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AKI = 5.5  X  hospital 
mortality!

Crit Care 2006; 10:R73



Hospital Mortality15%
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Uchino et al. Crit Care Med, 2006;34:1913-1917
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Figure 1

Prognosis of Acute Kidney Injury

Critical Care 2012, 16:R124

30 day mortality
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Prognosis of Acute Kidney Injury

CCM 2008, Vol 36, No 4, pg S146 (Suppl)
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J Am Soc Nephrol 15: 1597–1605, 2004
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Minimal Changes of Serum Creatinine Predict Prognosis 

* 3 X increase in mortality

Fluid overload



Nephrol Dial Transplant (2010) 25: 1833–1839

Even transient AKI associated with increased 
hospital mortality

tubular necrosis (ATN) are well established in the renal lit-
erature [4–6] and widely discussed in textbooks of medi-
cine and nephrology [26–28]. In TA, unlike ATN, the loss
of GFR is rapidly reversed [4–6]. Although no consensus

definition exists of what such ‘rapid reversal’should mean,
most articles exploring early diagnostic tests (urinalysis,
serum and urinary biochemistries and ultrasound), which
might help distinguish it from ATN, have used short dura-
tion of azotaemia (usually from 24 to 72 hours) as the de
facto definition to confirm or refute the diagnostic accura-
cy of such tests [7–18]. Independent of the predictive ac-
curacy of these tests, in the absence of a highly accurate
gold standard diagnostic test to identify its presence or
of histopathological confirmation, it is, therefore, the clin-
ical course that defines whether TA has or has not oc-
curred. Given these logical defining features, we sought,
for the first time, to understand the epidemiological fea-
tures of such TA and its outcome associations.

Our findings suggest that, epidemiologically, TA is
common in hospitalized patients, represents approximately
a third of all cases of AKI and carries an independent as-
sociation with increased hospital mortality. As expected,
however, the odds ratio for hospital mortality in ATN pa-
tients was much higher than for TA (6.07 vs. 2.26). Fur-
thermore, in general terms, although overlap exists, the
duration of AKI and its associated odds ratio for mortality
exist on a continuum such that as the duration of AKI in-
creases so does the risk of death.

This is the first epidemiological study of TA. Recently,
the acute kidney injury network (AKIN) proposed that,
given the theoretical and practical difficulties associated
with the use of the historical terms ‘pre-renal azotaemia’
and ‘ATN’, these terms be discarded and replaced with
‘volume-responsive AKI’ and ‘volume-unresponsive
AKI’ [21]. Our study does not use such nomenclature
to define TA as the same as ‘volume-responsive AKI’ be-
cause we have no information on fluid treatment, because
we wish to make no imputation about aetiology and be-
cause improved azotaemia after a volume challenge in
hospital patients is typically associated with other simul-
taneous interventions (antibiotics, vasodilators, inotropic
drugs). These simultaneous interventions make it impos-
sible to attribute improvements in azotaemia to intrave-
nous fluids alone. For example, we note that many
patients with TA in our study were cardiac surgery pa-
tients. In these patients, many interventions (fluids, ino-
tropic drugs, vasopressor drugs, diuretics) are often
simultaneously applied to patient care in response to in-
creased azotaemia. We also acknowledge that the use of
different terms may be a source of controversy and con-
fusion and that there is already some disagreement about
this entity and its pathogenesis [25–28]. Accordingly, we
sought to avoid any assumptions about aetiology, patho-
genesis, histopathology or putative response to treatment
of azotaemia as the reason for its transient nature [25–28].
Importantly, although some of our patients might have
had other non-pre-renal causes of AKI (urinary tract ob-
struction, interstitial nephropathy or glomerulonephritis),
such conditions are relatively uncommon in hospital pa-
tients, and the vast majority of patients who develop
AKI in hospital have pre-renal causes as the trigger for
renal injury [2].

Our study has both strengths and limitations. It involves
all hospital admissions and the assessment of more than
20 000 patients, makes no assumptions and uses a repro-

Table 4. Multivariate logistic regression analysis for hospital mortality

Variables Odds ratios (95% CI)

Age, years 1.036 (1.031–1.041) P < 0.0001
Male gender 1.199 (1.060–1.356) P = 0.0038
Readmission 1.860 (1.636–2.115) P < 0.0001
Emergency admission 1.543 (1.327–1.795) P < 0.0001
ICU admission 3.181 (2.500–4.048) P < 0.0001
Mechanical ventilation 5.007 (3.826–6.552) P < 0.0001
Baseline creatinine, mg/dL 1.514 (1.332–1.722) P < 0.0001
Operation 0.809 (0.665–0.983) P = 0.033
Admission units

General medicine 1.000 (Reference)
Cardiology 0.389 (0.288–0.525) P < 0.0001
Gastroenterology 1.298 (0.927–1.816) P = 0.13
Haematology 2.675 (1.921–3.725) P < 0.0001
Neurology 0.829 (0.563–1.222) P = 0.34
Oncology 4.312 (3.545–5.244) P < 0.0001
Renal medicine 0.257 (0.147–0.449) P < 0.0001
Respiratory medicine 1.139 (0.850–1.526) P = 0.38
Stroke unit 2.046 (1.556–2.690) P < 0.0001
Other medical units 0.628 (0.380–1.035) P = 0.068
Cardiac surgery 0.090 (0.060–0.135) P < 0.0001
General surgery 0.514 (0.387–0.682) P < 0.0001
Neurosurgery 1.094 (0.741–1.616) P = 0.65
Orthopedics 1.133 (0.781–1.645) P = 0.51
Thoracic surgery 0.528 (0.318–0.874) P = 0.013
Urology 0.120 (0.048–0.301) P < 0.0001
Vascular surgery 0.368 (0.241–0.561) P < 0.0001
Other Surgical units 0.174 (0.068–0.445) P = 0.0003

Renal condition
No AKI 1.000 (Reference)
ATN 6.070 (5.305–6.944) P < 0.0001
TA 2.264 (1.856–2.762) P < 0.0001

CI: confidence interval, RRT: renal replacement therapy, AKI: acute kid-
ney injury, ATN: acute tubular necrosis. Area under the receiver operating
characteristic curve: 0.872, Hosmer–Lemeshow goodness-of-fit test:
400.7, P < 0.0001.

Fig. 3. Odds ratios (with lower 95% CI) for hospital mortality with
different durations of acute kidney injury (patients with readmission
had baseline information on serum creatinine; AKI of longer duration
was associated with increased odds ratio of death).

Transient azotaemia is associated with a high risk of death in hospitalized patients 1837
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Table 3 shows the outcomes of patients in the three
groups. RRT was delivered to 6.4% of patients in the
‘ATN’ group. The majority of patients in the ‘TA’ group
were in the ‘Risk’ RIFLE class (74.1%), whereas the RI-
FLE classes in the ‘ATN’ group were more equally distrib-
uted. Hospital mortality was highest in the ‘ATN’ group
and lowest in the ‘No-AKI’ group (P < 0.0001).

Table 4 shows the results of multivariate logistic regres-
sion analysis for hospital mortality. Even after excluding

confounding factors, ‘TA’ was an independent predictor
of hospital mortality with a high odds ratio (2.26, P <
0.0001). Because the threshold of 3 days to distinguish
TA and ATN was based on the literature and carries no pre-
vious validation, multivariate analysis for hospital mortal-
ity was repeated for different durations of AKI (1, 2, 3, 4 to
7, 8 to 14 and >14 days). Figure 3 shows the odds ratios for
hospital mortality with different durations of AKI. There
was an overall trend towards a gradual increase in the odds
ratio for hospital mortality as duration of AKI increased
but also significant overlap in the 95% confidence inter-
vals (CIs) of the odds ratios for hospital mortality. Even
1 day of TA had a significantly increased odds ratio for
hospital mortality (1.93, 95% CI: 1.46–2.56, P = 0.0036).

As part of a sensitivity analysis and to test the robust-
ness of our findings, all above analyses were repeated
for patients with more than one admission (for whom a
stronger estimate of baseline kidney function was avail-
able) (n = 5899, 29.3%) (Figure 1B). In this cohort, we
confirmed the findings seen in all study patients, including
distribution of days for renal recovery (Figure 2B), patient
demographics (Table 2), outcomes (Table 3) and multivar-
iate analysis for hospital mortality (Table 5, Figure 3).

Discussion

We performed a retrospective analysis of a large patient da-
tabase to describe the epidemiology of ‘TA’ and its out-
come associations in hospital patients. We found that TA
is common in hospital patients occurring in ~6% of admis-
sions and that it accounts for almost a third of all cases of
in-hospital AKI. We also found that patients with TA had

significantly higher hospital mortality compared to pa-
tients with no AKI and that TA carried an independent as-
sociation with increased mortality. Furthermore, we found
that even 1 day of AKI had a significantly increased odds
ratio for hospital mortality.

The concept of TA is similar but not identical to that of
‘pre-renal azotaemia’ (PRA). However, TA, the term used
in this paper, avoids non-verifiable assumptions about ae-
tiology, histopathology and pathogenesis. PRA and acute

Fig. 2. Number of patients for each duration of AKI in days, showing that
most patients had AKI for only 24 hours [(A) all study patients (n =
1600), (B) patients with more than one admission (n = 565)].

Table 3. Renal outcome and hospital mortality

All patients Patients with readmission

No AKI ATN TA ATN vs. TA No AKI ATN TA ATN vs. TA

Number of patients 16 485 2469 1172 – 4824 654 421 –
RRT – –
CRRT – 147 (6.0%) – – 41 (6.3%) –
IRRT – 11 (0.4%) – – 5 (0.8%) –
RIFLE classes P < 0.0001 P < 0.0001
Risk – 969 (39.2%) 868 (74.1%) – 302 (46.2%) 305 (72.4%)
Injury – 832 (33.7%) 223 (19.0%) – 182 (27.8%) 84 (20.0%)
Failure – 668 (27.1%) 81 (6.9%) – 170 (26.0%) 32 (7.6%)
Hospital mortality 719 (4.4%) 718 (29.1%) 174 (14.8%) P < 0.0001 368 (7.6%) 272 (41.6%) 74 (17.6%) P < 0.0001

AKI: acute kidney injury, ATN: acute tubular necrosis, TA: transient azotaemia, RRT: renal replacement therapy, CRRT continuous RRT, IRRT: in-
termittent RRT.

1836 S. Uchino et al.
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❖ Transient AKI is common in hospital patients occurring in ~6% of admissions and 
accounting for almost a third of all cases of in-hospital AKI. 

❖ Transient AKI had significantly higher hospital mortality compared to patients with no AKI
❖ Even 1 day of AKI had a significantly increased odds ratio for hospital mortality.



Epidemiology of Acute Kidney Injury

❖ AKI covers a spectrum

❖ from subclinical to organ failure

❖ AKI in 36% - 67% of ITU patients 

❖ AKI needs Renal Replacement Therapy (RRT) in ~ 6% 

❖ Mortality increases with increasing severity

❖ If RRT - mortality 60% - 70%

❖ AKI increases risk of death despite adjusting for 

co-morbidities and severity of illness
Crit Care Med 2010; 38:000 – 00
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Acute Renal Failure

Harrison’s Textbook of Medicine - 1991

“Acute Renal Failure
defined as a rapid deterioration in renal function sufficient 

to result in accumulation of nitrogenous wastes.....in 
intensive care units, it occurs in up to 20%.....mortality rates 

range from 20 to 90%.”



Definition of Acute Kidney Injury

❖ Previously 35 definitions in the literature

❖ RIFLE - Acute Dialysis Quality Initiative definition

❖ simple, depends on creatinine and urine output 

❖ spectrum of injury

❖ AKIN - Acute Kidney Injury Network  further modified RIFLE

❖ stresses importance of small, abrupt increase in creatinine

❖ KDIGO - Kidney Disease: Improving Global Outcomes 

❖ final, single definition

Crit Care Med 2010; 38:000 – 00



RIFLE - Proposed staging for AKI
GFR criteria Urine output criteria

Risk

Injury

Failure

Loss

ESKD

3 Grades 
of severity

2 Outcome

Increased SCr x 1.5 or
GFR decreased >25%

Increased SCr x 2 or
GFR decreased >50%

Increased SCr x 3 or
GFR decreased >75%
or Scr >= 352 µMol/l

Persistent ARF = complete loss
 of kidney function > 4 weeks

End stage kidney disease
(>3 months)

UO < 0.5 ml/kg/hr
x 6 hr

UO < 0.5 ml/kg/hr
x 12 hr

UO < 0.3 ml/kg/hr
x 24 hr or

anuria x 2 hrs



KDIGO

“Kidney Disease, Improving Global Outcomes” 
www.KDIGO.org

VOLUME 2 | ISSUE 1 | MARCH 2012

http://www.kidney-international.org

OFFICIAL JOURNAL OF THE INTERNATIONAL SOCIETY OF NEPHROLOGY

KDIGO Clinical Practice Guideline for Acute Kidney Injury

KI_SuppCover_2.1.indd   1KI_SuppCover_2.1.indd   1 2/7/12   12:32 PM2/7/12   12:32 PM

http://www.KDIGO.org
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KDIGO- Proposed staging for AKI

Stage Se Creatinine Urine output

1
1.5 - 1.9 times baseline (in 7 days)

or
>= 26.5 µmol/L increase (in 48 hrs) 

< 0.5 mL/kg/h 
for 6 - 12 hours

2 2.0 - 2.9 times baseline
< 0.5 mL/kg/h 
for 12 hours

3

3.0 times baseline
or

increase in se Creatinine to 
>=353.6 µmol/L

or
initiation of RRT

< 0.3 mL/kg/hr for 24 hrs
or Anuria for >= 12 hrs

Kidney International Supplements (2012) 2, 19–36

Creatinine - Urine output - Time



Diagnosis of AKI - Beware variations

Fluid balance and urine volume are independent predictors of mortality in acute 
kidney injury

Critical Care 2013, 17:R14

Comparison of RIFLE with and without urine output criteria for acute 
kidney injury in critically ill patients

Critical Care 2013, 17:408

“RIFLE using Creatinine only significantly underestimated 
the presence and severity of AKI and significantly delayed 
AKI diagnosis.”

“The authors also found that RIFLESCr was associated with 
higher mortality than RIFLESCr+UO.”
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Anatomy of the nephron



Physiology of the nephron

pO2
mOsm

Cortex

Medulla



SvO2

69%

75%

66%

92%

71%

88%

SaO2

Kidneys have a high blood flow but little O2 uptake

20% of C.O.
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Crit Care Med 2010; 38:000 – 00

Creatinine in Acute Kidney Injury

Se. Creatinine key element in definition but:
❖ Tests function not injury
❖ Non linear relationship
❖ Not steady state - lag behind decrease in GFR
❖ Depends on :

❖ age
❖ ethnicity
❖ gender
❖ muscle mass
❖ volume of distribution
❖ protein intake
❖ medication
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Fluid accumulation underestimates severity of AKI in ITU patients
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Acute kidney injury and renal reserve

Critical Care 2012, 16:144

Max GFR line
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1

Patient #1 - normal renal ultrasound and 
a GFR of 120 ml/minute

2

#2 - unilateral nephrectomy  and a GFR 
of 120 ml/minute

3

# 3 - kidney biopsy -> 30% of his glomeruli 
are sclerotic and a GFR of 97 ml/minute

4

# 4 - 30-year-old female, vegetarian with a 
normal renal ultrasound and a GFR of 70 ml/
minute

5

#5 - documented CKD and a GFR of 42 ml/
minute

RFR = Max. GFR - Baseline GFR

Baseline GFR

Max. GFR (post protein load)

RFR

In survivors of ICU, repeated 
episodes of AKI may result in 

progressive damage. They are at 
risk if future exposure to 

nephrotoxic insults



Different techniques for estimating GFR in ITU patients with AKI
Cockroft-Gault

Cockroft-Gault

MDRD

Jeliffe

Nephrol Dial Transplant. 2010 Jan;25(1):102-107
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Overestimates GFR

the use of estimated GFR , using whatever formula, is obsolete in 
patients with AKI, as they presume that kidney function is stable, and 
markers of GFR are in steady state, which is not the case.
KDIGO Nephrol Dial Transplant. 2012;27(12):4263-4272



Other Bio markers



Creatinine negative AKI

Ronco et al. Critical Care 2012, 16:313

❖ AKI implies damage but not necessarily dysfunction. 

❖ The human kidney has an important reserve, dysfunction seen when >50% of the renal 
mass is compromised. 

❖ Even slight changes in serum creatinine still represents a functional criterion for AKI, this is 
a late phenomenon 

❖ An early diagnosis of AKI by using tubular damage biomarkers preceding filtration 
function loss even in the absence of subsequent dysfunction. 

❖ Tubular damage without glomerular function loss leads to worse renal and overall outcomes

❖ This challenges the traditional view that a kidney problem is a loss of filtration function. 

❖ A new domain of AKI diagnosis could then include functional criteria and damage criteria. 

The kidney’s answer to troponin



Prognosis of creatinine negative AKI

JACC Vol. 57, No. 17, April 26, 2011:1752–61
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Acute kidney injury biomarkers 
Biomarkers

Potential urinary biomarkers
for early diagnosis of AKI

NGAL
Cystatin C

KIM-1
Microalbumin

NAG
IL-18

etc, etc

Decreased GFR

Delayed biomarkers
for diagnosis of AKI

Increase S Creatinine
Increase Urea



the next 5 yr.6 An ideal biomarker would identify patients at
highest risk for AKI in a timely manner, thus allowing early
and potentially effective intervention. Characteristics of the
ideal AKI biomarker have been described and include early
identification of injury, stratification according to injury se-
verity, etiologic specificity for the injury, and providing valu-
able prognostic information (table 1). However, the wide

spectrum of pathophysiology leading to AKI makes it un-
likely that any single biomarker will achieve all these aims.
Several promising biomarkers of AKI have been identified,
both in urine and plasma, and are currently the subject of
ongoing studies defining their clinical utility (fig. 1). How-
ever, the translational process from bench to bedside is com-
plicated. Interpretation of novel biomarkers to detect minor
but significant renal injury undetected by serum creatinine
proved difficult in the 1990s as anesthesiologists investigated
potential nephrotoxicity associated with sevoflurane. Al-
though insensitive and slow to respond, creatinine remains
the only marker validated against clinically relevant out-
comes. Any potential replacement must therefore demon-
strate the ability to identify clinically meaningful injury and
be useful in guiding suitable interventions or other manage-
ment decisions. Although the molecular pathways mediating
renal injury are increasingly understood, with potential to
quantify individual components of these pathways in the
laboratory,7 the focus of this clinical commentary is on bi-
omarkers that reflect renal injury, which is frequently the
result of multiple contemporaneous mechanisms in clinical
practice.

Current Biomarkers under Investigation

Neutrophil Gelatinase–associated Lipocalin
DNA microarray techniques searching for candidate bi-

omarkers of AKI found neutrophil gelatinase-associated li-
pocalin (NGAL) as one of the maximally induced genes in a
murine model of renal ischemia–reperfusion injury. A 25-
kDa glycoprotein covalently bound to gelatinase, its resis-
tance to proteolysis further enhanced potential suitability as a
clinical biomarker. It is synthesized and secreted by tubular

Table 1. Characteristics of an Ideal Biomarker for
Acute Kidney Injury

Biologic Properties
Physicochemical

Properties

Rapid and reliable
increase in response to
injury

Stable across a wide range
of temperature and pH
environments

Highly sensitive for AKI
with a wide dynamic
range and cutoff values

Easily measured in urine or
serum

Highly specific for AKI Rapid, reliable, and
inexpensive
measurement using
standardized assay
platforms

Etiologic specificity (given
multifactorial etiology of
AKI)

Levels unaffected by drugs
or other endogenous
substances

Level should correlate
with injury severity

Level should provide
prognostic information

Applicable across a
range of different
populations

AKI ! acute kidney injury.

Fig. 1. Schematic representation of the predicted time course of change in biomarker levels for the detection of AKI after cardiac surgery in
adults. Patterns of change represent ideal circumstances, which have not been consistently demonstrated in clinical studies. AKI ! acute
kidney injury; CPB ! cardiopulmonary bypass; creatinine ! serum creatinine; cystatin-C ! serum cystatin-C; KIM-1 ! urinary kidney injury
molecule-1; NGAL ! urinary neutrophil gelatinase–associated lipocalin.

999EDUCATION

McIlroy et al. Anesthesiology, V 112 • No 4 • April 2010

Anesthesiology, V 112 • No 4 • April 2010

Acute kidney injury biomarkers 
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Drug related

JAMA. 2005;294(7):813-818.

Aetiology of AKI in the ITU - “BEST KIDNEY Study”



Crit Care Med 2010; 38:000 – 00

Other causes of ARI in the ICU

❖ Hepatorenal syndrome
❖ Trauma
❖ Cardiopulmonary bypass
❖ Abdominal compartment syndrome
❖ Rhabdomyolysis/Hemolysis
❖ Obstruction
❖ Intrinsic renal disease



❖ Pathogenesis of septic acute kidney injury is different from that of 
ischemia/reperfusion

❖ Systemic arterial dilatation and intense renal vasoconstriction were 
considered the cause of septic AKI. This “haemodynamically-mediated 
ischaemic paradigm” is probably wrong!

❖ Several studies have shown the loss of glomerular filtration rate was 
accompanied by increased renal blood flow

❖ Post-mortem studies of septic kidneys show apoptosis, rarely overt acute 
tubular necrosis 

❖ Data showed a link between apoptosis, immune suppression, and the 
development of acute kidney injury during sepsis

❖ Tissue inflammation was not evident in septic acute kidney injury. Unlike I/R 
injury, neutrophil or macrophage infiltration was minimal in septic kidney

Crit Care Med 2012; 40:2997–3006

Pathophysiology- Septic AKI

Curr Opin Crit Care 9:496–502. © 2003 Intensive Care Med (2010) 36:385–388

“The pathophysiology of septic AKI is completely different 

and does not result from a classical “ischaemic paradigm.”



Crit Care Med 2012; 40:2997–3006

3000 Crit Care Med 2012 Vol. 40, No. 11

Figure 2. Tissue inflammation was not evident in septic acute kidney injury. For assessment of tissue inflammation, immunohistochemical detection of 
Gr-1-positive neutrophils (upper panel) or F4/80-positive macrophages (lower panel) in kidneys was performed. A, In contrast to ischemic kidneys (right 
panel), septic kidneys were characterized by lack of neutrophil or macrophages infiltration (left panel). (Gr-1 or F4/80, ×200, †p < .05, n = 4 mice/group). 
B, Flow cytometric analysis of kidney leukocytes also demonstrated that neither F4/80 positive macrophages nor Gr-1 positive neutrophils were detected in 
septic kidneys compared with a massive infiltration of these cells in ischemic kidneys (n = 4 mice/group). CLP, cecal ligation and puncture; I/R, ischemia/
reperfusion; HPF, high power field.

septic kidneys
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Figure 2. Tissue inflammation was not evident in septic acute kidney injury. For assessment of tissue inflammation, immunohistochemical detection of 
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panel), septic kidneys were characterized by lack of neutrophil or macrophages infiltration (left panel). (Gr-1 or F4/80, ×200, †p < .05, n = 4 mice/group). 
B, Flow cytometric analysis of kidney leukocytes also demonstrated that neither F4/80 positive macrophages nor Gr-1 positive neutrophils were detected in 
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Pathophysiology- Septic AKI



Lancet Vol 380 Dec 1,2012; pg 1904

❖ Tubular cells require large supply of energy for electrolyte and fluid reabsorption
❖ Tubular injury should thus cause polyuria, but:

❖ Oliguria more common
❖ Necrosis rare
❖ <10% AKI survivors require long term dialysis

❖ Renal dysfunction during sepsis/inflammation, rarely structural damage
❖ Bioenergetic dysfunction leads to decrease of GFR (altered NO and tubulo-

glomerular feedback)
❖  AKI seems to be a disease of the micro-circulation

❖ Massive therapeutic implications 
❖ Efforts were concentrated on increasing renal flow by increasing cardiac 

flow and perfusion pressure
❖ If so, large amounts of fluids might do more harm than good

Pathophysiology- Septic AKI



Vital organ blood flow during hyperdynamic sepsis

“During hyperdynamic sepsis, renal dysfunction is not explained 
by global ischemia.”

Chest 2003;124;1053-1059
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recovery within 48 h. The animals were conscious and not
sedated for the duration of the experiment. After approximately
2 weeks, the sheep were crossed over to the other arm of the
study.

Statistical Analysis

Data are presented as mean ! SD. Comparison of central
hemodynamics between the pre-E coli state and the septic state
were performed comparing mean values for each period and
using the Wilcoxon signed-rank test. Comparisons of hemody-
namics, biochemistry, and regional blood flows between the
control period and the septic period were performed by compar-
ing the area under the curves as described by Matthews et al16

and the Wilcoxon signed-rank test; p " 0.05 was considered
statistically significant.

Results
Induction of Hyperdynamic Sepsis

The administration of E coli induced hyperdy-
namic sepsis with delayed onset at 5 to 6 h after
injection: tachycardia (60 ! 10 beats/min vs
160 ! 15 beats/min, p " 0.05), increased cardiac
output (4.0 ! 0.9 L/min vs 7.2 ! 1.2 L/min,
p " 0.05), and hypotension (85 ! 7 mm Hg vs
69 ! 8 mm Hg, p " 0.05) [Fig 1, 2]. During such
hyperdynamic state, the right atrial pressure was
maintained between 2 mm Hg and 5 mm Hg as IV
fluids were administered according to protocol.

Comparison of Regional Flow (Sepsis vs Control)

During the 6 h of observation in the above-
mentioned septic state, animals had increased coro-

nary (54 ! 24 mL/min vs 23 ! 10 mL/min,
p " 0.05), mesenteric (773 ! 370 mL/min vs
516 ! 221 mL/min, p " 0.05), and renal (330 ! 101
mL/min vs 214 ! 75 mL/min, p " 0.05) flows when
compared to the 6 h of the control period for the
same animals. These changes were mostly depen-
dent on regional vasodilatation (increased conduc-
tance). There were no changes in sagittal sinus flow
(Fig 3).

This hyperdynamic circulatory state and the ob-
served increase in organ blood flow were associated
with the onset of impaired myocardial contractility
(800 ! 150 L/min/s vs 990 ! 150 L/min/s), hyper-
lactatemia (1.9 ! 0.5 vs 0.5 ! 0.1, p " 0.05), oliguria
(160 ! 75 mL/2 h vs 50 ! 13 mL/2 h, p " 0.05), and
increased serum creatinine (0.07 ! 0.01 mmol/L vs
0.11 ! 0.03 mmol/L, p " 0.05), when compared to
the 6-h control period, thus simulating some of the
typical biochemical and functional markers of organ
dysfunction seen in human sepsis (Fig 4).

Discussion

Multiple organ dysfunction is a major and often
lethal complication of septic shock.1 The pathogen-
esis of this dysfunction is unclear. Inadequate global
blood flow to vital organs is considered pivotal in its
development.2 Such belief stems from the observa-
tion that in several experimental studies of septic
shock, global organ blood flow is decreased.3,5

Figure 1. Graph showing the effect of a single IV bolus of E coli on systemic hemodynamics.
Approximately 6 h following the bolus, there was a decrease in MAP and an increase in heart rate and
cardiac output. The line demonstrates the time of E coli bolus administration, while the enclosed
rectangle demonstrates the period of time during which the regional circulations were measured.
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Resuscitation to normal BP does not guarantee normal renal perfusion

Anesthesiology 2010; 112:119 –27

organ failure.21,24 Therefore, the purpose of this study was to
provide more information regarding the use of “aggressive”
versus “limited” fluid resuscitation using isotonic or HTS for
renal microoxygenation. This study was not designed to as-
sess outcome or bleeding in an uncontrolled hemorrhagic
shock model and may not be reflective of the physiology of
other organs in the clinical setting.

It can be questioned whether giving a large amount of
such fluids may be effective in correcting hemorrhage-in-
duced tissue hypoxemia due to poor oxygen-carrying prop-
erties of such fluids. The main finding is that neither fluid
resuscitation targeting a high MAP nor a controlled fluid
resuscitation targeting a low MAP increases the renal !PO2

during the fluid resuscitation phase. Some data suggest a
direct influence of hemodilution on microvascular flow and
renal oxygen supply. The critical hematocrit associated with
a decrease in microvascular PO2 has already been found to be
much higher for the kidney than for the heart or intestines.8

Johannes et al.10 have also found that the renal microvascular
PO2 drops at very early stages of isovolemic hemodilution.
This was illustrated by an increased risk of acute kidney

injury with cardiopulmonary bypass-associated hemodilu-
tion.25 The reasons for such a high sensitivity to hemodilu-
tion could involve endothelial dysfunction11 with prothrom-
botic and proinflammatory phenomenon.26 Furthermore,
there is evidence that hemodilution is likely to increase in-
trarenal diffusional shunting.11 Indeed, as hemoglobin con-
centration drops, a decrease in binding of oxygen molecules
occurs, which facilitates diffusional shunting. Moreover, the
decrease in oxygen consumption by the vascular wall due to
the lower shear stress could increase PO2 in the outer layer of
the arterial wall and enhance renal oxygen shunting by in-
creasing the PO2 gradient driving shunting force.27 Finally,
the increase in VO2ren associated with fluid resuscitation can
also participate in the decrease in microvascular PO2. Indeed,
the VO2ren is highly linked to RBF and renal metabolic ac-
tivity,9 with VO2ren increasing yet after the critical DO2ren

has been effectively reached.28

Fluid resuscitation does not hold any specific oxygen-carry-
ing capacity and is, therefore, not effective in restoring micro-
vascular oxygenation. Only early blood transfusion can expand
volume, while maintaining the oxygen-carrying capacity of the
circulating blood. Our study showed that providing blood is
indeed an adequate means of ensuring oxygen transport to the
kidney even after a considerable hypoxemic time. Our study also

Fig. 5. Evolution of C!PO2 (upper graph) and M!PO2 (lower graph) in
the five groups throughout the three different phases of the protocol.
Hemorrhagic shock from t0 to t60, fluid resuscitation from t60 to t120,
and blood transfusion from t120 to t180.

Fig. 6. Evolution of DO2ren and VO2ren (in ml/min) in the five groups during the three periods of the protocol. # P ! 0.05 NS80 versus NS40,
HS40, and HS80. * P ! 0.05 NS80 versus HS80.

Fig. 7. Hemoglobin concentration at the different time points in all
groups. * P ! 0.05 NS80 versus HS40, ** P ! 0.05 NS80 versus
NS40, # P ! 0.05 versus control.

124 Renal Hypoxia during Resuscitation of Hemorrhagic Shock
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Acute Renal Injury in ITU

❖ Why worry? 

❖ Definition 
❖ Anatomy and physiology
❖ Markers of injury
❖ Pathophysiology

❖ Prevention
❖ Special Circumstances

❖ Consequences of AKI



Acute renal injury and organ cross talk



AKI is a systemic disorder

Anesthesiology 2012; 116:1139–48

in the small intestines.45 IL-17A is a pro-inflammatory cyto-
kine that has an important role in the allergic response by
recruiting neutrophils, activating T cells, and inducing ex-
pression of other cytokines and chemokines such as TNF-!
and IL-6. Indeed, AKI in mice resulted in a significant influx
of neutrophils, macrophages (fig. 4), and T-lymphocytes in
the small intestinal epithelium and vasculature after AKI in
mice.45,46 This proinflammatory process leads to disruption
of intestinal barrier integrity as demonstrated by extravasa-
tion of Evans blue dye and results in further exacerbation of the
inflammatory cascade from penetration of intraluminal anti-
gens into the portal circulation. Histologic changes to the villous
lining of the intestines are consistent with loss of intestinal bar-
rier integrity and include apoptosis of the villous endothelium,
necrosis of villous epithelium, congestion of villous capillaries,
and blunting of intestinal villi. Increased apoptosis within the

villi was confirmed with terminal deoxynucleotidyl transferase
dUTP nick end labeling (TUNEL) staining, particularly among
perivascular endothelial cells.

IL-17A generated in the intestines drain into the portal
circulation and subsequently causes increased hepatic expres-
sion of TNF-! and IL-6, as demonstrated by increased
TNF-! and IL-6 messenger RNA in liver tissue (fig. 5).45

This is followed by hepatic injury, as demonstrated by in-
creased aspartate transaminase and alanine transaminase
concentrations. Liver histology after AKI due to either renal
ischemia reperfusion or nephrectomy demonstrates hepatic
injury with neutrophil infiltration, hepatocyte vacuolization,
and periportal necrosis (fig. 6).45,46 Remarkably, mice defi-
cient in IL-17A, TNF-!, or IL-6, or mice treated with IL-
17A, TNF-!, or IL-6 neutralizing antibodies were protected
from liver injury after AKI, suggesting that small intestine
generation of IL-17A and hepatic expression of TNF-! and
IL-6 after AKI directly potentiates liver injury.

Increased oxidative stress and production of reactive oxy-
gen species in the liver are also thought to play a key role in
triggering and maintaining the inflammatory response. Mal-
ondialdehyde, an index of lipid peroxidation, was found to
be increased in the liver after both renal ischemia reperfusion
and bilateral nephrectomy.46 In addition, hepatic glutathi-
one, an important endogenous free radical scavenger with
protective effects on the liver, was decreased. Administration
of glutathione before renal ischemia reperfusion decreased
histologic evidence of liver injury, decreased malondialde-
hyde concentrations, and reduced transaminitis. In addition,
renal ischemia reperfusion leads to decreased concentrations
of antioxidant enzymes including myeloperoxidase, superox-
ide dismutase, and catalase.47

Fig. 2. Global mechanism of distal organ injury. Acute kidney
injury leads to distant organ injury through a combination of
proinflammatory and oxidative stress-mediated mecha-
nisms. Serum and distal organ cytokine levels increase in
conjunction with leukocyte trafficking and increased oxida-
tive stress. In addition, sodium-water channel dysregulation
in the lungs aggravates pulmonary edema. IL ! interleukin;
TNF-! ! tumor necrosis factor-!.

Fig. 3. Plasma interleukin-6 (IL-6) increases after acute kid-
ney injury. Plasma IL-6 measured with mouse-specific en-
zyme-linked immunosorbent assay (in log scale) increased at
5 h and 24 h after unilateral nephrectomy, bilateral nephrec-
tomy, or 30-min renal ischemia reperfusion.

Fig. 4. Proposed mechanism of acute kidney injury (AKI)-
induced liver dysfunction. AKI increases small intestinal ex-
pression of interleukin-17A (IL-17A) and causes small intes-
tinal injury (impaired vascular permeability, villous endothelial
apoptosis and epithelial necrosis, leukocyte infiltration with
subsequent cytokine flow into the liver). These events result
in hepatic injury (inflammation, apoptosis and necrosis) and
increased generation and release of tumor necrosis factor-!
(TNF-!) and interleukin-6 (IL-6) into systemic circulation
causing further multiorgan injury.

Distant Effects of Acute Kidney Injury

Anesthesiology 2012; 116:1139 – 48 S. C. Yap and H. T. Lee1144

Scheel et al; Kid Int



AKI is a systemic disorder

plained by other comorbid conditions and was thus attrib-
uted specifically to the effects of kidney injury.10 In addition,
Levy et al. found increased mortality after AKI despite con-
trolling for severity of illness by comparing patients with
similar comorbid conditions and physiologic severity score,
and by multivariate analysis.5 Furthermore, renal failure pre-
ceded other conditions such as sepsis, respiratory failure,
mental status changes, and bleeding, suggesting that AKI
occurs early in the course of multiorgan failure. More re-
cently, a larger multicenter case-controlled study confirmed
these results with a mortality rate that was doubled among
patients requiring renal replacement therapy compared with
control patients.11 Although there may be residual “unmea-
sured” severity of illness, these studies make a compelling
argument that patients in whom AKI develops are at in-
creased risk of death due to kidney injury itself apart from
severity of illness.

Why does AKI lead to earlier onset of multiorgan dys-
function and worsened mortality? Pulmonary insufficiency is
perhaps one of the most clinically apparent and studied dis-
tant organ effects of kidney injury. AKI was found to delay
recovery of injured lungs, with increased difficulty weaning
from mechanical ventilation (41 days in AKI group vs. 21
days in non-AKI group).12 Difficulty weaning from mechan-
ical ventilation was also present in the nonoliguric AKI sub-
group, suggesting that kidney injury apart from volume sta-
tus increases mortality. Volume status, management of

which is made more difficult by compromised kidney func-
tion, also has an effect on mortality. Payen et al. found in an
observational cohort study that positive fluid balance was
associated with increased mortality.13 However, the Veterans
Administration/National Institutes of Health Acute Renal
Failure Trial Network study, a multicenter, randomized
trial, demonstrated that intensive renal replacement therapy
did not decrease mortality or multiorgan failure compared
with less intensive therapy.14

Animal Models of AKI

The scope of clinical studies in this nascent area of research
remains limited because of inherent difficulties in studying a
complex disease process whose occurrence is closely interre-
lated with comorbid conditions. Animal models of renal in-
jury have been instrumental in defining the pathophysiology
of remote organ dysfunction after AKI by reducing the com-
plexity and experimental limitations associated with human
studies while allowing for isolation of variables to gain mech-
anistic understanding. Of the various animal models, renal
ischemia reperfusion and nephrectomy are the most com-
monly studied because they are simple, reproducible, and can
easily achieve a graded injury response. Renal ischemia rep-
erfusion involves transient occlusion of the renal artery and
has clinical relevance in suprarenal aortic aneurysm repair,15

partial nephrectomy,16 renal transplantation,17 contrast-in-

Fig. 1. Deleterious effects of acute kidney injury (AKI) on distant organs. AKI results in remote organ injury to the heart, lungs,
liver, intestines, and brain and leads to an increase in cytokines, leukocyte trafficking, organ dysfunction, apoptosis, and
necrosis. GFAP ! glial fibrillary acidic protein; ICAM-1 ! intercellular adhesion molecule-1; IL ! interleukin; LV ! left
ventricular; TNF-! ! tumor necrosis factor-!.

Distant Effects of Acute Kidney Injury

Anesthesiology 2012; 116:1139 – 48 S. C. Yap and H. T. Lee1140

Anesthesiology 2012; 116:1139–48



AKI is a systemic disorder

Anesthesiology 2012; 116:1139–48

Increased small intestinal macrophage infiltration after 
acute kidney injury (AKI). A two-hit model of combined kidney-liver ischemia rep-

erfusion demonstrated that mice subjected to ischemic, uni-
lateral, or bilateral nephrectomy AKI in addition to hepatic
ischemia reperfusion had significantly worsened liver injury
compared with mice subjected to sham kidney surgery with
hepatic ischemia reperfusion.45 This finding may provide an
explanation for worsened clinical outcomes when AKI is
combined with hepatic complications.4

Finally, antiinflammatory agents may play a vital role in
protection against AKI-induced intestinal as well as hepatic
injury. Isoflurane, a volatile anesthetic with potent antiin-
flammatory effects, was protective in mice against renal isch-
emia reperfusion with reduced intestinal and hepatic injury

in mice compared to pentobarbital, which has minimal
antiinflammatory effects.48 This was shown to be medi-
ated directly via sphingosine-1-phosphate, a G-protein
coupled lysophospholipid ligand well known for its ability
to promote cell growth and survival, and inhibition of
apoptosis.

Cardiac Dysfunction and AKI
Cardiorenal syndrome is characterized by the combination
of heart and kidney failure, with one of the organs usually
being the primary organ of failure.49 In particular, cardiore-
nal syndrome type 3 defines heart failure that occurs after
AKI. Several mechanisms have been suggested for cardiac
dysfunction after AKI, including fluid overload contributing
to pulmonary edema, acidemia causing pulmonary vasocon-
striction, untreated uremia resulting in pericarditis and de-
creased myocardial contractility, and hyperkalemia giving
rise to arrhythmias.50,51 Even in the absence of these condi-
tions, which are often treatable, cardiac dysfunction may still
occur in the setting of AKI.

There is increasing basic science and clinical evidence that
inflammatory cytokines have negative consequences on car-
diac outcome. The Framingham study found that patients
with increased TNF-! and IL-6 concentrations were at in-
creased risk for developing congestive heart failure.52 Pa-
tients with increased C-reactive protein concentrations
greater than 5 mg/dl also have a 2.8-fold increased risk of
developing congestive heart failure. Furthermore, patients
with increased concentrations of all three markers had even
higher risk of congestive heart failure (hazards ratio 4.07).
Among patients with symptomatic heart failure, increased
concentrations of TNF-! correlate directly with worsening se-
verity of disease, higher New York Heart Association class, and
are prognostic of worsened clinical outcomes.53–56 Patients with
congestive heart failure exhibit many features observed in
chronic inflammatory conditions. Indeed, patients with severe
congestive heart failure have increased concentrations of TNF-!
that correlated significantly with features of cachexia.57–58

Fig. 5. Increased small intestinal macrophage infiltration after acute kidney injury (AKI). Representative photomicrograph (!400)
of macrophages (dark brown stain indicated by arrows) in small intestinal tissue harvested from mice subjected to sham surgery
(A) or bilateral nephrectomy (B) 5 h prior.

Fig. 6. Hepatic injury after acute kidney injury (AKI). Hepatic
injury with increased hepatic necrosis and vacuolization after
renal ischemia reperfusion. Representative photomicrograph
of liver (!400, hematoxylin and eosin staining) of mice sub-
jected to sham surgery (A) or to 30 min of renal ischemia and
24 h of reperfusion (B). Ischemic AKI rapidly caused nuclear
and cytoplasmic degenerative changes, periportal venous
hepatocyte necrosis (arrows), and marked hepatic vacuoliza-
tion and congestion.

EDUCATION
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AKI is a systemic disorder

Anesthesiology 2012; 116:1139–48

A two-hit model of combined kidney-liver ischemia rep-
erfusion demonstrated that mice subjected to ischemic, uni-
lateral, or bilateral nephrectomy AKI in addition to hepatic
ischemia reperfusion had significantly worsened liver injury
compared with mice subjected to sham kidney surgery with
hepatic ischemia reperfusion.45 This finding may provide an
explanation for worsened clinical outcomes when AKI is
combined with hepatic complications.4

Finally, antiinflammatory agents may play a vital role in
protection against AKI-induced intestinal as well as hepatic
injury. Isoflurane, a volatile anesthetic with potent antiin-
flammatory effects, was protective in mice against renal isch-
emia reperfusion with reduced intestinal and hepatic injury

in mice compared to pentobarbital, which has minimal
antiinflammatory effects.48 This was shown to be medi-
ated directly via sphingosine-1-phosphate, a G-protein
coupled lysophospholipid ligand well known for its ability
to promote cell growth and survival, and inhibition of
apoptosis.

Cardiac Dysfunction and AKI
Cardiorenal syndrome is characterized by the combination
of heart and kidney failure, with one of the organs usually
being the primary organ of failure.49 In particular, cardiore-
nal syndrome type 3 defines heart failure that occurs after
AKI. Several mechanisms have been suggested for cardiac
dysfunction after AKI, including fluid overload contributing
to pulmonary edema, acidemia causing pulmonary vasocon-
striction, untreated uremia resulting in pericarditis and de-
creased myocardial contractility, and hyperkalemia giving
rise to arrhythmias.50,51 Even in the absence of these condi-
tions, which are often treatable, cardiac dysfunction may still
occur in the setting of AKI.

There is increasing basic science and clinical evidence that
inflammatory cytokines have negative consequences on car-
diac outcome. The Framingham study found that patients
with increased TNF-! and IL-6 concentrations were at in-
creased risk for developing congestive heart failure.52 Pa-
tients with increased C-reactive protein concentrations
greater than 5 mg/dl also have a 2.8-fold increased risk of
developing congestive heart failure. Furthermore, patients
with increased concentrations of all three markers had even
higher risk of congestive heart failure (hazards ratio 4.07).
Among patients with symptomatic heart failure, increased
concentrations of TNF-! correlate directly with worsening se-
verity of disease, higher New York Heart Association class, and
are prognostic of worsened clinical outcomes.53–56 Patients with
congestive heart failure exhibit many features observed in
chronic inflammatory conditions. Indeed, patients with severe
congestive heart failure have increased concentrations of TNF-!
that correlated significantly with features of cachexia.57–58

Fig. 5. Increased small intestinal macrophage infiltration after acute kidney injury (AKI). Representative photomicrograph (!400)
of macrophages (dark brown stain indicated by arrows) in small intestinal tissue harvested from mice subjected to sham surgery
(A) or bilateral nephrectomy (B) 5 h prior.

Fig. 6. Hepatic injury after acute kidney injury (AKI). Hepatic
injury with increased hepatic necrosis and vacuolization after
renal ischemia reperfusion. Representative photomicrograph
of liver (!400, hematoxylin and eosin staining) of mice sub-
jected to sham surgery (A) or to 30 min of renal ischemia and
24 h of reperfusion (B). Ischemic AKI rapidly caused nuclear
and cytoplasmic degenerative changes, periportal venous
hepatocyte necrosis (arrows), and marked hepatic vacuoliza-
tion and congestion.
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Other effects - Fluid overload



Effect of Fluid Overload

110 | FEBRUARY 2010 | VOLUME 6 www.nature.com/nrneph

instability during fluid removal in patients on conventional  
intermittent hemodialysis.62 

In the ICU, 0.9% saline is still widely used as an intra-
venous crystalloid; in addition, many colloids and drugs 
that are administered in the ICU are suspended in saline. 
Saline contains 154 mmol/l chloride and its administra-
tion in a large volume will result in relative or absolute 
hyperchloremia.63,64 Hyperchloremia has been shown to 
reduce renal blood flow65 and to impair sodium excretion  
in humans.63,66 

Gross fluid overload and resultant visceral edema is 
a risk factor for intra-abdominal hypertension (IAH).67 
Raised intra-abdominal pressure increases renal venous 
pressure, reduces blood flow and increases the pressure 
in the Bowman’s space.68,69 In an ICU population, positive 
fluid balances have been associated with an increased 
risk of IAH,70–72 which in turn is strongly associated with 
the development of AKI.71,72

In the absence of overt IAH, renal interstitial edema 
alone might impair renal function. As an encapsulated 
organ, the kidney is affected by fluid congestion and 
raised venous pressures with a disproportionate eleva-
tion in intracapsular pressure, which leads to a decrease 
in renal blood flow and GFR.73 An observational study in 
critically ill patients found an association between a posi-
tive fluid balance and an increased risk of AKI;6 another 

study found an association between a positive fluid 
balance and nonrecovery of renal function in AKI.25 In 
both of these studies, a positive fluid balance was associ-
ated with increased mortality in patients who developed 
AKI. Similarly, high venous pressures have been associ-
ated with the deterioration of renal function in patients 
with advanced chronic cardiac failure.74 Indeed, in such 
patients, a high central venous pressure (but not low 
mean arterial pressure or low cardiac output) is an inde-
pendent predictor of AKI. Historically, renal decapsula-
tion was shown to be protective against AKI in patients 
with hemorrhagic shock requiring massive resuscita-
tion.75 Elevated tubular pressure may have a role in the 
continued loss of renal function during the maintenance 
phase of AKI,76 providing physiological evidence for yet 
another mechanism by which persistent fluid overload 
might increase the duration and severity of AKI. 

Interstitial edema and organ dysfunction
Physiologically, fluid overload results in tissue edema. 
Impaired oxygen and metabolite diffusion, distorted 
tissue architecture, obstruction of capillary blood flow 
and lymphatic drainage, and disturbed cell–cell inter-
actions may then contribute to progressive organ dys-
function (Figure 2). These effects are pronounced in 
encapsulated organs—such as the liver and kidneys—
which lack the capacity to accommodate additional 
volume without an increase in interstitial pressure 
and compromised organ blood flow. Through these 
mechanisms, tissue edema may directly participate in 
the progression of AKI. Myocardial edema in the heart 
can worsen ventricular function, oxygen delivery and 
synchronized intraventricular conduction.39,77–79 Liver 
function can be similarly compromised by interstitial 
edema.73 Recovery of gastrointestinal function, wound 
healing, and coagulation are also adversely affected by 
interstitial edema5,26,28,80,81 (Figure 2). 

The adverse effects of fluid overload are perhaps most 
evident in the lungs, where overzealous fluid resuscita-
tion can lead to acute pulmonary edema or ‘pseudo acute 
respiratory distress syndrome’ (ARDS).82 In patients 
with established acute lung injury (ALI), retrospec tive 
analyses45,83,84 and prospective, multicenter, random-
ized, controlled trials85–88 have provided evidence 
associating more-positive fluid balances with poorer  
pulmonary outcomes.

To more formally assess the evidence associating fluid 
overload with adverse outcome in the ICU we system-
atically interrogated the PubMed electronic reference 
database using specific search terms to identify clinical 
studies examining fluid balance or therapy in critically 
ill adults (see Supplementary Information online for 
our strategy). Studies comparing two or more groups of 
adults in ICUs with significantly different fluid balances 
were identified and evaluated (Table 2).

Importantly, no studies examining restrictive fluid 
strategies in the ICU demonstrated clinically signifi-
cant worsening of renal function with fluid restriction 
(Table 2). Indeed, the Fluid and Catheter Treatment Trial 
(FACTT),88 by far the largest multicenter, randomized, 
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Figure 2 | Pathological sequelae of fluid overload in organ systems. Abbreviations: 
GFR, glomerular filtration rate; RBF, renal blood flow.
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Fluid overload and mortality in ITU patients on RRT

0

10

20

30

40

50

60

70

90 day m
ortality (%

)

15

32

40

54

65

<0 0-5 5-10 10-15 >15

Fluid accumulation %



“Patients with fluid overload at RRT initiation had twice as high crude 90-day mortality 
compared to those without. 

Fluid overload was associated with increased risk for 90-day mortality even after 
adjustments for other factors.”

Figure 2

Critical Care 2012, 16:R197

Fluid overload and mortality in ITU patients on RRT
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Management of AKI 

Risk stratify

❖ 50% of ARI occur in the wards, not ITU
❖ Watch for: pre-existing proteinuria , DM, CCF, Liver disease and CKD
❖ Exclude a.s.a.p. reversible causes: hypovolaemia, post-renal causes 

and nephrotoxic drugs

❖ Monitor urinary output (ex. per shift) and creatinine in hospitalised patients 
outside the ICU, in at risk for AKI.

❖ Although rare, a minimal work-up for the presence of underlying rapidly 
progressive forms of glomerular disease should also be performed, especially in 
the absence of other potential explanations.

Nephrol Dial Transplant. 2012;27(12):4263-4272. 



Avoid nephrotoxic agents



Crit Care Med 2010; 38:000 – 00

Common Nephrotoxins in the ICU

❖ NSAIDS

❖ ACEI

❖ Antimicrobials
❖ Aminoglycosides

❖ Amphotericin

❖ Acyclovir

❖ Chemotherapeutic agents

❖ Radiocontrast dye
Antimicrobial agents and Chemotherapy, May 1999, p. 1003–1012



Abuelo NEJM 2007

NSAIDs ACEI/ARBs



Aminoglycosides

❖ tubular damage 

❖ non oliguric renal failure

❖ hypo-osmolar urine

❖ rare after 1 dose

❖ recovery upon drug discontinuation usual

Antimicrobial agents and Chemotherapy, May 1999, p. 1003–1012
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Background
The safety and efficacy of hydroxyethyl starch (HES) for fluid resuscitation have not 
been fully evaluated, and adverse effects of HES on survival and renal function have 
been reported.

Methods
We randomly assigned 7000 patients who had been admitted to an intensive care 
unit (ICU) in a 1:1 ratio to receive either 6% HES with a molecular weight of 130 kD 
and a molar substitution ratio of 0.4 (130/0.4, Voluven) in 0.9% sodium chloride or 
0.9% sodium chloride (saline) for all fluid resuscitation until ICU discharge, death, 
or 90 days after randomization. The primary outcome was death within 90 days. 
Secondary outcomes included acute kidney injury and failure and treatment with 
renal-replacement therapy.

Results
A total of 597 of 3315 patients (18.0%) in the HES group and 566 of 3336 (17.0%) 
in the saline group died (relative risk in the HES group, 1.06; 95% confidence interval 
[CI], 0.96 to 1.18; P = 0.26). There was no significant difference in mortality in six 
predefined subgroups. Renal-replacement therapy was used in 235 of 3352 patients 
(7.0%) in the HES group and 196 of 3375 (5.8%) in the saline group (relative risk, 
1.21; 95% CI, 1.00 to 1.45; P = 0.04). In the HES and saline groups, renal injury oc-
curred in 34.6% and 38.0% of patients, respectively (P = 0.005), and renal failure 
occurred in 10.4% and 9.2% of patients, respectively (P = 0.12). HES was associated 
with significantly more adverse events (5.3% vs. 2.8%, P<0.001).

Conclusions
In patients in the ICU, there was no significant difference in 90-day mortality be-
tween patients resuscitated with 6% HES (130/0.4) or saline. However, more patients 
who received resuscitation with HES were treated with renal-replacement therapy. 
(Funded by the National Health and Medical Research Council of Australia and 
others; CHEST ClinicalTrials.gov number, NCT00935168.)
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The safety and efficacy of hydroxyethyl starch (HES) for fluid resuscitation have not 
been fully evaluated, and adverse effects of HES on survival and renal function have 
been reported.

Methods
We randomly assigned 7000 patients who had been admitted to an intensive care 
unit (ICU) in a 1:1 ratio to receive either 6% HES with a molecular weight of 130 kD 
and a molar substitution ratio of 0.4 (130/0.4, Voluven) in 0.9% sodium chloride or 
0.9% sodium chloride (saline) for all fluid resuscitation until ICU discharge, death, 
or 90 days after randomization. The primary outcome was death within 90 days. 
Secondary outcomes included acute kidney injury and failure and treatment with 
renal-replacement therapy.

Results
A total of 597 of 3315 patients (18.0%) in the HES group and 566 of 3336 (17.0%) 
in the saline group died (relative risk in the HES group, 1.06; 95% confidence interval 
[CI], 0.96 to 1.18; P = 0.26). There was no significant difference in mortality in six 
predefined subgroups. Renal-replacement therapy was used in 235 of 3352 patients 
(7.0%) in the HES group and 196 of 3375 (5.8%) in the saline group (relative risk, 
1.21; 95% CI, 1.00 to 1.45; P = 0.04). In the HES and saline groups, renal injury oc-
curred in 34.6% and 38.0% of patients, respectively (P = 0.005), and renal failure 
occurred in 10.4% and 9.2% of patients, respectively (P = 0.12). HES was associated 
with significantly more adverse events (5.3% vs. 2.8%, P<0.001).

Conclusions
In patients in the ICU, there was no significant difference in 90-day mortality be-
tween patients resuscitated with 6% HES (130/0.4) or saline. However, more patients 
who received resuscitation with HES were treated with renal-replacement therapy. 
(Funded by the National Health and Medical Research Council of Australia and 
others; CHEST ClinicalTrials.gov number, NCT00935168.)
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ethyl starch [130/0.4]) or saline. The P value was calculated by means of the log-rank test. Panel B shows the relative 
risk of death at 90 days for the six predefined subgroups. The size of the square representing the risk ratio reflects 
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ry were analyzed separately, the relative risks of 
meeting the criteria for the risk of kidney dys-
function (RIFLE-R) or kidney injury (RIFLE-I) 
were higher in the HES group than in the saline 
group (Fig. S3 in the Supplementary Appendix).

There was no significant between-group dif-
ference in rates of death in the ICU, at 28 days, 
and in the hospital or in rates of new respiratory 
or new coagulation organ failure. The incidence 
of new cardiovascular organ failure was signifi-
cantly lower in the HES group than in the saline 
group (36.5% vs. 39.9%) (relative risk, 0.91; 95% 
CI, 0.84 to 0.99; P = 0.03). The incidence of new 
hepatic organ failure was significantly higher in 
the HES group than in the saline group (1.9% 
vs. 1.2%) (relative risk, 1.56; 95% CI, 1.03 to 
2.36; P = 0.03). There were no significant differ-
ences in the duration of mechanical ventilation, 
of renal-replacement therapy, or of ICU or hospi-
tal stays between the two groups (Table 2). 
There was no significant between-group differ-
ence in cause-specific mortality within the 90-
day follow-up period (Table S5 in the Supple-
mentary Appendix). The main results were similar 
after adjustment for baseline covariates (Table 
S6 in the Supplementary Appendix).

The use of HES was associated with a sig-
nificant increase in the rate of adverse events 
(5.3 vs. 2.8%, P<0.001). Of these events, pruritus 
and rash were the most common (Table 2).

Discussion

In this randomized, controlled trial, there was no 
significant difference in mortality at 90 days in a 
heterogeneous population of ICU patients who 
received 6% HES (130/0.4) in 0.9% saline and 
those who received 0.9% saline alone for fluid re-
suscitation. The effect on mortality did not differ 
significantly in six predefined subgroup pairs.

Our study was a large-scale, pragmatic trial 
modeled on the Saline versus Albumin Fluid Evalu-
ation (SAFE) trial.15 We sought to minimize the 
risk of bias through centralized randomization, 
allocation concealment, and blinding of study-
group assignments. We used a robust primary 
outcome measured at an interval relevant to this 
study population.16,17 To further minimize the risk 
of bias, we published the statistical analysis plan, 
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Day 0 was defined as the day of randomization to the end of that day, which 
averaged 12 hours in the two study groups. P values are for the between-
group comparisons of means of the individual daily averages for 7 days, in-
cluding day 0. To convert the values for creatinine to milligrams per deci-
liter, divide by 88.4.
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Care if high CVP



ization of unique patients and formed the study population.
Main reasons for right heart catheterization are shown in
Table 1. Aortic and mitral valve disorders accounted for
44% of indications, whereas in 16%, acute or chronic heart
failure was the predominant reason. Mean age was 59 ! 15

years, and 57% were men (Table 2). In the total study
population, both mean cardiac index (2.9 ! 0.8 l/min/m2)
and mean CVP (5.9 ! 4.3 mm Hg) were within the normal
range. The distribution of CVP among the study population
is shown in Figure 1. Mean eGFR was moderately im-
paired: 65 ! 24 ml/min/1.73 m2.

The distribution of different factors over tertiles of CVP
is shown in Table 2. Most of the characteristics were equally
distributed across tertiles of CVP, except for the highest
tertile (CVP "6 mm Hg). Both cardiac output and cardiac
index were significantly lower in the highest tertile com-
pared with lower tertiles (p # 0.0001), corresponding to r $
%0.259 (p # 0.0001) for the association between CVP and
cardiac index. Furthermore, patients in the highest tertile
were treated more frequently with angiotensin-converting
enzyme inhibitor/angiotensin-II receptor blockers, beta-
blockers, diuretics, and aldosterone antagonists. Prevalence
of heart failure showed a trend toward increasing with
higher tertiles of CVP (p $ 0.0781), whereas congenital
heart disease was also more prevalent in the highest tertile.
Finally, eGFR was significantly lower in the highest tertile
of CVP, compared with both lower tertiles (p # 0.001).
Curvilinear fitting and the relationship between CVP
and eGFR. Figure 1 shows the curvilinear relationship
between CVP and eGFR in the total study population as
obtained by fractional polynomial modeling. Estimated
GFR showed a small increase when CVP increased from 1
to 6 mm Hg. However, in CVP values "6 mm Hg, a steep

Figure 1 Distribution of CVP and Curvilinear Relationship
Between CVP and eGFR in the Study Population

Adjusted for age, sex, and cardiac index. The curvilinear model had the follow-
ing individual polynomial components for the relationship between CVP and
eGFR: First order: Y $ %25.8·(CVP & 1)/10 (Wald 28.2, p # 0.0001) and sec-
ond order: Y $ 35.7·([CVP & 1]/10)0.5 (Wald 17.4, p # 0.0001). CVP $ cen-
tral venous pressure, eGFR $ estimated glomerular filtration rate.

Baseline Characteristics According to Tertiles of CVP

Table 2 Baseline Characteristics According to Tertiles of CVP

Total Tertile 1 (0 to 3 mm Hg) Tertile 2 (4 to 6 mm Hg) Tertile 3 (>6 mm Hg) p Value for Trend

n 2,557 911 855 791

Age (yrs) 59 ! 15 60 ! 15 59 ! 15 58 ! 15 0.0032

Sex (% male) 57 59 58 54 NS

SBP (mm Hg) 133 ! 29 133 ! 28 134 ! 27 129 ! 31 0.0100

DBP (mm Hg) 68 ! 13 66 ! 12 68 ! 12 69 ! 13 0.0010

CO (l/min) 5.5 ! 1.6 5.7 ! 1.6 5.5 ! 1.5 5.0 ! 1.5 #0.0001

Cardiac index (l/min/m2) 2.9 ! 0.8 3.1 ! 0.7 3.0 ! 0.7 2.7 ! 0.8 #0.0001

CVP (mm Hg) 5.9 ! 4.3 2 ! 1 5 ! 1 11 ! 4 #0.0001

eGFR (ml/min/1.73 m2) 65 ! 24 65 ! 23 67 ! 24 62 ! 24 0.0001

Medical history (%)

Heart failure 16 15 15 19 NS

Coronary artery disease 24 24 25 24 NS

Congenital heart disease 5 4 5 7 0.0189

Valve disease 51 50 55 49 NS

Hypercholesterolemia 6 7 5 6 NS

Diabetes mellitus 9 8 8 10 NS

Hypertension 20 21 20 18 NS

Stroke 5 4 5 6 NS

Medication (%)

Diuretics 42 37 38 53 0.0001

Beta-blocker 28 25 29 31 0.0388

ACEI or ARB 38 36 32 45 0.0001

Aldosterone antagonist 9 5 6 15 0.0001

ACEI $ angiotensin-converting enzyme inhibitor; ARB $ angiotensin-II receptor blocker; CO $ cardiac output; CVP $ central venous pressure; DBP $ diastolic blood pressure; eGFR $ estimated glomerular
filtration rate; NS $ not significant; SBP $ systolic blood pressure.
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Heart Failure

Increased Central Venous
Pressure Is Associated With Impaired
Renal Function and Mortality in a Broad
Spectrum of Patients With Cardiovascular Disease

Kevin Damman, MD,* Vincent M. van Deursen,* Gerjan Navis, MD, PHD,†
Adriaan A. Voors, MD, PHD,* Dirk J. van Veldhuisen, MD, PHD, FACC,*
Hans L. Hillege, MD, PHD*‡

Groningen, the Netherlands

Objectives We sought to investigate the relationship between increased central venous pressure (CVP), renal function, and
mortality in a broad spectrum of cardiovascular patients.

Background The pathophysiology of impaired renal function in cardiovascular disease is multifactorial. The relative impor-
tance of increased CVP has not been addressed previously.

Methods A total of 2,557 patients who underwent right heart catheterization in the University Medical Center Groningen,
the Netherlands, between January 1, 1989, and December 31, 2006, were identified, and their data were ex-
tracted from electronic databases. Estimated glomerular filtration rate (eGFR) was assessed with the simplified
modification of diet in renal disease formula.

Results Mean age was 59 ! 15 years, and 57% were men. Mean eGFR was 65 ! 24 ml/min/1.73 m2, with a cardiac
index of 2.9 ! 0.8 l/min/m2 and CVP of 5.9 ! 4.3 mm Hg. We found that CVP was associated with cardiac in-
dex (r " #0.259, p $ 0.0001) and eGFR (r " #0.147, p $ 0.0001). Also, cardiac index was associated with
eGFR (r " 0.123, p $ 0.0001). In multivariate analysis CVP remained associated with eGFR (r " #0.108,
p $ 0.0001). In a median follow-up time of 10.7 years, 741 (29%) patients died. We found that CVP was an in-
dependent predictor of reduced survival (hazard ratio: 1.03 per mm Hg increase, 95% confidence interval: 1.01
to 1.05, p " 0.0032).

Conclusions Increased CVP is associated with impaired renal function and independently related to all-cause mortality in a
broad spectrum of patients with cardiovascular disease. (J Am Coll Cardiol 2009;53:582–8) © 2009 by the
American College of Cardiology Foundation

Renal dysfunction is a strong and independent predictor of
prognosis in the general population but also in patients with
diabetes, hypertension, coronary artery disease, and heart
failure (1–7). The pathophysiology is multifactorial and
associated with decreased renal perfusion, atherosclerosis
and inflammation, endothelial dysfunction, and neurohor-
monal activation (8–10). We recently showed that in
patients with cardiac dysfunction secondary to pulmonary

hypertension, not only was renal perfusion strongly associ-
ated with renal function impairment but also with venous
congestion (11). However, it is unclear whether this obser-
vation is limited to those patients with reduced cardiac
function and pulmonary hypertension or whether it also
may be present in patients with a mixture of cardiovascular
diseases with varying etiologies and treatments. In addition,
there are only limited data on the relationship between

See page 597

venous congestion, as estimated by central venous pressure
(CVP) and the impact on prognosis, even in patients with
and without heart failure. The studies that have been
conducted are either small or include only noninvasive
assessment of increased venous congestion, such as jugular
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synthesis predisposes a person to medullary injury and
renal failure,

 

5,11

 

 a fact that is consistent with an impor-
tant role of nitric oxide in increasing medullary oxy-
genation. Urodilatin, homologous to atrial natriuretic
peptide and produced by the distal tubules, is another
renal vasodilator. Receptors for potent vasoconstrictors
— endothelin

 

15

 

 and angiotensin II (Fig. 3B) — are con-
centrated in the medulla. The balance of vasodilators
and vasoconstrictors is important for the precise regu-
lation of medullary blood flow.

 

Adenosine

 

Adenosine, released from ATP during hypoxia in any
tissue, is generally a vasodilator and tends to restore lo-
cal oxygen balance.

 

23

 

 In the kidney, adenosine induces
both cortical vasoconstriction (with a reduction in glo-
merular filtration) and medullary vasodilatation (with
inhibition of tubular transport), which suggests that it
has an intrarenal homeostatic role that attenuates med-
ullary hypoxia.

 

13,14

 

 

 

Tubuloglomerular Feedback

 

Glomerular filtration is controlled by tubuloglomeru-
lar feedback. Insufficient reabsorption of sodium by
renal tubules activates (distally, at the macula densa)
signals that constrict the glomerulus, reducing filtra-
tion and therefore the delivery and reabsorption of

tubular solute.

 

21

 

 Thus, hypoxic im-
pairment of reabsorption in the
medullary thick limbs reduces glo-
merular filtration, which relieves
medullary oxygen insufficiency when-
ever the workload exceeds capacity.
A related response of the kidney to
any decline in blood flow is the re-
distribution of the corticomedullary
circulation for the benefit of medul-
lary oxygenation. Superficial cortical
blood flow (and glomerular filtra-
tion) is reduced, whereas juxtamed-
ullary blood flow (and medullary ox-
ygen supply) is maintained.

 

Growth Factors

 

Medullary tubules synthesize
growth factors, such as insulin-like
growth factor I, epidermal growth
factor, and tumor necrosis factor,
which act as intrarenal autocrine or
paracrine mediators. Renal hyper-
trophy may thus be modulated by
signals originating in the medulla
that ascend to the cortex by the por-
tal system of the venous vasa recta.
In experimental renal failure, recov-
ery is accelerated by exogenous in-
sulin-like growth factor I or epider-
mal growth factor.

 

24

 

 Changes in
gene expression along medullary

thick limbs after kidney injury

 

25

 

 also suggest that the
outer medulla is an important site for the control of re-
nal growth.

 

Neuroendocrine and Other Protective Mechanisms

 

Hormones

 

26

 

 and neuromediators

 

18,27,28

 

 modulate trans-
port in medullary thick limbs, which suggests that
there is some neuroendocrine control of medullary
oxygenation. Medullary tubules also have intrinsic
biochemical defense systems, such as heat-shock pro-
teins.

 

29

 

 
Powerful and coordinated mechanisms thus regulate

intrarenal oxygenation to allow the concentration of
urine with minimal medullary hypoxic injury. Diseases
and drugs may have a considerable effect on the deli-
cate homeostasis of medullary oxygenation.
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Multiple pharmacologic and pathophysiologic events
affect medullary oxygenation (Table 2). Reducing
transport activity protects medullary tubules from hy-
poxic injury, particularly in the thick ascending limbs
and to a lesser extent in the last (S

 

3

 

) portion of the
proximal tubules.

 

44

 

 Inhibiting electrolyte transport with
furosemide, ouabain (a potent inhibitor of Na

 

!

 

/K

 

!

 

–
ATPase), or the cessation of glomerular filtration pre-

 

Figure 1. Anatomical and Physiologic Features of the Renal Cortex and Medulla.

The cortex, whose ample blood supply optimizes glomerular filtration, is generally
well oxygenated, except for the medullary-ray areas devoid of glomeruli, which are
supplied by venous blood ascending from the medulla. The medulla, whose meager
blood supply optimizes the concentration of the urine, is poorly oxygenated. Medul-
lary hypoxia results both from countercurrent exchange of oxygen within the vasa
recta and from the consumption of oxygen by the medullary thick ascending limbs.
Renal medullary hypoxia is an obligatory part of the process of urinary concentration.
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The medulla, whose meagre blood supply optimises the concentration of urine, is poorly 
oxygenated. Medullary hypoxia results both from countercurrent exchange of oxygen within the 

vasa recta and from the consumption of oxygen by the medullary thick ascending limbs. 
Renal medullary hypoxia is an obligatory part of the process of urinary concentration.

WHY DIURETICS?



NEJM 1995: Vol 332: No 10

“The work of concentrating the urine predisposes a 
person to medullary hypoxic damage, reducing this work 
may prevent medullary injury.”

 “Furosemide, which inhibits reabsorptive transport in the 
medullary thick ascending limb, increased medullary PO2 
from 16 to 35 mmHg without altering cortical PO2. This effect 
was directly due to decreased tubular O2 consumption.”

Am J Physiol Renal Physiol 267: F1059-F1062, 1994

WHY DIURETICS?



Crit Care Med 2007; 35:2516–2524

So do loop diuretics protect in acute renal failure?

in two trials (26, 27) ARF was not for-
mally defined. Exclusion criteria were
defined in only six studies (25, 30, 32,
34, 36, 37), and there were no consis-
tent criteria for patient exclusion. The
duration, dosage, and technique of loop
diuretic administration in the studies
were variable (Table 2). In one trial (28)
there were two subgroups with different
techniques of diuretic administration;
these subgroups were combined to-
gether for analysis. Frusemide was the
loop diuretic in all RCTs except one
(36) in which frusemide and torasemide
were used; for the purposes of analysis
these subgroups were combined (Table
2). Of the five RCTs, two were assessed
as formally placebo-controlled (28, 32)
and in three (25, 30, 36) additional ac-
tive renal therapies were initially used
in both control and treatment arms. In
the two recent large nonrandomized
studies (34, 37), thiazide diuretics were
used in addition to loop diuretics, and
the combined results were used in anal-

ysis. In both these studies, preexisting
non-dialysis-dependent renal dysfunc-
tion was reported equally in treatment
and control arms (Table 1).

Influence of Loop Diuretics on Mor-
tality. Thirteen studies had information
on mortality (Fig. 1). While the credible
interval contained one, both group and
overall point estimates indicated an ad-
verse effect of loop diuretics (overall RR
1.10; 95% CI 0.85, 1.42). Furthermore,
there was an 83.8% probability that the
RR !1 (i.e., a high probability that loop
diuretics were associated with harm).
Heterogeneity between and within the
study types was small (between types
0.01, nonrandomized 0.01, RCTs 0.01).

Influence of Loop Diuretics on the
Time Taken to Normalize Creatinine/
Urea in ARF. In the eight assessable stud-
ies, the time taken (in days) to normalize
creatinine or urea was decreased for both
groups and overall; however, the differ-
ence was not significant (overall pooled
MD "1.54 days; 95% CI "5.62, 2.46)

(Fig. 2). There was a 17.8% probability
that loop diuretics were associated with
longer time to normalization of creati-
nine. Little heterogeneity between or
within the study types (between types
2.10, nonrandomized studies 6.22, RCTs
1.60) was observed.

Influence of Loop Diuretics on the
Time Taken to Diuresis of !1500 mL/day
in ARF. The use of loop diuretics signifi-
cantly decreased the oliguric period in six
assessable trials for both groups and over-
all (overall MD "7.70 days; 95% CI
"12.51, "2.08). There was a 99.3% prob-
ability that diuretics were associated with
shorter times to diuresis compared with
control. Heterogeneity of treatment ef-
fect was observed within the RCT group
(25.17) and to a lesser extent within the
nonrandomized group (5.69) and overall
(2.54) (Fig. 3).

Influence of Loop Diuretics on the
Number of Dialyses. The credible interval
for the incidence rate of dialyses needed
suggested no significant decrease with

Figure 1. Forest plot showing effect of randomized and nonrandomized studies on mortality treatment effect as risk ratio. Small solid squares, study
estimates; vertically capped horizontal lines, 95% credible intervals (CI); vertical lines within vertically capped diamond-shaped boxes, subgroup and
overall point estimates and 95% CI; vertical straight line, the null effect.
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Conclusions

“The use of diuretics in critically ill patients with acute renal 
failure was associated with an increased risk of death and 

nonrecovery of renal function.........
....the widespread use of diuretics in critically ill patients with 

acute renal failure should be discouraged.”

“the Devil’s drug”....Dr Paul Marik



KDIGO

So diuretics or not ?

❖  We recommend not using diuretics to 
prevent AKI. (1B)

❖  We suggest not using diuretics to treat AKI, 
except in the management of volume 
overload. (2C)



Acute Renal Injury in ITU

❖ Why worry? 

❖ Definition 
❖ Anatomy and physiology
❖ Markers of injury
❖ Pathophysiology
❖ Consequences of AKI
❖ Prevention
❖ Special Circumstances



Renal Injury-Special Circumstances

❖ Contrast induced nephropathy

❖ Hepatorenal syndrome

❖ Rhabdomyolysis



Contrast Induced Nephropathy - Definition

3 components

❖ Diagnosis of AKI using KDIGO criteria

❖ Within 48-72 hours

❖ Exclude

❖ Cholesterol embolism, hypotension, sepsis, 
etc



Contrast Induced Nephropathy - Who’s at risk

Risk factors

❖ Hypotension (5)

❖ CCF (5)

❖ >75 years (4)

❖ Diabetes (3)

❖ Anaemia (3)

❖ Contrast volume (1 for each 100 mL)

❖ Se Creatinine > 132 (4)
J Am Coll Cardiol 2004, 44, 1393-99



Contrast Induced Nephropathy - Mortality

Mayo Clin Proc. 2008;83(10):1095-1100

3.3 X risk of death at 30 days



Contrast Induced Nephropathy - N-acetyl cysteine

❖ Potent anti-oxidant

❖ Scavenger of oxygen derived free radicals

❖ Prevent direct oxidative tissue damage



Circulation. 2011;124:1210-1211

nificant beneficial effects on other end points such as
all-cause mortality and need for dialysis at 30 days. These
results were consistent among all subgroups evaluated,
including higher-risk patients such as those with renal
failure, those with diabetes mellitus, and those who re-
ceived the largest amounts of contrast.

Several strengths of the ACT reinforce our findings. It
represents the largest trial testing the effects of acetylcysteine

for the prevention of contrast-induced acute kidney injury
conducted to date. Although the incidence of contrast-
induced acute kidney injury observed in the control group
(12.7%) was somewhat lower than anticipated in our sample
size calculation (15%), still the ACT would have adequate
statistical power (84%) to detect a 30% decrease in the risk of
contrast-induced acute kidney injury. We sought to ensure
adequate methodological quality by using concealed random-

Figure 3. Effect of acetylcysteine on
contrast-induced acute kidney injury
according to subgroup. CI indicates con-
fidence interval; eGFR, estimated glo-
merular filtration rate.

Figure 4. Meta-analyses of randomized
controlled trials of acetylcysteine for pre-
venting contrast-induced acute kidney
injury stratified according to method-
ological criteria and the Acetylcysteine
for Contrast-Induced Nephropathy Trial
(ACT) main result. I2 represents the per-
centage of total variation across studies
due to heterogeneity rather than chance.
We considered all methodological crite-
ria adequate when a trial had allocation
concealment and was blinded and the
analysis followed the intention-to-treat
principle. CI indicates confidence inter-
val; NA, not applicable.

ACT Investigators Acetylcysteine and Renal Outcomes in Angiography 1255
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Adverse Events
The incidence of other serious adverse events was 1.3% in the
acetylcysteine group and 2.2% in the placebo group (P!0.09)
(Table I in the online-only Data Supplement). There was no
difference between the study groups for any other adverse
events, except that vomiting was less common in the acetyl-
cysteine than in the placebo group (0.3% and 1.2%, respec-
tively; P!0.02).

Updated Meta-Analysis
We identified 46 randomized controlled trials comparing
acetylcysteine with placebo (or no acetylcysteine) in pa-
tients undergoing cardiac or peripheral angiography (Table
II in the online-only Data Supplement). One study was
excluded from our meta-analyses because no cases of
contrast-induced acute kidney injury were observed in
either the treatment or control group.30 There was impor-
tant heterogeneity between studies (P"0.0001; I2!59%).
Therefore, we did not combine the results of all studies but
instead attempted to identify the sources of heterogeneity
by stratifying the analyses according to methodological
characteristics of the trials.

The pooled relative risk in studies with unclear or inade-
quate allocation concealment was 0.59 (95% CI, 0.43 to
0.82), with substantial heterogeneity across trials (I2!57%),
whereas in studies with allocation concealment, the effect
estimate (relative risk, 1.01; 95% CI, 0.75 to 1.37) was
similar to that found in our study, with no remaining
heterogeneity (I2!0%) (Figure 4). Meta-analyses stratified
according to adequacy of all methodological characteristics
(allocation concealment, double blinding, and intention-to-
treat analysis) revealed a similar pattern. The pooled relative
risk for low-quality studies was 0.63 (95% CI, 0.47 to 0.85;
I2!56%) and for studies meeting all 3 methodological criteria
was 1.05 (95% CI, 0.73 to 1.53; I2!0%).

Discussion
In this large randomized trial, acetylcysteine did not
reduce the incidence of contrast-induced acute kidney
injury. Acetylcysteine also did not show statistically sig-

Table 2. Continued

Characteristic
Acetylcysteine

(n!1172)
Placebo

(n!1136) P

Timing of serum creatinine
sampling after angiography,
No. (%)‡

0.87

48 to !72 h 876 (76.3) 851 (76.6)

72 to 96 h 272 (23.7) 260 (23.4)

*Fisher exact test.
†In the acetylcysteine and placebo groups, 1157 and 1124 patients,

respectively, were ultimately submitted to angiography. These are the denom-
inators for type of contrast.

‡Serum creatinine after angiography was available for 1148 and 1111
patients in the acetylcysteine and placebo groups, respectively.

Table 3. End Points

Outcomes Acetylcysteine Placebo
Relative Risk

(95% CI) P

Primary end point, No. of events/total No. (%)

Contrast-induced acute kidney injury 147/1153 (12.7) 142/1119 (12.7) 1.00 (0.81–1.25) 0.97

Other end points, No. of events/total No. (%)

End points in 48 to 96 h

Doubling in serum creatinine 13/1153 (1.1) 17/1119 (1.5) 0.74 (0.36–1.52) 0.41

Elevation "44.2 #mol/L (0.5 mg/dL) in serum creatinine 45/1153 (3.9) 42/1119 (3.8) 1.04 (0.69–1.57) 0.85

Elevation "13.3 #mol/L (0.3 mg/dL) in serum creatinine 140/1153 (12.1) 123/1119 (11.0) 1.10 (0.88–1.39) 0.39

End points at 30 d

Deaths or need for dialysis* 26/1171 (2.2) 26/1135 (2.3) 0.97 (0.56–1.69) 0.92

Death, need for dialysis, or doubling in serum creatinine 38/1171 (3.2) 41/1135 (3.6) 0.90 (0.58–1.39) 0.63

Deaths* 23/1171 (2.0) 24/1135 (2.1) 0.97 (0.54–1.73) 0.92

Need for dialysis* 3/1171 (0.3) 3/1135 (0.3) 0.87 (0.17–4.35) 0.86

Cardiovascular deaths* 18/1171 (1.5) 18/1135 (1.6) 0.99 (0.51–1.90) 0.97

CI indicates confidence interval.
*Results are hazard ratios with 95% CI and P values obtained by Cox regression.

Figure 2. Probability of death or need for dialysis from the day
of randomization (day 0) to day 30 among patients in the acetyl-
cysteine and placebo groups.
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No evidence at present that NAC 

works!



❖ All forms of intravascular iodinated contrast are taken up by 
renal tubular cells, and retained for >7 days

 
-> direct oxidative cellular damage and acute tubular 
dysfunction.

“Researchers have always used short-term N-aceytlcysteine .... 
stimulate researchers to study longer durations of therapy to 
match the time iodinated contrast is present in the renal tubular 
cells...”

Circulation. 2011;124:1210-1211

Before “tossing out” NAC, consider:



BMC Medicine 2007, 5:32

Before “tossing out” NAC, consider:

❖ Oral NAC is poorly absorbed with a bioavailability of 3-20%

(but glutathione values higher after oral)

❖ Most trials did not use NAC with adequate fluid loading

❖ Contrast agents themselves may decrease creatinine secretion 
thereby increasing se creatinine

❖ Conversely, NAC in the absence of contrast has been shown to decrease 
serum creatinine levels through increased tubular secretion in volunteers

❖ NAC-induced decreases in serum creatinine not associated with 
changes in Cystatin C which may be a more accurate indicator of GFR



Before “tossing out” NAC, consider:T h e  n e w  e ngl a nd  j o u r na l  o f  m e dic i n e

n engl j med 365;19 nejm.org november 10, 2011 1781

original article
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A bs tr ac t

Background
Mortality among patients with severe acute alcoholic hepatitis is high, even among 
those treated with glucocorticoids. We investigated whether combination therapy with 
glucocorticoids plus N-acetylcysteine would improve survival.

Methods
We randomly assigned 174 patients to receive prednisolone plus N-acetylcysteine 
(85 patients) or only prednisolone (89 patients). All patients received 4 weeks of pred-
nisolone. The prednisolone–N-acetylcysteine group received intravenous N-acetylcys-
teine on day 1 (at a dose of 150, 50, and 100 mg per kilogram of body weight in 250, 
500, and 1000 ml of 5% glucose solution over a period of 30 minutes, 4 hours, and 
16 hours, respectively) and on days 2 through 5 (100 mg per kilogram per day in 
1000 ml of 5% glucose solution). The prednisolone-only group received an infusion in 
1000 ml of 5% glucose solution per day on days 1 through 5. The primary outcome was 
6-month survival. Secondary outcomes included survival at 1 and 3 months, hepatitis 
complications, adverse events related to N-acetylcysteine use, and changes in bilirubin 
levels on days 7 and 14.

Results
Mortality was not significantly lower in the prednisolone–N-acetylcysteine group than 
in the prednisolone-only group at 6 months (27% vs. 38%, P = 0.07). Mortality was 
significantly lower at 1 month (8% vs. 24%, P = 0.006) but not at 3 months (22% vs. 34%, 
P = 0.06). Death due to the hepatorenal syndrome was less frequent in the prednisolone–
N-acetylcysteine group than in the prednisolone-only group at 6 months (9% vs. 22%, 
P = 0.02). In a multivariate analysis, factors associated with 6-month survival were a 
younger age (P<0.001), a shorter prothrombin time (P<0.001), a lower level of biliru-
bin at baseline (P<0.001), and a decrease in bilirubin on day 14 (P<0.001). Infections 
were less frequent in the prednisolone–N-acetylcysteine group than in the pred-
nisolone-only group (P = 0.001); other side effects were similar in the two groups.

Conclusions
Although combination therapy with prednisolone plus N-acetylcysteine increased 
1-month survival among patients with severe acute alcoholic hepatitis, 6-month sur-
vival, the primary outcome, was not improved. (Funded by Programme Hospitalier de 
Recherche Clinique; AAH-NAC ClinicalTrials.gov number, NCT00863785.)

The New England Journal of Medicine 
Downloaded from nejm.org by JOHN VOGEL on November 9, 2011. For personal use only. No other uses without permission. 

 Copyright © 2011 Massachusetts Medical Society. All rights reserved. 

Death due to the hepatorenal syndrome was less frequent in the prednisolone + N-
acetylcysteine group than in the prednisolone-only group at 6 months (9% vs. 22%)

The prednisolone–N-acetylcysteine group received intravenous N-acetylcysteine on day 1 
(at a dose of 150, 50, and 100 mg per kilogram of body weight ... on days 2 through 5 (100 

mg per kilogram per day in 1000 ml of 5% glucose solution).

The dose, duration, and administration route used were the same as those used 
for the treatment of drug intoxication.

 Lancet 1999;353:294-5.N Engl J Med 2011;365:1781-9.

so giving more for longer may work ???



“We wonder why hemofiltration, with its low clearance of 
radiocontrast material, should have prevented nephropathy, 
since many believe that renal injury occurs on initial 
exposure to radiocontrast material.”

n engl j med 350;8, february 19, 2004

“We have reported that prophylactic hemodialysis had no 
benefit in preventing radiocontrast-agent–induced 
nephropathy and associated morbidity.”

Hemofiltration and prevention of contrast induced nephropathy



Haemofiltration to prevent CIN

Int J Artif Organs 2008;31,515-524
36 

Int J Artif Organs 2008; 31, 515-524 

RRT cannot prevent CIN It doesn’t work!



Not all ARI post-angio is from contrast - Atheroembolic renal disease

...”estimated that 5–10% of all cases of acute 
renal failure could be due to atheroembolism”

Scolari et al; The Lancet; April 9, 2010

Seminar

www.thelancet.com   Published Online April 9, 2010   DOI:10.1016/SO140-6736(09)62073-0 3

emboli are also identifi ed in the skin, gastrointestinal 
tract, and muscle11,20,21 (fi gures 1 and 2). 

Clinical features
Clinical presentation of atheroembolic renal disease 
depends on the location and size of the embolising 
plaque, lodging sites, intensity and recurrence of the 
showering process, and pre-existing atherosclerotic 
disease. The ascending aorta and proximal aortic arch 
are the major sources of emboli to the cerebral and 
retinal arteries. Emboli to the visceral and renal arteries 
and to arteries of the legs and feet come from the 
descending thoracic and abdominal aorta.1–4 Subclinical 
or mild episodes can go completely unrecognised. 
However, massive embolisation can lead to a fulminant 
clinical picture, with multi-system involvement. 8–12 
(panel 2, table 2).

Kidney function can be aff ected acutely, subacutely, or 
in a chronic but slow, progressive way.8–12,24,25 A pronounced 
renal impairment with acute onset, arising within 1 week 
of a clear causal event, aff ects 20–30% of patients.24,27 This 
abrupt renal impairment is due to massive migration of 
crystals, and is associated with evidence of embolisation 
elsewhere, aff ecting gastrointestinal and cutaneous 
systems in most cases. The most common form of 
atheroembolic renal disease is a subacute presentation, 
with progressive renal failure developing in a stepwise 
way during several weeks after an inciting event. Frock 
and co-workers41 reported that the mean interval between 
the arteriographic procedure and diagnosis of disease 
was 5·3 weeks.41 This long delay between the triggering 
event and the onset of renal insuffi  ciency suggests a 

causal role of recurrent emboli showers and infl ammatory 
endothelial reaction. Another presentation is a chronic, 
slowly progressive renal impairment, often ascribed to 
nephroangiosclerosis or ischaemic nephropathy, which 
frequently co-cluster with cholesterol emboli. This mild 
form, with low-grade, clinically silent crystal migration is 
frequently underdiagnosed because extrarenal signs are 
absent and renal biopsy samples are not taken.42

Figure 1: Renal cholesterol crystal emboli 
Intraglomerular cholesterol crystals (arrows, A–B); cholesterol crystals in a renal arteriole (C); crystals in an arcuate artery with a pseudovasculitis infl ammatory 
reaction (arrow, D); crystals in an arcuate artery, and encasement of a crystal by a giant cell (arrow, E); and organised occlusive crystals in a renal arteriole (F). 
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Figure 2: Cholesterol crystal emboli in derma arterioles
Low-power view of cholesterol crystals (arrow, A); and high-power showing clusters of cholesterol crystals (B–D).
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Contrast Induced Nephropathy - reducing the risk

KDIGO

❖ Alternative imaging methods
❖ Lowest possible dose of contrast

❖ Either iso-osmolar (iodixanol) or low-osmolar iodinated contrast 

(Grade 1B)

❖ Intravenous volume expansion with isotonic fluids
❖ either NaCl or Na bicarbonate (Grade 1A)

❖ Do not use prophylactic hemofiltration for contrast removal 

(Grade 2C)

❖ oral NAC- evidence of benefit not overwhelming, but 

low risk and cheap (Grade 2D)



Hepato-Renal Syndrome



Peripheral arterial vasodilation hypothesis

Effective arterial hypovolemia

Ch
an

ge
s

Time (yrs)
Compensated 

cirrhosis Ascites

Hyponatremia

Type2 HRS

Cardiac output

Splanchnic arterial 
vasodilation

Systemic vascular resistance
Extra splanchnic 
vasoconstriction

Activation of RAAS, SNS, ADH

Normal 
effective 
blood 

volume

Vasoconstriction:

kidneys
brain

muscle



N Engl J Med 2004;350:1646-54

Hepatorenal syndrome -

❖ Profound renal vasoconstriction

❖ Low RBF and GFR

❖ Marked Na and water retention

❖ “Pre-renal” chemistries



N Engl J Med 2004;350:1646-54

Types of the Hepatorenal syndrome

❖ Type 1 HRS
❖ Rapid impairment in renal function - < 2 weeks

❖ Deadly- untransplanted-median survival time of approximately 3 months

❖ Type 2 HRS
❖ Slowly progressive impairment of renal function - better prognosis

❖ Diagnosis of exclusion 
❖ Remember, most patient with cirrhosis and acute renal failure do not have HRS 

❖ Acute Tubular Necrosis - 42%

❖ Pre-renal failure - 38%

❖ HRS - 20%
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Hepatorenal syndrome - Prognosis + Treatment

Treatment
❖ Albumin

1g/kg day 1
20-40g/day thereafter

❖ Vasoconstrictor
❖ Terlipressin/Noradrenaline

❖ Paracentesis
❖ Replace albumin 

(8 gm /Litre removed)
❖ Liver transplant 

❖ Definitive treatment
NB. transplanted kidneys still 
work!
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Large-Volume Ascites

 

Large-volume ascites — that is, ascites in an amount
large enough to cause marked abdominal discom-
fort, which interferes with regular daily activities —
can be treated on an outpatient basis unless there
are associated complications. Patients with large-
volume ascites usually present with severe sodium
retention (urinary sodium concentration, less than
10 mmol per liter), so that ascitic fluid accumulates
rapidly, even when sodium intake is restricted. Most
patients with large-volume ascites have normal re-
nal free-water excretion and a normal serum sodium
concentration. In some, however, free-water excre-
tion is impaired and dilutional hyponatremia may
develop, either spontaneously or when fluid intake
is increased. The serum creatinine concentration is
normal or only moderately higher than normal, in-
dicating that the glomerular filtration rate is nor-
mal or only moderately reduced.

There are two therapeutic strategies for large-
volume ascites: large-volume paracentesis and the
administration of diuretics at increasing doses
(maximal doses, 400 mg of spironolactone per day
and 160 mg of furosemide per day) until loss of as-
citic fluid is achieved. The results of randomized
trials comparing these two approaches support
paracentesis as the method of choice.

 

22,23

 

 Although
there is no difference between the two strategies
with respect to long-term mortality, large-volume
paracentesis is faster, is more effective, and is asso-
ciated with fewer adverse events than diuretic ther-
apy. Regardless of the strategy used, diuretics should
be given as maintenance therapy to prevent recur-
rence of ascites.

 

24

 

Removal of large amounts of ascitic fluid by para-
centesis without the use of plasma expanders is as-
sociated with a derangement in circulatory function,
characterized by a reduction of effective arterial-
blood volume and activation of vasoconstrictor and
antinatriuretic factors.

 

25-27

 

 Circulatory dysfunction
after large-volume paracentesis is associated with a
high rate of recurrence of ascites, development of
the hepatorenal syndrome or dilutional hyponatre-
mia in 20 percent of cases, and shortened surviv-
al.

 

25,28-30

 

 Plasma expanders are effective in prevent-
ing this complication.

 

25,28

 

 Albumin is superior to
dextran 70 and polygeline in preventing circulatory
dysfunction after paracentesis involving the remov-
al of more than 5 liters of fluid, but randomized
studies show no significant difference in survival
between patients treated with albumin and those
treated with other plasma expanders, probably be-

cause of the studies’ sample sizes.

 

28,31,32

 

 Although
the use of albumin in this setting remains contro-
versial because of its high cost and the lack of a
documented survival benefit, albumin has a great-
er protective effect on the circulatory system than
other expanders, a feature that supports its use in
patients treated with large-volume paracentesis.

Severe local complications related to paracente-
sis, such as infection or intestinal perforation, are
exceedingly rare if the procedure is performed with
an appropriate technique and with an appropriate
needle.

 

14,22,23,25-33

 

 The incidence of clinically sig-
nificant bleeding at the puncture site or hemoperi-
toneum is also extremely low, but most clinical trials
have excluded patients with an elevated prothrom-
bin time (more than 21 seconds), an international
normalized ratio that exceeds 1.6, or a platelet count
below 50,000 per cubic millimeter. The risk of
bleeding complications in patients with more se-
vere coagulopathy is unknown and warrants inves-
tigation.

 

Refractory Ascites

 

Refractory ascites, which occurs in 5 to 10 percent of
patients with ascites, is defined as a lack of response
to high doses of diuretics (400 mg of spironolac-

 

Figure 2. Probability of Survival among Patients with Cirrhosis, Refractory 
Ascites, and the Hepatorenal Syndrome.

 

Type 1 hepatorenal syndrome is a progressive impairment in renal function, 
defined by a doubling of the initial serum creatinine concentration in less than 
two weeks to a value greater than 2.5 mg per deciliter (221 µmol per liter). 
Type 2 hepatorenal syndrome is a stable or slowly progressive impairment in 
renal function that does not meet the criterion for type 1 hepatorenal syndrome.
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rial translocation — that is, the passage of bac-
teria from the intestinal lumen to the mesenteric 
lymph nodes — may play an important role in 
impairing circulatory function in advanced 
cirrhosis.14,15 Bacterial translocation may elicit 
an inflammatory response, with increased pro-
duction of proinflammatory cytokines (mainly tu-
mor necrosis factor α and interleukin-6) and 
vasodilator factors (e.g., nitric oxide) in the splanch-
nic area; this response in turn may lead to vaso-
dilatation of the splanchnic arterial vessels (Fig. 
2). Patients with cirrhosis and increased levels of 
lipopolysaccharide-binding protein or circulating 
levels of bacterial DNA (which may be considered 
surrogate markers of bacterial translocation) have 
increased serum levels of cytokines, reduced sys-

temic vascular resistance, and increased cardiac 
output, as compared with those who have cirrho-
sis but do not have these markers of bacterial 
translocation.16,17 Moreover, the administration of 
norfloxacin, an antibiotic that results in selective 
intestinal decontamination and reduces bacterial 
translocation, ameliorates but does not normalize 
the hemodynamic abnormalities in patients with 
cirrhosis.18,19

Patients with cirrhosis who have circulatory 
dysfunction and arterial underfilling, increased 
endogenous vasoconstrictor activity affecting the 
intrarenal circulation, and increased systemic in-
flammatory responses are particularly prone to 
renal failure, which may occur spontaneously or 
may be triggered by a number of events that occur 

Figure 1. Pathogenesis of Circulatory Abnormalities and Renal Failure in Cirrhosis.

In compensated cirrhosis, increases in cardiac output and plasma volume can restore effective arterial blood vol-
ume. In decompensated cirrhosis, the activation of vasoconstrictor systems to maintain effective arterial blood vol-
ume leads to ascites formation and eventually to renal failure. 

Copyright © 2009 Massachusetts Medical Society. All rights reserved. 
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Beware of:

❖ Infection
❖ ex. SBP

❖ Blood loss
❖ ex. GI bleed

❖ Large volume paracentesis
❖ Drug toxicity

cytokines, NO



Effects of volume expansion with albumin in SBP
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ARI and Rhabdomyolysis
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integrity of tubular functions. However, when is-
chemic or toxic acute tubular necrosis is estab-
lished, both urinary sodium and the fractional 
excretion of sodium are raised.

Electrolyte abnormalities that occur as a re-
sult of the release of cellular components often 
accompany and determine the severity of rhab-
domyolysis-induced acute kidney injury. Because 
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Pathophysiology of ARI and Rhabdomyolysis
❖ Fluid sequestration in injured muscle 

induces volume depletion 
❖ -> Activation of the SNS, ADH, and 

RAS
❖ -> Vasoconstriction 
❖ -> Tubular injury  

❖ Ischaemia due to renal 
vasoconstriction

❖ Direct toxicity 
❖ Myoglobin-associated 

oxidative injury
❖ Tubule obstruction due to 

❖ protein–myoglobin 
complex

❖ sloughed tubular cells 
forming cellular casts.
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Treatment of ARI and Rhabdomyolysis
❖ Check volume status (often need ~10 L/ day)
❖ Measure creatine kinase (risk of ARI low if < 15,000 U/L)
❖ Measure plasma and urine creatinine, K+, Na+, Ca++, Mg, PO4 and albumin
❖ Urine dipstick and urine sediment (+ for blood in myoglobinuria and 

haemoglobinuria)
❖ Initiate volume repletion with normal saline at ~400 mL/hr
❖ Target urine output >200 mL/hr
❖ Check K+ frequently
❖ Only correct Ca++ if symptomatic (beware malignant precipitation of CaPO4)
❖ Treat cause of rhabdomyolysis
❖ If urine pH <6.5, alternate each liter of saline with Na bicarbonate  
❖ Maintain diuresis until myoglobin is cleared (clear urine, urine dipstick negative for 

blood
❖ Consider RRT if resistant hyperkalaemia, anuria, volume overload resistant 

acidosis



Renal transplant as a last resort



❖ Acute kidney injury is common and deadly

❖ Experimental models have defined pathophysiology of AKI

❖ AKI leads to distant organ dysfunction

❖ Risk stratify and watch for reversible causes as soon as possible - 

❖ hypovolaemia

❖ nephrotoxic drugs

❖ post-renal causes 

❖ Diuretics - “the Devil’s drug”

Acute kidney injury-Recap
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