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Acute Kidney Injury — Forging Ahead!
Introduction

Acute kidney injury (AKI) - alias acute renal failure -- delineates a sudden loss of
renal function over hours, days and weeks as opposed to months and years.
The sooner we realize this catastrophic event, the better we are at trying to
reverse the process. Categorizing into extrarenal and intrarenal processes helps
us navigate the numerous processes that can be causative in decreasing renal
function. Reversibility of extrarenal processes — pre renal and or post renal - is
frequently more satisfactory than intrarenal etiologies, although prolonged
hypovolemia and or obstruction can lead to intrarenal damage.

The intrarenal processes which occur in hospital are often the most challenging
and devastating. Of the intrarenal processes, ischemic nephrotoxic acute kidney
injury is the most common caused by renal hypoperfusion from sepsis,
hemorrhage, surgical processes and tubular toxins such aminoglycosides,
contrasts agents, chemotherapy agents, or malignancies such as myeloma,
tumor lysis.

While the setting (in hospital versus not in hospital) and type (extrarenal versus
intrarenal) affect patient outcome, in-hospital mortality can increase up to 10 fold
or higher in comparison to patients without AKI, particularly if dialysis support is
necessary'. In fact even with changes in serum creatinine of 0.3-0.4 mg/dl, there
is a 70% greater multivariate adjusted odds of death compared to patients that
have no change in serum creatinine during hospitalization 2.

Definition of Acute Kidney Injury —RIFLE criteria, AKIN criteria

A closer look at acute renal failure suggests that in fact this entity comprises a
sudden loss of renal function at various stages and grades of injury which may
be reversible. Therefore if early intervention is to be considered then early
diagnosis should be entertained. In 2004, a consensus reached amongst
experts in acute renal failure with evidence based data proposed that the name
be changed from “acute renal failure” to “acute kidney injury.” This group
established the Acute Dialysis Quality Initiatives (ADQI) which proposed the
RIFLE criteria for standardizing and staging acute kidney injury. The RIFLE
definition uses the common clinical parameters serum creatinine and urine output
to formulate three severity categories (Risk, Injury, Failure) of acute kidney injury
and two clinical outcomes categories (Loss, End-stage), Table 1.

The clinical utility of this definition and staging has now been validated in
numerous clinical studies evaluating outcomes *7. Changing the name and
standardizing staging criteria for this acute entity shifts our understanding of this
entity into grades of injury rather than just failure of renal function, in the hopes



that acting earlier in the process of acute kidney injury will ameliorate poor
outcome. In addition, standardized criteria allows also for comparing AKI data
from various parts of the world.

Table 1: RIFLE classification per Acute Dialysis Quality Initiative (ADQI) 2™ International
Consensus Conference Workgroup 1(www.ADQI.net)

RIFLE CLASSIFICATION GFR CRITERIA URINE OUTPUT CRITERTA
RISK Increased serum creatinine U0 <0.5 ml/kg/h for 6 hours
X1.5 or GFR decrease >25%
INJURY Increase serum creatinine X 2 | UO <0.5 ml/kg/h for 12 hours
or GFR decrease >50%
FAILURE Increase in serum creatinine X | UO <0.3 ml/kg/h for 24 hr or anuria

3, GFR decrease 75% or serum | X 12 hours
creatinine >4 mg/dL or acute
rise in serum creatinine >0.5
mg/dL

LOSS Persistent ARF: complete loss
of kidney function > 4 weeks
(28 days)

End Stage Kidney Disease | End stage kidney disease > 3
months

Table 2: AKIN Classification, modified RIFLE (Mehta RL, Crit Care 2007)
Table 2

Classification/staging system for acute kidney injury®

Stage Serum creatinine criteria Urine output criteria

1 Increase in serum creatinine of more than or equal to 0.3 mg/dl {= 26.4 umol/} or  Less than 0.6 mltkg per hour for mora than 6 hours
increase to more than or equal to 150% to 2009 (1.5- to 2 from baseline

2 Increass in serum creatinine to more than 2009 to 300% (> 2- to 3-fold) from Lees than 0.6 mlfkg per hour for more than 12
baseline hours
8¢ Increase in serum creatinine to more than 3009 (> 3-fold) from basefine (or ssrum  Lese than 0.3 ml/kg per hour for 24 hours or anuria

creatinine of more than or equal to 4.0 mg/dl [= 354 umol/l] with an acute increase  for 12 hours
of at least 0.6 mg/dl [44 pumoll))

The Acute Kidney Injury Network (AKIN) comprised of nephrologists and
intensivists from around the world in 2007 suggested refinements to the RIFLE
criteria so as to increase the sensitivity by using smaller changes in serum
creatinine to identify patients in the stage 1, Risk, category. In addition, a 48 hour
time constraint for diagnosing AKIl is suggested to reinforce acuity of the process
within clinically relevant time period, as well as classifying any patients receiving
renal replacement therapy as Stage 3, Table 2 %8,

A recent study comparing the utility of both these criteria looked at large data
base of the Australian New Zealand Intensive Care Society Adult Patient




Database (ANZICS -APD) over the course of 5 years to see how the RIFLE and
AKIN criteria fared in diagnosis and classification of AKI and in the prediction of
hospital mortality. Stage 1 injury (Risk category for RIFLE criteria) classification
improved by 2% from 16.2% by RIFLE, and 18.1% by AKIN. However, this
decreased the number of patients then classified as Stage 2 AKIN (Injury stage
by RIFLE) from 13.6% to 10.1%. The area under the curve (ROC) for hospital
mortality was .66 for RIFLE and .67 for AKIN in all patients and .65 for both when
only septic patients from the database was considered °. Thus the RIFLE/AKIN
criteria — relatively easy to remember and utilize seems to be appropriate as a
clinical tool in the diagnosis if AKI for the present.

Progress in AKI Pathobiology

Basic studies in various experimental models of AKI have gradually delineated
the response of the vasculature, tubules and interstitial renal tissue to acute
insult °. These models may be imperfect as treatment strategies which prove to
be beneficial in animal models of AKI have frequently not transiated to beneficial
outcomes for patients. In addition, pathologic changes observed in the animal
models of ischemia reperfusion do not always translate to similar pathology in
human renal tissue ™.

Some have noted the clinical response of a decline in renal function with AKI to
be more of “acute renal success,” than acute renal failure explaining the
phenotypic range that is often seen with ischemic nephrotoxic injury'" 2. Thus
hypotheses have been generated regarding regional hypoxia with mismatch of
tubular oxygen supply and demand. Mismatch alters regional renal blood flow. In
addition a decrease in filtration from tubuloglomerular feedback occurs to prevent
further injury and promote recovery. These protective processes may thus be
responsible for the disconnect in the pathology of AKI in the patient '>"°.

However despite imperfection of these models valuable understanding regarding
pathobiology of AKI has and can be gained as research progresses in this area.
For example with acute ischemic injury the inciting processes lead to marked
vasoconstriction of the microvasculature (ie. increased endothelial angiotensin II,
sympathetics, endothelin, adenosine, thromboxane A2, leukotrienes), disrupt
response to endothelial counter vasodilatory biologic mediators (acetylcholine,
bradykinin, nitric oxide, PGE;) which can lead to vascular smooth muscle injury
and activation of mediators of coagulation and inflammation via leukocyte
adhesion. Resultant hypoxia and decreased nutrient delivery to downhill tubular
epithelial cells then lead to increases in reactive oxygen species, calcium, and
phospholipases causing breakdown of the epithelial cytostructure with loss of cell
polarity, signaling of apoptosis, and initiation of cell necrosis with tubular
epithelial desquamation, obstruction increasing intratubular pressure and
decreasing glomerular transcapillary hydrostatic pressure with backleak of
glomerular filtrate ¢ 7.



Newer animal models of AKI try to mimic the clinical setting and outcomes that
are found in hospital settings. Ischemic acute kidney injury after surviving cardiac
arrest is present in nearly one-thrid of hospitalized patients '®. A recently
developed KCL induced mouse cardiac arrest/resuscitation model '® may more
closely resemble the human whole body ischemia allowing for crosstalk between
ischemic organs. In addition, a newer mouse sepsis model using cecal ligation to
induce polymicrobial sepsis with volume resuscitation and antibiotic treatment is
being used to interrogate events of sepsis associated AKI %°. In addition,
hemodynamic monitoring in a live sheep model of continuous E. coli sepsis has
simulated the hyperdynamic state of sepsis with onset of oliguric acute renal
failure. This model suggests decreased glomerular filter pressure with
subsequent mismatch of medullary energy use requiring high needs for oxygen
consumption but inadequate oxygen extraction 2'. Probing the microenvironment
in AKI has made it feasible to understand the role of inflammation and crosstalk
between injured organs %. In addition, progress in understanding pathobiology
has made possible investigation of markers of early kidney injury.

In the Search for Early Injury Biomarkers of AKI

Blood urea nitrogen and serum creatinine appear to be relatively good markers
for progressive kidney injury however may not be specific or sensitive to detect
early kidney injury. In the process of early renal injury, various biomolecules
including cytokines, inflammatory markers, tubular enzymes or proteins are
detected in the urine and serum. Several of these biomolecules are being
actively investigated as injury markers for AKI %, Table 3. The optimal renal
biomarker should detect injury as early as possible, but also be clinically useful in
grading the severity of the injury as it relates to outcome.

Table 3 | Bijomarkers Being Investigated in Human AKI

IL-18

Neutrophil gelatinase-
associated lipocalin (NGAL)
Kidney injury molecule (KIM-1)

| Cystatin C

N-acetyl-B-D-glucosaminidase
(NAG)

Fatty acid binding protein
(FABP)

NHE-3

Endothelin

Adenosine deaminase binding
Protein

Alanine Aminopeptidase

Leucine aminopeptidase
B-galactosidase
a-glutathione S-transferase
m-glutathione S-trnasferase
y-glutamyl transpeptidase
Alkaline phosphatase
Lactate dehydrogenase
Neutral endopeptidase

a-1 microglobulin

B-2 microglobulin

Retinol binding protein

Matrix metalloproteinase-9

List adapted from Waikar SS, Curr Opin Nephrol Hypertens 2007




Urinary Interleukin -18 (IL-18)

Urinary IL-18, a cytokine released after acute ischemic injury, is noted in
the urine of mice and humans in high concentration. Urinary concentratrion of
IL18 is noted to be highest in those patients with acute tubular necrosis and
delayed renal transplant graft function when levels were measured and
compared amongst patients with prerenal azotemia, acute tubular necrosis,
urinary tract infections, chronic kidney disease, transplant evaluation, as well as
healthy controls 2. Further prospective analysis of urine collected in a nested
case control cohort of critically ill patients without evidence for kidney injury by
serum creatinine (< 1.2 mg/dl) on admission to ICU of the Acute Respiratory
Distress Syndrome Network (ARDS) trial suggested that urinary IL-18 levels
were greater in the patients who went on to develop AKI and this was predictive
of mortality. The area under the curve AUC-ROC was 0.73 at 24 hours prior to
AKI diagnosis ?°. Post pediatric bypass sugery, AUC of ROC increased at 4, 12,
and 24 hours from 61%, 75%, 73% respectively. In contrast, detection of AKI
occurred at 48-72 hour by serum creatinine. Current evaluation of the urinary IL-
18 as a predictive biomarker of AKI suggests low sensitivity by high specificity.
Thus while many patients with AKI may not elevations in urinary IL-18 levels,
those that have elevation are rarely false positive elevations %°.

Neutrophil gelatinase-associated lipocalin (NGAL)

This iron transporting protein (other names — lipocalin-2, siderocalin) is found in
granules of neutrophils. NGAL significantly increases in the urine of children
within 2 hours after undergoing cardiopulmonary bypass for congenital heart
repair who go on to develop AKI in 24-72 hours. When this protein was
measured by ELISA, the AUC- ROC was noted to be .998 with 100% sensitivity
and 98% specificity for AKI #”. Urinary NGAL levels measured by quantitative
immunoblotting at various time points post cardiac surgery in adults are also
increased in those who develop AKI. However levels seem to overlap to a
greater extent with those that do not develop AKI per se. AUC-ROC immediately
post surgery was .67 and increased at 18 hours post op to .80 2. Whether this is
a result of the methodology or because there is less distinction in adults with this
biomarker needs further investigation. Though sample size was small, a double
blind evaluation of urinary NGAL levels (by ELISA) of living and deaceased
kidney donors with prompt graft function in comparison to those with delayed
graft function predicted trend in serum creatinine after multivariate adjustment
and sug%ests this as a possible marker in predicting for detecting delayed graft
function °. This was also noted for urinary IL-18 in this same study. Larger
studies confirming these findings are necessary. Serum NGAL levels have not
been as useful in predicting AKI however. Serum levels of NGAL in children with
hemolytic uremic syndrome could not discriminate between those requiring renal
replacement and those not requiring renal replacement %°. Standardized
methodologies to measure plasma and urine NGAL for rapid results are also
being investigated *'.



Kidney Injury Molecule-1 (KIM-1)

KIM-1 protein is a type-1 transmembrane glycoprotein involved in cell to cell and
cell to matrix interaction that is markedly up-regulated in proximal renal tubular
cells in response to ischemic or nepthrotoxic AKI. KIM-1 sheds its ectodomain
into the urine after proximal tubular injury 2. In established AKI patients, urinary
KIM-1 levels showed significant association with outcomes of dialysis or death
however this association was no longer significant when adjusted for covariates
3 Prospective evaluation of KIM-1 level normalized to urinary creatinine
concentration at 12 hours after cardiopulmonary bypass surgery in a case control
study of 20 pediatric patients with and without AKI was noted to have an AUC of
0.83 suggesting usefulness as possible early injury marker. Further investigation
continues to combine this and other markers as panels for evaluation of AKI 34,

Cystatin C

Cystatin C is an endogenous cysteine proteinase inhibitor produced at a constant
rate and released in the plasma by all nucleated cells in the body. It is freely
filtered and not secreted or reabsorbed but nearly completely catabolized by the
proximal tubule. When serum Cystatin C was evaluated post op in cardiac
bypass surgery patients at various time points, there was a trend for higher
composite values in those with AKI noted 24 hours prior the diagnosis of AKI.
However plasma cystatin C was not useful in predicting the development of AKI.
Urinary Cystatin C post operatively was predictive for those requiring renal
replacement therapy however levels were not different for those with AKI not
requiring RRT %, fig 1.
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Fig 1: Urine Cystatin C excretion over time (Koyner KL, Kidney Int 2008)

As the search continues, we can expect to see in the near future, these and other
markers actively being investigated to determine early kidney injury. It is possible
that a combination of markers will be available in the near future to determine
early injury and need for intervention. In the interim, therapy changes are being



pursued to prevent, minimize, or support the recovery of renal injury and
recovery based on our current definitions.

Therapeutic challenges

Contrast imaging - preventive management

Despite our lack of a magic bullet in reversing AKI, we continue to progress in
refining prevention and treatment of AKI. One instance where an improvement
can be noted is with contrast induced kidney injury (CIN). The general incidence
of contrast induced AKI reported has decreased some over the past decade from
approximately 15% to 7% % %, suggesting perhaps better awareness in addition
to some therapeutic changes. However given increased numbers of procedures
in high risk patient groups, this entity remains 3™ in causing AKI with decreased
renal perfusion and nephrotoxic agents, as 1% and 2™ 3. High risk patient
characteristics for AKI include elderly, diabetes, recent kidney injury, recent
contrast load, volume depleted state including cardiac or liver failure, concurrent
nephrotoxic antibiotics, nonsteroidal, or chemotherapy agents, myeloma, chronic
kidney disease. A retrospective review of a large number of patients receiving
low osmolar contrast media in Rochester MN from 2004-2006 suggested higher
mortality for the group that developed CIN at 30 days ,15.6% versus 5.2% of non
CIN group (p <. 001) with CIN defined as serum creatinine rise of 25% or more
or an increase of 0.5% mg/dl within 7 days of exposure *. CIN is associated with
increased odds of 5.5 for death *°. While expected renal recovery occurs over
days to weeks in 75% of patient, nearly 10% become dialysis dependent *'.

Type of contrast agent

Thus various aspects of CIN including the type of contrast agent and pre and
post contrast patient management have and continue to be evaluated. The
proposed pathogenesis encompasses an aspect of both renal ischemia and
direct tubular toxicity. An initial brief renal vasodilatory response after contrast
administration leads to significant vasoconstriction altering blood flow to the renal
medulla. Subsequent medullary hypoxia with impaired adaptive response leads
to cytotoxic tubular damage with increased oxidant stress and loss of renal
function. Cell culture studies also imply direct tubular cell toxicity with loss of
cellular proteins and dro? in transepithelial resistance, permeability and possible
complement activation 4°. Certainly avoidance of iodinated contrast is optimal
with risk benefit assessment however often patients in need of specific diagnostic
studies propose a therapeutic challenge. While MRI/MRA studies are an option
for those without underlying renal dysfunction, MR studies with gadolinium
should not be considered in patients AKI or with moderate to severe chronic
kidney disease given the risk of nephrogenic systemic fibrosis. Use of low and
iso-osmolar iodinated contrast agents, fig 2, is more frequent in the current
decade with suggested benefit over 1% generation higher osmolar contrast
agents **°. Benefit of isoosmolar agent to that of low osmolar contrast agents



has been suggested but not definitively shown “6. If contrast must be given, then
the most |mportant preventive therapy appears to be avoidance of volume
depletion 47 and or adequate volume repletion for those that are deemed to be
volume depleted For this reason, diuretics pre and post procedure should be
avoided if possuble

Fig 2: Molecular structures of iodinated contrast media.
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1" gen iothalamate ionic monomer high osmolar, 2™ gen,iohexanol low osmolar non-ionic
monomer, 3™ gen iodixanol, iso-osmolar non-ionic dimmer ( Efstratiadis 6, Hippokratia 2008)

Volume replacement

Subsequent trials addressed the importance isotonic fluid replacement in CIN
compared to hypotonic solutions. In addition, fluid administered pre procedure
over longer periods of time rather than bolus resulted in better outcome 2 %3,
Oral NaCL administration of (1g/10kg) over 2 days ( 240 mEq in 70kg pat|ent)
compared to 6 hrs of IV 0.9% NaCL, suggested no difference between these 2
groups, and was better than NaCL infusion plus furosemide administration >*
Recent randomized trials have suggested benefit of isotonic blcarbonate |nfUS|on
over isotonic saline infusion before and after contrast exposure 5° % however
small patient numbers in these trials cannot rule out the possibility of a type 1
error. Use of bicarbonate solution for volume repletion in the prevention of CIN
nephropathy perhaps reinforces the hypothesis that improving the hypoxic renal
medullary pH may protect from mitochondrial reactive oxygen species generation
and subsequent oxidant injury *>°"-%8_ Further randomized studies evaluating
the benefit of bicarbonate infusion or alkalmlzatlon of the urine may be useful to
further clarify the use of bicarbonate in CIN. While firm conclusions may not be
available from these studies as to what type, how much and when to administer
volume, there is little debate for the role of adequate volume repletion prior to
contrast administration.

N-acetylcysteine (NAC)

With oxidant injury playing a possible role in contrast induced AKI, the antioxidant
with vasodilatory effect, NAC, has also been used and tested for the prevention
of CIN. Tepel et al initially suggested that use of 600 mg twice daily of oral NAC
on the day prior and day of contrast administration decreased the incidence from
21% in the placebo group to 2 % in the treatment group *°. Others have
subsequently suggested similar benefit W|th some noting hlgher dose of 1200 mg
NAC twice daily as being more effective . However, again these studies lack
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effective sample size to make definitive conclusions. Furthermore meta anaIyS|s
of the studies evaluating NAC for CIN has resulted in conflicting results®’

Therefore, since it is relatively low in cost and with little toxicity, it is being
frequently used as prophylaxis by many. There is however no conclusive data to
recommend it use routinely at this time.

Peri-procedural blood purification

Since pathogenesis of CIN may be from direct tubular toxicity, a basic inclination
to remove contrast from the body may seem appropriate. A smgle dialysis
treatment removes approximately 60-90% of the contrast agent °®. Therefore
several studies have looked at peri-procedural blood purlflcatlon technlques
including hemofiltratin and hemodialysis for decreasing CIN %, Using change
in serum creatinine to define CIN becomes a problem when these techniques are
used because creatinine itself is lowered with these blood purification techniques.
Lee and colleagues looked a high risk population of CKD stage 5 with eGFR
12.8ml/min/1.73m2 undergoing coronary angiography and did prophylactlc
hemodialysis after intravenous saline administration post contrast . The level of
serum creatinine at day 4 was noted to be higher than the control group and it
was noted that the number of patients requiring temporary dialysis was also
greater in the saline control group. Again with dialysis there is removal of the very
marker that is being used to determine disease. Even after 4 days, it will take
time for those having undergone dialysis to reach the same level of serum
creatinine as that of the group that did not have serum creatinine removed with
dialysis. When added to spontaneous recovery in some patients, improvement in
serum creatinine can be misleading. Thus the conclusions of a better renal
outcome can be misleading. Recent meta-analysis of 6 randomized studies
using hemodialysis suggested that there was no decrease in CIN with
periprocedural hemodialysis in comparison to standard medical therapy figure
(RR 1.35 for HD, CI 0.93-1.94) %, fig 3. Gvien these findings, there appears to
be no convincing evidence for a clear benefit for peri-procedural hemodialysis in
CIN at this time.
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Fig 3: RR for RCIN, analysis of hemodialysis studies only (Cruz DN, Am J Kidney Dis 2006)
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Diuretic Dilemma

Diuretic use is relatively common in critically ill patients with AKI. A multinational,
multicenter survey of intensivists and nephrologists comprised of academic
institutions (77.5%) and other private, regional, and metropolitan hospitals from
16 countries reports use of intravenous furosemide (71.9%) as the most common
medication given in bolus dosing. Serum creatinine, urine output, blood
pressure, central venous pressure, and risk of toxicity determined dose. Most
commonlg diuretics were used just prior to renal replacement therapy or during
recovery ~'. Is there benefit or harm with using diuretics in the setting of AKI?

Rationale for diuretic use during AKI is often to “maintain urine flow”, “flush out
debris”, convert from an oliguric to a nonoliguric state, in other words prevention
of renal injury. The other rationale is for volume management. Data in both
animal and human studies support use of loop diuretics to decrease renal oxygen
consumption by decreasmg active sodium transport thereby limiting potential
ischemic tubular damage ®* ®°. In addition loop diuretic inhibit prostaglandin
dehydrogenase which can then prevent breakdown of renal vasodilator
prostaglandin PGE2 7® thereby increasing renal blood flow. Similarly varlous
studies have suggested that nonoliguric AKI patients have better outcomes 7
However studies evaluating the use of diuretic in AKI have suggested little
benefit and one retrospectlve study suggests increase in mortality. Kleinknecht
and colleagues’ randomized 66 patients with oliguric renal failure to IV
furosemide ranging from 1.5to 6.0 mg/kg given every 4 hours in 33 patients and
no diuretics in 33 control patients. A persistent diuresis was observed in 5 of the
treated group and 2 of the controls. Hemodialysis however was required in most
patients with no differences noted in mean time of oliguria, number of dialysis,
and mean time with renal insufficiency.

Brown et al’™ conducted a randomized study in 58 established acute renal failure
patients assigned to either bolus 1 gm furosemide over 4 hours, or either IV or
orally dosing of 3 gm/24 hour to obtain a sustained urine output of 200mi/hr or
serum creatinine decreased below 300 umoles/L. Oliguria reveresed in 24/28
patients given sustained furosemide but in only 2 given a single injection. No
difference in dialysis treatment number, duration of renal failure, or mortality was
found. Deafness was noted in 2 patients, with one becoming permanent.

Ninety-two patients with ARF were studied by Schilliday et al.”®. Patients were
randomized to 3 mg/kg of torsemide (n=30), furosemide (n= 32), or placebo IV (
n-= 30) g6h for 21 day or until renal recovery of death. All patients also received
2ug/kg/min dopamine and 20% manitol x3 days priot to randomization. Apache Il
score for severity of iliness was similar in each group, with similar creatinine
clearance and urine volumes noted at initiation. Outcomes of renal recovery,
need for dialysis, or death were not different between groups although urine flow
rates were significantly greater in the loop diuretic groups.

12



A larger randomized, double blind, placebo controlled study of 388 patients of
acute renal failure stratified to severity at presentation 25 mg/kg/d IV or 35
mg/kg/d oral) versus placebo "®. Patients in the diuretic group had greater renal
impairment at baseline and greater serum creatinine at randomization which was
not evident at RRT initiation. No differences were noted between the 2 groups for
overall mortality, number of dialysis sessions, time on dialysis and time to
recovery of renal function although the diuretic group reached urine output of
2L/day over a shorter period of time. (can use data table 2 and 3 —side effects
here for illustration). Problems with this study are that all patients received a test
dose of furosemide 15mg/kg prior to randomization which may have affected
outcome. In addition, increased diuresis of a recovering kidney may have led to
slower return to the endpoint of evaluating recovery.

A cohort analysis of the large multicenter PICARD (Project to Improve Acute
Renal Disease) data set in critically ill AKI evaluated 552 patients of which 326
patients had used diuretics before renal consultation obtained. The group using
diuretics was older, had more patients with congestive heart failure and higher
pulmonary capillary wedge pressure, lower cardiac output, and higher vascular
resistanceand more cardiorespiratory organ failure. The differences between
groups were addressed using propensity scores and the study. Calcuated risk of
death was 25% and nonrecovery of renal function 36% with the conclusion that
widespread diuretic use should be discouraged " However this was a group of
patients in whom renal consultation was requested suggesting perhaps more
severe renal failure and nonrecovery of function.

A larger prospective multicenter multination observational study BEST
(Beginning and Ending Supportive Therapy for the Kidney) also reviewed this
topic and evaluated over 1700 ICU patients using diuretics (furosemide-used in
98% of patients) with groups adjusted for covariates and propensity scores as
done in the prior retrospective PICARD cohort. This study found no risk of higher
mortality and therefore could not discourage use of diuretics ®.

Despite theoretical benefit in the use of diuretics to decrease AKI, studies in CIN
have suggested possible increase of CIN with use of diuretics. Post op cardiac
patients have an increase in serum creatinine with increased urine output when
loop diuretics are used and therefore avoidance has been suggested when used
for protection of renal function after cardiac surgery. These data then suggest
that diuretic use to prevent AKI is not useful. Diuretic use in established acute
renal failure offer little benefit in changing outcome of mortality or need for renal
replacement, particularly in the presence of oliguria. Given current literature, use
of diuretic for volume management when necessary in the AKI patient can be
considered. However diuretic use to prevent oliguria in the AKI setting is not
indicated ™.

13



Vasopressors in AKI

When renal autoregulatory capacity is compromised, the ability to maintain renal
perfusion is lost and blood flow decreases in linear fashion. Loss of blood flow
leads to renal ischemia. This can occur at higher than expected mean arterial
Eressures for patients (usually 80mmhg) with significant vascular disease, fig 4

% Therefore restoring BP becomes critical. Vasopressors that optimize renal
perfusion should improve patient outcomes. As such several vasopressors have
been under study.

Fig 4: Perfusion pressure and organ flow under pathophysiologic conditions. ( Bellomo R, Crit
Care 2001)
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Dopamine
Dopamine, an endogenous catecholamine has dopaminergic effects at low doses
of 2-5ug/kg/min whereas at higher doses has B-adrenergic and a adrenergic
effects. When used at lower doses in healthy individuals and experimental
animals, renal vasodilation with increased renal blood flow and natriuresis is
seen ®'. Some studies have also suggested a blunting of endogenous
norepinephrine associated vasoconstriction 2. As a result “low dose dopamine”
infusion in AKI has frequently been utilized to maintain renal blood flow.
However, review of trials using low dose dopamine in patients with AKI have
shown little benefit 8-,

Norepinephrine

Norepinephrine (NE) via a-adrenergic stimulation acts as a potent vasopressor.
Marked splanichnic and renal vasoconstriction can occur in the presence of
hypovolemic hypotension, essential hypertension, and with normal circulation. In
fact reversible acute kidney injury can be induced when NE is injected into the
renal artery ®¢. However, under vasodilated states such as sepsis there is
significant nitric oxide release, and downregulation of a-adrenergic receptor
responsiveness, as well as endothelial damage and loss of vascular smooth

14



muscle tone the use of intravenous NE may improve renal blood flow ¥. NE
used short term in clinically relevant dose so of 0.2-0.4 ug/kg/min in conscious
dogs showed improved increased renal blood flow, decreased renal vascular
resistance with improvement in MAP, fig 5% %,

Fig B: Effect of norepinephrine on mean arterial pressure, renal blood flow, renovascular
resistance, and glomerulor filtration in dog ® . ( Anderson, WP, J Physiol 1981)
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Pretreatment with indomethacin, propranalol, angiotensin did not change this
response suggesting that these changes were not attributable to prostaglandins,
B receptor stimulation, or angiotensin- mediated but may actually be from
restoring systemic blood pressure. NE also did not decrease renal blood flow of
dogs during endotoxic shock 3. More detailed physiologic studies in
endotoxemic dogs suggest an increase in both dynamic renal blood flow and
perfusion pressure . Other clinical studies have also reported improvement in
renal clearance and urine output with NE use in patients with septic shock %.
Compa&ed to high dose dopamine, NE faired better in restoring MAP and urine
output ¥'.

Vasopressin

Vasopressin is a peptide hormone rapidly released with acute shock, acting via
V1 receptors to increase mean arterial pressure and decrease cardiac output.
Levels decrease over time with prolonged hypotension %2 |t can potentiate NE
effect. In face of marked vasodilation as in septic shock, there may be a relative
deficiency and therefore exogenous administration has been considered %. Low
dose vasopressin infusion in observational studies have suggested improved
blood pressure, however given possible decrease in blood flow to other vital
organs including kidney, heart, and gut, use has been with caution. When used in
conjunction with NE, improved blood pressure allowed for decreasing NE dose in
patients with vasodilatory shock %2. A recent multicenter double blind trial
randomized trial compared the use of vasopressin plus low dose NE versus NE
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alone in patients with septic shock and found no significant difference in primary
outcome of mortality or secondary outcomes including days of free or renal
ggplacement, or ventilator use. There was also no difference in adverse events

Terlipressin

Terlipressin is glycine modified vasopressin which has a longer half life and can
be given intermittently. Its use as a vasoconstrictor for marked splanchnic
vasodilation of hepatorenal syndrome (HRS) has shown some improvement in
renal blood flow and urine output when used with albumin % %. While it is
available for use for HRS type 1 internationally, it is under phase 3 clinical trials
in the US.

Renal Replacement in the critically ill and multiorgan failure
patient

While presence of AKI already heralds an increase in mortality, prognosis in the
critically ill usually with multiorgan failure can be dismal, 50% reported mortality
%, Therefore supportive management issues need critical analysis in order to
make therapy impact. Several studies have therefore evaluated the delivery and
dose of renal replacement.

Renal replacement can be offered to the critically in several different forms
amongst which the most popular modalities include intermittent hemodialysis
(IHD), continuous renal replacement therapy (CRRT) or a hybrid of slow
continuous dialysis given intermittently with a conventional hemodialysis
machine, termed sustained low efficiency dialysis (SLED). CRRT can usually be
provided as hemofiltration alone as continuous venovenous hemofiltration,
(CVVH), dialysis alone (CVVHD) or with combination of both hemofiltration and
dialysis,(CVVHDF). The utility of these modalities and treatment dose is often
based on patient need, hemodynamic status and modality availability. However
both modality and dose are factors that may affect outcome in the critically ill
patient. Therefore both have recently been carefully evaluated to determine the
best therapeutic approach in renal replacement.

Modality: Intermittent versus Continuous Renal Replacement Therapy

Single center and multi-center randomized trials evaluating this question suggest
that there is little difference in mortality outcome when either intermittent or
continuous therapy is used in the critically ill population when similar amounts of
dialysis are provided. Uehlinger et al. randomized AKI patients in the ICU to
either intermittent hemodialysis (N=55) or CVVHDF (N= 70) and standardized for
solute clearance 25ml/min per day and found no difference in patient mortality
between groups " Larger multicenter randomized studies by both Vinsonneau
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and colleagues (N= 360 patients), fig 6, and Lin and colleagues (n=316)
confirmed findings of single center trials % . Therefore, modality choice is
clinical, done at the bedside and depends on availability.

Fig 6. Estimation of Survival rate according to treatment group. (Vinsonneau C, Lancet
2006)
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Dialysis dose

What about dialysis dose? Does dose matter? Dialysis dose in simplified
explanation is the amount of urea clearance (small solute clearance) that occurs
with each dialysis session. Therefore does increasing the number of treatments
from intermittent dosing to daily dosing then improve outcome? A randomized
single center study evaluating daily intermittent hemodialysis to alternate day
hemodialysis (usual treatment) suggested that there was significant outcome
benefit when dialysis was given daily '®. However a criticism of this study was
that baseline dose achieved for each dialysis was low compared to what is
expected for a treatment session for even a chronic patient. Therefore when
frequency was increased for the same dose, the chances that outcome would
improve was obvious. The question then became that if the dose for each
treatment was considered to be adequate for treatment or at least as much as
the amount of renal replacement that is provided for a chronic dialysis session,
then would increasing dose by increasing frequency of treatments be even better
for patients with AKI.
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What about continuous therapy dose for those requiring CRRT? In CRRT, dose
is frequently evaluated by the total ultrafiltration effluent rate. A two center
randomized study looked at hemofiltration dose (CVVH). That is the rate of
ultrafiltration with convective clearance achieved. A minimum ultrafiltration
clearance of 20ml/kg/hr was compared to higher doses of 35ml/kg/hr and 45
ml/kg/hr. Based on this study the higher dose of 35mli/kg/hr was found to
improve mortality outcome although the patient group with better survival were
significantly younger in age "'. Yet another single center study suggested that
when a dose of dialysis was added to a minimum hemofiltration dose (CVVHDF),
there was also improved outcome. However patients in the hemofiltration group
were sicker and less hemodynamically stable at baseline "%,

To resolve then issues about dose a multicenter VA/NIH trial, ATN trial
comprised of 27 VA and academic medical centers throughout the US was
undertaken from 2003-2007 with 1164 patients enrolled evaluating mortality
outcome of dialysis dose intensity in critically ill patients '°. In this study,
hemodynamically stable (SOFA score 0-2) patients randomized to conventional
intermittent hemodialysis (thrice weekly) with minimum target dose clearance of
at least 1.2 KT/V per treatment session or daily hemodialysis with minimum
clearance target of at least 1.2 KT/V (urea clearance x time/urea volume of
distribution) per treatment. If patients were hemodynamically unstable (SOFA 3-
4) they randomized to minimum CVVHDF dose of 20ml/kg/hror 35ml/kg/hr. Thus
patients randomized to a standard or high intensity arm. The groups were well
matched for severity of illness and other demographics. In addition, the dose
prescribed and achieved was monitored during the study with target dose
achieved in each group approximately 90% of the treatments. Study results
suggested that when a delivered dose of at least 1.2KT/V for intermittent
hemodialysis is achieved and or target dose of at least 20 ml/kg/hr total
ultrafiltration dose is achieved with CRRT, there is no further mortality benefit in
increasing dose intensity in this patient group, ' fig 7.
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Fig 7: Kaplan-Meier Plot of cumulative probabilities of death. (Palevsky P et al. N Engl J
Med 2008)
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For those who have difficulty accepting that dose intensity cannot be decided as
modality changed during the study, another multicenter study evaluating CRRT
dose comparing 20ml/kg/hr and 35 ml/kg/hr, The Randomized Evaluation of
Normal versus Augmented Level RePIacement Therapy, RENAL, trial is
expected to be available this year '%.

Therapies on the Horizon
Bioartificial kidney

A combination of cell therapy and tissue engineering have launched into early
clinical testing the bioartificial kidney or renal tubule assist device (RAD). This is
composed of a hemodialysis filter and bioreactor containing living renal proximal
tubular cells. Renal proximal tubular cells isolated from deceased donor kidneys
are cultured for integration into a filtration device. Since these proximal tubular
cells have stem cell like characteristics, they are grown in confluent monolayers
on the inner surface of hollow fibers of a hemofiltration cartridge '®. Studies
using RAD in acutely uremic dogs with bilateral nephrectomy suggested added
metabolic and endocrine and transport replacement to filtration. RAD treated
animals actively absorbed K, HCO3-, glucose and excreted NH3 and had
appropriate small solute and fluid control '%. In addition, treated animals were
able to reach normal vitamin d levels compared to sham animals. Furthermore
septic animals treated with RAD maintained mean arterial pressure and cardiac
output for longer time than sham animals '’ '®®, Ten AKI patients with expected
mortality of 85% were evaluated in a phase I/ll study. Six of 10 lived beyond 30
days and the RAD device maintained viability up to 24 hours '%°. A multicenter
phase Il trial in 58 patient with AKI from multiorgan failure were randomized 2:1
for RAD 72 hours or CRRT alone and suggested some benefit in survival with
RAD treatment though not significant; however, the groups may have been
unbalanced with greater numbers of African Americans in the RAD treated group
and higher APACHE Il scores in the CRRT patient group ''°. These preliminary
studies suggest that the battle to improve patient outcomes with severe AKl is
still on. We look forward to larger clinical studies to bring this technology to the
forefront to improve renal replacement ''".

Stem Cell and renal regeneration for acute kidney injury

Hematopoietic stem cells have been shown to locate to the injured kidney when
kidney injury is induced in the animal model 2 '3, |n addition resident stem
cells have also been located in the kidney as in some other organs and have
been shown to undergo dedifferentiation in face of acute kidney injury "',
Studies have suggested that intrarenal cells are primarily responsible for the
regenerative role after ischemic injury 1> . Resident mesenchymal cells may
effect injury repair via differentiation into and endothelial lineage with paracrine
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effects to prevent micorvascular dropout after renal injury ''’. Furthermore, the
possibility of deriving pluripotent embryonic stem like cells from cultured somatic
cells is also being actively investigated 8. The ultimate goal will be to have the
therapeutic option and ability to repair renal injury once it occurs.

Summary

AKI remains a significant cause of morbidity and mortality for hospitalized
patients. Recent standardized clinical definitions have broadened this entity from
failure and loss of function to risk and injury, incorporating a shift in thinking
towards early diagnosis and preventive therapies. Critical analyses of current
available therapies for supportive management stress the importance of
appropriate renal perfusion, and volume management, in addition to adequate
dosing with renal replacement therapies. Active investigation towards early
diagnoses and more cell based therapies for AKI treatment will hopefully improve
patient outcomes.
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