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Abstract
Acute kidney _injury (AKI) is a common complication following cardisargery performed on
cardiopulmonary bypass (CPBNnd hasimportantimplications for prognosisThe aetiology of
cardiac surgemassociated AKI is complex, but renal hypoxia, particularly in the medulla, is
thought to play-atleast some role. There is strong evidence from studies in erfrananals,
clinical observations and computational models, that medullary ischaemia and hypoxia oc
during CPB.There are no validatadethods to monitor amprove renal oxygenatioduring CPB
and thus possiblylecreasdhe risk of AKI Attempts to reduce the incidence of AKI by early
transfusion_to_amelioratentra-operative anaemia, refinement of protocols for cooling and
rewarming on bypass, optimisation of pump flow and arterial pressure, or the ussatifgptibw,
have not been,successtal date. This may in part reflect the complexity of renal oxygema
which may limit the effectiveness of individual interventions. We propose a multidisciplinary
pathway for translation comprising three components. Firstly, -ngeal models of CPB to
continuously monitor both whole kidney and regional kidney perfusion and oxygenation. Secondly,
computational*models to obtain information tltain be used to interpret the data aledelop
rational interventions. Thirdly, clinically feasibleon-invasivemethods tocontinuousy monitor
renal oxygenation in the operating thearalto identify patients at risk of AKlIn this review we

outline the recenprogress on each of these fronts.

Keywords. Acutekidney injury, renal hypoxiaenal ischaemia, renal medulla.

Introduction

The development of cardiopulmonary bypass (CPB), to allow cardiothoracic surgeons te opera

a motionless and bloodless field while the patient’s cardiovascular system is sustained by a heart
lung machinewasone of the greatest medical breakthroughthef2d" century. It makes the2-

million coronary artery bypass graft procedures valve replacement or repair pextires
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performed annuallyorldwide possiblé However one of the major risks associated withgump
cardiac grgery is acute kidney injury (AKI). Globally the incidence of AKI after cardiac surgery
has been estimated at 22.3%, although it does vary according to the diagnostic crieridhese

AKI is severe enough to require renal replacentieerapy, as occurs inZ6 of patientafter CPB
mortality exceeds 35%But even mild AKI after CPB is associated with a more théwidigreater

risk of in-hospitaledeath and greater risk of extended hospitalishfanthermorethere is now
very strong evidence. that even short or mild episodéskbfare independently associated with a
greatly increas#¥isk of chronic kidney disea¢€KD).* °

Our efforts togprevent AKI associated with cardiac surgery are hamperbacebynjor challenges.

The first challenge is thate have little ability to predict which patients will develop AKI after
cardiac surgery. Preperative risk scoring systems are available, but these only have limited
predictive efficacy” ' Secondly, we lack methods to monitor risk of AKI intigeratively, prior to
development of kidney injury. Urinary and plasma biomarkers have been developed thaadjlow e
detection of AKi®.However, at best these can predict AKI on arrival at the intensive care unit (i.e.
after the operatiof)and even then their predictive efficacy is ratioev.1® * Thethird challenge is

that we have/mo effective interventions, either during the surgical procedure itself or oncasAKI h
been diagnosetd®This suggests that continuous assessment of the kidney during surgery would

be advantageous, as this is a promising time for an effective intervention.

There are alsorsignificant impedimentghe development of interventions to prevent or ameliorate

AKI associated with cardiac surgery. Patients undergoing cardiac surgery aifeg foost part,
critically ill. *Therefore, the implementation of interventions with questionable efficacy is
problematic Gardia¢ surgery and CPB are also technically challenging to model in ahifiklss,

there are roadblocks in our ability to test new interventionsibgihe-clinical and clinicalsettings

Another consequence of these impediments is that our understanding of the pathophysiology of
cardiac surgerassaociated AKI is pogrand so a rational basis for intervention is commensurately

limited.

In this article ve review the evidence that renal tiseypoxia, particularly in the medulla idikely
importantdriver of AKI, including in the setting of cardiac surgery. We then consider how renal
hypoxia could be targeted, both as a way of monitoring risk of AKI ad therapeutior

managemertarget.

Renal Oxygenation
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The oxygenation of all bodily tissues is determined by the balance between oxygen delivery a
oxygen consumption. But in the kidney, this apparent simplicity is belied by the caypoliethe
determinants of oxygen delivery and oxygen consumption, particularly in the renal nf2dulla
terms of oxygen delivery, we must consider the fact that the renal circulation is arrapgeallel

with the nonrenal circulations, that the medullary circulation is effectively arranged in parallel with
the bulk of thescortical circulatigh and that there is likely some level of differential control of
perfusion of the_inner, and outer medulBo to understand the control of oxygen delivery to the
medulla weé must“understand the interactions betwhsre sets of nested parallel circulations
(Figure 1).

Our understanding of the control of local renal tissue oxygen consumption is complicated by th
fact that it is S0 heavily dependent ugabular sodium reabsorpticf Renal oxygen consumption
(VO>) can beapproximated using the formula:

VO%otal — VOgasal + voYat = VOéJasal + TI\;a+

where VQ"*3 represents an assumed fixed rate of oxygen consumption required for processes

@ ynder normal physiological conditiciis

independent ©of sadium reabsorptipril5% of VO,
and VO,"** represents oxygen utilisation for the reabsorption of sodium,"¥Qin turn, is
dependenboth, on the molar quantity of sodium reabsorbed and the enecgstiof reabsorption

of each mole ofsodium (B). This formula can be applied both across the whole kidney and at the

local level.Giventhat the effects of vasoactive agents on local medullary tissue oxygenation cannot
always be predicted based on theifeetis on local tissue perfusion and whkidgney oxygen
delivery and consumptigft local oxygen onsumption probablplays a critical role in determining

local tissue ‘oxygen tension. Unfortunately, despite valiant attémptere are no available
methods for quantifying renal oxygen consumption at the local tissuerexigeb. This represents a
significant impediment in our understanding@fal oxygenation, since the value of § varies across

the various=segments of the nephfdis highly dependent on the netlmormonal milieu and
particularly the bioavailability of nitric oxid& and likely changes markedly in the dised3exd
injured®® kidn&y:"Furthermore, theuantity of sodium reabsorbed within each tubular segments
varies with-physiologicadtate® Given this uncertainty, we see an important rotectomputational
models to providera method feystematiaata integrationa tool for evaluating ‘whatf: scenarios,

and so aranslational pathway between basic research findings and improved clinical practice.

The power of computational modelling is that, by repeating the process of mbbielticen and

validation, a model can cumulatively integrate data from all available experiments. This gives
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researchers a systematic method for taking into account all the available quantitative and qualitative
armatomic and physiological data available, past and present, and putting this towwekservice

of addressing the research question of interest. By nesting models within modeiscaheul
computational model can integrate data over a range of lergjgssérom cells up to tissues and
organ systems. This approach is like a lever on experimental data, allowasgessment and

reinterpretatioprofidata, and suggesting new hypotheses as new predictions are made

One example of this approach is our recently published papers on accounting for oxygen in the rat
renal cortexX."?® This model drew on detailed geometrical data that were gathered with a specific
purpose in minptorassess the importance of readériatto-venous oxygeshunting. However, by
integrating thesesnew data in the context of data from another 20+ prior papers canatoaly

and physiology /in the rat, we werél@ to reveal a critical role for variations in the density of
peritubular capillaries in determining renal tissue oxygendgfogure 2) This may at least partly
underlie the increased susceptibiliti patients with CKD, a condition associated with capillary
rarefaction, tosdevelopment of AKI under conditions like CPB, when there may bmatibed

changes in renal.oxygen delivery and oxygen consumption.

Evidence that medullary hypoxia isa common pathway in AK| of multiple aetiologies

Here we will-begin:to build the case that because renal medulla hypoxia is a common pathway to
AKI, this is likely toralso be true in AKI associated with CPB. We begin by restating the argument
linking AKI'torhypoxia.

The renal medulla is susceptible to hypoXieespite the fact that the kidneys receive a quarter of
the cardiac output, they are susceptible to hypOxislultiple factors render the medulla
particularly susceptible to hypoxia, including relatively low blood ff8vimitations in oxygen
diffusion dueto'the relatively low capillary density in the kidriend diffusive oxygen shunting in

the renal cortex*(from arteries to veirf8)*® and medullatself (from descending ttbng ascending

vasa rectaj®**Furthermore, the outer medulla contains the thick ascending limbs of Henle’s loop
(mTALSs), which reabsorb much of the filtered sodium, and so require a large amount of oxygen.
Yet the mTALs are_located at the periphery of the vascular bundles so tawvparatively meagre
oxygen suppl;?’2 It is not surprising then, that muman AKI, tubular damage is most often seen in

the outer medulld®

Medullary hypoxia is common to animal models of ,Alficluding radiocontrashduced
nephropathy, ischaemia reperfusion injury, sepsis, and rhabdomy8ljésiullary hypoxia has

even been observed in a clinically relevant ovine model of septic AKI in vghatdal renal blood
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flow (RBF) and oxygen delivergreincreased andenalcortical oxygenation is well maintainéd
It is apparent thamedullary hypoxia is not just a consequence of global renal ischaemia, but a

specific event common to all forms of AKI where it has been investigated.

Tissuehypoxia drives pathologypepletion ofcellular ATP initiates signalling cascades leading to
inflammation; apoptosis and necro$isMultiple downstream pathways then exacerbate tissue
hypoxia. For examplepxidative stress and loss of NaAlPase polarity and tight junctions
between tubular cells reduces the efficiency of oxygen use, which increasea orygemptn.
Cellular protective mechanisms, driven by hypoxia inducible factors, protect the kidrexry w
hypoxia is mild and/or brief, but fail when hypoxia is severe and/or protrédtggoxia may also
contribute to thesprogression from AKI to CK¥bFor example, apillary rarefaction appears to be

an early’ andpersisterft event after AKI , and is common to all forms of CRE?

Medullary hypoxiashouldreduce glomerular filtration rateUnfortunately, the mechanistic links
between tissudéypoxia and glomerular filtration rate have proved difficult to study. But from a
theoretical perspective, we should expect thattatabolism switches from aerobic to anaerobic,
sodium reabsorption in the mTALs should b#hibited. This is predicted to activate the
tubuloglomerular feedback (TGR)echanismcausing afferent arteriolar vasoconstriction, reducing
glomerulargfiltration: andurther reducingpxygen delivery to the medulla. Hyfidtration might be
exacerbated by oxidative stress and reducétt roxide bioavailability and hypoxic damage to
tubular and vascular elements in the medtlBvidence that TGF is linked to renal oxygenation
includes the observation of oscillations in glomerular capillary and tubulati®are dependent
on TGFE* Nevertheless, the mechanistic links between tissue oxygenation and glonikrafamf

remain a major gap in our knowledge of the pathophysiological significance of hypoxia in AKI.

Evidence of renal“isthaemia and hypoxia during and after cardiopulmonary bypass

During CPBy perfusionists monitor mixed venous saturation of haemoglobin with oxygep) (Sv
and maintain‘it at #80%. This level of venous oxygenation is most commaudynewhagreater
than that which would be experienced by a resting conscious huétamn5%), so should
theoretically be adequate for oxygenation of all organs. However, one must also consither that
locd circulations of the various organ systems are in par@ligure 1). Thus, what is adequate for
some organs may“not be adequate for others. During CPB thé&®lmaihkidney* appear to be

particularly susceptib to ischreemiaand hypoxia, and thus subsequent damage and dysfunction.

Multiple factors associated witlCPB would be predicted, purely on our understanding of

circulatory physiology,to promote renal hypoxia. Haemodilution, a necessary consequence of
This article is protected by copyright. All rights reserved
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priming the CPB circuit, blunts aaregulation ofRBF.** Periodsof low pump flow antbr arterial
pressure would therefore be expected to result in renaeisth. Haemodilution also reduces the
oxygenearrying capacity of bloodnd therefore the quantity of renal oxygen delivery for any given
level of RBF. Haemolysisand associateshflammationand oxidative stress would be expected to
lead to renal vasecongttion, as would activation of the sympathetic and remgiotensin

systemsLoss ofpulsatility of flow might also be expected to promote renal ischd&mia.

Known intraoperative risk factors for AKI after CPB would be expectddad torenal hypoxia.
These include _excessive haemodilutioor relatively low pump flow leading to low whole body
oxygen delivery’®#° andlow nadir arterial pressure during CPBAIl of these would be expected

to reduce renalexygen delivery. Many {meerative riskfactors are also likely to be associated
with reduced oxygen delivery or increased oxygen consumption in the kidney, including chronic
obstructive pulmonary disease, CKD, infection and inflammation, and didBeétefortunately, we

have virtually no hard evidence regarding the influences of these various facteBFaturing

CPB.

We are aware_of onlywo studies in whichRBF was estimatedduring CPB in humansn both

cases by measurement of the clearance ofgarmaohippurateAndersson and colleaguésund

that RBF was=highly dependent on both pump flow and arterial pressure during hypothermic (28
°C) CPBR™! They found that RBF was relatively normal atigh pump flow of 20-2.2 L miri‘m?

but was reduced by ~40% when pump flow was reduced to a level considered adequate for such
hypothermic conditions (1.45.65 L min'm?% note that pump flow is usually calculated as a
function of body surface area; i.e. equivalent to tteadiac index’) Critically, they observed a
complete absence of autoregulation of RBF. More recently, Lannamyrcolleagues found
relatively wellmaintained effectiveRBF during CPB (at 385 °C), but some redistribution of
whole body (blood flow away from the kidneys Nevertheless, because of the effects of
haemodilution, while whole body oxygen delivery was wedlintained on CPB, renal oxygen

delivery wasstill.reduced by ~209%

Even if wholekidney oxygen delivery is maintained during CPB, there is the potential for altered
distribution’ofblood flow, via microvascular shuntinge induce renal tissubypoxiaby reducing
tissue oxygen extractiorKoning and colleagues observed increased heterogeneity of flow in the
sublingual circulatiorof patientsduring onpump cardiothoracic surgery, but not during-dimp
cardiothoracic surgery? The existence of pefjlomerular shunt pathways in the renal circulation

has long been a controversial proposifibNevertheless, it is noteworthy that Pathi and colleagues

This article is protected by copyright. All rights reserved



observed reduced renal vascular resistance in pigs during(&P&t measured by the flawed
microsphere method), associated with ituns in glomerular size becausegtdmerularcapillary
narrowing>> These observations could indicate shuntindRBFF away from glomerular capillaries
during CPB. A similar mechanism has been propased possible explanatidor failure of

glomerular filtrationsin hyperdynamic sepsfs.

Computational modelpredict the developmemif renal medullary hypoxia during CPB. Sgouralis
and colleagues simulated hypothermic {23 CPB using modslof the kidney of the rat"*® Their
findings indicate that the rewarming phase of CPB, prior to wearong €PB, is a time of greatest

risk of medullary hypoxigFigure 3) Their modelgpredict PQ in thevicinity of themTALH to be

less than 5 mmHg@luring rewarming, as a result of the increased metabolic actaity thus
oxygen consumptioraused by increased tissue temperature. These predictions accord with the
clinical observatiorthat rewarming on bypass increases the risk of. RHxcessive cooling also
appears to promote AKI, sineeterial perfusion temperatur®7 °C during CPBwas found to be

1% Thus, it may be that the rate ofwarming, rather than the

associated withwinereased riskAK
perfusion temperature during hypothermic CRB critical factor in determining risk of AKI. The
impact of rewarming regimens on renaladmodynamics and oxygenation has not, to our

knowledge, been'systematically investigatedxpemental animals or man

Renal tissue P9Qhas been directly measured in experimental animals during CPB. In pigs,
medullary ‘and*urifary hypoxia (RQ-5 mmHg for both) were observed during CPBn rats,

CPB was associated with trast cortical and medullary hypoxet a target blood haemoglobin
concentration”of“10 g/dL, but sustained hypoxia in both regions of the kidney when target
haemoglobinfwas 6.5 g/d¥ Thus, evidence from experimental animals strongly supports the
proposition that CPB is associated with indgzerative renal hypoxia that is exacerbated by

anaemia.

Renal hypoxia also appears to be a hallmark of AKI after . €mB patients withAKI after CPB
both renal blood flowmeasured by paramonohippurate clearande40%) and renal oxygen
delivery (62%) were found to be markedly reduc@din contrast, renal oxygen consumption was
found to be maintainediespte reduced glomerular filtration ra(&FR) and thus the filtered load
of sodium. These observations indicate that the metabolic efficiency of oxygesatiotili for
sodium eabsorption is reduced in AKIn pigs, medullary hypoxia was obsenatih after CPB*

% Furthermore, therapies instituted during CPB, that ameliorateedQRBtrenal dysfunction, also

ameliorated posCPB medullary hypoxia These included blockade of endothelin type A
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receptor$® inhibition of phosphodiesterage®® and reversal of intraperative anaemi¥ Thus, it
appears likely that amelioration pbstCPBrenal hypoxia can reduce the risk of renal dysfunction.
A method to monitor intrarenal oxygenatimira-operatively may therefore provide a useful tool to
manage the risk of AKI in patients during cardiac surgery.

How could we detect intraoperative renal hypoxia?

A measure of renal oxygenatialuring the operatiogould give a reatime assessment oisk of

AKI and potentially justify and enable interventions during surg@se. prior to injury.
Unfortunately, i is not currently feasibleto directly measte theoxygen tension (P& of renal
tissue duringscardiothoracic surgery. However, there teen indirect measuremen@hoi and
colleagues usedwsnear infrared spectroscopy to assesediomal saturation of intrarenafand
cerebral)haemoglobin with oxyge(rSO,) in 95 adult patients during cardiac surgery with CPB
They found that both renal arakrebralrSO, fell at the commencement of CPB. Rem8O,
recovered during the initial stages of CPB but then slowly decre@isedalsofound that patients

who developed=AKI experiendelonger periods during surgery during whidaturation of
intrarenalhaemeoglebin with oxygen was below thresholds of 70%, 65%, 60%, 55% and 50%.
Furthermore the "odds ofpostoperative AKI were significantly greater as patients experienced
more severe ‘and‘longer periods of desaturation of renal haemog®iitarly, infarts who
developed AKIl after cardiac surgery on CPB experienced more severe intraoperative desaturation
of renal tissuesthan those who did not develop RKThus, intraoperative monitoring of renal
oxygenation could potentially be used to assess the risk of AKI at a time when it mighttoot be
late to intervene to prevent kidney injury. Unfortunately, near infrared spectroscgpyoinaean

ideal method for, this purpose, sincecaiuld notbe applied inadult patients whose kidneysere

more than 40.mm below the surface of the kimin paediatric patientslderthan 12 months or

weighing moresthan 10 K.

We have recently proposed that continuous measurement of urinargoBl@ be usedo estimate
renal medullartissuePO,, and thus could be used as a ‘physiological biomarker’ of risk of°AKI|

9 Our argument_was based on the observations thahdi)ascending/asa recta are closely
associated withscollecting ducts in tmeedulla sothat pelvic urinary P© equilibrates with
medullary tissue P©and (i) the PQ of urine in both the renal pelvis and thiadder varies in
response to stimuli that omld be expected to alter meauly tissue P@ More recently, we
developed a computatiodnemodel of oxygen diffusion across the urothelium of the ureter which
predicts good agreement between medullary and bladder urinarypR®ided that urine flow is
adequate(Figure 4)™* Consistent with this proposition, we found good agreement between
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medullary tissue P©and bladder urinary POin sheep during development of seginduced

AKI 2 and in rabbits when medullary oxygenation was altered pharmacolodically.

Kainuma and colleagues measurdddder urinePO, during orpump cardiac surgerin 98
patients, using a polarographic electrode inserted into the bladder c&thEtey found that
urinary PQ fell during CPB and that failure of urinary R@ increask&ecoverafter CPB predicted

later development) of AKI. However, because polarographic electrodes are fragile and require
repeated calibration, their approach is unijikiel be feasible in routine clinical practice. However,
recent fibre optic methods for B@easurement by luminescence lifetime oximetry, could provide

a clinically translatable methdd

Potential interventionsto improverenal oxygenation during cardiopulmonary bypass

Off-pump surgery

One potential solution to avoid CR&sociated renal hypoxia is to avoid CPB altogetb#rpump

cardiac surgery has beéwund to be associated withl@awver risk of AKI than cardiac surgery on
CPB’* ™ However,in a recent multicentre trighe investigators could detect no benefit of off

pump surgery in terms of loss of kidney function at 1 y&@ihus, significant benefits of effump

surgery for the Kidney have not been demonstrated. This apparent lack of benefit could be due to the
common ocecurrence of haemodynamic instability duringpafip procedure€ There is also
evidence of poorér outcomes in termscoimpleteness of revascularization during the surgical
procedure ‘and=graft patenoye yearafter coronary artery bypass graftand the need for repeat

revascularization®

Anaemia and transfusion

The established relationship iveen intraoperative anaemia and paxgierative AKI ¢ide supra
provided thegimpetus fostudies of the effectsf correction of anaemia by blood transfusion.
Available evidence from observational studies indicatesahdy transfusion to correct aamia

may exacerbate, father than ameliorate, the risk of.RKiransfusion of more than two units of
packed red bloodicells was also found to be associated with increased levels of the urinary
biomarkers interleukir18 and netophil gelatinaseassociated lipocalif’ A potential explanation

for this apparenparadox is that stored red blood cells have reduced affinity for oxygen, are less
deformable, havehorterlifespans compared with the patient's own red blood catld are prone

to damage and thus liberation of free hagtobin’® 8 However,the absencef well-designed
randomised trials in this field remains a significant impediment to our understanding of the effects

of blood transfusion. The results of an ongoing randomised trial comparing a restrictive a&er
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liberal transfusion strategy may clarityis issue (Transfusion Requirements in Cardiac Surgery Il
(TRICSII; National Institutes of Health Clinical Trial Identifier NCT02042898).

Cooling and rewarming on bypass

Simulations using computational models indicate that cooling on bypass redunedsoxygen
consumption“and so protects the renal medulla from hypoxia, but that rewarming on bypass
promotes renal medullary hypox{&igure 3)°" °® Rewarmingon bypasser se™ hyperthermic

81.82 and highellCU admission temperattifehave

perfusion (arterial outlet temperature >337),
been shown tbe associated with increased risk of pgserative AKI.However,neithersustained
intra-operativemil@hhypothermia (32C versus 3 °C)* nor sustainednoderate hypothermia (28
30 °C versus35:5<36.5°C)®* were found to be associated with reduced incideat@KI after
coronary artery bypass grafurthermore, a recent megaalysis failed to detect a beneficial effect
of therapeutic:hypoethermian the incidence of AKafter CPBor in other settings (e.g. after cardiac

arrest)® The lack.of apparent benefit of therapeutic hypothermia onrquesttive renal function
after CPBmay“reflect both the eventual need for rewarming and theestdblished effect of

hypothermic perfusion to amease renal vascular resistafite

Management of pump flow and arterial pressure on bypass

Another approach to prevention of renal hypoxia during CPB could be to sphia@modynamic
conditionsduringsperfusion(i.e. pump flow and arterial pressute) maintain kidney oxygenation.
Remarkably, this approach has been hstiedied There are at least three factors that complicate
our ability to tailor perfusion conditions to optimize kidney oxygenation. Finsymustconsider

that the kidneys are arranged in parallel with other organs in the systemic circ(Fagiore 1)
Consequentlyperfusion conditions that are adequate for some organs may not be adequate for the
kidney (andvice versa Secondly, ve mustconsider that the renal medullary circulation is arranged
in parallel with the bulk of the renal cortex (excluding the juxtamedudlarieX’® and the potential

for redistribution_of blood flow between the inner and outer medtilgure 1). Thus, perfusion
conditions that-areradequate for the renal cortex may not be adequate for the deiial (aredvice
versg. Thirdlyz=we must consider that tissue oxygenation is determined by the balancerbetwe
local oxygen«delivery and oxygen consumpti®elow, we consider the evidence from clinical
studies that perfusion conditiomsfluence posbperative renal function, before considering the
experimental evidence that manipulation of perfusion conditions mightrahat perfusion and

oxygenation.
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Clinical observations:Intuitively, one would expect that maintenance of both a relatively high
pump flow and high MAP during CPB would optimise renal perfusion and oxygenation, and thus
mitigate the risk of AKI.There isstrong evidence that low pump flow on CPB increases the risk of
AKI % 87 However, the impact of arterial pressure during CPB on-qustative renal function
remains a matter afontroversy.Many observational studieBave faied to detect a relationship
between MAPsom:CPB and pesperative renal functioff *° Furthermore, we are unaware of any
prospective trialshiat have demonstrated a clear effect of CPB perfusion pressure @ppcsive

renal function”™"For' example, Urzua and colleagues failed to detect differences-op@agive
outcomes in small'samples of patients in whom arterial pressure was maiatagved70 mmHg

by infusion of noradrenaline (n = 7) compaseith another group (n = 14) whose arterial pressure
during CPB was 105 mmHg lower” Creatinine clearance was greater durif@BCbut not post
operatively, in/the groups of patients with higher arterial pressure. Similarly, Sirvinskas and
colleagues could“not detect a relationship between MAP during CPB andpeoative serum
creatinine in 122+ elderly patients randomised tgdtlevels of MAP of 45.059.9 mmHg, 60.0

69.9 mmHg or 7®5 mmHg®*?

On the othershand, it may be that periods of iojparative hypotensigmnd/or a failure to match
MAP on bypass‘with preperative MAR increase the risk of AKI, and might not be captured in
studies in"which MAP is averaged over the total period of CPB. For exafigeher and
colleagues, insa‘retrospective analysis, aladdcoot detect a relationship between pmstrative

renal function andaiverageMAP on CPB®® However, they did find that patients who developed
postoperative acute renal failure (i.e. requiring hemofiltration/dialysis) or mild renal impairment
experiencd longer periods at MAP below 60 mmHg, and lower mean pump flow on CPB, than
those who did notHaase and colleagues were unable to reproduce this finding in a larger
retrospective sstudy of 920 patiefitsHowever, they did identify a trend for intoperative
hypotension.te.exacerbate tiecreasedrisk of AKI associated with intr@perative anaemia.
Furthermore;Kanji“and colleagues found that the magnitude of difeerence betweerpre
operative MAP and MAP on CPB was independently associatedigktlof postoperative AKlin

a group of 157 highisk patient$’ Thus, it remains possible that better management of MAP on
bypass, ineluding avoidance of periods of hypotension, particularly in anaemic patrehtsetter
matching of MAP“en bypass to the patiemttgmalrestinglevel of arterial pressure, could ngidite
therisk of AKI.

Both low haematocrit and low pump floguring CPBare predictors of AKI, but they asdso the
two major determinants of whole body oxygen delivery, an independent predictor 8% RKihis
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has led to the suggestion that AKI might be avoidepaitients withanaema by increasingpump
flow.”* However, we are not aware of any intervengiostudies todirectly test this hypothesis.
Ranucci and colleagues also identifeedritical value of whole body oxygen delivery, below which
hyperlactaemias more likely todevelop (260 ml miim?). We note that these data relate to
systemic lactate and whole body oxygen delivér@pecific information on the relationship
between renalsoxygen delivery and the renal aregimous lactate gradiemdight be useful for

optimising pump.flow for management of kidney oxygenation.

It is clear from the preceding discussion tlgtimisation of intrarenal oxygenation, and thus
potentially therrisk,of AKI, requires a more evidefi@sed approachVhat, then, canve glean

from the available‘experimental observations?

Experimental‘ebservationslackay and colleagues assessed regional perfusion using microspheres
in pigs during normothermic CPB They found that increasing pump flow, and thus perfusion
pressure from 45 to 90 mmHg, increased renal and splanchnic perfusion but not certlsiahper

In another study, this group showed that increasing MAP by increasing pump flow was markedly
more effective at .increasinglobal RBF than was infusion of phenylephrine to achieve an
equivalent MAP' at a lower pump flo Remarkably, they werunable to detect autoregulation of
RBF in either=study. These experimental observations accord with the only avalialdal c
observations of the effects of altered pump flow on RBF in human patients, showing Byvirtua
linear relationship=between RBfd both pump flow and MAP Thus, although it may beasible

and safe to manipulate MAP phaaoologically without altering pump floW it seems unlikely that

RBF can be improved without some level of increased pump flow.

We are not aware of any studies in which the effectstefeml MAP, induced by alterations in

pump flow and@rvasopressor support, have been systematically investigated with the aim of
determiningtheir-relative effects on RBF or local renal tissue perfusion and oxygendten.

choice of vasoactive agents atheir doses, that could potentially be used to ogdgmeénal tissue
oxygenation, mustibe based on evidence from clinically relevantdaigeal models. To this end,
Calzavacca and colleagues recently assessed the effects of a range of vasoconstrictor factors on
regional kidhey perfusion and oxygenation in conscious steRpther surprisingly, they found

that the effects of'noradrenaline, angiotensin Il and arginine vasopressin on réical end
medullary oxygenation could not be predicted based on their effects on total RBF, ghatbal re
oxygen delivery and renal oxygen consumption, or even regiontispar as assessed by laser

Doppler flowmetry. For example, even though noradrenaline had little effect on tdtainRBis
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healthyovine model, it greatly reduced both cortical and medullary tissye IR@ontrast, cortical
and medullary tissue PQwasrelatively wellmaintained during infusion of arginine vasopressin,
even though it markedly reducegtbbal renal blood flow. These observations are consistent with
the concept that regional kidney oxygenation is determined by the complex interplay detaken
tissue perfusion (and thus oxygen delivery to tissue) and local tudmdarm reabsorption (and
thus tissue oxygen. consumptidfirhey also provide a strong rationale for studikthe effects of
vasoactive agentson regional kidney oxygenation and perfusion in a clinically retegaminimal
model of CPB™We"are not aware of any published reports of such studies. Thus, wernoluste
that we currently*have virtually no ditgc relevant information to inform management of local

renal tissue axygenatighrough optimization of systemic haemodynamics during CPB.

Pulsatile versus/nopulsatile flow

CPB most often_employs ngulsatile flow. Available perfusion pump technology can at least
partially restore pulsatility towards that achieved by the heart. The relative merédiafpulsatile
versus norpulsatile flow remain controversial. The increased skw#ass and ‘haemodynamic
energy®® associated witipartial pulsatile flow should theoretically atéssueperfusion.In humans,
partial pulsatile“flow on CPBhas been demonstrated to improve fopstrative perfused vessel
density in the® sublingual circulatibhand improve cerebral oxygenation in paediatric patients
during CPB*.In experimental studiegartial pulsatile flow hasalso been shown to improve
cerebral blood«fléw during CPB* However,effecs cn RBF and regional kidney perfusion have
been variable. Nakamura and colleagues demonstrated renal tissue perfusion (as assessed by
coloured microspheresinproved moreduring partial pulsatile than nompulsatile flowin sheep%?
Similar observations were made in pigs by Bindaind colleagué€® In contrast, in other
experimental studigscreasedRBF during partial pulsatileCPB has either not been obserféd®

or been of marginal significanc¢® It has been argued that the continuing controversy regarding the
effectiveness-ogpartial pulsatile flow is a product of the diversity of equipment deployed to achieve
pulsatility and its=ability to simulate physiological patterns of pulsatiddthers have argued that
this is not the case, and thtdte potential benefits of pulsatility are likely blunted by the
accompanying greater haemolysis and capillary .}&alClearly, more systematic efforts are
required tosesolve this lorgfanding controversy.

Potential interventions to ameliorate the consequences of renal hypoxia during
cardiopulmonary bypass

If renal hypoxia cannot be avoided during CPB, perhaps we can find ways to ameliorate its
consequenceBy prophylactic therapi@sThere has been great recent interest in the potential for
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remote ischaemic preconditionifBIPC) to protect the heart and other organs during CPB. In a
multi-centre clinical trial of 240 patients undergoing-ppump cardiac surgery, Zarbock and
colleagues found that the simple manoeuvre of 3 cycles of 5 min ischaemia and 5 nfusicaper
in one upperarm after induction of anaesthesia, reduced the absolute risk of AKI by°15%
However, enthusiasm has been dampened somewhat by difficulties in replicatingnitiesgs in
other studiesIworrecent metanalyses failed to find evidence that RIPC reduces the risk of post
operative AKI*?” 1% Thus, if RIPC benefits the kidney @ardiac surgery, it might be only under
rather specific“conditionghat remain to be precisely defineébthere has also been considerable
interest in the“potentialenoprotective effects of preperative activation of hypoxia inducible

factors' However, no therapies have yet been translated into clinical practice.

There is als@ scope tailor interventions in patients with pesperative AKI to optimise renal
oxygenatiorf° Ricksten and colleagues have reported a series of carefully conducted clinical
studiesn which they assessed renal oxygen delivery and renal oxygen consumption in pétents w
and withoutAKl=after cardiac surgery. They shedthat patients with AKI after cardiac surge

have a deficitiin.renal oxygen delivecpmpared to patients without AKI, but that renal oxygen
consumption gistmaintained at relatively normal levels, despite redBE&F* Thus, AKI after
cardiac surgeryis associated with increased renal fractional oxygen extraction, indicating a
worsaning ofithe renal oxygen supply/demand relationship in these patients. Thegl$@tested

the effects ofasntimber of interventions, commonly used to aid resuscitation of the kidney (e.g. to
increase GFR), on the renal oxygen supply/demand relationship. They found thdbskew
vasopressin incread&FR (and thus renal oxygen consumption), but rediRBF (and thus renal
oxygen delivery).so increas the fractional extraction of oxygen by the kidrt&YIn contrast,
levosimendana drug withboth positive inotropic and vasodilator effects, increased both RBF and
GFR, so had=ne=detectable effect on the renal fractional extraction of oXyg@opamine
increased RBE.without significantly altering GFR, so reduced renaldnattbxygen extractioh
Noradrenalineinereased both GFR and RBwhile renal oxygen delivery increased but renal
oxygen extraction, did not change significantly, senal fractional oxygen extractiowas
reduced™® They alsatested the effects of the diureticemmitol and furosemidim patients without

AKI after GRB™n patients without AKI after cardiac surgergannitol increased GFRnd thus

renal oxygen consumptionyithout significantly altering RBRand thus renal oxygen delivery)
Thus renal fractional oxygen extraction was increased. Combining an infusion of manititol w
furosemide inhibited sodium reabsorption so normalised renal fractional oxyg@ctien. In
patients with AKI, mannitol increased RBF and tended to increase GFR, so had no detectable effect
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on fractional renal oxygen extractioh Thus, the effects of mannitol, if they exisppear tde
modulated by the presence of AKThey also found, in patients without AKI, that crystalloid
(Ringer’s lactate) but not colloid (Venofundin®) increased renal fractional oxygeaceat
presumably by increasing GF#.

Collectively, the observationdescribed in the paragraph abosfeow that therapies aimed at
improving GER in patients with pesperative AKI should be administered with caution, and with
consideration_of the likely effects of these treatments on the renal oxygen supply/demand
relationship. Thee findings also provide importantguidance for intensivists with regard to the
appropriate choice, of therapies to optimise global rergdjenation However, a note of caution
should be addedysSince their measures of global renal oxygenation do not provide information on the
relative oxygenation of the renal cortex and medWlaradrenaline infusion, for example, was
found not to_worsen the global renal oxygen supply/demand relationship in patients with post
operative AK|**® healthy consciousheep’* or in conscious sheep with hyperdynamic septic
AKI.”? But ins=hoth studies in sheep, in which it was possible to assess local renal tissue
oxygenation, heradrenaline was found to induce localized medullary ischaemia and hypoxia. Thus,
we really require@a method to monitor medullary oxygenation in patients with AKI oskaofri
developing AKI.'Qur recent studies in experimental animals indicate thahgons measurement

of urinary P@.could provide this capabilit{: "> **

Conclusionsand-futur e dir ections

The aetiology of AKI after CPB is clearly complex. Nevertheless, there is considerable evidence
that hypoxia, sparticularly in the renal medulla, plays some Ydebelieve at least three approaches
are required o advance our understanding of this problem. Firstly, we requirellgliretavant
models for the study of renal oxygenation during CRBcent advances iour ability to monitor
regional kidney perfusion and oxygenation in large animals make this fed8iBlecondly, we
require methods te monitor renal medullary oxygenation in humans during cardiac surgery.
Contiruous measurement of urinary P€buld provide at least a partial solution to this probfém

2 Thirdly, we_requirecomputational models of intrarenal oxygenation applicable to the human
condition. Unfortunately, currently available models of kidney oxygenation are based exclusively
on the kidnéymof the rat® but a number of research groups are working towards addressing this
deficiency. Combining these approaches could provide a translational pathway to develop ways t
detect renal medullary hypoxia during cardiac surgery and develop rational intarsetu

ameliorate it.
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Fig. 1 Schematic of the factors that influence renal oxygen delivery. The renal medullary
circulation is essentially arranged in parallel with both the extrarenal circulation and the cortical
vascular bedBecausehe resistance to blood flow in the renal circulation before the point where
the juxtamedullary afferent artetes branch from cortical radial (interlobular) and arcuate arteries

is small, the renal eirculation can be considered to consist of two resistors in parallelethrendut
mid-cortical vaseular bed & and the juxtamedullary and medullary vascular bReg)( The
resistance of all other vascular beds can be lumped together as the extrarenal vascular resistance
(Rer). Although™the' relative levels of vascular resistance are not directly relevant to consideration
of renal oxygenation, they have a profound impact on the oxygen delivery to other organs such a
the brain and splanchnic organs that are also susceptible to damage duropubaohary bypass.

Other abbreviations: MAP = mean arterial press&g, = renal venous pressurBBF = renal

blood flow, Rr.= renal vascular resistandgote also that there is the potential for redistribution of

blood flow between the inner and outer medulla (not shown).

Fig. 2 Sensitivity of cortical tissue oxygenation to factors that influence renal oxygen delivery

and oxygen consumption in a model of oxygen transport in the renal cortex of therat. Relative
changes in_renal blood flow (RBF), the partial pressure of oxygen in arterial bloogl),(B&0d
haemoglobin coneentration (Hb), glomerular filtration rate (GH®)ehergetic cost of reabsorption
of each mole of sedium (p), and peritubular capillary surface area (PCSA), from their physiological
basecase, are shown along theaxis. Simulations were run under conditions of low (A; 15,000
mn¥), normal(B;=30,000 mfAr and high (C; 45,000 mMmPCSA. The numbers within each cell
depict the predicted tissue PO 'he cells are also colour codes to show the relative change in tissue
PO, from baseline (shown in whitelNote, in panel B, thadf all the variables, tissue B@ most
sensitive tahe effects of reducingCSA. Note also, in panel A, that a deficit in PCSA renders the
kidney highly_susceptible to hypoxia when RBF, Rakb or  are reduced, or GFR is increased.

Figure reproducedyith permissionfrom Lee et a(2017)%’

Fig. 3 Renal medullary tissue and urinary oxygen tension during simulated cardiopulmonary
bypassin acemputational model of the upper urinary tract of the rat. Oxygen tension is shown
for the interstitial fluid in theinter-bundle region of the lower inner stripe of the outer medulla
(PEX*VB, in the vicinity of the thick ascending limbs of the loop of Henle; top pametje at the
outlet of the collecting ducP§P~°", inner medulla/renal pelvic urine, middlanel), and in urine

in the bladder E2299er Jower panel). The various phases of cardiac surgery are simulated,
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including the period prior to induction of anaesthesia (baseline), after iodwftanaesthesia but
before commencing cardiopulmonary bypdsreCPB), during hypothermic (282) CPB,during
re-warming on CPB (CPBewarm) and after weaning from CPB (p&$?B). Three scenarios of are
simulated with regard to autoregulation of medullary blood flow, ranging from perfect
autoregulationto partial (50%) autoregulatiotg the complete absence of autoregulation. Note that
medullary andsurinary P are predicted téall on CPB, particularly during the -#garming phase.
Note also that.the.discrepancy between the BOurine in the bladder rdiae to that in the
collecting ducts in part reflects the low using flow predicted from this computational nfeéidake
reproduced, with"permission from Oxford University Press on behalf of the InstitMatloématics

and its Appli¢ations, from Sgouralet al (201752

Fig. 4 Predictions of a computational model of oxygen transport along the rabbit ureter. The

model generates predictions of pelvic urinary oxygen tension)(R@d by inference the B®f

the inner medulla, from three input variables: (1) bladder uring @parterial blood P& and (3)

urine flow. Simulations are shown for normoxia (arterial,PO95 mmHg) and hyperoxaemic
conditions (arterial P©= 250 mmHg) such as those that midig& experienced during major
surgery and..cardiopulmonary bypass. Figure reproduced, with permission, from Sgouralis et al
(2016)"*
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