declines at 30 minutes and remains low throughout dialysis and SSR
declines at 30 minutes and recovers thereafiee alterationsin a¢ do not account for the
disparity between PSS and SSR. Equally a literature search was unable to identify previous
works on the variations @ across dialysis. Variations & could be secondary to electrolyte
shifts across dialyqi836] or dialysisinduced myocardial ismemiaor myocardial fibrosis
Hypoperfusion of subendocardial boraamwithout a reciprocal change strain rat¢337].

Chronic haemodialysis patientexperience both increasedsubclinical and myocardial
fibrosid338]. Myocardial fibrosis can lengthen the time taken for a contraction and &t
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[339]. PSS is a measurentof contractility alonecontrarily SSR is a calculation of multiple
factorscontractility andlength of contractility. Length of contractility is affectbéart rate,
myocardial scarring/fibrosis and subcliniaachaemiaand thereforeSSR may not bea
sensitive enougmeasurdo illicit subclinical changesisSSR isand therefoe should notbe

used alone tasses#tradialytic changd832].

The group mediastor early and peak DSR do not change across dialysis the collective
nadireDSR and pDSR analgsweresignificantly lowerthan baselin@alues.This difference
is becauséndividual participants reached nadir at different time popdsentially secondary
to the rate of fluid removaHalf of the participants hadn ultrafiltration rate of less than 1.4
ml/kg/hr; these pdicipantsdemonstrated an improvement&eDSR at 30 minutesllowed by

a decline at 120 minute§he other half hadn ultrafiltration rateover 1.5 ml/kg/hr; these
participans suffered alecreasin eDSR at 30 minutefyllowed by an improveentas dialysis
continued UF is an independent risk factor for increased cardiovascular artdhuesie
mortality{131]. Previously published datavestigatedthe difference between systolic
impairment on dialysis andF andgoes some way to explain theereased rmortality seen in
the dialysis populatianThis study evidenced thatrespective of UF rate, a diastolic injury
occurred on dialysisHowever, in those with higher UF rates, the decline in eD8®irs
soonerTherefore, only a proportion of acute diastolic dysfunction experienced during dialysis
is mediated by the rate of fluid remowagure 5.8.

In contrastLAVI declines acrosslialysisand returns to baseline values at the end of dialysis.
Thus, LAVI both at baseline and posialysis was higher thadata published fohealthy
populationf259]. Other studies have revealadimilar patern in LAVI. Czifra et al compared

HD and HDF therapies using echocardiogrgptgspiteidentical UF volumes, LA area
declined postlialysis in the HDF arm only[340]. Suggesting HDF hassecondary
haemodynamically stabilizingffects mitigating for UF.

Diastolic dysfunction can beaused by decline in active relaxation or an increase in passive
stiffnessp22],causing a deea® in suction andherefore passive fillingzarly diastolicstrain
rate is a marker of early diastolic dysfunction d@neldegree ofLV fibrosis[329]. Fibrosed
myocardiumis particularlysusceptible to ischaenjgdl], an essential factor in thperpetual

cycle of LV remoddling secondary tanjury. Irrespective of the causbkpth systolic and
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diastolic dysfunctiorcausel.V remodelling Equally, axce pathological LV remodellingas

beenestablishedit results infurthersystolic and diastolic dysfuncti{8#1].

There is evidencénhat therapeutienterventions can halt the progression of pogbcardial
infarction LV dilatiorf342] and improve diastolic function in diabetiesluced diastolic
dysfunction with higkintensity training[343]. However, limited therapies have evidenced a
cessation or imvement in diastolic dysfunction[223}ithin the CKD and ESRF population,

the evidence for beneficial treatment is even more sparse.

Diastolic dysfunction is affected hge ultrafiltrationvolumeand rateon dialysis but alsother
dialysisrelatedfactors thatthe CAMRID-DIASTOLIC study was unable to illicit. Further
understanding athe role of dialysis in diastolic dysfunction is neededlentify appropriate
therapiesmitigating or even obliterating the repetitive diastolic injury that occurswith

haemodialysis.
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Chapter 6

Multiparametric MR in the Assessment of Chronic
Kidney Disease(REMIND study)
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6.1 Introduction

The incidence of CKDs rising344] and reachedlobal health crisisevel. Yet, the clinical
assessment of CKibas not evolved to match many of the unme¢eds, demands and
requirements necessary in static and longitudinavaluate

on, managemerdand treatment of CKDThe current praate of gredicting prospectiveenal
declineis heavilydependenon historicrenal deteriorations hereforerenal decline can only
be predicteance significant pathology has already commerapedrreversibleparenchymal
diseasestablishedBearing in mindirrespective of thanderlying primary aetiology for CKD,
thee is sharedparenchymal pathologcal pathwaysof inflammation, ischaemig845],
hypoxigd346]. Causing dinal combination of tubulointerstitial fibrosis, tubular atrophy and
glomerubsclerosif347]. Thereremainsignificant limitations in thelynamicassessment of
pathophysiological processels addition apercutaneous biopsy @sirrentlythe only available
method ofestablishinga diagnosis, assessing prognosis awvdluatinginterstitial fibrosis,
glomerulosclerosis anidflammationbut not renal functionhypoxia or perfusionHowever
biopsyanalysis is static and doeet reflect theglobal assessment of rermrenchymgs48].
Comparatively, ardiac MRI provides diagnostic and prognostic information dynamic
evaluation ofstructue and functim. FurthermoreCMRI is the goldstandard irthe clinical
assessment of congenital, infiltratimad norischaemic cardiomyopathi@z9]. Historically

MR techniques have been underutilised in nephrol&jyl, the recent developments in non
invasive, gadoliniurrfree, multi parametrianagnetic resonance imaging techniques allow for
a more comprehensive understanding of renal microstructure, haemodynamics and

oxygenation.
The REMIND studyutilised MPMR in a CKD populationassessed feasibilityggproducibility

andthe ability to evaluatbeoth static andbngitudinalpathophysiologicathangs

6.2 M ethods

The REMIND study protocf350] and data analysiare outlined in detail in thenethods
chapter andrigure 6.1 The study include®5 subjectswith CKD Stage 34 (eGFR 59
15ml/min/1.73n¥), all had renal biopsies performadpart of standard nephrological caned

24 healthy volunteers (HVsactedas a comparataohort
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CKD participantshad two multiparametric renal MRI scapsrformed 714 days aparat
baselineand ascan onegyearlater (+£30days) Clinical parameteracross the study (-# days)
the baseline and ongar followrup scan Histological quantification of renal disease were
performedwith Picro-sirius red stainingo determinghe percentagef interstitial fibrosis (IF)

scorespercentagef glomerulosclerosiscores glomerular size and number.

All multiparametricMRI scans were performed on a 3T Philips Ingenia scatriee SPMIC
MPMR measures includestructural assessment included |danginal relaxation time (1))
mapping and diffusionveighted imaging to compute apparent diffusion coefficiant
coefficient D as markers of fibrosis and/or inflammatiand kidney volume Functional
assessments includg@thasecontrast MRI tomeasure renal artery blood flpwrterial-Spin
Labelling to measure renal perfusion and Blaaxi/genationLevelDependent imaging renal

oxygenation.

Each of the MPMR measure had acoefficient of variance (6V) calculated between the
baselinescan session€ompairsors between CKD and HVMPMR scans were performed
correlations between biochemical adé®MR measures both cohortsand biochemical and
MPMR measures in the CKD cohort.

6.2.1Study Design

A single centre observational pilot studyhe research study will translaenalMPMR scan
techniques that have been developed and optimised in healthy volunteers into clinical practice
by investigating how the combination of functional and structural sissegs on the whole
kidney can provide new insights into our understanding of the pathophysiology of renal
diseaseThe study design is illustrated kigure6.1.

6.2.2Primary Objective

1. To determine whether functional renal MRI can reliably demonstrate
pathophysiological differences betweemnlividuals with and without kidney
disease.
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6.2.3Secondary Objectives

To identify orrelatiors between MR measurements, biomarkers and renalidumnct
Assess intesubject variance and intsaubject reliability of MRI protocols ithe

CKD population.

To identify @rrelations between MR diffusion measurements and blinded renal

biopsy fibrosis score.

6.2.4Eligibility Criteria

Inclusion Criteria

T

Individuals witheGFR>15 and <60 ml/mifl.73n?

1 >18 years & <95 years

1 Able to give informed consent

Exclusion Criteria

T
T

Renal transplant

Contraindications to MRle.g. claustrophobia, cardiac pacemaker, metallic fragments
or implants

Pregnancy or breastfeedingintending pregnancy

Unable to give consent or understand written information

Unstable CKD; AKI Stage 1 or more amother unplanned hospitatimission within

the last 90 days

lodine allergy

Patients unable to comply with basic verbal English commands whilst in scanner due

to special communication needs

6.2.5Participants

Participants were 18 years or older, able to give written consent, met the KDIGO criteria for

CKD,

had an estimated glomerular filtration rate (€GFR)1659 ml/min/1.73m and

underwent a renal biopss a standard componentatifhical care
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The comparr group were @althy volunteers (HV)ith no evidence of renal disease, defined

as areGFR>60ml/min/1.73/and abserproteinuria The HV cohortwere age (5 years) and
gendermatched to participants with CKD. HVs haglGFR>60mI/min/1.73%h and no
proteinuria and were subject to the same exclusion criteria as those with HH&Dhy
volunteers underwent clinical assessment as described above and a single multiparametric renal

MR scan.

6.2.6Ethical Approval

The study wa registered at ClinicalTrials.gov (no NCT0357852Bhe East Midlands
Research Ethics committee granted ethical appréiedlthy volunteers were recruited from

the Centre for Kidney Research and Innova{ioKRI) pool of research participants.

6.2.7Clinical Assessments

CKD participants had baseline assessments were performed within seven days of the baseline
MR scan. Demographic data, past medical history and medication higéweyobtained from
medical records. Anthropomorphic measurements aeggred including height and weight.

One blood pressure reading was measured using an oscillometric device at each time point.
Routine blood sampling was performed $taindard biochemical and haematological téglis;

blood count, liver function and relfanctiontests GFR was estimated from serum creatinine
concentration using the CKBPI equation. Urine protein to creatinine ratio (PCR) was
measured on a random urine sample. All assays were conductedcimethieal pathology
laboratory aRDH.

The c&emographic, anthropomorphic, clinical data were collected again within seven days of

the third renal MR scan.
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FIGURE 6.1, DEMONSTRATES THEREMIND STUDY PROTOCOL FORBOTH THE CKDAND HV COHORT.
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6.3 Results
6.3.1Clinical Results

49 participants were recruited24 HVs (57£17yrs, 19 male)had a meaneGFR
94.1+12.4nls/minute/1.73rhand urine PCR6.7+6 mg/mmol. 25 participants with CKD
(57+15.4yrs, 20 male), with a mean baseline eGFR 40.6el/B0ute/1.73mMand mean PCR
124+190ng/mmol Table 7.1

The median time from biopsy to first MR scan was 58 days (IQR 30, 97), biopsy results
revealedschaemic (n=9), interstitial (h=3) and glomlkar (n=13) pathologyall demonstrated

in Table7.2

Histological analysis revealed a group median glomerulosclerosis scé6€00f15, 62.5 IF

score 067% (34, 72)and a glomerular volume (GV) 80549 (16615, 23727m3x1(P. (Table

7.2).

Interstitial fibrosis scores were categorised into four main groups according to the percentage
IF calculated usinghe Sirius red techniq{@51]. The scoring system ¥310% 2=10-25%,
3=26-50% 4=>50% IFNo difference in histological measurements were identified between

the three renal disease categories.

6.3.2MR Results

As previously discussed, MR parameters can be broadly divided into assessments of structure,
oxygenation and haemodynamics. MR ten@lume measurements assess renal
macrostructure. i{f ADC and Coefficient D measurements are methods of assessing
inflammation/fibrosis. Higher Tvalues indicate higher fibrosis and inflammation levels.
Lower ADC and Coefficient D measurements indicagdgaér T, values indicate higher fibrosis

and inflammation levels. >f can be used to indirectly assess renal oxygenation, logwer T
imply lower renal oxygenation levels. Renal haemodynamics measurements include using
phase contrast, renal artery areaptlgelocity and flow. Cortical perfusion is calculated using

haemodynamic ASL and renal volume measurements.
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Baseline Demographics kb v
(n=25) (n=24)
Ethnicity (number (%) white) 22 (88%) | 21(88%)
Gender (number (%) males) 20 (80%) | 19(79%)
Age (years) 57+15.4 57+17
BMI (kg/m?) 28.7+4.2 | 26.3%3
Baseline Creatinine (umol/L) 162+£36.8 | 78.1x12.5
Baseline eGFR (mL/min per 1.73m?) 40.6£13.6 | 94.1+12.4
Baseline Measured GFR (mL/min per 1.73m?) | 42+16.8 -
Protein Creatinine Ratio (mg/mmol) 124+190 6.7£6
Systolic Blood Pressure (mmHg) 136£20 | 131=x18.3
Diastolic Blood Pressure (mmHg) 85+15 81.2+12.1
Primary Renal Diagnosis (n,%):
Glomerular Disease 13 (52%) -
Tubulointerstitial Disease 3 (12%) -
Ischaemic Nephropathy 9 (36%) -
Diabetes mellitus, (n,%): 6 (24%) 1 (4%)
Hypertension, (n,%): 18 (72%) | 5 (21%)
Percentage on RAAS Blockade 15 (60%) | 3 (13%)
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Glomerulosclerosis| Interstitial IF Severity Number of
(%) Fibrosis SR (%) Scoring GV (umx10) 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
HenochSchoenleirPurpura 7% 16% 2 19105 12
MPGN Type 1 16% 23% 2 32697 17
FSGS 73% 68% 4 22811 19
GlomerularLoss 50% 38% 3 18452 10
EnlargedGlomeruli 4% 16% 2 16553 18
HereditaryGS and IF 50% 76% 4 28486 12
Glomerular Disease: Median (IQR) 20 (10.5, 56) 53 (21.25, 70) - 2012759(11;553' 15 (12, 18)
TubulointerstitialFibrosis 40% 53% 4 16635 2
TubulointerstitialFibrosis 48% 61% 4 22078 14
ChronicTubulointerstitialDisease 36% 64% 4 25724 19
Tubular Disease:Median(IQR) 0 61 - 22078 (16635, 14
(36, 48) (53, 64) 25724) (2, 19)
IschaemidNephropathy 60% 60%
IschaemidNephropathy 20% 80% 4 20226 18
IschaemidNephropathy 78% 45424 10
Ischaemid\Nephropathy 65% 48% 3 22635 6
IschaemidNephropathy 8% 18% 2 23666 16
IschaemidNephropathy 72% 76% 4 22251 3
IschaemidNephropathy 63% 16330 31
IschaemidNephropathy 52% 30% 3 20872 10
Accelerated Hypertension 46% 53% 4 14030 10
Ischaemic Nephropathy:Median (IQR) 60 3 - 21562 (17304, 10
(33, 68.5) (30, 76) 23408) (7,17.5)
n= 25 21 21 22 22
Total: Median (IQR) 46 57 4 20549(16615, 13
(15, 62.5) (34, 72) (3.5, 4) 23727) (9.25, 18)

TABLE.2, MMARY ORISTOLOGICAL FINDINGS INCRBEOHORDIVIDED INTO THREE MAIN
HISTOLOGICAL CATEGORIES GLOMERULAR, TUBULAR AND ISCHAEMIC NEPHROPAT
GLOMERULOSCLEROSIS AND INTERSTITIAL FIBROSIS (IF) PERFORMED USING SIRIUS RED (S
REPRESENTED IN PERCENTAGE SCEEROSHD TISSUE.

IF IS CATEGORISED IN FOUR CLASSES ACCORDING T&BRP¢ERIFFZ5L4 3=26-50% 4=>50%

IF. MEDIAN GLOMERULAR VOLUME (GV) AND GLOMERULAR NUMBER WERE ALSO ASSES:!
HISTOLOGICALLY. SECOND ROW FROM THE BOTTOM DEMONSTRATES THERVIINBERI OF P
BIOPSIES.
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Subjects had a peoducibility scan performed 10£3 days after the baseline scanThe

coefficient of varianc€CoV) for each MR parameter is demonstratedable7.3.

For comparison, th@reviously reported CoYor serum creatinine and creatinine clearance is

4.1% and 12%, respectively.

HV

VIR Parameters VNI, Initial Assessment CKD | CKD Cohort
(n=24) Meanz SD (n=25) CoV (%)

Volume/BSA (ml/nf) 194.726.02 176+ 63.07 3.04
Cortical Ty (ms) 1424+92.46 1544+ 81.11 2.8
Medullary Ti (ms) 1855:88.75 1811 124.4 2.9
Cortical Perfusion (ml/100g/min) | 213.2t52.6 113.8 39.77 14.3
Cortical T2* (ms) 53.65:4.72 51.#6.79 4.54
Medullary T* (ms) 34.94+5.69 35.3t6.5 6.9
Cortical ADC (mnd/s) 2.24+0.15 2.12+0.17 5.8
Cortical Coefficient D (mrfis) 1.95+0.3 1.73:0.17 6.8
Medullary ADC (mn?/s) 2.23+0.13 2.17 0.22 6.6
Medullary Coefficient D (mrfis) 1.91+0.31 1.78:0.18 8.7

Mean Renal Artery Velocitycm/s) 21.68:3.63 22.41 +8.29 28.3

Mean Renal Artery Areémny) 32.737.41 20.38 £ 3.19 19.2

Mean Renal Artery Flowml/s) 7.04:1.61 45+1.42 15.8

TABLE6.3, HV DATA FOR EACH MR PARAMETERIAMD. ASSESSMENT DATAGINIFOR
INDIVIDUAMRPARAMETERMETHN THECEKDCOHORTCOV, COEFFIENT OF VARIANCE.

The subsequerdiagrams will compare the healthy volunteers ahdonic kidney disease

group for each indidual MR parameter.

6.3.2.1Renal 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 HparticipantqFigure6.2A).
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6.3.22 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 participant§Figure6.2B).

6.3.23 Renal Oxygenation

No differences were identified in Cortical and Medullasy Between the HV and CKD cohort
(Figure6.2C).

6.3.24 Renal Microstructure

When compared to HVs, the CKD cohort of patientsdigrificantly higher cortical Tvalues
(Figure 6.2D). and significantly lower cortical AD@alues(Figure 6.2E). Also, there was a
trend that cortical coefficient D values were lower in the CKD gr@kigure 6.2F).
Assessments of the remakedulla; T.and ADC/ coefficient D values showed no appreciable
difference between the HV and CKD coho&iggesting increased inflammation/oedema

occurs within the cortex in the CKD group.

Unlike all the other parameters, each renal artery was assadsadually for mean blood

flow, velocity and arterial area. There was no differendbaemrea 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 bothght and left vessels in the CKD cohort when compared to the
HV group Figure6.3).

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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6.3.3Healthy Volunteers Associations Vithin Clinical Measures and MR Parameters

HV6s with |

ower

e GFR

v al

ues

had

were more likely to have lower cortical perfusion valuegyre6.4A).

6.3.4 Chronic Kidney Disease Participants Associans Within Clinical Measures and

ower

MR Parameters

cort

The next set of analgs investigatethe correlations between clinical measurements and MR

parameters. There wasmoderate negative correlation, older CKD participants were more

likely to have lower T values suggesting lower renal oxygenatibigure6.4E). This pattern

was not identified within the HV populatioim the CKD cohort cortical Tvalues moderately

positively correlated with creatinine, the higher the creatinine level the higieorticd T1
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values. Conversely, higher corticak Values were associated with lower estimated and
measured GFRE-igure6.4B).

There was a moderate correlation identified between higher UPCR values and lower cortical
coefficient D values. There was a trend todgahigher UPCR levels and lower medullary
coefficient D valuesNo other associations were identified between UPCR and any other MR
parameterFigure 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 GfRpbcreatinine or

estimated GFR values. These correlations are illustratéigume 6.4C.

Some similarities and differences wdoeind in the patterns of associations between clinical
and MR parameters between the HV and CKD groups. Firstly, thera sigsificant 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 higBklls and lower cortical perfusion was

not seen in the CKD population. Equally the correlations between older CKD participants and

lower T values, higher UPCR and lower coefficient D values were not found in the HV group.

There were twaxciting finds correlations with MR parameters werer€active protein and
potassium.Lower medullary ADGnNd hgher CRPvalues weratrongly negatively correlated;
p=0.02, r=6.1. An interesting pattern was discoverkdjher potassium levels were strongly
associaté with lower cortical and medullary.Tvalues and lower cortical and medullary ADC
and cortical and medullary coefficient D valueswer ADC and coefficient D values suggest
increased fibrosis and lowes*Valuesindicatedecreased oxygenation. A poséicorrelation

was foundbetweerpotassium levels and interstitial fibrosis p=0.05, r=Q(&&gure6.5).
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6.3.5Histological 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 irtable 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. Intgresting|

higher creatinine values are associated with higher IF values but not wiiga&e6.6.
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FIGURE 6.6, CORRELATIONSBETWEEN BIOCHEMICAL AND HISTOLOGICAL MEASURES

As all paticipantshad 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 doftivalues

lower cortical ADC angmaller renal arterial areaower T>* values suggest lower renal tissue
oxygenatiorlevels in this studylower T,* andsmaller renal volumeg=0.04,r=-0.48)were

associated with highglomerular sclerosiscoreqFigure6.7).
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FIGURE 6.7 CORRELATIONS BETWEENINTERSTITIAL FIBROSIS ANDGLOMERULOSCLEROSIS AND

MR PARAMETERS

Participants with lower glomeruli numbers were more likely to have higher coriigalues.

Smaller glomerulavolumes moderately strongly correlated with higher medullaryalues

and lower therewas a trend that smaller glomerular volumes were associated with lower

corticalperfusion value¢p=0.07, r=0.43)Figure6.8.
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6.3.60ne-Year Data

22 subjectscompleted theipneyearfollow-up visits, three withdrew from the study after the
baseline MR studieslue todeterioratinghonrenal health conditiong he group mean mGFR

at baseline was 42.1+18.17 ml/minute/1.78vhich atoneyearmean eGFR was 40.5+19.5
ml/minute/1.73r, there was no change in the group mean compared to the previous year. Over
the 12-monthperiod, most of thelinical data remained unchang€bable6.4), exceptfor a
significant decline in urinary PCR and diastolic blood pressure, the mean group BxGRry
dropped by more than a third and group mean diastolic blood pressure dropped by
approximately 10mmHg.

The mean urine PCR significantly improved from 1264fh§7nmol to 71+101mg/mmol
(p=0.02). Interestingly although mean systolic blood pressure dignpobve 139+17mmHg

to 137x17mmHg (p=0.6) there was a trend improvement in diastolic blood pressure from
81+8mmHg to 76:10mmHg.

Twelve patients started antihypertensive medicatioh which four patients started
angiotensirconvertingenzymeinhibitors or angiotensin |l receptor blockerShese changes
were made by the caring nephrologist as pagasficipat saitine clinical careThis 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 T values, which increased over the year, suggestiage was an increase in renal
parenchymal fibrosis or inflammatidiable6.5). 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 y&his pattern was not identified in the left artery. There was

a decline in renal volumes by 15mHnapproximately 8.5% in total volume but it was not

statisticallysignificantFigure7.8.
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Initial 1-Year

Demographics Assessment| Assessment| P Value
(n=25) (n=22)
Creatinine (umol/L) 162+36.8 | 174.7+62.25| p=0.14
eGFR

_ 40.6£13.6 | 40.5+19.5 | p=0.8
(mL/min per 1.73rf)

Measured GFR (mL/min
per 1.73mM)

Protein Creatinine Ratio

42+16.8 42.1+18.17 | p=0.75

124+190 76.9+£102.5 | p=0.018*
(mg/mmol)

Systolic BloodPressure
136+20 137.5£155 | p=0.8
(mmHg)

Diastolic BloodPressure
8515 75.71+10.38
(mmHg) p=0.04*

Table6.4, demonstrates the change in clinical acrossifenonth period

Although the group mean did not change across the year, indiyiduaipantsexperienced
changs across the thonths To identify subpopulationswithin the CKD populationswith
shared features that may be masked by gmoepan The CKD cohort was dividd into
progressors versus namogressorgdescribing the pattern of change in eGBR{ glomerular
disease versus najilomerular disease. There were no associations or correlations found
betweenthe subgroup with the declining renal function compared tiroup with static or
improved renal function over-year. Equally no differences were identified between the

glomerularversus nofglomerular diseasgroups.
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Initial

1-Year
MR Parameters Assessment
(n=22) P Value
(n=25)
Volume/BSA (ml/nf) 176+ 63.07 161+ 34 p=0.13
Cortical T1(ms) 1544+ 81.11 | 1579 93.55 | p=0.009*
Medullary Ti (ms) 1811 124.4 | 1872:89.12 | p=0.29
Cortical Perfusion
. 113.839.77 | 127+ 28.6 p=0.19
(ml/1200g/min)
Cortical T2* (ms) 51.46.79 | 52.587.882 | p=0.21
Medullary T2* (ms) 35.36.5 30.54t7.01 | p=0.21
Cortical ADC
2.12:0.17 | 2.21+0.1794| p=0.28
(m¥/s)
Cortical Coefficient D
1.73:0.17 | 1.83%0.24 | p=0.33
(mné/s)
Medullary ADC
2.17# 0.22 2.22+0.18 p=0.72
(mm?/s)
Medullary Coefficient D
1.78:0.18 1.86t 0.21 p=0.6
(mné/s)
Right Mean Flow 429+141 49+17 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 461+1.66 | 483+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=05

TABLE 6, GROURMRMEASURES MITIAL ASSESSMBEND 1YEAR.
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FIGURE 6.9, GRAPHICAL REPRESENTATION ORNDIVIDUAL MPMR MEASURES AT BASELINE
(INITIAL ASSESSMENT) AND 1-YEAR.

Interestingly, correlations between MR parameters and biochemical measures were very
similar at Xyear when compared to baselitigher @rtical T: values at dyear moderately
strongly correlated withower l-yeareGFR values and moderately positively correlated with
1-year creatinine valueSubjectswith lower l-year mGFR values had a tendency to have
higher tyear cortical T values but the results of the group were skewedartyputlier.
Similarly, 1-year cortical perfusion values correlated with betledr mGFR and eGFR values,
subjectswith lower GFRs were more likely to have lower cortical perfusion vallieere was

a tendency for higher-Year creatinine values to be associated with lowgedk cortical
perfusion values was identified, again the group correlations were skewed by the outlier.
At 1-yearlower renal volumes correlated witbwer éGFR values, this was not a correlation
seen in at baselirendthis pattern was not identified with nff® or creatinineThe baseline
renal volumes did have a participant watgnificantly large renal volumes, potentially skewing
the baseline dat&igure6.10.
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FIGURE 6.10 CORRELATION BETWEENBIOCHEMICAL RESULTS ANDMR PARAMETERSAT 1-YEAR

Thehistological 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 T: values abaselinglas demonstratgareviously and also higher corticah Values at
1-year. Higheglomerulosclerosis levels correlated moderately strongly with smaller sized left

kidney and lower cortical perfusion rates atelar(Figure6.11).
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There were no correlations between UPCR valuesaaf and any MR parametetdowever,
there were correlations betweitre changén urinary PCR across thyear(delta PCR)Figure
6.12 A negative deltavalue is a decline ithe urinary PCRvalues (clinical improvement)
across the XMonth period and positive delta value is an increaskenrinary PCRvalues
(clinical decline)across the Xtonth periodindividuals with lowerADC values were more

likely to exhibit an improvemerit UPCR acros&2-months
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FIGURE 6.12 12-MONTH DELTA-UPCR CORRELATED WITH CORTICAL AND MEDULLARY ADC
VALUES. A NEGATIVE DELTA VALUE IS A DECLINE IN THE URINARY PCRVALUES (CLINICAL
IMPROVEMENT) ACROSS THEL2-MONTH PERIOD AND POSITIVE DELTA VALUE IS AN INCREASE IN
THE URINARY PCRVALUES (CLINICAL DECLINE) ACROSS HE 12-MONTH PERIOD

6.4 Discussion
6.4.1 Healthy Volunteers

Cortical perfusiordeclined withlower eGFR and higher BMI but not with agaterestingly
no other MR parameters correlated with ;ggevious studies have demonstrated a reduction

in renal volumé§344].

6.4.2CKD Participants

Only a minoity of individuals with CKD have a renal biopsy performétiis studiesCKD
populationare notreflective of the CKD population in clinical practicenly 24% of our study
population had diabetes and none demonstrated evidence of diabetic nephrepide0%

the CKD population are estimated to have diabetic nephrd3&tly Unless another renal
aetiology is suspected, most clinicians do not biopsy diabetic patients with uncontrolled

diabees or with concurrent diabetic erdrgan damageAs a renal biopsy wilhot change
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management anthere isrisk of harm to the pati@rfrom renal biopsycomplications For
similar reasonsndividuals with suspectetenovascular diseaggenerally donot undergo a
biopsy.The prevalence of ischaemic nephropathy varoesss studidsut is estimated in some
studiesto be approximatelyl 0%[353], while ischaemic nephropathy constitut8@% of this

studies population.

While glomerulonephritiss the primary aetiology 2% of this studes population, in the

wider CKD populatioronly 7-16% would be expected to have a glomeruloneplB&i4).

As discussedthe two most common causes of CKD arabétes a glomerular thelogy,
followed byhypertensiorandrenovascular diseasehichare vascular pathologie$he study
population had reasonable representation from three major renal disease pathologies;
glomerular, tubular and vascular and therefore these MPMR resukislaapplicable to the
general CKD populatiorf-urthermoreno differencesn the IF or GS scoresere identified
betweenthe subgroups and qually no differencesn MPMR measuresvere identified
betweenglomerular and noglomerularpathologies across 4Bonths This maybe because
subgroups were too small to draw meaningful conclusionshere were ndifferences
between thdifferent renal pathology subgroups. FinalMPMR is a functional technique
exploring the presence diypoxia, hypoperfusion and fibrosighich are the terminal

pathologicalpathway of renal disease irrespectiveastiology

6.4.3Feasibility

Thefindings from this studylemonstratéhe potentiakpplicationof multiparametric MRn
the clinical assessmendf patientswith chronic kidney disese Participants with chronic
kidney disease were abledonply with the length of the scan comfortab8ubjects weralso
able tocomfortablycomply with two scans withinl0+3 days of each otheAll participants

completedhe first and second scans.

6.44 Reproducibility

Previously performed work by SPMIC on MR reproducibility data in HVs produced similar
CoV values compared to published worknh other centre§355-359]. The same renal MR
protocol was utilisedh theassessment of HV and CKD subjedise CoV results across the
HV and the CKD populatiowere similar,except for bettecortical coefficient D CoWalues

in theCKD populationsWithin the CKD cohortcortical and nedullary 1 & T2, cortical ADC
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and renal volumesverehighly reproduciblen the CKD cohortThedegree ofeproducibility
not only matchesexisting literature valuefor renal volumeg208], cortical and medullary
ADC [208, 360]but exceedgeportedreproducibility datafor cortical perfusioncortical Ty,
medullary & [194] and T;" value$213, 360]

6.4.5Differentiating between Heathy and Diseased Renal Parenchyma

Importantly, multiparametric MRI can differentiate between healthy volunteergandduals
with chronic kidney diseas&.here were significant differences identified gnal wlume,
corticd perfusion, cortical 1, corticaland medullaryADC, renal artery flow and velocity
between the two groups.

These data suggest tHanctional MRcan identify pathophysiological processeishin the
renal cortexn participants with CKD.

6.4.6T1lmaqging

T1 analysisrevealed many positiveesults including an excellen€oV. CKD cohort had
significantly prolongedcortical Ty values but nomedullary T values.Longer cortical T1

values also strongly correlated with biochemical markers of renal dysfundtigher
creatininglower eGFR and mGFRt baseline and at one year.

Prolongectortical T: valuesarestronglyassociateavith more significanhistological markers

of renaldiseaseelevatednterstitial fibrosis scores and lowglomerulinumbersin addition,
severdnterstitial fibrosis scoreat bagline correlatedpositively with longer cortical Tvalues

at one year

Although meareGFR, mGFR and creatinine values remained the same at one year, the only

MR parameter to change across 12 monthsomescal T; values.

Renal T1 imagingin severalstudies in mdividualswith IgA[193], diabetic nephropath¥97]
and renal allograff861] also foundanexcellent and similacoefficientof variancgCoV) and
interclass correlatioiCC ) to the REMIND study350].

Breidthardt et aJ188] examined Timaging in individuals wittheart failurewith and without
CKD against a healthy cohort. The group with cairdinal disease hddngerT; valuesthan
the other groups (heart failure with normal renal function and the healthy volunteer cohorts)

138



Similar o the REMIND study Breidthardt et alalso demonstrated negative correlation
betweenongerT: valuesand lower eGFR measuremer®ittritz et al[362] recognise that
individuals withthe parenchymal renal disease with reduced CMD were mioety/lto have
higher creatinine valuetee et al363] were also able to appreciatenagative correlation
betweerrenography measureingle kidney GFR antbnger T; values.Further comparisons
can be made witrahamBrown et al[193] andGillis et al[191] andPeperhove et 4196],
who demonstrated thdioth prolonged T and reduced CMD valuesre correlated to lower
eGFR measurement®eperhove et awere able todemonstratethat at baseline (post
transplantation)more prolonged renal corticak &d reducedCMD valuesin subjects with

renal and lung transplaat basehe correlated ttowereGFRvaluesat 3 months and 6 months.

The majority of studies examining imagingin native kidneys demonstrate differences within
therenal cortex compared to HMt is predominantlyrenal allograft MR imaging 96] that
havedemonstrate differencesn medullary T valuescompared to healthy cohorts.

Huang et a[364] examined native kidneys (healthy and those with CKDgusarenal allograft
recipients with multiprametric renal imagingT: imaging was able to identify marked
differences between native (eGFR rangeB&tnl/min/1.73m) and allograft kidneys (eGFR
range 1874 ml/min/1.73m). Despite similar biochemical renal functions between both groups
allograft kidneys had longer cortical and medullary rendl; values than native kidneys.
Equally, the relationship between dnd eGFR varied across the groups; the corticahllies
only in native kidneys negatilye correlated with eGFR. The renal allograft cohentealed
lower eGFR valuegorelated withlengthiercortical and medullaryl'; values.Hectors et
al.[361] alsoencountered the same relationship between eGFR amdluesanda positive

correlation betweelongercortical T1 valuesand time from transplantation.

In a twotier study by Freidli et ainvolving 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 correlatedltmgerT1 valueq§277]. In the second part of the
Freidli et al study attempted to translate tekememethodologyto the assessment MR
imaging and histology strategy to the assessment of human renal allograft redybndiies.

the animal model experimenmeduced TCMD valuesand not higher cortical or medullary T

valuescorrelated withmore sevez IF.
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While Hector et alwere able to find correlations betwebigher IF scoresand longer T
cortical values. They werableto identify correlations between B#rcriteria and Tvalues
However, BeckTolly et al[365] compared Banff categorisations of interstitial fibrosis
(greater levels of IFand tubular atrophgorrespond to higher Banff categs) from renal
allografts with T imaging. Longer cortical Ty and shorterCMD values were identified in

participants with higher Banff criteria on histological examination.

Renal T imaging acquidion, optimisation and application requiferther optimisation in
healthy individials and in kidney diseagduch like many of the structural and functional MR
parameters, there exwifferentacquisition protocolfor T1imagind366]. Thereis a degree of
consistency itheresultsproduced fromrenalTiimagingin renal diseasencluding the results
produced from the REMIND studyll studies comparing native CKD and healthy kidneys
identified differences in cortical fimaging eitherprolonged T values or reduced CMD:T

values in theCKD population.

T1imagingdoes correlate withiochemical and histologically measures of renal dysfunction.
Importantlythere is some evidence from the REMIND stuelgpehove and Hectors et.dhat
Tiimagingcould be used irenal progressioprediction modellingTheability to predict renal
progression has vasdinical implicationson the development of erslage renal failure,
cardiovascular disease and significant health care cost impliq@6dihsand significant
disruption to individuals quality of 1if868]. Identifying individuals at risk of renal
progression toendstage renal disease is challeng®&®]. The arrent renal prediction
stratification modelsare based on biochemical paramd8#8] and there is scope fothe
addition ofT1imagingasa MR imagingpredictivebiomarker

6.4.7Diffusion Weighted Imaging

DWI analysis revealed many positive results, inclugjagdcortical and medullary ADC and
coefficientD CoV. CKD cohort had significantliower corticaland medullary ADGralues
and lower corticabut not medullargoefficient Dvalues.

There are no correlans betweerDWI| parameters anderumbiochemical markers of renal
dysfunction; higher creatinine, lower eGFR and mGRR baseline,lower cortical and

medullarycoefficient D negatively correlate to elevated UPCR levels.
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Both cortical and medullanADC and coefficient D parametestrongly negatively correlated
with serum potassium measuremeritswer cortical ADC values strongly associated with
elevated interstitial fibrosis scores

At one yearthe REMIND study revealethere was nahangeappreciated in corticabr
medullary ADCor coefficient Dvalues. Howeverthere was a strong correlatidretween
cortical ad medullary ADC values at one yeand delta UPCRA decline in urinary PCR was
associated with lower cortical and medullary ADC valuesyadr. Suggesting that a reduction
in urinary PCR may lead to stasis or reduction in renal parenchymal inflammation/fibrosis.

The reproducibility of DWI measures fim the REMIND study areonsistentand excels
againstother CoVfrom otherpublished wor212, 371, 372]

Xu et al[373] appreciated statistically different mean ADC values across subjects (n=110) with
normal renal function, mild and mod&sarenal dysfunctionDWI can also be usetb
differentiatethe severity ofrenal diseas¢371]. Zhao et a[175] compared DWI imaging
between individuals between CKD stage 2 (eGFR > 60 ml/min/£.B8imwith significant

proteinuria) and HVs. ADC values weresificantly lower in the CKD group.

The previous MR studies described investigétezl correlations betweeDWI measurs
(ADCl/coefficient Dfractional anisotrpfFA) andcategorzedrenalfunction into group$l76,
374-376]andother studiesoundassocidabnsbetweerower cortical andmedullaryADC and
eGFRvalue$l177-179, 228, 375, 377 ystdin C[378] andhigherserumcreatininegl76, 179,
375]. Heatrt failure, renal allograft recipients and healthy irttligls were assessed using DWI
by Rankin et aJ208]. No correlations were found between eGFR AP in the healthy and
heart failure cohorts. There wdswever an association found between ADC and eGFR in
renal allograft recipients:urthermorea significant association between lower AIB& values

and increased proteinurfia76, 371, 379]

Lu et al[380], used DWI to differentiate between individuals with diabetic nephropathy eGFR
> 60 ml/min/1.73rand diabetic nephropathy eGFR < 60 ml/min/1.73®rsus ahealthy
cohort DWI was assesseasing ADC andractional anisotropy (FA)he fractional anisotropy
(FA) describes the restriction water molecule md88d] and is another parameter used in the
assessment of DWIndividuals with diabetic nephropathy eGER60 ml/min/1.73rA had
lower medullary ADCand FAvaluescompared to healthy individualsdividuals with more
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advancedliabetic nephropathy eGFR < 60 ml/min/1.73femonstrated lower medullary FA
valuesand lower ADC value# the cortexand the medullaThe study does not present the
degree of proteinuria between the groufiss also maybe a contributing factor to tlogver
medullary ADC and FA values in the diabetic nephropathy group with preserved renal
function. There were substaati differences in FAsalues betweer healthy, normal renal
function with mild and significant albuminufie/6, 371] Lower medullary FA is seen in early

diabetic nephropathy with minimal albuminy882].

Functional MR assessments were peried in a cohort of pariipants with renovacular
disease and subsequent revéstaation theapy[383]. Three months posievascilarisation
there wasn improvement imenal function and renal tissue oxygenation (BOR} elicited
However,ADC values remained unchangedprevascularisation levelADC values in this
study did have anegative correlation ith higher IF scores assessed using trichrome
staining383].

In longitudinal studiesADC did not correlate with eGFR decline over arhanth periof272],

over 18month$384] or a5-year periof385] . However, bngitudinalDWI functional MRwere
utilized in conjunction with biochemical and histological data to assess a nephrotic patients
respons to immunosuppressif886], there weremprovements in artical coefficient D,
biochemical and histological parametgt80].

Other studies have also foumdnegativecorrelationbetweenADC valuesand IFon renal
histology175]. In a cohort of individuals with glomerulonephritiBeng et a[374] found
significant correlationsbetweenlower cortical FA and higher glomerulosclerosisscores.
Additionally, lower medullary FAvalues were associated witligher IF scorg887] and

glomerular injury376].

Overall, DWI imagingoutcomes areoncordantDWI imaging can successfully differentiate
betweerhealthy and disead&kidney4376]. Thetwo Prasad et aktudieg[171, 172]that did
notappreciatelifferencesthese studiesommenced thBWI imaging protocol at b=5mn/s,
b=200mn?/s, respectively insteadof b=0 mn¥/s which wereused in theREMIND study)
This was purposefullyperformed to avoid blood and tubular tissuélhis may have

inadvertentlymaskedindings consistent with renal fibrosiespecially considering threcent
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consensusto DWI imagingthatconcluded thaat least two lvalues {ncluding b<200mm?/s
to a maximum of b=80fn¥/s) are required foideal DWI imaging technigg388].

Again, themajority of studies show eorrelationbetweerower ADC/FA values andnferior
biochemicalevidenceof renal dysfunctionThe REMIND study was not able to illica
correlation between ADC values and biochemical evidence of renal dysfunction in the CKD
group aloneA correlationwas identifiedoetween ADC values and biochemical evidence of
renal dysfunctioracross the entirstudy population This pattern is likely secondary t
reduction in DWI readings secondaryasmall number of participanta&sho were unable to
complete thentire scarand therefore DWI imagingevenlow data dropouts iDWI readings

on the background of a small study populatiam causethe absence of ADBiochemical
correlationwithin the CKDcohort

There is anoderate degree of evidence to suggest higher levels of proteinuria correlate to lower
ADC/FA valuesProteinurias a markeof tubulardamage and therefqrisease severit$89]
andrisk factor for disease progress|8@0]. The notionthat medullary diffusive measure
[378] areearly andsensitivemarkes in earlytubular injurff176], especially in the context of
minimal proteinurigl76, 371] and occuprior to the development of cortical fibroslamage

and thesignificant concomant proteinurif877]. Medullary diffusive measureas particular,

have the potential taid in early identification of renal disease, disease prognostication and
response to thergp

Thesensitivity of medullary diffusive measur@sDC and coefficient D)s further supported

by the significant correlation betweeglevated serum potassium resultsl aaducedcortical
andmedullary ADC and coefficient CRPotassiunmolecules are completely filtered through
the glomeruli and then reabsorbedthe proximal convoluted tubal and the loopHenle
which are located within the meduliad cortex respective[891]. Increasedubulardamage

decreasepotassium reabsorption aresulsin elevated serum potassium leyag?2].

6.4.8BOLD

The REMIND study demonstrates that tBOLD MR techniqueis both feasible and
reproducible in individuals with CKDGoodCoV is achievedor both medullary and cortical
T, values Significantdifferencesvere identifiedn T2" valuesbetweerthe cortex and medulla

in both the HV and CKD cohortsThese analyses did not reveal differences in cortical or
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medullary & valuesbetween the HV and CKD cohous differences between differeBKD
aetiologies.

Within the CKD populationcorrelations were identified between Taluesagainstage and
serum potassium leveLower cortical T values(lower cortical renal oxygenationyere
identified inolder CKD participantsAdditionally, CKD participantswith lower cortical or
medullary &’ valueshad higher serum potassium levels.

Histological correlations revealed higher glomerulosclerosis scores were assoittateder
cortical T, values.

There wereno longitudinal changes identified in cortical or medullagy Vialuesacross one

year.

The Co/ for T2  valuesin the CKD cohorbbtained in the REMIND studgregood andhese
results arat leasicomparativeo previously publishedtudies in healthy contrg&93] andat
best,excdled the CoV inother stidiesof healthy359] andCKD [222, 371]cohorts

Li et al. identified higher cortical R values (decreased oxygenation) in healthy individuals
over 40 years versusigher oxygenation levels ithose under 40 years of §889]. The
REMIND studyis the first to identifythe difference in renal tissue oxygenation and age in a

CKD population.

The correlation between biochemicalnkexrs of renal dysfunction and renal oxygenatias
equally conflicting reports in published literature. Much like the REMIND stusgme
published workg71] have not reveadd a correlationbetween creatinine/GFRnd renal
oxygenationConvergly, other studietave foundgositivecorrelatiors between lowecortical
tissue oxygenation levels atawver GFR valiesin mixedaetology CKD cohortf228-230,
394], diabeticcohort$229] and innondiabetic CKD cohog228]. At the same timelower
medullary oxygenation was seen with lower eGFR values in nephrotic s{23&¢230] One
study found differences within a CKD population, identifyasyub-groupwith markedly lower
cortical oxygenation levels despite similar eGFR valdesling to BOLD utility in identifying

the physiologically frailer sulgroup with reduced renal reserve.

A few of the newestudieshaveevidenced thaBOLD parametersaybe able to prediduture
renal functionoutcome{385, 395] Subjects with rapidlyprogressiveCKD hadhigher whole
kidney R’ valuesthan their stable CKD counterpg8985]. Pruijm et al assessed 183

individuals thosewith the highest cortical R values (>90 percentile) had worse renal
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outcomes, defined as commencing dialysis or a significant rise in serum cr¢a@6]néhile

Li et al[397] is the only study to identify medullary oxygenation levblt corresponded to

the annuallossin eGFR Renal tissue oxygenation and renal function improvemeetse
identified after revascularisation therapy in individuals with reascular disea§&83].
Chrysochou et alutilised a R* values/measured radioisotope GFR ratio and were able to
predict which subjects would positively respond to revascularisation therapgnfa artery
stenosif398]. The revascularisatiorstudies identified rapid changes in renal oxygenation

proportional to improvements nenal function

The REMIND study, along with anothelongitudinal study spanning over 18 monttsl not
find anylongitudinalchange imenaltissueoxygenatiorievels in stabl€KD populatiors[384].
In stable CKD, lhe 12 -monthintervalbetween théaseline and follovup serial MR scamay
betoo shortof revealingsubstantial change in renal parenchymal tissugther evidenced by
a study spanning-$ears,demonstrating thabaseline renal oxygenation levgisedicteda

futuredecline in renal functidB85].

Alternatively, BOLD may not beadequately sensitive enough to identifynor changes in

oxygenation longitudinally.

Biochemical markers of renal and diabetic disease severity were associated with @ghanges
renal oxygenation; higher UACR in diabetic individuals with normal eGFR were associated
with lower medullary oxygenati¢h74, 371] Whereas, in the same population a nortaal
slightly elevated UACR resulted in an elevated medullary oxygenat@igi371]. In diabetic
individuals, hypercholesterolaemia was associated with lower cortical oxyggaa&pn
Indicating that the BOLD imaging technigue adfected by many factors, cloudirthe

interpretation of renal oxygenation results.

TheREMIND study demonstrated a correlation between higtwnerulosclerosiscore and

T2 values but no link was demonstrat@d” values and interstitial fibrosis scor&eviousy
published data has revealed thaammal model$399] and non-diabetic CKD cohottlower

T2 valuescorrelateto higher renal fibrosis scores on histol§288]. I n nephrotic
lower medullary oxygenatiorvalues were associated withigher interstitial fibrosis
scoref230].

The markedlisparityrenatBOLD studies ability to identify differences in renal oxygenation
levels between diseased and healthy kidneys is challengiihgse disparities are in part
secondaryo theuncertainty with regards to the physiological processes producii@hB
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MR resuts[393]. Equally, the varying techniques fdpoth MRI acquisitiofd00] and image
analysid396] affect the disparityin result$401].

Furthermore,BOLD is affected by many physiological factf3®85], including hydration
statu$402], salt injestior{403], glycaemic staty237], medicationpl04]. Many of these
factors aredifficult to modify or standardise ant a potential explanation fonconsisteh

results across studies

The patternsn renal tissuexygenationdentified in the REMIND study are consistent with
results from other studiemddo not reveal differences in renal oxygenatioetweerhealthy
versus CKD,different eGFR rangeand different aetiologiesConversely other studies
illustrate that BOLD imaging technique shows great promise, with the abildifféventiate
between healthy and diseased kidneys, different disease sevetigs|ation with
biochemical and histologicaharkers of renal diseaselherebre, tying to understand the
utility of BOLD within academic andlinical nephrologyis currently challenging.

The sensitivity of th€8OLD MRI techniqueto all thepreviously @scribedoarameters clouds

the ability of BOLD MRI technique tadentify differencesin parenchymal tissubetween
different cohortsvhen there are too marghared(use of diuretics, ACE inhibitiondr even
differing (hydration, salt intakeyariables The findingsamong studiesrom BOLD MR
imaging n diabetic cohortshow a greatetegree of consisteny74]. As the REMIND study
recruited individuals with CKD fronmany 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 furtheunderstoodinitially with large pre-clinical trials in

healthy volunteerspanning across different ages, ethnicities and under vaofyssological
stressors (dehydratioppstexercis¢. Equally, further work is required tadentify the ideal
BOLD MR imagingtechnique This would subsequently be followed ®ZKD studyholding
a largerpopulation &e (with the same or similar aetiologigg)5], covering a wider wss

section of eGFRanges

In conclusion, although this technigsigowssome promisgenalBOLD MR imagingstill has
a significant route to travel before it isabust scientifidechniqu@d06] used in the assessment

of renal disease. And an even longer route is required betane be used in clinic nephrology.
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6.4.9Perfusion

The cortical perfusion coefficient of variance decent atl4.3% The CKD cohort had
significantly lower ortical perfusionapproximately 50%esscortical perfusiorthan the HV.
Within bothcohors, cortical perfusiorwasstrongly negatively correlated witlreatinine and
positively correlated with estimated and measured GERD cohortonly). Correlatiors

revealedowercortical perfusionn individuals withhigher interstitial fibrosis scores

The cortical perfusiorrates did notlteracross one yeaHowever the relationship between
cortical perfusiorand biochemical parameterhanged slightly. Cortical perfusion remained
positively correlated with estiated and measured GF®Rhile cortical perfusion valuesnly

trended with higher creatinine values.

Due to different ASLacquisition andreadout schemg¥07], variationexists withn published
literatureon the Co/ for cortical perfusionThe REMIND study CoMs one of the lowest in
publishedCKD populationstudie$408, 409]

Cai et al[408], Prasad et dlL72] and Van de Bel et §23], amongstothers, identified
reduced cortical perfusion in CKD cohodsmpared to healthy kidney$he difference in
renal blood flowin diabetic and CKD paitipants compared to healthy volunteers is
significant;28%4209] and 509%410], respectively

Most literature also features tls&rong positive correlatiobetween lower eGFR levels and
lower cortical perfusion valug¢$72, 223, 408in the CKD populationLu et al[411] identified

a correlation betweenigherCKD stageseverityandlower cortical perfusion valuggl2].

ASL has the potential tpredict renal outcomeas shown byPrasad et dll72], who found
that lower cortical perfusion values predicted a more acute renal déalimleermorehigher
cortical pefusion values post revascularisation therapgswassociated with better renal

function outcomes simonths posprocedur@t13].

The sensitivity of ASL can detectterations in pathophysiologgecondary tohterapeutic
interventiors, renal perfusion declines afteandgrip exercises but nahe administration of
furosemid@14] or nitrate vasodilatorpt15]. Van de Bel et d223] demonstrated a marked
decline in eGFR and cortical perfusion aft@ngiotensidl infusion. One case report
demonstrate@mprovement in €nal perfusiorafter immunosuppressive therafoy nephrotic
syndrom¢386].
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In diabetic nephropathy, moreevere IF scoreswere associated with lower cortical
fibsroid412].

Equally, manymultiparametricstudieshave revealediifferences in other MR measurbst
with no reciprocal changdas perfusion. Inanimal models, earlgdiabetic nephropathywas

associated witladecrease in renal oxygenatianthout achange in perfusiof#16].

Although there areliffering ASL image aquisition protocolsthe ASL protocol used in the

REMIND studyhas beemccepted as a feasible protocol to assess renal Ji&kEése

6.4.10Volume

The CKD cohort had significantly smaller renadllumes compared to the healthy cohort.

Despite an outliewith significantly raised renal volume.

At baseline, n associations were founketween renalvolume sizeand biochemical or

histological markers of renal dysfunctidRenal volumeslid not changeacross the year

An interesting find, at one yeathere were significanpositive correlations between
volume/BSA and eGFRSmaller kidney volumesare associatedvith lower kidneyfunction

but only at oneyear, this pattern was not identified at baselifibe baseline resultarelikely

to be skewed by the outliewwho was unable to complete the studyd thereforavas not
represented in theoneyear data. Equally, the results demonstrate that higher
glomerulosclerosiscoresat baseline are associated with smaller renal volumes at one year.

Across 12 monthghe mean renal volume declined by 8.5%.

These resultgeflect findings from previously published data tka€D had smaller volumes
compared tedV [171]. In healthy cohorts, higher serum creatiramel increasing a¢#18] are
associated with smaller renal volurfde®]. Within the CKD population, smaller renal

volumes are associated wltwer eGFRvalue$420].

Thefeasibilityj421] andreproducibility of MR assessed renal volunesxcellenid22], renal

volumeis most accurately assessed witR[MR23].

MR accurately quantifiesenal volume inanimal modelg424], HV[270], donors andadult

polycystickidney diseadd25]. Inferior renal outcomes are associated vatiger kidney and
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cyst volumesn APCKD[426] andincremental changes renal volumeproportionately match
changes in renal function declif@®7]. In APCKD, MR volumemeasurements improve after
Tolvaptanusg217] and MR volume measurements were used in the assessment in kidney
dorors better eGFR values are expectedh larger volume incrementsof the remaining
kidneyvolume g@fterkidneydonation[428].

Renal volumes havseen used to predict outcomes post interventmmdyalateral lower renal
volumespostradical nephrectomwere more likely to result in CK@29] andrenal volume
calculationshave been applied to post revascularisation theta@ssessongitudinalrenal

functionresponsgt30, 431]

MR renal volume research outside the context of AP@K@renal artery stenosis (RAQ16]

is sparse, especially when compared to other MR paraf@&@fsand in comparison to
histological markers of renal diseaSémilar to the REMINDstudy, arenatCT study in renal
donorsdemonstratedmaller renal volumeshad higher glomerulosclerosis sc@4&2]. In
adults with previous imauterine growth restrictioand low birth weight CKD can develop
secondary teligonephroniareduced nephron numbdi33]. These individuals have smaller
kidneyg4434] and increased glomerulosclerosiempared to theimormal birth weight
counterpas435]. Therefore renalparenchymahrinkswith increasing scarringue to enal
disease and renal@gg. Yet, the pathophysiologyehinddecreasing renal parenchymal mass
in advancing CKDis not fully investigatednd is assumed to be relateddwer glomeruli
numbers and an increase IFTA and GS. Furthermorsomenoncystic disease(diabetic
nephropathy, focal segmental glomerulosclerdbisje is an initial rise in renal voluid&6],
which may account fahe decreased correlation between histopathological markers of disease

progression and renal volume.

6.4.11Phase coirast

The REMIND study demmustrated an excellent CoV for mean renal arterial fidavdifference
in the mean arterial area were apgated although mnificantly reduced mean arterial

velocitiesand flows wereshownin the CKD cohort compared to the HV

Both left and rightrenal arterial flow positively correlated withGFR only andleft arterial
areanegatively correlated with the degredi®fNo longtudinal differences were identified

themean arterial area, flow or velocity.
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Similar to the REMIND studypublisheddata reveal that RRAF is feasiblgt37] and similar
reproducibility in HV and CKD cohort$192, 215, 357] CKD and ESRF populationhave
lower RAF assessed using RiGan HV counterparf22, 438 439]

Unlike many of theother MR parameters, there & higher degree afoncordancen the
publishedresults with regards to feasibilitin CKD, reproducibilityandcorrelationsetween
renal function assessments d#0-RAF measugments.The REMIND studyis unique in the
fact that PGRAF measuementscorrelated wth histologicalmeasures of renalysfunction.

Equally, it is the onlylongitudinalstudyassessin G-RAF measusmentsin CKD.

Phasecontrast MRstudies in renal disease are very limited in numli@sinciding withMR
volume assessmentlie majority of studies have been performed in APCKD and RA&e

data is required correlating phase contrast results iwith variety of renalaetiologies
associations with histologicahd biochemical markers of disease severity and in response to
different therapies.

6.4.12Histology

Consistentwith common nephrologicaknowledgewere strong correlations betwetwer
biochemical parameteendhigherlevels of IF(sirius red)and glomerulosclerosis.

Interstitial fibrosis has the most correlatiwith MR parametersThe four parametershat
correlated significantly with rgater levels of interstitial fibrosisvere reduced cortical
perfusionhigher cortical Tvaluesandsmaller left renal arterial ar@ead reduced cortical ADC
levels. At 1-year higher glomerulosclerosis percentage scores were associated with smaller
renal volumesEqually, nterstitial fibrosis percentageoresat the beginning of the study
stayednegatvely correlated with corticgberfusion values at-fear andoositively correlated

with higher cortical Tvaluesat 1-year.The most accurate predictive factor for estimating renal
decline is IF, therefore the fact that cortical perfusion emdical T; values correlated at

baseline and-Year adds validity to the MR parametric results.

The REMIND studyprovided a orthogonal approacto looking at multiplemeasures athe
histological diseasd?athophysiologicallyrenal disease is driven lypoperfusionreflected

in the reduced cortical perfusiondareduced renal arterial areend irrespective of underlying
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aetiology the net resutif parenchymal damags interstitial fibrosis and glomerulosclerosis

demonstratd by the increased corticad andreduced cortical ADC values.

However, nany of the MR measurezsan reflect multiple changes in renal pathophysiology
increased cortical slandreduced cortical ADC valuesan reflect inflammatioor fibrosis and

renal volumes have a biphasic pattern, enlarged in early inflammatory disease but shrunken in
advanced diseas€he ability to differentiate betwed¢hese different states paramount to the
successful application ®PMR in quantifying renal pathophysiologyhe solution lies not in
individual MR measuredescribingndividual histological parametebsitin marryingmultiple

measureto anassessmergguation taquantifyrenal pathophysiology

6.4.13Potassium

The correlations betweenultiple MR measureand potassiurwere arunexpected ydurther
evidencd the utility of MPMR asa reliablefunctionalassessmertf renal pathophysiology
Furthermore,higher potassium levelsorrelated withthree different multiparametricMR
measuresacross bth the cortex andmedulla lower ADC, coefficient D andT." values
suggestingncreasedenalhypoxia andibrosis. 90% of potassiumexcretionoccurskidneys
andthe mechanisms by which potassium excretion is altered in CKD is-factibiria[440].
As dscussed earlieoiver ADC valuescorrelate with highemterstitial fibrosisscoresand
lower T2 values correlathigher GS score®oth GS and IFead tohyperkalaemiginitially
asdecreased and damaged glomeledid to decreased filtration of hyperkalaeroausing
increasederum potassium levelgqually potassium excretion is dependent on the amount of
potassium reaching the collecting dwehich will also decrease with increased4érl].
Therefore as elevated potassiulavels are secondary to bo#fternatedmechanisms within
the cortex and the medulla it aligns that both cortical and medidlasr ADC, coefficient D

and " valuescorrelate with higher potassium levels.

6.4.13Longitudinal Assessment

Across the cohoboth eGFR and mGFR stayed staticd UPCR declinedver 12 months
suggesting picture of clinical stability in response to therdpyen within subgroup analysis
between those that biochemically progressed ovemdths versus those that did not no

differences were identified in MPMR measures. This could be because tigeosipls were
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too small to identify any differences or becailmsechemical deteriorations do not reflect

histological deterioration.

However there are a number of factors identifimadl MPMR imaging tesuggesthe opposite,
a decline in renal pathophysiologwitially, this would besupportedy the presence ahore
elevated T values at 1anonths,indicatingevidence ofincreased fibrosisaflammationand
thereforeprogression despite no evidencebaichemical deterioratiortherefore, bhanges in
T1 valuesmaybe able to prediatvhich subjectiavethe mostsignificart risk of renal decline

and therefore neexoser clinical followup.

Secondly, both IF and GS correlated with MR measuresyat@ad Within current clinical
nephrologylF is the best methodvailableof assessingenal diseasprognosis IF scoresat

initial assessmemorrelaeto T: values abaseline and2-months reinforang the idea that IF
scores are the optimal predictor of renal decline butiatsoate thafT, values oreel'; values

are potential predictors of renal decline.

FurthermoreGS is another predictor of renal outcdd#?], baseline GS scores corraldb
cortical perfusion values at baseline andni@ths againsuggestinghat cortical perfusion

values orcortical perfusiorvalues are potential predictors of renal decline

Albeit cortical perfusiorvaluesremained unchanged acrok&months The close relation
betweerhistological markerand cortical perisionT: valuesat baseline andl-year suggest
cortical perfusion/Tvalueswith further development coulsdvance thetility of MPMR as a
prediction tooin the CKD populationCortical perfusions assessed using ASInd due to the
different ASL aquisition and readout schen®7], variation exists within published
literature ontargets fomormal rangesind alsoCoV. This may account fowhy there is no

changen cortical perfusion across the-h#nth period despita correlation witHF.

At initial assessment loweroefficient D values correlated with highddPACR values.
Coefficient D was the only MR parameterdorrelate withUPCR. At 12monthsno direct
correlation was identified between ADC/coefficient D andsdluesand UPCR valueat 12
months A correlation was identifiethatindividualswho had théargest decline in UPCR over
12-monthshad lower ADC valuesThese individuals had higeeUPACR valuesat the
beginning of the study and are potentially more likely todweptive toACE inhibitor/ARB
therapyor immunosuppressioithecorrelation betweechanges idPCRover timeand ADC
values suggests thestPMR may be able taletect changes pathophysiology in response to
treatment. Currently there is not enough robust evidence to suggest MPMB@gnosticate
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outcomes in individals with CKD, there are suggestiahat with a larger study cohort and
further optimization of MR techniquesdding further evidence that MPMR carith further

developmenpotentiallyhelp prognosticatendividuals withCKD.

6.5 Conclusion

The REMIND studyused amulti-faceted aproad to address renal imaging ofgtture and
function in CKD. To datethe REMIND study holds theecordfor the mostnumber of MR

measure$o beassessechia single MR scato investigatechronic kidney diseas@lus,the

orthogonal approachombining assessment and analysis of MPMR vdé#tailed histological
analysis,accuratebiochemicaldata includingmeasurd GFR andalso assessinigngitudinal

changeHowever, tis only a foot in the door tanderstanding the application of MPMiRthe

assessment oie pathophysiology of CKD.

Once the MPMR protocol has been optimisix short, medium and long term applications
are massiveln the shorterm, using MPMRcan be used to predict which individuals with
CKD have a decreasedjlomerular robustness arfidtration reserve In the mediurterm
assessingherapeuticresponse toantifibrinolytics or sodiumglucose cetransporter2
inhibitors (SLGT2i) andthe longterm vision toreplace renal biopsin aidingin 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 medicalposttake ward round is mixture of critically unwell,acutemorbidity on the
backdrop of chronic mukinorbidity, the acute and chroneomplications ofilcohol and drug
misuse, polypharmacy, frailgndtheincreasing more prevaleatimissionselated toexcess
vulnerabilities and unsafe livinggrcumstancedmportantly, there is alwayguaranteed to be
a caseof communityacquiredacute kidney injuryor individualsat a high riskof developing
hospitatacquired acute kidney injuigr who goonto develop hospitalacquired AK[443].

Irrespective of thadmittingspeciality444], AKI is prevalert andassociated with significant
in-patient morbidity& mortdity and poorerlong-termrenal, cardiovasculf45] morbidity

andall-cause mortality}46].

At the time of injury, severity is assessed by creatinine rise or urine oatmltnot
histopathological changes; nephron loss, IF, degree of acute tubular necrosis (ATN) or
glomerulosclerosis. Only AKI patients with a suspected intrinsic pathology (excluding ATN)
are biopsiefb9], as the risk of complications is too high to biopsy for diagnosis and prognosis
alone. For many individuals,the severity ofparenchymadamage is near assessednd

therefore the true extenf renal tissue damage is unknawn

This leads to a misleading sense of security for both medical professionals and patients,
medications may be inappropriately introduced, cardiovascular risk facidesestimated and

the risk of enestage renal failure undervalued.

In the postAKI period, the easiest cohort to identifytiose individuals left with a déne in
function from baseliner those who developew CKD or ESRFE The assessment eGFRis
challenging due to thenaccuracie®f conventional biochemicaharkers ofenal dysfunction
in AKI and recovering AK47]. Therefore he mos challenging to identify and quantify are
the individuals withappaently normal renal functioafter an episode of AKbut withreduced
filtration reserve and are more sastibleto thedevelopment of CKD and also further episodes
of AKI[448]. The pathophysiology of progression from AKI to CKB humans is not well
described.The REMIND-AKI study aims to utilisemultiparametric MRIto describe the
pathophysiologicaprocesseshat occur in AKI and potentiallassess differences in renal
structure and functiobetween AKI and CKDand map thepathways thatead from AKI to
CKD.
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7.2 Methods

The REMIND-AKI study protocoland data analyd#49] are outlined in detail in theethods
chapter andigures 18 and 27To summaris@KIl stage 2/3 partipants(no preexisting CKD)
were recruitedrom an inpatient settinfpr MPMR scans at three parde intervals across 12
months;during peakAKI injury, 90-days after the first scan and 36&ys after the initisdcan
coupled withthe collection obiochemical data (serum creatinine, eGFdhexol clearance
MGFR andJPCR).

MRI scans were performed on a 3T Philips Ingenia scanner. MR measures of structure
(volume T1) and function(cortical perfusionBOLD) were takenResuls were compared to
25 CKD subjectsand24 HVs from the previous REMIND study.

A single centre observational pilot studysing enal MPMR scan technigquesn the
investigating of whole kidnegissessments @finctionand structee. Roviding new insights
into our understanding of the pathophysiologwnaidite kidney injury.

7.2.1Participants

Participants were identified during an inpatient stay at the RoyalyDwbpital, 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>60mI/min/1.73/

Exclusion criteria were contraindications kR, 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 groumnd had
eGFR>60ml/min/1.73/mand no proteinuria and were subject to the same exclusion criteria as
those with AKI.

Inclusion criteria
1 Acute Kidney Injury stage 2/3 (duration >24 hours) including patients requiring renal

replacement therapy
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1 >18 years & <95 years

1 Able to give informed consent

Exclusion criteria
1 Renal transplant

1 Contraindications to MRIe.g.claustrophobia, cardiac pacemaker, metallic fragments

or implants

1 Pregnancy or breastfeedingintendingpregnancy

1 Unable to give consent or understand written information

1 Preexisting CKD of any stage as per eGFR

1 Obstructive uropathy

1 AKIl duration <24hrs, in the opinion of the investigator

1 Not medically fit for transfer to MRI scan, in the opinion of timical team or the
investigator

1 lodine allergy

Patients unable to comply with basic verbal English commands whilst in scanner due

to special communication needs

7.2.2Study Protocol

AKI participants were recruited to a ydang longitudinal study andnderwent three MP MR
scans, pairedith 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 1#) days after the original scan and clinical
data including an lohexol 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 lohexol
clearance test was performedhin seven daysthe study protocol is illustrated in figure 27.

HVs only underwent a single MP MR scan and clinical deda collected at the same time.
Demographic data and clinical data were collected, including anthropomorphic measurements
including reight and weight, Bloods, blood pressure, urinalysis, urine protein creatinine ratio.
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HV Participants AKI Participants

Single Study Session One Year Longitudinal Study

Renal MP MR Scan as

Renal MP MR Inpatient
At Time of Injury
Clinical and Clinical and
Demographic Demographic
Renal Data Renal Data

Renal MP MR at 90-days as
Outpatient
(#/-14 days)
Clinical and
lohexol Clearance

Collected

Renal MP MR at 365-days
as Outpatient
{+/-20 days)

Clinical and

lohexol Clearance
L J Collected

FIGURE 7.1, REMIND-AKI STUDY DESIGN

Once AKI participants were identified and consented as inpatients, demographic and clinical

data were collected frommedical 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 recordetha following times: baseline (if available), admission,
peak admission level and collected- M@ MR scan. Blood pressure measurements during
inpatient stay were recordgdcluding admission and lowest blood pressure and collected pre
and post MP MR&n. One blood pressure reading was measured using an oscillometric device
at each time point. On the day of the scan fluid balance was recorded asttbar 2&ine

collection was performed.
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A Urine analysis was performed and urine protein to creatiaith@ (PCR) was collected and
measured once. Serum samples were colleceadrifuged and the serum was frozer7&C

until analysis. Urine samples were collected and frozerCat until analysis.

Participants were transferred under medical supervisiarprivate ambulance to the SPMIC
where the MP MR scan was performed. After the MP MR scan a full set of observations were
collected.

7.2.3Assessments for AKI participants at the 96day and 365day Scans

These assessment s i fks|IFBG] estthatpdaGFR (ERRwWassestimatedg ht
from serum creatinine concentration using the CERI equation), blood pressure, pulse,
urinalysis, urine PCR and were performed within seven days of the MP MR scan, all performed

in conjunction with the lohexollearance test.

Serum samples were also collectedntrifuged and the serum was frozen-#2C until

analysis. Urine samples were collected and frozer(& until analysis.

7.2.4lohexol Clearance for AK| Participants

lohexol clearance was conducted to measure GFR within seven and fourteen tiay8of t

day and 36%lay scans, respectively. Five ml of lohexol (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 minutpatients whose
eGFR>40ml/min/1.73R) and another blood was sampled at 360 minutes for patients whose
eGFR eGFR<40ml/min/1.73M Blood samples were centrifuged and the serum was frozen at
-70C and stored until analysis. lohexol assays werelucted at the Oxford, John Radcliffe
Hospital biochemistry department using revgvease higkperformance liquid
chromatography assayith photodiode array detection at 254 .ntahexol clearance was
calculated from the rate of decline in lohexol conion and was corrected for body surface

area.
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7.3 Results

34 participants were recruited24 HVs (57+£17yrs, 19 male)had a meaneGFR
94.1+12.4nls/minute/1.73rhand urine PCR.7+6mg/mmol. Tenparticipants withAKI stage
2/3 (49+19yrs five female), with a mean baseline eGBR+23nl/minute/1.73m. The AKI
cohorthad a significanthhigher BMI. (Table10).

Initially, 12 AKI participants were recruitedinfortunately, two were unable to participate at
all, one deteriorated clinically and was not fit for transfer to the SPVI other, although
meeting all the weight, BMI recommendatipm&s too broad at the shoulders to enter the MR

scanner and had be withdrawn.

- AKI Health
Demographics (N=10 . Y
s ( ) Participants | Volunteers
Ethnicity (number (%) white) 8 (80%) 21(91%)
Gender (number (%) males) 5 (50%) 17(81%)
Age (years) 49+19y1s 57+17yrs
BMI (kg/m?) 300 26.5+3
Diabetes Mellitus, (n.%): 3 (30%) 1 (4%)
Hypertension, (1,%): 4 (40%) 5 (24%)
Percentage on RAAS Blockade, (n,%): 4 (40%) 13 (57%)
Baseline Creatinine (umol/L) 77+19 76.2+12
Baseline GFR 92+23 94+12
Urme PCR (mg/mmol), Median(IQR) * 6 (0,10)

TABLE .1, AKIANDHVDEMOGRAPHIC DAAKI, ACUTE KINDEY INJURY. BMI, BODY MASS
INDEXGFR, GLOMERULAR FILTRATION RATE. PCR, PROTEIN CREAIRINETRARQUARTILE
RANGE.

All participants attendethe hospital with a communitacquired AKland creatinindevels
continued to ris¢hroughout and then peak duritige admission90% of the AKI cohort had

AKI stage 3, of whichwo persons required renal replacement therapyalt approximately
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11 days from admission to the first (pe&Kl) scan.80% had a preenal AKI andtwo
participants had multipteactorial AKI with concurrent preenal and intrinsic AKI pathologies
(Table11). Fourpersons required renal biopsyandonly two of those had enouglurplus
renal tissue to havé& scoringanalysis Therefore histologicalanalysis was not performed.

Two participantsvithdrew and did not completae last two visitsOne participanihas severe
trypanophobia and did nobnsent to the laxol clearancenGFR test.

AKI Event

Admission Creatinine (pumol/L) 325+211
Peak Creatinine (umol/L) 496+25
Number with AKI Stage 2. (n.%): 1 (10%)
Number with AKI Stage 3. (n.%): 9 (90%)
Number requiring RRT, (n,%): 2 (20%)
Percent using NSAIDs, (n,%): 3 (30%)
Lowest Systolic BP (mmHg) 111£9

Number of patients biopsied, (n.%): 4 (40%)

Cause of Renal Diagnosis. (1n.%o):

Pre-renal: sepsis, hypotension 8 (80%)
Tubulointerstitial Nephritis 2 (20%)
NSAIDs induced acute tubular ischaemic injury 1 (10%)
Oxalosis 1(10%)
Number of days from admission to peak injury scan 11+5

TABLE.2, DESCRIBES TEIHNICAL DATA SUBROING THENITALAKIEVENTAKI, ACUTE KIDNEY
INJURY. RRT, RENAL REPLACEMENT THEZRBBYNGSITEROIDANTINFLAMMATORRUGS.
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The UPCRresults were elevated thte time ofthefirst scan for most participantghere were
no bagline PCR resultd\either systolicnor diasblic blood pressure changed across the 12
months Biochemical recoverycreatininevalues)ccured a 90 daysandwasmaintained until
365 daysAs lohexol clearance testye notvalidated in AK[450] and thereforevere na
measured at thénitial peakAKIl scan. The mG-R results did not alter from90-days
(65+21.04ml/min/173n7) to 365-days(69+19.6ml/min/173n7). Although, the mGFR appear
lower than eGFR EPI values90-days (85+24ml/min/173n?) to 365days
(95+20ml/min/173n?), statisticallyno difference wasdentified between 9@days p=0.2 to
365days p=0.09 between mMGFR and eGFR EPTable12). The participant with AKI stage
2, also required another hospital admission bhad another episode of AKOf the two
participants that required RR®ne onlycompleted the first scaand the other participant
completed the entire study and recovered to baseline renal function.

Visit 1 Visit 2 Visit 3
(MR scan at peak AKI) (MR scan at 90-Days) (MR scan at 365-Days)

n=10 n=8 n=8

Mean Creatinine (umol/L) 192+114 86+17 84+17 0.005

Mean eGFR (mL/min per

1.73m?)

Urine Protein Creatinine
Ratio (median, IQR)
Systolic BP (mmHg) 148422 131+17 138+18 0.2
Diastolic BP (mmHg) 81+12 78+10 80+10 0.9

lohexol Clearance (mL/min
per 1.73m?)

85+24 95+20 0.1

35(17,51) 7(6,18) 7(5,9) 0.09

65+21.04 69+19.6 0.8

TABLE.3, CLINICAL DATA ACROSS ALL THREE SCAWRISSLOMERULAR FILTRATION RATE. BP,
BLOOD PRESSURE

The followingdata looks at the MPMR measueesosshe serialisits (Figure56 & 57). Each
MR measure isepreseried indivdually; there is a separate box and whisker plot for daoh
point; peakAKI, 90-day and 365lay scan. fie grey shaded box represents therkidan plus
two standard deviatiorend the finabox and whisker pldgrey outline, with no fillyepresent

the CKD mean plus standard deviation

MPMR meaures gnificanly changé across the 12 months both cortical and
corticomedullaryT; vaues were the higest at the peakKl scan and declinedver the
subsequent soa Importantlyat the 365day san, the corticaland CMD T; valuesfor most

participants had reachdtle HV range and weraignificantly lower tha the CKD cohort
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values. Medullary T; valueswere significantly raised ahetime of peak injury andeclined
to theHV rangeby the 365day scan(Figure56).

Cortical perfusiorvalues were very low at the pe&kKI scan andmproved over time Cortical
perfusion valuesalthough higher than those seen in GKizere not within the HV range
213.2:52.6m1/100g/min, p=0.009Conversely, renal volumes were largesthe peakAKI
scan andleclinedat the 365day scarto withintheHV range.

There was alownwardstrend incortical T2" valuesfrom the peakAKI scan through tothe

365-day scanNo differences were identifisgd medullary & valuesacross the study.

DWI and renal artery flow measuresre towards the end of the MPMR sequence protocol
The participants of the REMINIBKI study found it challenging to complete the entire MR

studyscan protocol. Therefore theseasuretiave not been presented.

At the 365day scansome participants renal volume size dropfedvithin the CKD range
different participantgortical perfusion remained depressediitin the CKD range andther

participantscortical T; values remained eVvated to within the CKD rargy

Similar to both the HV and CKD cohoytthe AKI cohort revealed a positive correlation
betweenhigher baseline creatinine, peaAKI UPCR, peakAKI systolic blood pressure and

increasing agdFigure58)

Lower mGFR levels negatively correlated with reduced CMDvalues at 9@lays and a
negative trend towards reduced CMbvalues at 36%lays(Figure59). Thiscorrelation was
also identified that lower eGFR EPI values and reduced CMW\llies at 9a@lays (r=0.74,

p=0.046) negatively correlated but not at Btys.The peak WCC during adssion correlated

to higher cortical and lower CMD:Values at the peakKI scan.
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FIGURE 7.1, AKI COHORTS NDIVIDUAL MR MEASURES ACROSSTUDY SESSIONSCOMPARED 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 POINPEAK-
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 REPRESENS THEHV MEAN PLUS TWO STANDARD DEVIATIONS AND THE FINAL BOX AND
WHISKER PLOT(GREY OUTLINE, WITH NO FILL) REPRESENT THECKD MEAN PLUS STANDARD
DEVIATION (WHITE FILL WITH GREY BORDER).
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FIGURE 7.2, PARTICIPANT 2, VISUAL REPRESENTATION OF IMAGES APEAK-AKI, 90-DAY AND 365
DAYS SCANS[449]. AKI, ACUTE KIDNEY INJURY. CMD, CORTICOMEDULLARY DIFFERENTIATION
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FIGURE 7.3, AKI COHORTS INDIVIDUAL MR MEASURES ACROSS STUDY SESSIONSOMPARED TO
HV MEANZ2SDS AND THE BASELINECKD MEANSD.
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FIGURE 7.4, AKI COHORTS INDIVIDUAL MR MEASURES ACROSS STUDY SESSIONSOMPARED TO
HV MEAN£2SDS AND THE BASELINECKD MEANZSD.

7.4 Discussion

This study wasthe first toutilise MPMR in participants with AKllongitudinallyand clearly
demonstratea distinctimage patterrin kidneys acroskealthy AK1, AKI -recoveryand even
CKD. These patterns iMPMR were evident despite the small study number.

At the time of injurythere is aincrease imenal volumeinflammation(reflected in the raised
Tivalueg in both the cortex anchedullaanda decrease in corticglerfusionand renal tissue
oxygenation Thus, eflecting the current understanding around the pathophysiological
mechanisms causingKl, reduced blood flow, leading to panchynmal danage and a

compensatory increase in oxygen consumpiom).

Biochemical recoverpccursby 90 days with creatinineandeGFR EPIvaluesreturning to
pre-injury levels andthe resolution ofmild proteinuria(present at baselipeYet, it is clear
from the MPMR resultsthat renal parenchymalinjury is still present at 90 dayascortical
perfusion continueto be lower andenalvolumes/cortical T1 valuesremain greater #m HVs
levels.Over 12 monthsthe mean grouparameters normalidealbeitat different rateswith
medullary T1 valuesnormalisng at three monthdt is important to appreciate that for many
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participants completenormalisationrdoes not occuin all MR measureby 12 monthsRenal
volumes reduce to belowheHV range in two participantgortical perfusiorandT: valuesdo
not normalise formany participants Most interestingly there was hetegendy between
participants arounathich MR measuregailedto recover completelylhis mg be a reflection

of different parenchymal injury and/or disease severity.

For the most part, MPMR in AKkias been limited to animal models, with only a small number
of human studies assessimgdividuallimited MR measures in AKI.Dong et al found
decreased cortical perfusion in the AKI cohort compared to the HV cohort in a single ASL
scarn452]. This study did not quantify the severity of AKI or degree of renal recovery. Inoue
et al used a single MR scan assessingfid ADC to subjects with AK[228], no correlation

was found beteen T° and ADC or histological measures. Neither study found a correlation

between MR measures and serum creatinine levels.

In swinemodel$453], bothcortical and mdullary T," valuesroseproportionatdy aftergraded
application to renal artery occlusiamdimproved after reperfusion was reinstgfédi]. The

decline inrenal oxygenatiomasreciprocalto a reduction irrenal artery perfsion455].

In mice modelsrenal perfusion declined after an episode of AKI and more severe episodes of
AKI were associated witla longer time torecovey[456]. Similarly, cortical T; values
increased after the inductiarf ischaemieAKI. In contradiction to the REMINEAKI data,

mice models revealddhmediaterenal volume loss in response to AKI with limited evidence

of normalisationn the recovery periqd56]. After abilateral ischaemic injury in mice studies,
cortical Ty values peaked at daya®d started to declifgb7], with medullary injury occurring

after cortical injury458]. Cortical ADC [459], cortical T values [460] and cortical
perfusiori461] continued to decline from the time of injury and correlated with increasing
fibrosis on histology. Cortical perfusion declined after ischaemia induced AKI if46&je

and started to recovext day sevef#61]. Complete recovery was not achieved by day 28

irrespective of the severity of injUs61].

These animadtudy resultare similar to the findings from the REMINBKI study and other

human studies, excepinimal studies demonstrated an acute decline in renal volumes
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response to ischaemia induced IABmaller renal volumes correlated lower ADC values
28-days posinduction of AKI[463], conneting cell death increased fibrosis and reduced
renalparerchymal volume The contrastingesponse in renal volume potentiallysecondary

to the cause ofAKI. Complete ischaemia (in animal models, via clamping renal arteries)
leading to renal cell apboisi§464] versus hypovolaemia the REMIND-AKI study resulting

in visceral oedema from intravenous fluid replacement or interstitial oddébjasecondary

to interstitialdiseaspt66].

Clinically, the assessment of renalumein the context of AKlis limited tothe presence of
hydronephrosis ancenal siz§467] but notdiagnosisor AKI severity In CKD, smaller renal
volumesindicate more advancediseaspl68]. The renal volume pattern exhibited tine
REMIND- AKI study showed a mixed picture as the study progredaie theinitial risein
renal volume is likely secondary tod@creasen parenchymal oedema/ inflamaion. The
subseqart decline, maybeattributed toglomerular loss and glomerular sclerp4$&9], and

consequentlyesults involume shrinkage to within the CKD limits at 12 months.

Of noteis the numerical contrast between measured and estirG&tRdat 90 and 368ay
scans. MGFR values were lower than eGFR EPI valuegatistisally, a differencebetween
the two-group meansisn't detected until 12 montha trend towards lower mGFR values

compared to eGFR).

eGFR is a poobiomarker ofpostAKI renal recovery, arenal fibrosis is initially silent with

no reciprocal change in biochemical and physiological meddifdsand fifty percent of
nephron loss can occur withouan equivéent rise in serum creatinif¢71] and the
development bpostAKI proteinuria is likely a reflection of renal fibrosis progression or the
advancement of an underlying intrinsic renal pathdg¢®]. The aforementioned descrie
causes of renal parenchymal vulnerabilityd decline irglomerularfiltration reserve likely
resulting in thenegative renal sequeléleat can last up to ten years, even after normalisation
of eGFR473].

In many ways the interptaion of MPMR in AKI is simpler, AKI is categorised into three
main classifiationgl74], with prerenal AKI being the primary and major cause of community

and hospitabcquired AK[475]. During hospital admissionthat involve anAKI episode,
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medications that interfere with MR measures” (faluesj476], ACEis, diuretics are often
stoppe{77].

The beauty of this small study is it elegantly depiitts physiological vinerability of renal
parenchyma posAKI[478], whichremainsin some individualsip to at leastLl2 monthsafter
the oiginal insultwith the apeaance of biochemicalecoveryand a decline in proteinuria
The identification of renal panchymalphysiologicalulnerablity adds weight tthecurrently
unresolved disputsurroundingwhen to cease and recomme€Eis and ARBsin AKI
[479]. In the context of AKI with diminished renal perfusiohCEis and ARBswill cause
additional hypoperfusioy decreamg glomerular pressure as a consequenceftgrent
arteriolar vasodilatiomnd thereforerenalhypoxia. PostAKI MPMR assessment could lead
to more indivdualised treatment planthose with persistent renal hypofusion may have

better prognostic outcomes without the reintroduction of ACHisAdRBS.

MPMR would also bencredibly useful irefficiently optimising fluid status, luid resusitation
is an important thapy in restoring andmaintaining haemodynamic stabilif¢#80] and
hypervolaemiacan easily occuas a repercussion of fluid theraj®81]. Both fluid states are
associated withncreaseanorbidity and mortality in AKI The use bMPMR in early AK[482]
could in the future guideptimalfluid resusitation.

After further development of the MR measures in particular B@lbizh has many different
acquisition and readout schemasd very little evidence in the utility of assessing individuals
with AKI. MPMR imaging may evolve asraethod of diagnosing underlyingnalaetiology
without the need for renal biopsy even an accurat@omarker in the assessment in the AKI
recoveryperiodto assess disease seveffity example degree of acutéularnecrosisMPMR
would be a valuable tool in the assessment in individuals with true versus appaint
recovery especially in those individualsho achievebiochemical recoveryAs described
earliercurrently there are no realiable biomarkers indhsessent of AKI or the postAKI
period. MPMR as arnimaging biomarkecould helpprognosticate high risk individua#g risk

of developing CKD, thereforeoncentrating healthcare resoes on these individuals
Additionally, identifying CKD sooner and starting disease modifying medication can have a
significant reduction on the number péople startingenalplacement therapylhere is gen

the potential to use diseaswdifing agents for example SGLT2 inhibitors to prevent furthur

renal decline.There is even the potential to redefine the 4#dst period and identify
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individuals with CKD sooner in doing so optimising blood pressumholesterol and blood

sugartargets

The MPMRscanprotocoltakes45minutes and is too lengtifigr clinically unwell participants
to manageCurrently, MPMRonly be performed in a research settiogtside of a hospital
Both the scan length anfiétransitionof MPMR to ahospital setting is imperativia the
success of MPMR assessment ofiwiituals with AKI. Further studies are required with

histological correlationmoreregularand longeffollow up with measured GFRre required

Conclusion

MPMR has the potential to revolutionise thadscape athe understanding, managemhand

risk strtification of AKI. In the shortterm, it can aid in theoptimisation of haemodynamic
managerant of AKI in the hospital settirg. Inthe medium term) the ability to identifygenuire

from apparent renal recovery after an episode of[4&3]. In the longterm, MPMR can

potentialy detect subclinical AKlIand 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 imagnghe
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 inafisessment of intradialytic changes in
chronic haemodialysis patients. These results were the first time echocardiography was used to
assess intrdialytic changes in acute haemodialysis for AKI. Although a small study, the
results were quite stark, with0Q% of participants experiencing myocardial stunning 30
minutes into HD and persisted 30 minutes fbalysis. GLS and EF also declined across acute

HD, and also continued 30 minutes pdgtlysis. Similar systolic strain dysfunctions were
exhibited in astudy investigating myocardial stunning in continuous renal replacement therapy

in an intensive care settifp2], 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 siggificant
decreased survival compared to chronic HD without myocardial stunning. However, the study
population was small and occurred over a single-pimat therefore; these results were not
able to identify a link between myocardial stunning in AKI requirin@ Bnd 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 subsequ 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 intradialytic cardiac MR imaging to assess systolic and tolias
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 dysimmaetas 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 prn in each participant, with nadir diastolic decline
occurring at different time points. No correlation was identified betweendrdhgic systolic

and diastolic dysfunction, suggesting the mechanisms for injury between systole and diastole
are diffeent. However, both systolic and diastolic functions are affected by ultrafiltration
volume and rate. The effect intdgalytic diastolic decline has on cardiovascular morbidity and

mortality requires further investigation with more extensive, longitudinalies.

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 {ogaky AKI. CKD
cohorts had reduced cortical perfusion, smaller renal volumes, within the cortex, there were
longer T: values and lower ADC and coefficient D values, suggesting more inflammation or
fibrosis. Peaknjury AKI imaging demonstrated larger renal woles, reduced cortical
perfusion, longer Tvalues and reduced Tvalues (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 occurringheee months. Limited longitudinal
changes were seen within the CKD cohort, with longevalues demonstrated at one year
despite no differences in eGFR and a significant improvement in proteinuria and diastolic blood

pressure.

These preliminary, pikdVIPMR 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 anedication. 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 respoasbkdrapeutics.

Within the context of AKI, MPMR may identify different aetiologies, for example, between
prerenal and intrinsic AKI. Response to therapy for example, fluids or whenintroeuce
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antihypertensive therapy and equally as influential,gposticating 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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Patient information leaflet and confmation of ethics approval for chapter 3,5 and 6.

Derby Hospitals NHS

NHS Foundation Trust

PARTICIPANT INFORMATION SHEET

RESEARCH STUDY TO EXAMINE THE EFFECTS OF RENAL REPLACEMENT THERAPY ON REGIONAL LEFT
VENTRICULAR FUNCTION IN THOSE WITH ACUTE KIDNEY INJURY.

We would like to invite you to take part in a research study. Before you decide you need to understand
why the research is being done and what it would involve. Please take time to read the following
information carefully. Talk to others about the study if you wish. Ask us if there is anything that is not
clear or if you would like more information.

Part 1 tells you the purpose of this study and what will happen to you if you take part.

Part 2 gives you more detailed information about the conduct of the study.

PART 1.

What is the purpose of the study?

An abrupt decline in kidney function (called Acute Kidney Injury or AKl) is very common in
hospitalised patients. AKl is not a physical injury to the kidney and usually occurs in the
conjunction with other illnesses. When AKl is severe, patients may require dialysis to remove
toxins from the blood until their own kidney function recovers. The main purpose of this study
is to examine the function of the heart during dialysis in patients with AKl. We know that
patients whose kidneys have completely failed and who need long term dialysis can sometimes
experience stress on the heart during dialysis treatments, which leads to it pumping less
efficiently. However, there are many differences between this and dialysis performed for AKI.
Currently, we don’t know the effect that dialysis may have on heart function in patients with
AKI and wish to study this in more detail.

Why have | been invited?

We are approaching people who need any form of dialysis for AKI in Royal Derby Hospital. We are
aiming to recruit a total of 20 patients to take part.

Do | have to take part?
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No. It is completely up to you to decide whether or not to take part. If you do, you will be given this
information sheet to keep and asked to sign a consent form. You are free to withdraw at any time and
without giving a reason. If you withdraw or decide not to take part it will not affect the standard of care
you receive in any way.

What will happen to me if | take part?

If you are interested in participating, we will explain the study in detail and ensure that any
questions you may have are answered to your satisfaction. One of the researchers will review
your hospital records to make sure there is no reason why you should not take part. You will
then be given some time to think about it before letting us know if you want to participate
(although this time may vary depending on how urgently you require dialysis). The study will
last for a single dialysis treatment; this will vary from 4 hours to a maximum of 8hours
depending on the type of dialysis you are receiving. This study does not change any aspect of
the treatment that you would normally receive, but involves some additional monitoring during
a single dialysis treatment. During this monitored dialysis session, the tests we will conduct are
as follows:-

Blood tests: Five millilitres of blood (approximately two teaspoonfuls) will be taken from the
dialysis lines before dialysis and a second 5ml sample after the dialysis session is finished. A
third 2ml sample will be taken 6 hours after the end of dialysis.

Ultrasound: We will use an ultrasound technique called echocardiography to look at the
structure and function of the heart. This uses a probe with the tip dipped in jelly and placed on
your chest to create moving pictures of the heart on the screen. We will record these pictures
before dialysis, 15 minutes before the end, and finally 30 minutes after dialysis has finished.

Monitoring: In some cases, we will be able to closely monitor blood pressure during dialysis via
methods that are being used as part of your standard treatment. In other cases when this is not
possible we will do this by placing four sets of small stickers on your chest. During dialysis we
will also ask you to wear a small cuff on your finger and a blood pressure cuff on your arm.

We will confirm your medical details from your hospital records. We will keep in touch with your health
status up until the point where you leave hospital. This does not require any action from you. You will
remain under the normal care of hospital specialists throughout the study.

Expenses and payments

Unfortunately, no payment can be offered to you for taking part.

What will | have to do?
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There is no specific treatment associated with this study. The study will not affect any treatment that
you may be receiving for other conditions. The only difference is that the additional menitoring
described above will be performed during a single dialysis session.

What are the possible disadvantages and risks of taking part?

There are no major disadvantages or risks. All the monitoring procedures are safe and non-invasive and
you will be closely observed during the monitored session. We will not change any of your existing
medications or any other aspect of your treatment.

What are the side effects of any treatment received when taking part?

There are no specific treatments required for this study and therefore no risk of side-effects.

What are the possible benefits of taking part?

This study aims to increase our understanding of the effects dialysis has on the heart and circulatory
system. We cannot promise the study will help you but the information we get may help improve the
treatment of other patients in the future.

What happens when the research study stops?

When the research study comes to an end we will analyse the data. The results will be published and
may lead to further research studies or a change in the way we treat patients with AKI. We can send you
an information sheet letting you know the results and what they mean.

What if there is a problem?

Any complaint about the way you have been dealt with during the study will be addressed. Detailed
information on this is given in Part 2.

PART 2.
What if relevant new information becomes available?
If new information becomes available that indicates that we should change your treatment, we will pass

it on to you. There are no restrictions on your treatment as a result of this study so any changes required
can be made immediately.

What will happen if | do not want to carry on with the study?
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You can withdraw from the study at any time without affecting your normal medical care. We would
like to use information and samples that we have obtained from you prior to withdrawal. However, if
you wish, any information and stored samples will be destroyed.

What if there is a problem?

We do not expect anything to go wrong. if you have any concerns or queries about any aspect
of this study, you should ask to speak to Dr Mahmoud, who will do her best to answer your
questions. {Contact number 01332 789344). if you remain unhappy, we will arrange for you to
speak with Dr Selby. If you wish to complain formally, the normal National Health Service
complaints mechanisms are available to you. Details can be obtained from the hospital PALS
department, who can be contacted via the main hospital switchboard (01332 340131). Iif you
wish to complain about the conduct of the research you should contact Dr Teresa Grieve,
Assistant Director of Research and Development, Royal Derby Hospital, Uttoxeter Road, Derby
DE22 3NE.

Will my taking part in this study be kept confidential?

Yes. All information collected about you during the course of the research will be kept
confidential. It is necessary to record in your hospital notes that you are participating, this is for
your benefit and protection. You will be allocated a study number and this is the only reference
that will be recorded about you on our computers. No one will access your records except study
personnel and personnel from appropriate regulatory agencies. Your information will be kept in
accordance with the Data Protection Act 1998. Your medical details will not be made available
to anyone outside those who are normally involved in your treatment.

What will happen to any samples | give?

Blood samples will be taken from you during dialysis in this study. These will be sent to the hospital
laboratories for analysis and are usually destroyed after 48 hours. A small amount, labeled with a unique
study ID code, will be stored in a secure freezer for up to ten years to be analysed later.

Will any genetic tests be done?

We will not use your blood to do any genetic tests.

What will happen to the results of the research study?

The results of the study will be submitted to journals for publication and to scientific meetings for
presentation. You will not be identified in any report/publication unless you have given permission for
this. Copies of these will be available on request where possible.
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