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  Pref ace   

 This book offers a comprehensive overview of acute nephrology-related problems 
as encountered by the critical care physician and provides practical commonsense 
guidance for the management of these challenging cases. In the intensive care unit, 
acute kidney injury generally occurs as part of multiple organ failure due to septic 
or cardiogenic shock, systemic infl ammation, or following a major surgery. Once 
the damage is done, acute kidney injury increases the risk of long-term morbidity 
and mortality. Awareness of its development is therefore crucial. Intensivists have a 
central role in the fi eld of critical care nephrology since they provide the bridge to 
consultation with the nephrologist. The critical care physician is primarily respon-
sible for the prevention of AKI, for optimal protection of the kidneys during critical 
illness, and for its management. Therefore, early recognition and discrimination of 
the contributing factors are crucial skills, as is decision making regarding the pre-
scription and delivery of high-quality renal replacement therapy. Although the latter 
is often performed in close collaboration with the nephrologist, the intensivist has 
the integrated knowledge of and the global responsibility for the patient and there-
fore can not delegate this role to the nephrologist. The critical care physician navi-
gates the interaction of acute kidney impairment and its management with other 
failing organs and vice versa – the consequences of other organ failure on the devel-
opment, treatment, and prognosis of the acute kidney injury. This book represents a 
comprehensive state-of-the-art overview of critical care nephrology and supplies 
the knowledge needed to manage the complexity of daily acute nephrology care. 

 The book has been written by a worldwide panel of experts in the fi eld of acute 
nephrology from Europe, Canada, the United States, and Australia. It has four parts. 
The fi rst part deals with acute kidney injury, its epidemiology and outcome, patho-
physiology, associated acid-base disturbances, and the complex interaction between 
the kidney and other organs. Special consideration is given to the rare but devastat-
ing condition of acute kidney injury in pregnancy. The second part of the book is 
assigned to the diagnostic work-up in a patient with acute kidney injury, including 
the classical work-up, the potential use of biomarkers, and special imaging tech-
niques. The third part discusses measures to be taken to prevent acute kidney injury, 
including optimization of renal perfusion and the protection of the kidney against 
endogenous or exogenous toxins. The fourth part offers an overview of the prescrip-
tion and delivery of acute renal replacement therapy. Considerations on when to 
start and which dose to prescribe are given, and the pros and cons of hemodialysis, 



vi

hemofi ltration, and continuous and intermittent treatments are discussed. 
Furthermore, maintaining fi lter patency and managing the risk of clotting and bleed-
ing in the critically ill patients can be a struggle. The choice of anticoagulation and 
its consequences are highlighted which is of practical clinical relevance. Renal 
replacement therapy offers a primitive replacement of the kidneys’ excretory func-
tion. The metabolic sequelae of renal replacement therapy on acid-base and electro-
lyte balance are discussed, as are considerations on nutrition and micronutrients. 
Correct drug dosing during renal replacement therapy is a challenge, but is crucial 
and may be lifesaving. The altered pharmacokinetics and pharmacodynamics dur-
ing acute kidney injury and critical illness are explained. Special emphasis has been 
given to the role of continuous hemofi ltration in sepsis, its use as blood purifi cation 
for intoxications, along with the principles of provision of pediatric CRRT. The fi nal 
chapter discusses the operational and nursing aspects of continuous renal replace-
ment therapy. 

 We are grateful to all contributors for the free and enthusiastic sharing of their 
knowledge and clinical experience with our readers and thank the editorial team of 
Springer for their professional editing. We especially hope that this book will 
increase the understanding and know-how of critical care physicians regarding the 
diagnosis, treatment, and consequences of acute kidney injury in intensive care and 
hope that it will arouse their interest in the kidney during critical illness. Finally we 
hope that this will be translated into better outcomes for all our patients.  

    Amsterdam ,  The Netherlands      Heleen     M.     Oudemans-van Straaten   
    Edmonton ,  AB ,  Canada      Sean     M.     Bagshaw   
    Leuven ,  Belgium      Lui     G.     Forni   
    Rotterdam ,  The Netherlands      A.  B.     Johan     Groeneveld   
    Innsbruck ,  Austria      Michael     Joannidis       

Preface
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  1      AKI: Definitions and Clinical Context 

             Zaccaria     Ricci       and     Claudio     Ronco     

1.1               Acute Kidney Injury 

 Acute kidney injury (AKI) is a clinical syndrome representing a sudden decline of 
renal function leading to the decrease of glomerular fi ltration rate (GFR) [ 1 ]. This 
“conceptual” defi nition has been utilized for many years in place of a more precise 
and universally accepted classifi cation: Currently, objective parameters such as 
urine output and creatinine levels have been included into the so-called KDIGO 
(Kidney Disease: Improving Global Outcomes) defi nition [ 2 ,  3 ]. This recent inno-
vation into clinical practice of AKI is improving uncertainties in epidemiology and 
clinical management. However, still the literature reports that AKI incidence and 
mortality varies widely (incidence ranges 1–31 % and mortality ranges 28–82 %) 
[ 4 ]. All this depends on the fact that often patients with different characteristics and 
severity of renal dysfunction are included in the analyses. Furthermore, it has been 
reported that AKI aetiology and patient clinical condition strongly affect outcome, 
moving mortality rate from 20 % of the cases with isolated AKI with minimal or 
absent comorbidities to 80 % in case of AKI associated with severe sepsis or septic 
shock [ 5 ]. Hence, in the description and evaluation of AKI in the clinical context, it 
becomes very important to diagnose this pathology with a consensus defi nition, to 
exactly identify the aetiology and to defi ne the presence of comorbidities often char-
acterizing the susceptibility of the patient to develop the syndrome. 

mailto:z.ricci@libero.it
mailto:cronco@goldnet.it
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1.1.1     AKI Definitions 

 As previously described, a series of defi nitions have been used in the literature to 
describe AKI. It might be useful to critically reappraise some of them and to aban-
don others.

    Acute Tubular Necrosis  ( ATN ): 
  This term was used for many years as a surrogate for severe anuric renal dysfunc-
tion, based on histopathological fi ndings in animal models of ischaemia-reperfu-
sion. However, in humans, this anatomic-pathological picture rarely occurs [ 6 ].   
   Acute Renal Failure  ( ARF ):   
Originally referred to describe the effects of the crush syndrome on the victims of 
London bombing during World War II, the term ARF describes a syndrome character-
ized by sudden oliguria and rapid decrease of glomerular fi ltration leading to hyperka-
lemia and uremic intoxication. A precise biochemical defi nition was never proposed 
and the term was generally utilized to describe a syndrome with different causes and 
disparate levels of severity. Today, this term should be abandoned in favour of AKI [ 7 ].   
   Acute Kidney Injury  ( AKI ):   
This term was implemented and started to be widely used approximately 12 years 
ago after the second ADQI conference held in Vicenza, Italy, in 2002 [ 8 ]. This is the 
most recent term indicating an abrupt and persistent reduction of kidney function 
and accepting the paradigm that causes of injury may be disparate and the level of 
damage may be variable from negligible to severe. During that conference, the term 
ARF was substituted with AKI and the new RIFLE criteria (RIFLE stays for Risk, 
Injury, Failure, Loss and End stage kidney disease) were created, using a biochemi-
cal syntax to grade severity based on fall in GFR or urine output [ 8 ]. Subsequently, 
this was modifi ed by AKIN (Acute Kidney Injury Network) that introduced three 
stages as a measure of severity based on creatinine and urine output values [ 9 ]. 
Those criteria were fi nally resumed into the KDIGO classifi cation [ 2 ,  3 ] that recently 
reconciled RIFLE and AKIN into a unique fi nal common defi nition (Table  1.1 ).

   Table 1.1    KDIGO classifi cation   

 Stage  Serum creatinine  Urine output 

 1  1.5–1.9 times baseline 
 OR 
 ≥0.3 mg/dl (≥26.5 mmol/l) increase 

 <0.5 ml/kg/h for 6–12 h 

 2  2.0–2.9 times baseline  <0.5 ml/kg/h for ≥12 h 

 3  3.0 times baseline 
 OR 
 Increase in serum creatinine to ≥4.0 mg/dl (≥353.6 mmol/l) 
 OR 
 Initiation of renal replacement therapy 
 OR 
 In patients <18 years, decrease in eGFR to <35 ml/min per 
1.73 m 2  

 <0.3 ml/kg/h for ≥24 h 
 OR 
 Anuria for ≥12 h 

  Modifi ed from [ 10 ]  

Z. Ricci and C. Ronco
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       Kidney attack :   
This term was coined in order to highlight the analogy of the characteristics of the 
acute injury occurring to the kidney with that of acute coronary syndrome [ 11 ]: An 
insult to these organs (regardless of its nature) causes outcomes that are directly 
dependent on the intensity of damage and on the time spent before therapy is started. 
Different from heart attack, where chest pain and EKG abnormalities are fundamental 
symptoms for early diagnosis, the kidney is a silent organ and clinical evidence for 
this disorder is scanty, nevertheless a kidney attack may be of enormous importance 
both for short-term clinical outcomes, and for long-term kidney function. Accurate 
monitoring for diagnostic criteria for AKI coupled with utilization of novel early bio-
markers may frame the syndrome of AKI similar to that of heart attack (see below).   
   Subclinical AKI and Renal Angina :   
Emerging evidence suggests that 15–20 % of patients who do not fulfi l current 
serum-creatinine- based or urine output consensus criteria for AKI are nevertheless 
likely to have acute tubular damage, which is associated with adverse outcomes [ 12 , 
 13 ]. In other words, subclinical AKI is diagnosed when renal damage and dysfunc-
tion does not reach a threshold suffi cient to make serum creatinine rise above 0.3 mg/
dl in 48 h or when oliguria is rapidly reversed before the 6 h timeframe. However, 
such level of renal damage/dysfunction becomes evident only after the structure and 
function of nephrons that are part of the so-called renal functional reserve are 
affected. Patients may have up to 50 % of the renal mass compromised before creati-
nine rises. Thus, other criteria should be included in the diagnosis of AKI such as 
biomarkers or minimal increases of serum creatinine. In the last case, we may iden-
tify a condition defi ned “renal angina” (RA). Since, different from chest angina, 
there is no kidney pain, we need to use a composite framework of symptoms, signs 
and biomarkers to identify this population at risk (Table  1.2 ). Using patient demo-
graphic factors and early signs of injury, RA aims to delineate patients at risk for 
subsequent severe AKI (AKI beyond the period of functional injury) versus those at 
low risk. While the concept of RA is an intriguing and  logical proposal, it has been 
validated with the interesting RA index in only one paediatric study [ 15 ]. It has been 
recently demonstrated that in these patients the prognosis is poor [ 12 ,  13 ] and the 
level of complications such as evolution towards severe AKI, need of dialysis and 
death is somehow similar to those who have AKI according to KDIGO criteria. This 
conceptual framework allows defi ning AKI as a family of syndromes where dysfunc-
tion and damage may coexist or represent separate independent entities.
       CRIAKI and NCRIAKI :   
The question may arise if subclinical AKI is an actual clinical condition or it repre-
sents a risk condition for developing creatinine positive AKI. Continuing the cardio-
renal parallelism, creatinine can be used as the cardiologists use electrocardiogram 
(EKG) to diagnose myocardial infarction (MI). The typical distinction of “STEMI” 
(S-T elevation MI) and “NSTEMI” (Non S-T elevation MI) based on EKG could be 
paralleled by a distinction based on serum creatinine between “CRIAKI” (creatinine 
increase AKI) and “NCRIAKI” (Non creatinine increase AKI) [ 16 ]. As for NSTEMI 
biomarkers such as troponin are used to rule out MI in case of chest pain, in case of 
NCRIAKI (or subclinical AKI) biomarkers of tubular damage can be used to rule out 

1 AKI: Defi nitions and Clinical Context
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renal parenchymal damage following an exposure or other risk conditions. The bot-
tom line is that every insult that damages even a limited number of nephrons repre-
sents in an episode of kidney attack and it is ultimately an AKI episode. Since the 
characterization of clinical or subclinical AKI is only dependent on the level of dam-
age and the remnant renal functional reserve, we can no longer dismiss an episode of 
subclinical AKI as marginal or negligible. Subsequent kidney attacks may reduce the 
renal functional reserve leading to a point in which every insult will become clini-
cally evident and full recovery cannot be guaranteed [ 17 ]. This represents a condition 
in which fi brosis and sclerosis may become self-sustaining leading to chronic kidney 
disease (CKD) progression and ultimately end stage kidney failure.   

1.2         Comorbidities and the Risk of AKI 

 Apart from AKI defi nitions and its different grades of severity and clinical hues, it 
is clear that the syndrome of acute renal dysfunction must be seen in the broader 
context of the complex clinical picture of the critically ill patient. Critical illness  per  
se puts patients at risk of renal damage. The entire clinical history of AKI is based 
on the combination of two main factors: susceptibility to damage and exposures to 
specifi c insults. 

   Table 1.2    The renal angina index (RAI) score is composed by the hazard (or risk) component 
times renal clinical signs   

 Hazard Trance  Renal injury 

 Level  Evaluation  Score 
 Clinical risk 
on creatinine 

 Clinical risk on 
urine output  Score 

 Very high  Inotropes + mechanical 
ventilation or septic shock 

 5  No change  No change  1 

 High  After cardiac surgery: Thakar 
score >5; after general surgery: 
Michigan classes III through V; 
general ICU: High-risk patients 
according to Ref [ 14 ] 

 3  Increase 
0.1 mg/dl 
over 
baseline 

 One hour of 
oliguria in a 
appropriately 
resuscitated 
subject 

 2 

 Moderate  After cardiac surgery: Thakar 
score >3; after general surgery: 
Michigan class II; general ICU: 
low-risk patients according to 
Ref [ 14 ] 

 1  Increase 
0.3 mg/dl 
over 
baseline 

 Three hours of 
oliguria in a 
appropriately 
resuscitated 
subject 

 4 

 –  –  –  Increase 
0.4 mg/dl 
over 
baseline 

 Five hours of 
oliguria in a 
appropriately 
resuscitated 
subject 

 8 

  Modifi ed from Basu et al. [ 15 ] 
 Risk strata are essentially the epidemiologic risk of critically ill adult population: 5 (very high risk), 
3 (high risk) and 1 (moderate risk). Clinical signs of injury are based on changes in creatinine and 
urine output. The composite range of the RAI is therefore: 1, 2, 3, 4, 5, 6, 8, 10, 12, 20, 24 and 40  

Z. Ricci and C. Ronco
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1.2.1     Susceptibility 

 The chances of developing AKI after exposure to one or more insults depend on a 
number of susceptibility factors that vary widely from individual to individual: 
Recent KDIGO guidelines clearly described the importance of interaction between 
exposures and susceptibility in the fi nal development of the AKI syndrome [ 2 ,  3 , 
 10 ]. Dehydration or volume depletion, advanced age, female gender, black race, 
presence of chronic diseases (kidney, heart, lung, liver), diabetes mellitus, cancer, 
anaemia and poly-transfusion, obesity or cachexia all represent conditions identi-
fi ed as general susceptibility to AKI [ 10 ]. 

 Besides these general susceptibility conditions, the presence of a pre-existing 
kidney disease represents an important factor signifi cantly increasing the risk of 
developing AKI after an insult. As already remarked before, baseline GFR does not 
necessarily tell the full story about the anatomical and functional conditions of the 
kidney because a normal baseline GFR or serum creatinine level can be present 
despite signifi cant reduction of the functional renal mass [ 17 ]. This is due to a 
remarkable renal functional reserve present in intact kidneys. A patient with intact 
renal functional reserve may tolerate repeated kidney attacks simply loosing part of 
the reserve and without clinical evidence of the signifi cant damage. An individual 
with normal baseline GFR could potentially be at increased risk of AKI due to a loss 
of reserve. Furthermore, when an episode of AKI is resolved and renal function 
recovery appears complete by measurement of GFR, this does not necessarily mean 
that a full restoration of renal mass and reserve has also occurred. Interestingly, the 
lower the remnant kidney mass, the higher will be the susceptibility to further insults 
and the higher will be the stress imposed to residual nephrons, resulting in hyper- 
fi ltration, sclerosis and progressive kidney disease. 

 Susceptibility factors are not currently clearly defi ned and their identifi cation 
depends on many observational studies on different clinical settings [ 18 ]. As a mat-
ter of fact, however, such factors represent an insult that may be tolerated by some 
patients whereas may result in mild to severe AKI in others. For this reason, a care-
ful medical history collection and evaluation should be an indispensable part of the 
process of risk assessment and AKI diagnosis. 

 KDIGO recommends to keep monitoring high-risk patients until the risk has 
subsided [ 10 ]. Exact intervals for checking serum creatinine and for which indi-
viduals’ urine output should be monitored remain matters of clinical judgment; 
however, as a general rule, high-risk in patients should have serum creatinine mea-
sured at least daily and more frequently after an exposure. The same should be true 
for tight urine output monitoring.  

1.2.2     Exposures 

 AKI is a multifactorial syndrome and in most cases one or more exposures can be 
accounted in its pathogenesis. Haemorrhage, circulatory shock, sepsis, critical ill-
ness with one or more organ acutely involved, burns, trauma, cardiac surgery 

1 AKI: Defi nitions and Clinical Context
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(especially with cardiopulmonary bypass circulation), major non-cardiac surgery, 
nephrotoxic drugs, radiocontrast agents, poisonous plants and animals all represent 
possible exposures leading to AKI [ 10 ]. The clinical evaluation of exposures in the 
pathogenesis of AKI includes a careful history and thorough physical examination. 
Among the most important and preventable exposures, we must consider iatrogenic 
disorders [ 19 ,  20 ]. In several clinical conditions, drugs required to treat diabetes, 
oncological diseases, infections, heart failure or fl uid overload may affect the deli-
cate balance of a susceptible kidney leading to an acute worsening of organ func-
tion. Metformin, normally eliminated by the liver and the kidney, may accumulate 
if CKD pre-exists, inducing lactic acidosis and AKI. Chemotherapic agents used in 
solid tumour treatments may induce a tumour lysis syndrome with a sudden 
increase in circulating uric acid levels potentially toxic for the tubule-interstitial 
component of the renal parenchyma. Antibiotics may certainly result toxic to the 
kidney causing interstitial nephritis and tubular dysfunction and contribute to pro-
gressive renal insuffi ciency. The same effect can be induced by contrast media, 
especially if hyperosmolar dye is utilized for imaging techniques. In all these con-
ditions, a cell cycle arrest may be induced with important tubular-glomerular feed-
back and a negative impact on glomerular hemodynamics [ 21 ]. Patients may 
already be undergoing treatment with aldosterone blockers or ACE inhibitors or 
angiotensin receptor blockers (ARB). In such circumstances, the original compen-
satory mechanism in the kidney is blunted or altered. The maintenance of aldoste-
rone blockers when GFR is reduced below 60 ml/min may lead to secondary 
hyperkalemia and severe disturbances of the cardiac rhythm. Suspension of ACE 
inhibitors or ARB may produce an apparent improvement of kidney function due 
to a blockage of the efferent arteriolar vasodilatation [ 22 ]. On the contrary, the use 
of non-steroidal anti- infl ammatory drugs in these conditions may exactly induce 
the opposite effect [ 23 ]. Loop diuretics are another family of medications fre-
quently called into question as far as kidney damage is concerned. Diuretics are a 
double-sided treatment since they may resolve congestion on one side, but they 
may worsen renal perfusion and arterial underfi lling on the other [ 24 ]. Furthermore, 
it is possible that chronic administration of high-dose loop diuretics may induce 
drug resistance secondary to substantial histological modifi cations of Henle loop 
and decrease of renal function [ 25 ].  

1.2.3     AKI Risk Assessment 

 In the management of critically ill patients, it is becoming clearer and clearer that 
the assessment of whether a patient has already suffered a loss of glomerular excre-
tory function would be a precious information for diagnostic, therapeutic and prog-
nostic purposes. Most (if not all) patients at risk of an imminent acute loss of 
fi ltration function are asymptomatic, and various biochemical and imaging (i.e. 
ultrasound) tests are often of limited use early in the course of renal injury. The 
quality of decision-making also depends on the clinical experience of the physician; 

Z. Ricci and C. Ronco
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experienced individuals will perform better at interpreting contradictory lines of 
evidence. Nonetheless, despite the general recognition that AKI is a prognosis- 
determining disease of epidemic prevalence, all attempts to prevent and treat it in 
clinical practice have so far failed. Reasons for this failure could include an incom-
plete understanding of the pathophysiology of AKI, but also the fact that diagnosis 
of AKI has relied upon detecting impairment of kidney function. Currently avail-
able therapeutic measures are only initiated once glomerular function has already 
declined, when irreversible organ damage might already be present. So far, a prac-
ticable alternative parameter for assessing renal function in real time in an unselected 
population of patients is not currently available. Several scoring systems (such as 
the Thakar score [ 26 ] or the SHARF [ 27 ]) have been suggested to quantify the 
severity of AKI or predict the need for renal replacement therapy (RRT); however, 
these scores are poorly calibrated, not reproducible in other centres, and tend to 
underestimate the actual need for RRT. 

 A body of evidence from experimental and clinical studies has now established 
a plausible biological role for biomarkers of tubular damage, and presented proof of 
the concept that such markers might be able to predict AKI [ 28 ]. In our view, these 
novel biomarkers will be crucial in enabling the presence of AKI to be detected even 
in the absence of other signs and symptoms. In addition to facilitating early diagno-
sis of AKI, these biomarkers could also describe the severity of this illness [ 29 ]. A 
number of biomarkers of functional change and cellular damage are under evalua-
tion for early diagnosis of AKI, risk assessment for AKI, and prognosis of 
AKI. Recent work suggests in particular that the prognostic utility of newer plasma 
and urinary biomarkers, including neutrophil gelatinase-associated lipocalin, kid-
ney injury molecule-1 and IL-18 is signifi cantly higher over clinical assessment 
alone [ 10 ]. 

 In these circumstances, some structural biomarkers may be identifi ed: Such 
molecules contribute to making an earlier diagnosis of established and evolving 
AKI and potentially resulting in preventive strategies and/or earlier changes in 
management such as stopping harmful interventions or mitigating/avoiding current 
or planned exposures and insults [ 30 ]. Structural biomarkers are the mirror of a 
process occurring in the kidney tissue, and thus they can help to make an accurate 
differential diagnosis of AKI directing appropriate therapy of AKI (pre-renal vs 
renal). More accurate risk assessment and prediction of severity provided by these 
biomarkers could help prognostic stratifi cation of AKI (serial staging of AKI and 
evolution of the syndrome) with possible directions for management and therapeu-
tic strategies. In a recent paper by Kashani and colleagues [ 31 ], the urine concen-
tration of two novel markers – insulin-like growth factor-binding protein 7 
[IGFBP7] and tissue inhibitor of metalloproteinases-2 [TIMP-2] was found to be 
increased in a large cohort of critically ill patients developing AKI. The authors 
also compared them with known markers of AKI such as NGAL and KIM1. Not 
only the combined use of these two markers performed better than other known 
markers, but also their performance allowed prediction of AKI within 12 h with an 
area under the curve of about 0.8. [TIMP-2] [IGFBP7] signifi cantly improved AKI 
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risk prediction when added into a complex nine-parameter clinical model, includ-
ing both susceptibilities and exposures of AKI (Age, Serum Creatinine, APACHE 
III Score, Hypertension, Nephrotoxic drugs, Liver Disease, Sepsis, Diabetes, 
Chronic Kidney Disease). An intriguing implication of this study is that they are 
considered to be markers of cell cycle arrest: It is believed that this prevents cells 
from dividing when the DNA may be damaged and arrests the process of cell divi-
sion until the damage can be repaired. Interestingly, IGFBP7 is superior to 
TIMP-2 in surgical patients while TIMP-2 is best in sepsis-induced AKI: A com-
bined marker like this may result (and eventually be further developed in the next 
years) as a sort of panel of markers identifying various aetiologies of AKI. These 
two biomarkers, for example, probably predict AKI so effectively because they are 
involved in slightly different renal damage pathways. 

 Detecting this alarm at specifi c time points (i.e. ICU admission) will permit 
appropriate triage of patients, more intensive monitoring, and perhaps early involve-
ment from specialists in nephrology and critical care. Finally, as new therapies for 
AKI are being evaluated in the next few years, the use of biomarkers to help select 
which patients should be enrolled in trials will be an enormous advantage over cur-
rent study design and planning.   

    Conclusion 
 Although AKI    is extremely common with an incidence of about 2,100 per mil-
lion people, the condition remains diffi cult to identify and several forms of AKI 
can be currently described. Indeed, early mortality associated with AKI is still 
unacceptable, particularly when patients undergo available supportive therapy 
such as dialysis or hemofi ltration. A number of susceptibilities and exposures for 
AKI have been clearly identifi ed but there is no reliable way for a clinician to use 
this information to establish a clear risk profi le. The concept of renal angina and 
subclinical AKI have been proposed; both likely describe kidney damage and 
small changes in renal function occurring in patients already deemed to be at 
high risk. For all these reasons, the KDIGO guidelines for AKI diagnosis intro-
duced the concept of evaluating critically ill patients at risk for renal dysfunction 
and only including those with frank disease. In the future, the concept of sub-
clinical AKI will probably be incorporated to better defi ne the spectrum of this 
syndrome. 

 If patients could only tell us that their kidneys hurt, then front-line clini-
cians could stratify AKI “at risk” patients at a time when interventions (such 
as stopping nephrotoxins) are feasible and most likely to be effective. The 
promise of the next years will be essentially relying on novel early biomarkers 
of renal function change and, interestingly, of renal structural change that reli-
ably predict the risk of future overt AKI. These novel early biomarkers, with 
the integration of clinical risk profi les of patients, will hopefully provide an 
effective tool for the prevention and eventual modifi cation of AKI in “at risk” 
patients. 
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  2      Epidemiology of AKI 
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2.1            Incidence of AKI 

2.1.1     Population-Based Incidence 

 The reported incidence rates of AKI are strongly infl uenced both by the defi nition 
of AKI used and the studied population (all citizens/all hospitalized patients/all 
ICU-treated patients/only those with renal replacement therapy). So far only two 
studies [ 1 ,  2 ] (both using RIFLE criteria) have used any of the recent defi nitions 
(RIFLE, AKIN, KDIGO – See Chap.   1    ) to evaluate the population-based incidence. 
The fi rst retrospective study from Scotland representing a population of 523,390 
reported the population-based incidence of hospital-treated AKI as 214/100,000/
year [ 1 ]. Another retrospective study from one USA county area comprising a popu-
lation of 124,277 reported a population-based incidence of 290/100,000/year for 
ICU-treated AKI [ 2 ]. Previously, the community-based incidence of non-RRT-
requiring and RRT-requiring AKI in Northern California was estimated to be 384.1 
and 24.4 per 100,000/year, respectively [ 3 ]. Most recently, in the FINNAKI study, 
the population-based incidence of ICU-treated AKI was 74.6/100,000 adults/year 
using both KDIGO creatinine and urine output criteria [ 4 ].  
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2.1.2     Proportion of AKI Patients 

 Recently, a systematic review comprising 49 million patients (312 cohort studies) 
from mostly high-income countries indicated that AKI occurs in 1 in 5 adults and 
1 in 3 children in association with an acute care hospitalization [ 5 ]. Since the fi rst 
unifi ed criteria (RIFLE) for AKI were published, several studies [ 4 ,  6 – 18 ] have 
evaluated the proportion of AKI patients among all ICU patients. The proportion of 
AKI patients according to different stages are presented in Fig.  2.1 . The incidence 
of AKI in these studies varies signifi cantly from 10.8 % [ 8 ] to 67.2 % [ 6 ].  

 Plausible explanations for differences in reported incidences between studies are 
differences in study designs (retrospective vs. prospective), study populations/case 
mix, inclusion of urine output criteria, sample sizes and variety in observation peri-
ods. Large, multicentre retrospective registry studies comprising more than 10,000 
patients have reported incidences from 22 % [ 13 ] to 57.0 % [ 14 ]. Only few prospec-
tive studies [ 4 ,  8 ,  15 ,  16 ,  19 ] have been published, the largest of them including 
2,901 patients [ 4 ]. 

 Importantly, in only half of the abovementioned studies, both Cr and urine output 
criteria were included in the defi nition [ 4 ,  6 ,  8 ,  10 ,  11 ,  15 ,  16 ,  19 ]. The observation 
period for development of AKI varied from 24 h [ 10 ] to the entire hospital stay [ 6 ].   
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  Fig. 2.1    Proportion of patients (%) with different acute kidney injury (AKI) stages, according to 
the recent new classifi cations (RIFLE/AKI/KDIGO)       
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2.2     Risk Factors Associated with AKI 

 Several different predisposing factors and transient insults may affect the kidneys and 
lead to AKI. The risk for each patient to develop AKI is dependent fi rst on chronic 
conditions and patient-related factors and second on type and intensity of acute expo-
sures and insults [ 20 ]. The most relevant risk factors associated with AKI are sum-
marized in Table  2.1 . Estimating an individual absolute risk for AKI is challenging, 
and attempts to develop risk-prediction scores exist, but are mostly limited to patients 
with contrast media administration [ 21 ] or those after cardiac surgery [ 22 ].

   Table 2.1    Risk factors associated with AKI   

  Predisposing factors/chronic diseases  

 Advanced age 

 Gender 

 Black race 

 Chronic kidney disease 

 Diabetes mellitus 

 Heart failure 

 Pulmonary disease 

 Chronic liver disease and/or complications of portal hypertension 

 Proteinuria 

 Hypertension 

 Coronary artery disease 

 Peripheral vascular disease 

 Malignancy 

 Genetic factors 

  Acute diseases/drugs  

 Severe sepsis 

 Trauma 

 Any critical illness 

 Hypovolemia 

 Hypotension 

 Anaemia 

 Any major surgery, e.g. cardiac surgery 

 Radiocontrast media 

 Fluid overload 

 Synthetic colloids 

 Chloride-rich solutions (i.e. 0.9 % saline) 

 Drug toxicity, drug interaction or nephrotoxic medication: 

   ACE inhibitors, acyclovir, aminoglycosides, amphotericin, NSAIDs, diuretics, aspirin, 
metformin, methotrexate, statins 
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2.2.1       Predisposing Factors/Chronic Diseases 

 The incidence of AKI is increasing with advanced age [ 11 ,  13 ,  15 ,  16 ,  21 ,  23 ] – up 
to 45 % in ICU patients over 80 years [ 4 ]. Confl icting data relate gender to AKI – in 
some studies female gender [ 24 ,  25 ], but in some studies male gender [ 26 ,  27 ] has 
been overrepresented [ 16 ].Chronic kidney disease (CKD) is by far the most relevant 
predisposing susceptibility for increased risk for development of AKI [ 4 ,  6 ,  11 ,  23 , 
 26 – 28 ], even with a minimal elevation in creatinine values. Proteinuria per se (with 
an eGFR >60 mL/min/1.73 m 2 ) carries an adjusted relative risk of 4.4 for AKI [ 5 ]. 
Among the most common diseases at the population level which predispose to AKI 
are diabetes mellitus [ 15 ,  21 ,  23 ,  25 ,  27 ], heart failure [ 23 ,  26 ,  27 ], hypertension 
[ 27 ], pulmonary disease [ 23 ,  25 ] and liver disease [ 13 ,  23 ,  27 ]. Patients with malig-
nant conditions have a higher risk of AKI in the ICU [ 24 ,  25 ] which may be related 
to either direct invasion to the kidneys, or via modifi able additional factors, such as 
severe sepsis or nephrotoxic chemotherapeutic agents.  

2.2.2     Acute Diseases/Drugs 

 Sepsis is the most important factor associated with AKI. Up to 50 % of AKI cases 
are related to sepsis [ 29 – 31 ]. In addition to sepsis, other forms of critical illness, 
such as major trauma [ 26 ] may lead to severe hypovolemia [ 32 ] or sustained hypo-
tension [ 33 ,  34 ] predisposing to AKI. Colloids are disadvantageous for the kidneys. 
Several studies have confi rmed that the use of hydroxyethyl starch in critically ill 
patients, in particular in septic states, increase the risk for AKI and the risk for 
RRT. The clinical evidence to date, linking gelatin or albumin to increased risk for 
AKI is inconclusive. Excessive fl uid overload has been acknowledged as an inde-
pendent risk factor for AKI and adverse outcome [ 35 ]. 

 Any emergency [ 23 ,  27 ] or major surgery [ 27 ], especially cardiac surgery with 
cardiopulmonary bypass exposure predisposes to AKI due to potential changes in 
hemodynamics, intravascular volume, delivery of oxygen and the systemic infl am-
mation reaction (systemic infl ammatory response syndrome, SIRS) caused by the 
surgery. 

 Radiocontrast media and multiple drugs are known to be nephrotoxic. Up to one- 
fourth of severe AKI cases are estimated to be related to drug toxicity [ 30 ]. CKD, 
sepsis, liver failure, heart failure and malignancies as comorbidities increase the risk 
for drug-induced kidney injury [ 36 ]. 

 Due to the multifactorial etiology of AKI, most patients who develop AKI have 
several factors predisposing to AKI simultaneously or temporally over time 
(Fig.  2.2 ). In the FINNAKI study, a large prospective observational study, only pre- 
ICU hypovolemia (odds ratio, OR 2.2), pre-ICU use of diuretics (OR 1.7), colloid 
use (OR 1.4) and chronic kidney disease (OR 2.6, 95 % CI 1.9–3.7) were indepen-
dently associated with the development of AKI [ 4 ].    
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2.3     Outcomes of AKI Patients 

2.3.1     Hospital Mortality 

 Regrettably most of the AKI studies have focused on short-term mortality. ICU 
mortality is generally accepted as unreliable due to differences in discharge and 
end-of-life policies. Hospital mortality may also be biased, and thus variable, 
due to differences in discharging patients to rehabilitation centres or other hospi-
tals. The reported hospital mortality of AKI patients has varied between 13.3 % 
[ 6 ] and 49.1 % [ 15 ] in ten studies [ 4 ,  6 ,  7 ,  9 – 12 ,  15 ,  18 ,  19 ] (Table  2.2 ). 
Differences in study designs and patient populations/case mix explain some of 
the variation. Studies do not consistently report severity scores, but on the basis 
of the given SAPS II points there was a large variation in disease severity among 
ICU patients.

2.3.2        Long-Term Fixed-Time Mortality (90 Days, 6 Months) 

 The only study with a fi xed long-term mortality reported the 90-day mortality rate for 
AKI patients as 33.7 % [ 4 ]. Two prospective studies have reported the 6-month mor-
tality rates of 46.5 % [ 37 ] and 35.3 % [ 38 ], and two retrospective studies as 58.5 % 
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[ 39 ] and 38.0 % [ 40 ]. The survival curves of AKI patients [ 38 ,  41 ] suggest that most 
of deaths among AKI patients occur within 60 days, and so the follow up of 60–90 days 
would be adequate for a reliable analysis of mortality rate. The mortality rates from 
different studies for RRT-treated AKI-patients are presented in Fig.  2.3 .   

2.3.3     Trends in Mortality 

 A systematic review indicated that mortality of AKI patients has remained high 
throughout years [ 42 ]. However, two studies suggested that mortality both among 
AKI [ 43 ] patients and among RRT-treated patients [ 44 ] has decreased.  

2.3.4     Factors Associated with Mortality 

 Pre-existing co-morbidities, such as diabetes [ 45 ] and CKD [ 7 ,  10 ], and advanced 
age [ 46 ] increase the mortality rate. Fluid overload [ 47 ,  48 ] and hydroxyethyl starch 
use [ 49 ] are associated with excess mortality. Additionally, delay in ICU admission 

   Table 2.2    Hospital and 90-day mortality in patients with acute kidney injury classifi ed according 
to the new defi nitions (RIFLE, AKIN, KDIGO)   

 Author, year  Design  Criteria 
 Number 
of patients 

 AKI 
 Stage 3/
RIFLE F  AKI 

 Hospital 
mortality 
(%) 

 Hospital 
mortality 
(%) 

 90-day 
mortality 
(%) 

 Åhlström, 2006 [ 19 ]  Prospective, 
single centre 

 RIFLE 
 Cr + UO 

 658  16.7  23.0  – 

 Hoste, 2006 [ 6 ]  Retrospective, 
single centre 

 RIFLE 
 Cr + UO 

 5,383  13.3  26.3  – 

 Ostermann, 2007 [ 7 ]  Retrospective, 
multicentre 

 RIFLE 
 Cr 

 41,972  36.1  56.8  – 

 Ostermann, 2008 [ 9 ]  Retrospective, 
multicentre 

 AKIN 
 Cr 

 22,303  40.4  57.9  – 

 Bagshaw, 2008 [ 10 ]  Retrospective, 
multicentre 

 RIFLE 
 Cr 

 120,123  24.5  32.6  – 

 Lopes, 2008 [ 11 ]  Retrospective, 
single centre 

 RIFLE 
 Cr + UO 

 662  41.3  55.0  – 

 Joannidis, 2009 [ 12 ]  Retrospective, 
multicentre 

 AKIN 
 Cr 

 14,356  36.4  41.2  – 

 Medve, 2011 [ 15 ]  Prospective, 
multicentre 

 AKIN 
 Cr + UO 

 459  49.1  73.5  – 

 Sigurdsson, 2012 [ 18 ]  Retrospective, 
single centre 

 RIFLE 
 Cr 

 1,012  37.6  51.0  – 

 Nisula, 2013 [ 4 ]  Prospective, 
multicentre 

 KDIGO 
 Cr + UO 

 2,901  25.6  32.2  33.7 

   Cr  creatinine,  UO  urine output  
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[ 30 ,  46 ], use of mechanical ventilation [ 30 ], sepsis [ 45 ] and severity of illness and 
number of organ failures [ 45 ] have been associated with increased mortality in AKI 
patients. Variations in the severity of illness plausibly have an effect on not only the 
incidence of AKI, but also mortality. RIFLE or AKIN stages, representing worsen-
ing severity of AKI, have been independently associated with mortality in most 
studies [ 6 – 12 ,  15 ,  18 ,  19 ]. Furthermore, even mild stages of AKI have been associ-
ated with increased mortality [ 6 ]. Most recently, there was a linear increase in 
90-day mortality according to the advancing KDIGO stages: from 16.6 % without 
AKI to 29.3 % in stage 1, 34.1 % for stage 2 and 39.0 % for stage 3 AKI [ 4 ]. 

 Recently, a sequentially propensity-matched analysis calculated that the absolute 
excess mortality attributable to AKI at 90 days was 8.6 % and that statistically 
19.6 % of deaths (population attributable risk, 90-day mortality) among ICU patients 
could be avoided if there was no AKI [ 50 ].  

2.3.5     Health-Related Quality of Life (HRQoL) of AKI Survivors 

 The HRQoL of patients with AKI has been evaluated in at least three studies [ 37 , 
 38 ,  40 ]. The HRQoL by Short Form-36 questionnaire at 6 months was lower in 
physical domains among patients with postoperative AKI. However, the patients 
graded their HRQoL better than before ICU admission [ 40 ]. 

 Another study found no difference in HRQoL (by SF-36) at 6 months between 
patients with and without AKI [ 37 ]. More recently, a prospective multi-centre study 
reported that the HRQoL (assessed by the EuroQoL-5D) of AKI patients remained 
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  Fig. 2.3    90-day mortality (%) in patients with severe AKI who received renal replacement ther-
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unchanged during critical illness and was not different from that of patients without 
AKI 6 months after ICU admission [ 38 ]. Despite their lower HRQoL scores, patients 
with AKI perceive their health comparable to the general population [ 38 ]. 

 Studies comprising only AKI patients treated with RRT (stage 3) have reported 
impaired physical health component in comparison with controls [ 51 – 53 ]. Notably, 
surviving AKI-RRT patients perceived their health as excellent [ 51 ] and would 
decide to undergo the same treatment again [ 52 ]. More recently, the HRQoL of 
critically ill patients who survived with or without RRT was not different and com-
parable to the general population [ 17 ]. These HRQoL fi ndings support the active 
treatment of AKI patients with RRT despite high long-term mortality and remark-
able societal costs and low cost effi ciency especially in patients with more advanced 
age and co-morbidities [ 54 ].   

2.4     Summary 

 Multiple chronic diseases, such as diabetes and chronic kidney disease, and acute 
illness, most commonly sepsis (half of the cases) predispose to AKI. The modifi able 
factors, such as hypotension, fl uid overload, nephrotoxic drugs and starch should be 
monitored for and avoided. In summary, one of fi ve hospitalized adult patients and 
two of fi ve critically ill adult patients develop AKI. AKI portends an increased risk 
of death with higher risk with increasing severity of AKI – approximately one in 
four AKI patients die in the hospital, and one in three during 90 days. If RRT has 
been administered due to more severe AKI (stage 3), one in two patients will die in 
90 days. Although impaired relative to matched population norms, the HRQoL 
among AKI survivors is comparable to the HRQoL of the critically ill survivors 
without AKI. Of note, despite lower measured HRQoL among AKI survivors, these 
patients perceive their HRQoL to be comparable to that of an age- and sex-matched 
critically ill control population. Large observational and interventional studies are 
further needed to better understand the development and long-term outcomes of 
AKI and to ameliorate the recovering process after AKI. 

 Key Points 
     1.    Several non-modifi able chronic diseases along with numerous potentially 

avoidable factors contribute to the risk of developing AKI in critical 
illness.   

   2.    One of 5 hospitalized adult patients and 2 of 5 critically ill adult patients 
develop AKI.   

   3.    Increasing severity of AKI is associated with an incremental risk of death – 
up to half of the RRT-treated AKI patients die within 3 months.   

   4.    AKI survivors describe their quality of life to be comparable to that of 
other survivors without AKI after critical illness.   

   5.    At present the long-term kidney recovery and associated outcomes among 
AKI survivors are incompletely understood and represent important gaps 
in knowledge and evidence-based care.     
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  3      Renal Outcomes After Acute 
Kidney Injury 

             John     R.     Prowle    ,     Christopher     J.     Kirwan    , 
and     Rinaldo     Bellomo    

3.1            Introduction 

 During critical illness the occurrence of Acute Kidney Injury (AKI) is strongly 
associated with increased risk of death. However, in those who survive, it has tradi-
tionally been assumed that the majority will recover pre-morbid renal function with 
just a few patients being left dependent of renal replacement therapy (RRT) as a 
result of distinct pathological processes such as cortical necrosis and renal infarc-
tion. In fact, as long ago as the 1950s it had been established that when accurate 
determinations of glomerular fi ltration rate (GFR) are made, persistent reduction in 
renal function could be demonstrated months and years after an episode of AKI [ 1 , 
 2 ]. More recently, following standardization in the diagnosis and staging of AKI, 
the longer-term consequences of AKI on renal function in survivors have become 
better recognised [ 3 ] and episodes of AKI have been established as a major risk fac-
tor for the development of chronic kidney disease (CKD). 

 Chronic Kidney Disease is a major health care challenge for the twenty-fi rst 
century. It has been estimated that in 8.5 % of adults in the United Kingdom have 
CKD with its prevalence increasing [ 4 ]. The clinical and economic impact of CKD 
is very signifi cant, even mild CKD has been associated with increased long-term 
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morbidity and mortality, in particular cardiovascular disease and death [ 5 ]. The 
annual cost of CKD to the National Health Service in England and Wales has been 
estimated at £1.45 billion, more than the annual cost of breast, lung, colon and skin 
cancer combined [ 6 ]. Evidence-based guidelines exist for the prevention, recogni-
tion, treatment and follow-up of CKD [ 7 ], however, CKD often arises insidiously, 
goes undiagnosed and is left untreated. It is therefore crucial that survivors of criti-
cal illness be appropriately screened and managed in a similar fashion to other 
patient groups at high risk of CKD. 

 In this chapter, we review the epidemiological evidence for an association 
between AKI and the development or worsening of CKD, and the underlying patho-
physiology of this process. We discuss diffi culties in accurately diagnosing renal 
dysfunction in survivors of critical illness from ICU and, fi nally we suggest a struc-
ture for renal follow-up in this population.  

3.2     AKI and the Development of CKD 

3.2.1     Epidemiology of CKD After AKI 

 Considerable epidemiological evidence now exists to implicate AKI as a major risk 
factor for CKD [ 8 – 11 ]. For instance in a study involving a cohort of almost 250,000 
US Medicare patients [ 9 ], elderly individuals who experienced AKI were at signifi -
cantly increased risk of developing of end-stage renal disease (ESRD) compared to 
individuals with no history of AKI. The highest risk was in individuals developing 
AKI on a background of pre-existing CKD. In all, one quarter of patients develop-
ing ESRD had a prior clinical episode of AKI. Similarly, in over 5,000 patients 
admitted to US Veterans Health Administration Hospitals without a prior diagnosis 
of CKD, a diagnostic coding for  Acute Tubular Necrosis  was associated with a sig-
nifi cantly increase in the risk of later developing CKD stage 4 and 5 or death com-
pared to controls without an AKI diagnosis [ 10 ]. Episodes of AKI requiring renal 
replacement therapy (RRT) may confer the highest risk of CKD. For example, a 
retrospective analysis of over 500,000 patients without advanced CKD (estimated- 
GFR >45 ml/ml/1.73 m 2 ) requiring RRT for AKI within a managed health care 
consortium in California, found a 28-fold increase in risk of developing stage 4 or 5 
CKD and more than a twofold increased risk of death [ 11 ]. The severity of AKI has 
been linked with the risk of subsequent CKD in another analysis of US Veterans 
Health Administration patients [ 12 ], with greater odds of CKD associated with the 
a more severe AKI category in the RIFLE classifi cation, and with the greatest odds 
for those patients requiring RRT. Finally, recurrent AKI may confer particular risk 
of CKD. For example, in a cohort of 3,679 patients with diabetes followed for 
10 years, hospitalization complicated by AKI of any severity was associated with an 
independent 3.6-fold increase in rate of developing CKD stage 4, with a doubling of 
risk for each further AKI episode [ 13 ]. 

 The above studies highlight a strong epidemiological association between AKI 
and the development of CKD, however, this may not be apparent soon after 
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recovery from major illness. This is signifi cant because without evidence of CKD, 
patients are unlikely to receive specifi c renal follow-up, but may still be likely to 
have increased risk of later renal dysfunction. In a cohort of 1,610 patients who had 
AKI and recovered to normal serum creatinine, half developed CKD after 36 months. 
In addition, these patients had a 1.5-fold higher risk of death during follow-up com-
pared to matched controls without AKI [ 14 ]. In another large study of patients hos-
pitalized within an integrated health care system in the United States, 719 patients 
who had AKI during admission and recovered to baseline creatinine level were 
identifi ed. These individuals had an almost fourfold increased risk of developing 
incident stage 3 CKD compared to controls without AKI in propensity-stratifi ed 
analyses [ 15 ]. Similarly, in a study of 126 children whose creatinine returned to 
baseline after AKI [ 16 ], 10 % had developed CKD and half were identifi ed as hav-
ing increased risk of developing CKD within 3 years. Importantly, the most com-
mon renal abnormality at follow-up was micro-albuminuria, which is strongly 
associated with progression of adult CKD and which may long-precede any altera-
tion in GFR. Collectively, these studies suggest that the decision on renal specialist 
follow-up for patients surviving AKI cannot be easily based on serum creatinine at 
hospital discharge. Diffi cultly in recognising risk of CKD after AKI may account 
for very low reported rates of referral for nephrology follow-up [ 17 ], even in survi-
vors of severe AKI, short of immediately needing ongoing RRT.  

3.2.2     Pathophysiology of CKD After AKI 

 While there are many potential causes of CKD, once substantial chronic renal dam-
age has occurred, progression of CKD involves common pathophysiological pro-
cesses involving the development of proteinuria, systemic hypertension, and 
glomerulosclerosis and tubulo-interstitial fi brosis leading to a progressive decline in 
GFR. Chronic infl ammation is thought to play an important role in the development 
of tubulo-interstial fi brosis and this can occur as a sequela of acute infl ammation 
during AKI [ 18 ]. In AKI there is an early neutrophil cellular infi ltration followed by 
a later monocytic-lymphocytic infi ltrate during the recovery phase. A severe early 
neutrophilic response may cause irreversible nephron loss, however, the nature of 
the delayed mononuclear cell infi ltrate (chronic phase) correlates better with the 
nature and extent of recovery after AKI. Depending on the local infl ammatory 
microenvironment, monocytes and lymphocytes may direct repair, regeneration, 
and tissue remodeling, or promote fi broblastic metaplasia, proliferation and fi brosis. 
Once fi brosis is triggered, interactions between infl ammatory cells, fi broblasts, 
endothelial and epithelial cells perpetuate its development, which, in conjunction 
with the development of peri-tubular capillary rarefaction and hypoxia, mediates 
progressive renal injury. Once irreversible loss of nephron units has occurred, renal 
blood fl ow auto-regulation to neighboring nephron units is impaired, allowing sys-
temic blood pressure to be directly transmitted to glomerular arterioles. In combina-
tion with hypertensive systemic neuro-endocrine responses to diminished GFR, this 
causes intra-glomerular hypertension and hyperfi ltration, for a time preserving GFR 
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at the expense progressive arteriosclerosis, glomerulosclerosis and further tubular 
atrophy. In CKD of all forms these processes are accelerated by secondary risk fac-
tors, unrelated to the aetiology of CKD, such as genetic background, gender, epi-
sodes of recurrent AKI, degree of proteinuria, essential hypertension, sodium intake, 
obesity, smoking, systemic infl ammation and hyperlipidaemia (Fig.  3.1 ) [ 19 ].  

 Evidence for the above mechanisms can be found in the outcomes of animal 
models of AKI. In rats after renal ischaemia/reperfusion (I/R) injury, creatinine lev-
els return to the normal range after 4 weeks, despite a persistent GFR reduction of 
~50 % [ 20 ]. Furthermore, a high salt diet causes hypertension and proteinuria in 
animals exposed to renal I/R, but not in sham operated controls [ 20 ]. Similarly a 
high salt diet reduces renal clearances and increases interstitial infl ammation spe-
cifi cally in kidneys subjected to I/R [ 21 ]. The pathophysiology of chronic renal 
injury in these models may involve oxidative stress, alteration in gene expression, 
loss of peri-tubular capillaries [ 22 ], and the haemodynamic and fi brotic effects of 
angiotensin II [ 23 ]. 

 Thus, after AKI, initial chronic damage may be subtle and not be associated with 
obvious abnormality in serum biochemistry, but still of great prognostic signifi -
cance. Importantly, management of risk factors may attenuate these pathophysio-
logical processes and slow the progression of CKD.   

3.3     Diagnosis of CKD in AKI Survivors 

 Diagnosis of persistent renal dysfunction as an outcome of AKI can be confounded 
by many factors hampering our ability to defi ne its nature, extent and signifi cance 
(Table  3.1 ). The reciprocal relationship between creatinine and GFR implies that, 
quite large declines in renal function from a normal baseline can occur with only 
small rises in steady state creatinine, so that GFR can fall by almost half before 
creatinine becomes clearly abnormal. This is particularly important when assessing 
renal outcomes because even if the reduction in total nephron mass is relatively 
small, this can still trigger slow, progressive decline in renal function. Furthermore, 
in critical illness, acute falls in creatinine generation rate are observed both in clini-
cal settings [ 24 ] and animal models [ 25 ]. Such reduced creatinine generation, in 
turn, decreases both the rate of rise and the absolute creatinine increment after a fall 
in GFR [ 26 ]. Importantly, the largest falls in creatinine generation are associated 
with greatest illness severity [ 24 ]. The decreased ability of serum creatinine to 
refl ect the magnitude of decrease in GFR suggests that some patients may develop 
‘sub-clinical’ AKI and then CKD. Neutrophil gelatinase–associated lipocalin 
(NGAL) a biomarker of renal tubular injury is associated with risk of death and 
other adverse outcomes even in the absence AKI diagnosis based on serum creati-
nine [ 27 ], suggesting that sub-clinical AKI could be common and clinically rele-
vant. It is uncertain whether sub-clinical AKI is a risk factor for CKD. However, as 
subtle chronic kidney damage can predispose to progressive renal dysfunction, it is 
possible that some survivors of major illness could be at increased risk of CKD even 
in the absence of a formal AKI diagnosis during their illness.
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  Fig. 3.1    Common pathogenesis of CKD after AKI. Initial loss of nephrons and interstitial scar-
ring leads to hyperfi ltration and proteinuria. Hyperfi ltration may maintain total GFR, but at the 
expense of progressive renal injury, which in turn accelerates these processes. Many risk factors 
may accelerate the progression of CKD, in many cases with positive feedback as CKD in turn is a 
signifi cantly associated with development of cardiovascular disease, hypertension, systemic 
infl ammation and risk of recurrent AKI.  AKI  acute kidney injury,  CKD  chronic kidney disease, 
 RAAS  renal/angiotensin aldosterone system       
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   Even when the AKI is diagnosed, assessing renal function during recovery can 
be confounded by pre-existing or acquired alteration in muscle mass, liver func-
tion [ 28 ] and diet. Steady-state serum creatinine is determined by the equilibrium 
between creatinine production and creatinine excretion. Many critically ill patients 
have pre-morbid chronic disease and are likely to have reduced creatinine genera-
tion at baseline. The use of creatinine-based eGFR in the general population has 
recently been the subject of a meta-analysis [ 29 ]. The prevalence of CKD rose 
signifi cantly when cystatin-c, a renal fi ltration marker less dependent on muscle 
mass, was used for eGFR estimation, with better prediction of all-cause mortality 
and cardiovascular death. These results suggest that variations in creatinine gen-
eration might confound CKD diagnosis in the general population and that these 
missed diagnoses are clinically signifi cant. Critical illness is then associated with 
further profound and progressive loss of skeletal muscle protein [ 30 – 32 ] and mus-
cle thickness [ 32 – 34 ], with a strong inverse correlation between muscle thickness 
and duration of critical illness [ 33 ,  34 ]. Thus, estimates of renal function after 
critical illness based on ICU or hospital discharge creatinine can fail to detect 
signifi cant loss of GFR, and will not be directly comparable to a baseline 
creatinine. 

 Even when GFR is accurately assessed, measurements may not represent the 
extent of chronic kidney damage after AKI. Many patients who have developed 
chronic renal scarring can have relatively normal GFR for an extended period until 
overt CKD eventually occurs. It has been speculated that loss of  renal functional 
reserve  [ 35 ] occurs in early CKD as the kidney lacks capacity to augment GFR in 
response to demand despite preserved baseline GFR [ 36 ]. This may occur when the 
nephron number is reduced, but total GFR is persevered by glomerular hyperfi ltra-
tion [ 37 ]. Such patients have no capacity to increase GFR as their renal reserve is 
maximally recruited at baseline. Hyperfi ltration may be triggered by neuroendo-
crine responses to renal damage, including local and systemic generation of angio-
tensin II, and is associated with glomerulosclerosis and eventual deterioration in 
renal function. These processes are strongly associated with the development of 
proteinuria. Irrespective of GFR, microalbuminuria (urinary albumin: creatinine 
ratio >3.5 mg/mmol) is associated with increased all cause mortality, cardiovascular 
mortality, progressive CKD, end stage renal disease and risk of new AKI, with 
increasing risk with more severe levels of proteinuria [ 38 ,  39 ]. Thus, proteinuria is 

   Table 3.1    Impediments to recognition and staging of CKD after AKI   

 Sub-clinical AKI may go unrecognised during acute critical illness 

 Milder interstitial injury after AKI may not be associated with reduction in GFR initially, but 
still be a risk factor for progressive CKD 

 Hyperfi ltration and loss of renal reserve may mask reduction in resting GFR, despite being a 
potential risk factor for CKD progression 

 Signifi cant reduction in GFR from a previously normal baseline may not cause creatinine to 
rise above the normal range, despite underlying nephron loss 

 Loss of muscle mass after critical illness and in chronic disease may confound ability of serum 
creatinine to accurately refl ect the severity of reduction in GFR 

J.R. Prowle et al.



33

a key prognostic indicator for progression of CKD after AKI at all levels of GFR 
including apparently normal renal function. 

 There has been considerable recent research into the development of novel renal 
biomarkers to accelerate and refi ne the diagnosis of AKI. However, less is known on 
how these markers relate to chronic renal outcomes after AKI. Plasma NGAL con-
centrations at AKI diagnosis do correlate with degree of renal recovery [ 40 ] and 
prediction of renal recovery may be refi ned by combining markers and clinical risk 
factors [ 41 ]. This suggests that those measures that correlate with renal tubular 
injury may provide an early prognosis for renal recovery after critical illness. 
However, existing studies have examined renal recovery as freedom from renal 
replacement therapy and further research is needed to refi ne the use novel diagnos-
tics to discriminate severity of CKD in patients who come off, or never need, renal 
replacement therapy. In addition specifi c markers of renal recovery or fi brosis may 
be developed to improve prediction of long-term renal outcomes [ 41 ]. Finally, serial 
measurement of AKI biomarkers may be useful to screen for new AKI during 
recovery from critical illness allowing measures to minimise subsequent recurrent 
renal injury, which may have a strong impact on recovery of renal function.  

3.4     Primary Prevention of CKD After AKI 

 In the treatment of AKI, avoidance of recurrent renal injury is crucial to achieving 
maximal renal recovery, thus the treatment of AKI merges into the prevention of 
CKD. Use of intermittent haemodialysis for RRT in AKI has been associated with 
poorer renal recovery than continuous modalities of RRT [ 42 ], possibly related to 
intra-dialytic falls in cardiac output with rapid ultrafi ltration, causing renal hypoper-
fusion and recurrent ischaemic injury [ 43 ]. This concern has led to recommenda-
tions for the preferred use of CRRT in the treatment of haemodynamically unstable 
patients with AKI [ 44 ]. More controversially, it has been recently suggested that the 
kidney might be best protected in AKI by pharmacological intervention (ACE- 
inhibition or Angiotensin II blockade) to reduce glomerular fi ltration and decreas-
ing renal vascular resistance, thus reducing oxygen demand while increasing renal 
oxygen delivery, even if this were at the expense of acute need for renal support 
[ 45 ]. While this strategy cannot currently be recommended for clinical use it is a 
provocative suggestion that warrants experimental investigation.  

3.5     Managing CKD After AKI 

 Given the diagnostic diffi culties outlined above, it seems appropriate to consider all 
survivors of critical illness at risk of CKD. In particular, in patients who had clini-
cally overt AKI, follow-up for development of CKD should be considered, irrespec-
tive of apparent degree of renal recovery. CKD in general has well-developed 
clinical guidelines [ 7 ] for monitoring and treatment and in the absence of evidence 
to the contrary, we should apply these principles to the management of AKI 
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survivors with or at risk of CKD. Follow-up will involve measurement of serum 
creatinine, blood pressure, urinalysis and cardiovascular risk factors; in some 
patients formal measurement of GFR may be helpful. AKI survivors should be 
regarded, as having a long-term risk factor for CKD and continued screening should 
be considered. Patients with more severe renal dysfunction or other specifi c risk 
factors may benefi t from specialist follow-up with a nephrologist [ 46 ] while others 
could be followed-up in primary care and be referred back to renal services if 
required. Treatment of hypertension and modifi cation of cardiovascular risk factors 
are central to management of patients with or at risk of CKD. In particular, in 
patients with diabetes or hypertension and proteinuria, ACE inhibitors or A2 recep-
tor blocking agents should be considered, as these may reduce proteinuria and the 
rate of progression of CKD [ 47 ]. Finally, recurrent episodes of AKI are a particular 
concern resulting in a step-wise loss of renal function, and any follow-up pro-
gramme should address the prevention and early detection of new episodes of AKI. 

3.5.1     Proposed Follow-Up Pathway After AKI 

 Given the above concerns, we would like to propose a framework for the ideal follow-
 up of adult patients surviving critical illness complicated by signifi cant AKI (Fig.  3.2 ). 
Patients with pre-existing CKD and a new episode of AKI they should  at least  have 
CKD criteria re-assessed in 90 days to check for CKD progression, if earlier follow-
up is not indicated. As more-severe AKI is more likely to result in earlier progression 
to CKD, in the absence of other evidence, we propose that patients with AKI-KDIGO 
stage 2 during critical illness should be considered for a specifi c follow-up pathway. 
However, many other survivors of critical illness could be at increased risk of CKD, 
and specifi c risk factors for CKD (diabetes, hypertension, cardiovascular disease) 
may indicate monitoring for new CKD within follow- up of that chronic condition. 
Thus, all patients with AKI stage 2 or greater should receive follow-up of renal func-
tion with early review in those with more severe renal dysfunction at discharge 
(Fig.  3.2 ). Other patients should have their CKD criteria re-assessed after 90 days 
with measurement of serum creatinine, calculation of estimated GFR, measurement 
of urinary albumin-creatinine ratio, urinalysis for micro-haematuria, blood pressure 
measurement and renal ultrasound (if not recently performed). At this stage patients 
may require specialist referral, or be deemed appropriate for primary care follow-up 
at a frequency commensurate with their level of renal dysfunction [ 48 ]. Even in the 
absence of evidence of CKD at 90 days, survivors of signifi cant AKI should have at 
least one further check for CKD criteria at 1 year to check for late progression, or 
indefi nite follow-up, depending on the presence of other CKD risk factors.  

 Systems are required to identify and fl ag AKI survivors for follow-up. This can 
be problematic as hospital discharge may be many weeks or months from an epi-
sode of AKI and the discharging service may not be the one that actively managed 
the patient during their critical illness. In the UK, only a fraction of patients who 
required renal replacement therapy in the ICU and recover renal function receive 
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nephrology follow-up. In addition, AKI is frequently omitted from hospital dis-
charge summaries and clinical coding, as AKI occurs as a complication of major 
illness rather than as a presenting complaint. Thus, even when seen in other (non- 
nephrology) specialist clinics, renal function is often not assessed. These experi-
ences are not isolated: in an analysis of 3,929 survivors of AKI with CKD at 
discharge carried out in the United States, 1 year mortality was 22 %, however, only 
8.5 % received nephrology referral before death, need for chronic dialysis, or expe-
riencing an improvement in kidney function [ 17 ]. Unless we adequately identify 
and monitor patients who have had AKI, we will be unable to improve their out-
comes. In many cases appropriate long-term follow-up can be accomplished in pri-
mary care, but this is only possible if patients are identifi ed and appropriate clinical 
guidelines are provided by specialists. There is thus a clear impetus for establishing 
mechanisms to adequately identify and follow-up patients with AKI in particular 
after critical illness.   

AKI 2-3
during

hospital
admission

Measure
Discharge
Creatinine

Adverse
features*

Check
Creatinine

in 2-4
weeks

AKI clinic 3
months

after
discharge†

Stable
Renal

Function

Review at one year
and consider
discharge to

primary care if
stable CKD 0-3a

Continue
Regular

Follow-up

Yes

No

Yes

No

  Fig. 3.2    Outline of a pathway for follow-up of patients who survive and episode of AKI 2 or 3 
whilst in hospital. * Adverse features suggesting need for early follow-up include a signifi cant 
increase in serum creatinine from pre-morbid baseline to discharge (new overt CKD or unrecov-
ered AKI) or the presence of signifi cant renal impairment (suggested as a serum creatinine of 
>175 μmol/L (2 mg/dl) or eGFR <30 ml/min/1.73 m 2 ). Consider formal measurement of GFR or 
Creatinine Clearance in patients with prolonged critical illness or signifi cant loss of muscle mass. 
† Patients with specifi c features including persistent hematuria or proteinuria (Urine Protein: 
Creatinine Ratio >100), proven or suspected glomerulonephritis, refractory hypertension, familial 
renal disease, recurrent or extensive nephrolithiasis, or likely progression to ESRD within 1 year 
should be referred directly to the appropriate specialist nephrology clinic       
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    Conclusion 
 As well as being strongly associated with increased morbidity and mortality in 
the ICU, acute kidney injury is a signifi cant risk factor for the development of 
chronic kidney disease, and, as a result, adverse long-term outcomes. However, 
the acute and chronic effects of critical illness can complicate the recognition 
and staging of CKD after AKI. Thus, this important condition is often neglected, 
despite the fact that appropriate management can modify risk factors, slow CKD 
progression, and enable a planned transition to chronic dialysis if required. 
Robust pathways for monitoring and treating these patients need to be developed 
and tested.     
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  4      Etiology and Pathophysiology 
of Acute Kidney Injury 

             Anne-Cornélie     J.  M.     de     Pont     ,     John     R.     Prowle     , 
    Mathieu     Legrand     , and     A.  B.     Johan     Groeneveld    

4.1            Introduction 

 Acute kidney injury (AKI) is estimated to complicate around 5 % of critical care 
admissions [ 1 ]. AKI frequently occurs in the context of multiple organ failure and 
entails mortality rates in excess of 40 % despite appropriate therapy [ 1 ]. Etiologies 
for AKI are varied and multiple factors often coexist in critically ill patients. While 
sepsis and nephrotoxin exposure are major risk factors for AKI in the ICU, direct 
ischemia/reperfusion (I/R) injury may also play a role, especially in hypovolemic 
and cardiogenic shock. It seems likely that most patients develop AKI as a result of 
multiple risk factors [ 2 ]. Despite these diverse causes, the ultimate presentation of 
established AKI is relatively uniform, with renal tubular injury mediating a decline 
in glomerular fi ltration rate and in the most severe cases oliguric renal failure. This 
chapter focuses on the causes and pathophysiology of AKI in critical illness. For 
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clarity we separately discuss AKI etiologies, although it should be reemphasized 
that in the real world these mechanisms often coexist [ 3 – 5 ].  

4.2     Sepsis 

 Nearly 50 % of the cases of AKI in the intensive care unit occur in the context of 
sepsis [ 1 ]. We will briefl y summarize mechanisms of sepsis-induced AKI. 

4.2.1     Renal Hemodynamics in Sepsis 

 While a fall in renal blood fl ow has been considered an important factor in septic 
AKI, there is growing evidence that blood fl ow to the kidneys may not be severely 
compromised in septic shock and that an infl ammatory component is largely respon-
sible for a decline in renal function [ 6 ]. 

 Renal blood fl ow has been estimated by a wide variety of techniques including 
renal vein thermodilution and Doppler ultrasound [ 7 – 10 ]. The most easily applied 
ultrasound technique, Doppler renal resistive index, provides the pulsatility or resis-
tance index in renal arteries and measures renal vascular resistance rather than abso-
lute blood fl ow [ 11 ]. Phase contrast-enhanced magnetic resonance imaging is another 
method [ 12 ], but cannot be applied at the bedside. Measurements of effective renal 
blood fl ow by plasma clearance of para-aminohippuric acid ( PAH ) or other sub-
stances normally excreted by the tubules may be inaccurate, since in sepsis- induced 
AKI the extraction of these substances by the renal tubules may decline to less than 
50 %. In experimental studies, renal blood fl ow has also been assessed with the help 
of microspheres and fl ow probes around the renal artery, while the renal microcircu-
lation has been studied using visualizing techniques [ 13 ,  14 ]. 

 Most studies in sepsis indicate a fall in renal perfusion during AKI, but other 
studies suggest a normal to elevated renal blood fl ow [ 7 ,  12 ]. In a recent review, 
renal blood fl ow during sepsis was either preserved or increased in one-third of the 
studies included and cardiac output seemed a direct determinant of renal blood fl ow 
[ 15 ]. While the kidney may initially participate in the general vasodilated state of 
sepsis, development of AKI may be accompanied by selective renal vasoconstric-
tion causing a relative reduction in renal blood fl ow and glomerular fi ltration rate. 
During sepsis and shock, renal blood fl ow and glomerular fi ltration may become 
more dependent on perfusion pressure than normal; therefore, low cardiac output 
and arterial hypotension are considered major risk factors for AKI during sepsis. 
However, even in the case of a normal or elevated cardiac output and in the absence 
of a severe fall in blood pressure, reduction in glomerular fi ltration may occur as a 
result of renal vasoconstriction or infl ammatory responses [ 6 ]. Indeed, targeting a 
higher mean arterial pressure in patients with sepsis did neither result in improve-
ment of renal function, nor in a lower incidence of AKI [ 16 ,  17 ]. 

 For fi ltration, glomeruli need an adequate plasma fl ow and capillary pressure. 
Both renal blood fl ow and glomerular pressure are defended by autoregulation. 

A.C.J.M. de Pont et al.



41

However, during progressive reduction in cardiac output, prostaglandin-induced 
renal vasodilation is overwhelmed by intrarenal vasoconstrictive responses to main-
tain systemic and intra-glomerular pressure, causing an abrupt fall in glomerular 
fi ltration. 

 During a fall in renal perfusion, glomerular fi ltration is normally better autoregu-
lated than renal blood fl ow, due to a rise in tone of the efferent over the afferent 
glomerular arterioles, resulting in a rise in fi ltration fraction (i.e., fi ltration divided 
by renal plasma fl ow). However, regardless of absolute blood fl ow, fi ltration fraction 
in sepsis is usually low, probably due to a fall in efferent over afferent arteriolar tone 
[ 18 ]. Increased tubuloglomerular feedback may fi nally contribute to a sustained fall 
in glomerular perfusion and fi ltration in established AKI independent of systemic 
hemodynamics [ 19 ]. 

 The unique microvascular architecture of the kidney shows a network with high 
capillary density within the cortex to ensure fi ltration function and poor capillary 
density in the medulla organized serially to facilitate osmotic gradient generation 
for urine concentration [ 13 ]. A consequence of this architecture is that an oxygen 
gradient exists between the cortex and the inner medulla from around 70 mmHg in 
the cortex to <20 mmHg in the inner medulla. The low oxygen tension in the 
medulla results from physiological oxygen shunting within the kidney, low regional 
medullary blood fl ow and high oxygen consumption within the medulla for tubular 
function [ 20 ]. The combination of low oxygen delivery and high oxygen demand 
puts the medulla and thus the proximal tubule at high risk of ischemia.  

4.2.2     Regulation of Renal Hemodynamics in Sepsis 

 Figure  4.1  gives an overview of the systems affecting renal blood fl ow and metabo-
lism in sepsis. The sympathetic nervous system directly controls renal vascular tone 
and is activated early during sepsis. This may contribute to renal vasoconstriction, 
stimulation of renin release, and redistribution of renal blood fl ow from the cortex 
to the medulla.  

 The renin–angiotensin–aldosterone system (RAAS) is activated during sepsis 
and hypotension. Renin release is stimulated by the fall in renal perfusion and is 
also infl uenced by prostaglandins, the sympathetic nervous system, and the kalli-
krein system. Angiotensin II may potentiate norepinephrine release, but also stimu-
lates production of vasodilating prostaglandins, kallikrein, and nitric oxide (NO). 
Angiotensin II constricts efferent arterioles, thereby reducing renal blood fl ow but 
increasing fi ltration fraction. Besides its vascular effects, angiotensin II may also 
contract mesangial cells, reducing the surface area available for fi ltration. 

 The production of renal prostaglandins depends on the availability of arachi-
donic acid and phospholipase (PLA 2 ). Activation of PLA 2  and increased produc-
tion of arachidonic acid metabolites can be triggered by several factors such as 
endotoxin, cytokines, platelet activating factor (PAF), tissue hypoxia, reactive oxy-
gen species (ROS), and angiotensin II. Prostaglandins interact in a complex fash-
ion with other regulatory systems, since they may mediate renin secretion, reduce 
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catecholamine actions, and contribute to the release of vasopressin. Normal renal 
hemodynamics does not depend on the vasoactive prostaglandins. During a fall in 
cardiac output, however, vasodilating prostaglandin E 2  and prostacyclin PGI 2  are 
released. Conversely, activation of the lipoxygenase pathway during sepsis yields 
leukotrienes having vasoconstrictive properties, which adversely interfere with 
the fi ltration coeffi cient. Their blockade may be benefi cial for renal perfusion and 
function. Inhibition of the cyclooxygenase-derived compounds by non-steroidal 
anti- infl ammatory drugs (NSAIDs) reduces renal blood fl ow during experimental 
sepsis, suggesting a predominantly vasodilating effect of prostaglandins generated 
via cyclooxygenase in the kidney. 

 The balance between endothelin and NO may play a critical role in renal perfu-
sion during sepsis. Endothelin is a potent renal vasoconstrictor and expression of 
endothelin receptors is increased during sepsis. The kidney produces endothelin 
upon stimuli including endotoxin and tumor necrosis factor (TNF)-α. Endothelin 
may constrict afferent more than efferent vessels, which decreases renal blood fl ow 
and glomerular fi ltration. 

 During sepsis, morphological and functional alterations of the renal microcircu-
lation have been observed, involving vasoconstriction and capillary clotting [ 21 , 
 22 ]. Oxidative stress and the NO-system have been described as major contributors 
to these phenomena. ROS can injure the endothelium, damage the glycocalyx, and 
impair the endothelium-dependent vasoreactivity [ 18 ,  23 ,  24 ]. NO is formed by 
enzymatic cleavage from L-arginine by NO-synthetase. Especially NO derived 
from endothelial NO-synthetase (eNOS) plays an essential role in maintaining the 
renal vascular homeostasis. It dilates afferent vessels in response to shear stress and 
angiotensin II-mediated vasoconstriction, and inhibits tubuloglomerular feedback, 
increasing renal blood fl ow. It also inhibits platelet aggregation and leukocyte acti-
vation. eNOS-derived NO thus regulates vascular tone, infl uences the fi ltration 
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  Fig. 4.1    An overview of the systems affecting renal blood fl ow and metabolism in sepsis       

 

A.C.J.M. de Pont et al.



43

coeffi cient, mediates the effects of macula densa stimulation, defends medullary 
oxygen supply, and mediates pressure-induced sodium excretion. 

 On the other hand, activation of inducible NO-synthase (iNOS) has been 
shown to promote renal injury. Endotoxin induces the activation of iNOS, leading 
to the formation of intracellular ROS and reactive nitrogen species (RNS) [ 25 , 
 26 ]. Intracellular ROS and RNS are able to damage mitochondria, leading to 
apoptosis. In addition, iNOS-derived NO enables shedding of tubular epithelial 
cells by cytokines [ 27 ]. In an attempt to mitigate renal injury caused by iNOS, 
septic patients were treated with an NO-synthetase inhibitor. Although this treat-
ment increased the percentage of shock reversal, it did not change the incidence 
of AKI [ 28 ]. 

 Adenosine also plays a role in the pathophysiology of sepsis-associated 
AKI. During stress caused by infl ammation and hypoxia, adenosine triphosphate 
(ATP) can be released from the cell, stimulating infl ammation by attracting phago-
cytes and activating infl ammasomes [ 29 ]. The enzyme alkaline phosphatase can 
convert ATP to adenosine, which has anti-infl ammatory and tissue-protective effects 
[ 30 ]. A small randomized controlled trial of alkaline phosphatase in patients with 
sepsis showed signifi cant improvement of a composite endpoint consisting of cre-
atinine clearance and requirement of renal replacement therapy [ 31 ].  

4.2.3     Cell Signaling and Inflammation 

 During sepsis, multiple cell lines, cytokines, vasoactive substances as well as the 
coagulation and the complement cascade participate in the infl ammatory response 
to infection [ 32 ]. Essential for host defense is the recognition of molecular patterns 
by so-called toll-like receptors (TLRs) localized on the membrane of different cell 
types. TLRs recognize molecules derived from bacteria, viruses, fungi, and para-
sites known as pathogen-associated molecular patterns (PAMPs). TLRs are also 
able to recognize molecules released during tissue injury, known as damage- 
associated molecular patterns (DAMPs). In the kidney, TLR-2 and TLR-4 are 
expressed both in endothelial, glomerular, and epithelial cells of Bowman’s capsule 
and the proximal and distal tubules [ 33 ]. Activation of TLRs triggers a series of 
events leading to the expression of pro-infl ammatory genes [ 34 ]. Moreover, TLRs 
can be upregulated in the presence of interferon-γ and TNF. 

 Several studies in animal models of sepsis have demonstrated the role of TNF 
in the development of acute kidney injury: mice lacking a TNF receptor are resis-
tant to endotoxin-induced acute kidney injury and TNF-receptor negative kidneys 
are resistant to endotoxin-induced damage when transplanted into TNF-positive 
mice [ 32 ]. In human sepsis, elevated serum levels of two soluble TNF-receptors 
are strongly associated with the development of acute kidney injury [ 35 ]. TNF is 
believed to induce apoptotic cell death through intracellular signaling. Renal 
tubular cells express cell surface ‘death receptors’ of the TNF superfamily, includ-
ing TNF- receptor 1, Fas and FN14 receptor. TNF, TNF-like weak inducer of 
apoptosis (TWEAK) and Fas ligand can all activate caspases (cysteine-dependent 
aspartate directed proteases), enzymes with the ability to initiate apoptosis [ 36 ]. 
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In a cascade- like manner, caspases activate other target caspases by cleaving away 
prodomains, ultimately activating effector caspases such as caspase-3, which 
cleaves multiple structural molecules, resulting in the morphologic changes that 
defi ne apoptosis [ 37 ]. Treatment with a caspase-3 inhibitor was demonstrated to 
have a renoprotective effect in mice [ 38 ]. Caspase-1 has the ability to activate 
interleukin-1β and interleukin-18, cytokines playing an important role in the 
infl ammatory process occurring during septic acute kidney injury. Blocking the 
activation of these cytokines also had a renoprotective effect in mice [ 39 ]. 
Moreover, in a murine sepsis model, combined inhibition of IL-1 and IL-18 pro-
tected animals against a lethal challenge with endotoxin [ 40 ]. 

 Infl ammation is an important component of both the initiation and extension of 
injury in AKI [ 41 ]. Endothelial injury stimulates the recruitment of leukocytes to 
the renal tissue and promotes leukocyte adhesion and migration. Leukocyte adhe-
sion is mediated by adhesion molecules known as selectins, of which intercellular 
adhesion molecule-1 (ICAM-1) appears to be essential to the transendothelial 
migration of leukocytes [ 42 ]. The low microcirculatory blood fl ow observed during 
sepsis further facilitates the interaction between infl ammatory cells and the endo-
thelium through prolonged exposure to leukocytes and infl ammatory mediators, 
which amplify the local infl ammatory response and renal injury. 

 Coagulation plays an important role in the pathogenesis of sepsis. Infl ammatory 
mediators such as endotoxin and cytokines may activate the coagulation cascade, 
which results in thrombin formation. Thrombin itself is a proinfl ammatory agent 
with the ability to activate infl ammatory cells, which in turn produce cytokines, thus 
promoting an amplifying loop. The literature on the role of the coagulation cascade 
in the pathogenesis of acute kidney injury is scarce. Recently, the contribution of 
microparticles to various pathophysiologic processes has gained interest. 
Microparticles are small lipid bilayer vesicular bodies originating from activated or 
apoptotic cells. They often carry phosphatidylserine in their outer layer, which may 
act as a surface for activated clot formation. In addition, microparticle bound coagu-
lation factors such as tissue factor may initiate coagulation during sepsis. A recent 
study among patients with severe sepsis showed that patients with renal injury had 
signifi cantly increased numbers of circulating microparticles [ 43 ]. This fi nding sug-
gests that activation of the coagulation pathway also plays a role in the pathogenesis 
of septic acute kidney injury.  

4.2.4     Tissue Injury and Apoptosis 

 Historically, renal tubular epithelial cell necrosis was regarded as the characteristic 
lesion in septic AKI. However, analysis of kidney biopsies from patients who died 
of septic shock showed limited evidence for acute tubular necrosis, but did show 
tubular and glomerular cell apoptosis and infi ltration of monocytes [ 44 ]. During 
experimental sepsis, glomeruli and interstitium are also infi ltrated by activated neu-
trophils [ 32 ,  45 ]. Tubular apoptosis rather than necrosis may thus prevail in vulner-
able proximal tubules. However, the relevance of apoptosis to organ dysfunction has 
been debated [ 44 ].   
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4.3     Ischemia and Reperfusion (I/R) 

 The I/R injury of the kidney mainly occurs in clinical conditions such as cardiovas-
cular surgery, shock, trauma, resuscitation, and other situations associated with 
hypotension, low cardiac output or both [ 46 ]. The time interval of complete blood 
fl ow interruption that leads to renal injury in animals is 30–45 min, but in humans the 
period can be longer, as observed during vascular and renal surgery [ 47 ]. Reperfusion 
during shock resuscitation stimulates infl ammatory factors, therefore, I/R injury 
shares many pathways with the pathogenesis of AKI in infl ammatory states. 

4.3.1     Hemodynamics 

 Severe renal hypoperfusion leads to ischemia, which may only be partially reversed 
during reperfusion [ 13 ]. However, in the absence of other risk factors, near 100 % 
occlusion of the renal circulation is required to cause signifi cant ischemic renal 
injury [ 48 ]. Doppler and contrast-enhanced ultrasonography yield an index of renal 
vascular resistance and regional perfusion at the bedside and show marked increases 
in resistance in patients at risk for developing AKI [ 9 ,  10 ,  13 ,  14 ,  49 ]. 

 When injured tubules reabsorb less sodium and water, this results in a negative 
feedback to the RAAS system at the macula densa and activation of the tubuloglo-
merular feedback, causing afferent vasoconstriction contributing to a sustained fall 
in perfusion and fi ltration. In particular the blood fl ow to the cortico-medullary junc-
tion, an area with baseline supply dependence for oxygenation, can remain compro-
mised during reperfusion. The microvasculature in this region becomes congested 
due to interstitial edema, red blood cell trapping, leukocyte adherence, and extrava-
sation upon reperfusion [ 50 ]. A fall in renal blood fl ow due to microvascular injury 
and tubuloglomerular feedback, a rise in the pre- to post-glomerular capillary resis-
tance ratio and increased tubular luminal pressure opposing fi ltration across the tubu-
lar epithelium can all contribute to the low glomerular fi ltration following I/R [ 51 ].  

4.3.2     Endothelial and Vascular Smooth Muscle Injury 

 Endothelial and vascular smooth muscle cells are damaged by ischemia, which con-
tributes to vascular dysfunction [ 52 ,  53 ]. This includes diminished capability to auto-
regulate vascular tone following endothelial dysfunction. The endothelium-dependent 
relaxation to acetylcholine may be less effective in defending against constriction of 
the renal artery after I/R, and this may be associated with increased endothelin and 
impaired NO production by eNOS, in part downregulated by iNOS [ 54 ,  55 ].  

4.3.3     Tubular Injury 

 Renal tubular cells are polarized, the apical and basolateral side having different 
composition and function. The tight junction separates the apical and basolateral 
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membrane and provides a barrier to parallel transport of water and solutes. The 
adherens junction is located directly basal to the tight junction and contributes to 
cell polarity [ 56 ]. ATP depletion disrupts both the tight and adherens junction, lead-
ing to loss of cell polarity, increase in permeability and back-leak of glomerular 
fi ltrate. Prolonged ATP depletion leads to disruption of the actin cytoskeleton, col-
lapse and detachment of tubular cells with shedding in the tubular lumen and excre-
tion into the urine [ 56 ].  

4.3.4     Cell Signaling and Inflammation 

 Factors which may trigger infl ammatory injury after renal I/R include activation of 
the complement system, adherence of the membrane attack complex, microvascu-
lar thrombosis, generation of ROS, and stimulation of tubular NFκB [ 34 ]. In addi-
tion, histones derived from dying cells trigger TLRs, thereby contributing to the 
perpetuation of AKI [ 57 ]. These processes lead to the generation of multiple cyto-
kines and pro-infl ammatory molecules that mediate infl ammatory injury after I/R 
[ 58 – 61 ]. In response to endothelial activation, infl ammatory mediators, cytokines, 
and chemokines induce rolling, sticking, and infi ltration of activated neutrophils to 
the interstitium, which contributes to interstitial edema and may limit the recovery 
of renal blood fl ow [ 50 ,  60 ]. Cytoskeletal alterations may be involved in the trans-
migration of neutrophils via loosened intercellular junctions. After mild I/R of the 
kidneys, endotoxin exposure and neutrophil priming can further contribute to AKI, 
and as a consequence, retention of activated neutrophils and further release of pro-
teases and ROS. Following neutrophil infi ltration, a monocyte/macrophage infi l-
trate may become apparent up to 24 h after renal I/R, which may be involved in 
tissue repair [ 62 ] or conversely in development of fi brosis and chronic renal injury 
[ 53 ,  63 ].  

4.3.5     Tissue Apoptosis, Necrosis, and Repair 

 Apoptotic and necrotic forms of cell death coexist in I/R kidneys [ 36 ,  64 ,  65 ; 
Fig.  4.2 ]. The relative contribution of the two types of cell death depends on the 
severity of the injury. The degree of cellular ATP and GTP depletion may play a 
crucial role in determining the mode of cell death [ 64 ,  66 ]. Survival mechanisms 
may allow the cells to produce growth factors such as hepatocyte growth factor 
(HGF) that may regenerate proximal and distal tubules [ 65 ,  67 – 71 ]. Collectively, a 
range of factors may promote infl ammation, apoptosis, and ultimately fi brosis after 
renal injury, as opposed to tubular regeneration, redifferentiation, and full restora-
tion of renal function [ 71 ].    
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4.4     Nephrotoxicity 

 Nephrotoxin exposure accounts for up to 25 % of the cases of AKI in the intensive 
care unit [ 72 ]. Nephrotoxicity may be promoted by factors relating to the patient, 
the kidney and the ingested toxic substance [ 73 ]. Critically ill patients are vulnera-
ble to nephrotoxicity due to compromised renal perfusion. The kidney itself is prone 
for toxicity because it takes up toxins and concentrates them in interstitium and 
medulla. Renal tubular cells have a high metabolic rate requiring a substantial 
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amount of energy and their environment is relatively hypoxic, increasing the risk of 
hypoxic injury to the tubular cells. Toxins may potentiate renal injury induced by 
other causes. Moreover, hypoalbuminemia often occurs in critically ill patients, 
leading to a higher plasma free fraction of potentially toxic agents [ 74 ]. 

 The most important nephrotoxins are drugs frequently used in the ICU, such as 
antibiotics, analgesics, and radiocontrast [ 72 – 78 ]. However, outpatient exposure to 
nephrotoxins such as heavy metals and certain herbs may also cause nephrotoxicity 
[ 79 ,  80 ] (Table  4.1 ). All compartments of the kidney can be injured by toxic sub-
stances: renal vessels, glomeruli, tubular system, collecting ducts, and interstitium 
(Table  4.2 ). The pathophysiologic mechanisms of the injury to the different com-
partments of the kidney are briefl y described.

4.4.1        Agents Altering Hemodynamics 

 Substances causing vasoconstriction of the renal vasculature, such as norepineph-
rine, vasopressin, radiocontrast, calcineurin inhibitors, and amphotericin B decrease 
renal perfusion and glomerular capillary hydrostatic pressure, thereby decreasing 
the glomerular fi ltration rate [ 73 ,  75 ]. When renal perfusion is decreased, it becomes 
prostaglandin dependent. In this situation, NSAIDs may further compromise glo-
merular perfusion by increasing the vascular tone of the afferent arteriole. Lowering 
the vascular tone of the efferent arteriole with angiotensin converting enzyme inhib-
itors or angiotensin receptor blockers may further decrease glomerular fi ltration 
pressure and thus glomerular fi ltration rate.  

4.4.2     Agents Causing Injury to Small Vessels 

 Several drugs can induce renal vascular disease. Thrombotic microangiopathy can 
be induced by platelet aggregation inhibitors, calcineurin inhibitors, chemothera-
peutics, interferon, quinine, and cocaine [ 76 ,  81 ]. Renal vasculitis may be induced 
by penicillamine, allopurinol, and phenytoin and hyaline arteriolopathy can be 
induced by calcineurin inhibitors. Finally, anticoagulants and fi brinolytics may 
cause cholesterol emboli [ 81 ].  

4.4.3     Agents Causing Glomerular Injury 

 Several drugs can induce glomerulopathies: NSAIDs, penicillins and quinolones 
may cause minimal change nephropathy, whereas pamidronate, lithium, and inter-
feron may cause focal and segmental glomerulosclerosis. In addition, NSAIDs, 
penicillamine and captopril can cause membranous glomerulonephritis [ 81 ].  
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   Table 4.1    Groups of nephrotoxic agents   

 Antimicrobial agents   Lead 

  Aminoglycosides   Mercury 

  Antiviral agents   Uranium 

  Amphotericin B  Herbal agents 

  Quinolones   Taxus 

  Sulfonamides   Euphorbia 

  Sulfadiazine  Immunosuppressives 

 Analgesics   Calcineurin inhibitors 

  NSAIDs   Tacrolimus 

  Selective COX-2 inhibitors   Osmotic agents 

 Chemotherapeutics   Dextrans 

  Ifosfamide   Immunoglobulins 

  Methotrexate   Mannitol 

  Platins   Starches 

 Contrast agents   Vasodilators 

  Radiocontrast   Angiotensin converting enzyme inhibitors 

  Gadolinium   Angiotensin receptor blockers 

 Heavy metals   Vasopressors 

  Bismuth   Norepinephrine 

  Cadmium   Vasopressin 

  Copper   Lead 

   Table 4.2    Pathophysiologic mechanisms of nephrotoxicity   

 Impact on hemodynamics    Cisplatin 

  Norepinephrine    Ifosfamide 

  Vasopressine    Adefovir 

   NSAIDs    Cidofovir 

   Angiotensin converting enzyme inhibitors    Foscarnet 

   Angiotensin receptor blockers    Cocaine 

   Radiocontrast   Osmotic agents 

   Amphotericin B    Mannitol 

 Small vessel injury    Immunoglobulins 

  Thrombotic microangiopathy    Dextrans 

   Calcineurin inhibitors    Starches 

   Chemotherapeutics  Urinary obstruction 

   Platelet aggregation inhibitors   Crystal precipitation 

   Interferon    Sulfonamides 

   Quinine    Quinolones 

   Cocaine    Nitrofurantoin 

  Vasculitis    Acyclovir 

   Allopurinol    Indinavir 

   Penicillamine    Methotrexate 

(continued)
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   Phenytoine    Triamterene 

  Hyaline arteriolopathy   Myoglobin precipitation 

   Calcineurin inhibitors    Antibiotics 

  Cholesterol emboli    Neuroleptics 

   Thrombolytic agents    Illicit drugs 

   Heparin    Statins 

   Warfarin   Retroperitoneal fi brosis 

 Glomerular injury    Dopamine agonists 

  Minimal change nephropathy    Ergot alkaloids 

   Lithium  Interstitial nephritis 

   NSAIDs   Antibiotics 

   Interferon    Beta-lactams 

   Penicillin    Quinolones 

   Quinolones    Macrolides 

  Focal and segmental glomerulosclerosis    Rifampin 

   Pamidronate    Sulfonamides 

   Lithium    Tetracyclines 

   Heroine   Antivirals 

   Interferon    Acyclovir 

  Membranous glomerulonephritis    Indinavir 

   NSAIDs   Cocaine 

   Penicillamine   NSAIDs 

   Captopril   Diuretics 

 Tubular injury    Thiazide diuretics 

  Direct toxicity    Loop diuretics 

   Aminoglycosides   H2 receptor blockers 

   Amphotericin B   Anticonvulsants 

   Radiocontrast 

Table 4.2 (continued)

4.4.4     Agents Causing Tubular Injury 

 The role of the proximal tubule in concentrating and reabsorbing glomerular fi ltrate 
renders it vulnerable to toxicity. Therefore, tubular toxicity most often occurs in the 
proximal tubule. Tubular damage can occur through direct toxicity, causing cell 
membrane damage, formation of ROS, mitochondrial dysfunction, apoptosis, and 
cell cast formation. Agents most frequently implied in tubular toxicity are radio-
contrast, antimicrobials such as aminoglycosides and amphotericin B; chemothera-
peutics such as cisplatin and ifosfamide; and antiviral agents such as adefovir, 
cidofovir, and foscarnet [ 72 ,  73 ,  82 ]. Cocaine and heavy metals may also cause 
tubular damage by means of direct toxicity. The mechanism by which osmotic 
agents induce tubular injury is different: uptake of hyperosmolar molecules in the 
tubular cell causes an oncotic gradient entailing cell swelling and tubular 
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obstruction. This type of tubular injury is described for mannitol, immunoglobu-
lins, dextrans, and starches [ 76 ].  

4.4.5     Agents Causing Injury by Urinary Obstruction 

 Some substances can cause precipitation of crystals in the distal tubular lumen, 
entailing urinary obstruction. This mechanism is generally pH-dependent and is 
described for antibiotics such as sulfonamides and triamterene and for antiviral 
agents such as acyclovir and indinavir [ 76 ]. Chemotherapeutic agents causing tumor 
lysis syndrome may cause precipitation of uric acid and calcium phosphate crystals. 
Rhabdomyolysis can be elicited by a great number of drugs and may induce tubular 
obstruction by causing intratubular myoglobin precipitation [ 83 ]. Urinary obstruc-
tion can also be caused by substances inducing retroperitoneal fi brosis, such as 
dopamine agonists and derivatives of ergot alkaloids such as ergotamine [ 84 ].  

4.4.6     Agents Causing Injury to the Interstitium 

 The interstitium can be damaged by acute or chronic tubulointerstitial nephritis 
(TIN). Acute interstitial nephritis is most commonly induced by a non-dose- 
dependent allergic response to a drug or toxic substance: the substance elic-
its the production of antibodies against components of the tubular basement 
membrane, either by acting as a haptene or by mimicking an antigen normally 
present in the basement membrane. The immune complexes formed may be 
deposited in the interstitium [ 85 ,  86 ]. Substances most often implied in TIN are 
NSAIDs, thiazide and loop diuretics, antibiotics such as beta-lactams, quino-
lones, macrolides, sulfonamides, tetracyclines and rifampin, H 2 -blockers, pro-
ton pump inhibitors, anticonvulsants, and antivirals. Cocaine-induced TIN has 
also been described [ 87 ].   

    Conclusions 
 AKI in critical illness refl ects a combination of baseline risk and diverse etiologi-
cal factors, in particular infl ammatory responses and reduction in renal perfu-
sion. Most severe renal injury occurs in patients with a baseline hazard such as 
chronic kidney disease or diabetes mellitus in combination with infl ammatory or 
ischemic injury and nephrotoxin exposure. There is increasing evidence that 
long-term risk for chronic kidney disease is increased in patients with 
AKI. Prevention is therefore of paramount importance, and insight into the 
pathogenesis is essential to the development of appropriate interventions. 
Unfortunately, despite a wealth of experimental evidence in animal models, there 
are so far no specifi c therapeutic interventions in humans, beyond avoidance of 
hemodynamic instability, minimization of nephrotoxin exposure, and best sup-
portive care. Applying our understanding of the pathophysiology of AKI to its 
treatment is the challenge for the future. 
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 Key Notes 
•     Etiologic factors for the development of acute kidney injury are ischemia 

and reperfusion, infl ammation, and toxic injury.  
•   In the intensive care unit, acute kidney injury occurs most often in the 

context of sepsis.  
•   During sepsis, renal blood fl ow may either be decreased or increased.  
•   The combination of low oxygen delivery and high oxygen demand puts the 

proximal tubule at high risk of ischemia.  
•   During sepsis, renal vasoconstriction is mediated by the sympathetic ner-

vous system, the renin–angiotensin–aldosterin system, leukotrienes and 
endothelin, and loss of endothelial nitric oxide (NO), while vasodilatation 
is mediated by prostaglandins and endothelium derived NO-synthase.  

•   During sepsis, the infl ammatory response in the kidney is mediated by 
activated leukocytes, reactive oxygen species, toll-like receptors 2 and 4 
recognizing pathogen associated molecular patterns, cytokines (in particu-
lar tumor necrosis factor) and caspases, which can induce apoptosis. 
Inducible NO-synthase, extracellular adenosine triphosphate, and the 
coagulation system can also have a proinfl ammatory effect.  

•   Kidney biopsies of patients who died in septic shock showed not only 
tubular necrosis, but also monocyte infi ltration and apoptosis.  

•   Since reperfusion after ischemia stimulates the infl ammatory response, 
ischemic renal injury shares many pathways with septic renal injury.  

•   Energy depletion disrupts both the tight and adherens junctions between 
tubular cells, leading to increase in permeability and back-leak of glomeru-
lar fi ltrate.  

•   Prolonged energy depletion leads to collapse of tubular cells with shedding 
in the tubular lumen and excretion into the urine.  

•   The infl ammatory response after ischemia and reperfusion is mediated by 
activated leukocytes, the complement system, cytokines, chemokines, 
reactive oxygen species, histones, and microvascular thrombosis.  

•   Nephrotoxin exposure accounts for up to 25 % of the cases of acute kidney 
injury in the intensive care unit and may be promoted by factors relating to 
the patient, the kidney and the ingested toxic substance.  

•   The most important nephrotoxins are drugs frequently used in the ICU, 
such as antibiotics, analgesics, and radiocontrast.  

•   All compartments of the kidney can be injured by toxic substances: renal 
vessels, glomeruli, tubular system, collecting ducts, and interstitium.    
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5Acid–Base

Victor A. van Bochove, Heleen M. Oudemans-van Straaten,  
and Paul W.G. Elbers

5.1  Introduction

A thorough understanding of acid–base balance is a prerequisite for practicing
medicine and pivotal for those treating the critically ill. Acidity of fluids including
that of plasma is determined by their hydrogen concentration or [H+], often con-
fusingly expressed as its negative logarithm or pH. Plasma [H+] is tightly regu-
lated around 40 nM (pH 7.4) and influences most physiological processes.
Acid–base analysis often yields important diagnostic information, and its physiol-
ogy represents the crossroads between electrolyte balance and the respiratory
system.
The last century gave rise to three commonly used approaches to acid–base prob-

lems in clinical medicine. In 1908, Henderson described his equation for carbonic
acid equilibrium, which was rewritten in logarithmic form by Hasselbalch in 1917.
Ole Siggaard-Andersen introduced Base Excess in 1964. Finally, in 1981, Peter
Stewart published his quantitative approach. Recently, the Stewart approach has
become increasingly popular, especially in the setting of critical care medicine. This
chapter will discuss all of these approaches and use their context to consider renal
acid–base handling.
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5.2  The Stewart Approach

Often referred to as the physicochemical or quantitative approach, the basis of
Stewart method is that all chemical equilibrium equations in which [H+] takes part
must be satisfied simultaneously (Table 5.1). Water dissociation plays a pivotal role
as a reservoir for H+ ions. The key message of the Stewart approach is that [H+] is
only dependent on three independent variables: the strong ion difference (SID), the
total amount of weak acids (ATOT) and the partial pressure of carbon dioxide PCO2.

 H f SID A PCOTOT
+éë ùû = ( ), , 2  

These three independent parameters can all be normal, decreased or increased
and thus six major acid base disturbances can be distinguished. This also implies
that bicarbonate does not play any role in determining [H+]. Instead, [HCO3

−] is also
determined by the three independent parameters.

5.2.1  Strong Ion Difference (SID)

Strong ions are always fully dissociated. Na+, K+ and Cl− are the most important
examples, but others include Mg+, Ca2+, sulfate and lactate. SID is the sum of strong
cations minus the sum of strong anions. Its normal plasma value is about 40 mEq/L.
When SID increases, physicochemistry dictates that [H+] must decrease. An

example is prolonged vomiting causing plasma [Cl−] to decrease and therefore [SID]
to increase. When SID decreases, physicochemistry dictates that [H+] must increase.
Examples include lactic acidosis and ketoacidosis. Ketones and lactate are also
strong negative ions that decrease [SID] directly and therefore cause [H+] to rise.

5.2.2  Total Amount of Weak Acids (ATOT)

The total amount of weak acids is expressed as ATOT. It mainly consists of albumin
and to a lesser extent of phosphate. By definition, weak acids are only partially

1. Water dissociation equilibrium: H OH Kw
* - ¢éë ùû´ éë ùû =

2. Electrical neutrality equation: SID H HCO A CO OH[ ]+ éë ùû = éë ùû + éë ùû + éë ùû + éë ùû
* - - - -

3 3
2

3. Weak acid dissociation equilibrium: KA HA H Aéë ùû [ ] éë ùû éë ùû´ « + ´ -

4. Conservation of mass for “A”: ATOT A HAéë ùû éë ùû [ ]« - +

5. Bicarbonate ion formation equilibrium: PCO KC H HCO2 3éë ùû éë ùû éë ùû éë ùû´ = + ´ -

6. Carbonate ion formation equilibrium: K HCO H CO3 3 3
2éë ùû éë ùû éë ùû é

ë
ù
û´ - = + ´ -

Table 5.1 The Stewart equations
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dissociated.WhenATOT increases, physicochemistry dictates that [H+] must increase,
for example in the case of hyperphosphatemia in renal failure. When ATOT decreases,
[H+] must also decrease, as is the case in hypoalbuminemia, a common problem in
critically ill patients.

5.2.3  The Partial Pressure of Carbon Dioxide (PCO2)

Tissues produce CO2. All approaches to acid–base treat PCO2 similarly.
Physicochemistry dictates that if PCO2 rises, for example due to increased dead
space ventilation, [H+] must rise too. If PCO2 decreases, [H+] must also decrease. An
example would be psychogenic hyperventilation.

5.2.4  Strong Ion Gap (SIG) and Urine SID

Both SIG and Urine SID may be used to further differentiate between causes of
acid–base abnormalities (Tables 5.2 and 5.3). Urine SID is defined as urine
[Na+]+ [K+]− [Cl−]. In metabolic acidosis, a positive urine SID may suggest renal
tubular acidosis.

SIG is the difference between the apparent SID (SIDa) and the effective SID
(SIDe). SIDa consists of the sum of the measured strong ions:

 
SID Na K Ca Mg Cla = éë ùû + éë ùû + éë ùû + éë ùû éë ùû

+ + + + -2 2 –  

SIDe is an approximation of the true SID, calculating the remaining ion space
after accounting for the negative charge on albumin and bicarbonate, and can be
calculated from the other independent variables using the following formula, where
albumin (Alb) is expressed in g/L and phosphate (Pi) in mM:

Table 5.2 Differential diagnosis of metabolic acidosis

Adjusted AG >8–12 mEq/L Normal adjusted AG;

Low SID with SIG >0–2 mEq/L Low SID with normal SIG

Lactate NaCl 0.9 % infusion

Ketones Diarrhea

End-stage renal failure Early renal insufficiency

Salicylate intoxication Acetazolamide

Methanol intoxication Ureteroenterostomy

Ethylene glycol intoxication Parenteral nutrition

Anion exchange resins

Small bowel/pancreatic drainage

Renal tubular acidosis (Urine SID >0)

Type I: Urine pH >5.5

Type II: Urine pH <5.5/low serum K+

Type IV: Urine pH <5.5/high serum K+
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SID HCO pH Alb pH Pe i= éë ùû + * -( )*[ ]+ -( )*[ ]-

3 0 123 0 631 0 469. . .  

Thus SIG represents the sum of any unmeasured strong positive and negative
ions. Its normal value is 0±2 mEq/L. When positive, unmeasured anions exceed
unmeasured cations.

5.2.5  Osmol Gap

This is the gap between the measured osmolality and the calculated osmolality.

 
Calculated osmolaity Na glucose urea= ´ éë ùû + [ ]+ [ ]+2  

where glucose and urea are expressed in mM. The normal value of the osmol gap is
10–15 mM. A high osmol gap suggests the presence of ethanol, ethylene glycol or
methanol.

5.2.6  Effect of Resuscitation Fluids

Normal plasma has a SID of approximately 40 mEq/L. Thus, if fluids with a differ-
ent SID are given, SID will change. Examples include 0.9 or 0.45 % saline with
equal amounts of sodium and chloride thus a SID of 0 mM. The same is true for
glucose 5 %, which does not contain any strong ions and hence also has a SID of
0 mM.
Balanced salt solutions contain variable amounts of negative ions that are metab-

olized, such as lactate or acetate. This explains their increased SID, which is about
28 mM for lactated Ringer’s for example. Similarly, 8.4 % NaHCO3 is essentially
sodium without strong anions, resulting in a high SID of 1,000 mM. In clinical
medicine, the effect of resuscitation fluids on SID is counterbalanced by simultane-
ous dilution of ATOT and renal SID handling.

Table 5.3 Differential diagnosis for increased SID metabolic alkalosis

Chloride loss <sodium loss
(urine [Cl−] <10 mmol/L)

Vomiting, gastric drainage, chloride wasting diarrhea,
postdiuretic use, posthypercapnea

Chloride loss <sodium loss
(urine [Cl−] >10 mmol/L)

Mineralocorticoid excess (Conn’s syndrome, Cushing syndrome,
Liddle syndrome, Bartter syndrome, exogenous corticoids,
excessive licorice intake), ongoing diuretic use

Exogenous sodium load Massive blood transfusions, parenteral nutrition, plasma volume
expanders, sodium lactate, sodium citrate

Other Severe deficiency of Mg2+ or K+
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5.3  The Henderson-Hasselbalch Approach

As can be seen from Table 5.1, the Henderson-Hasselbalch equation is actually one
of the Stewart equations:

 
H PCO HCO+ -éë ùû éë ùû~ /2 3  

The ratio of [HCO3
−] and PCO2 has a fixed relationship to [H+]. All acid–base dis-

turbances are thus explained by changes in either [HCO3
−] or PCO2. Singling out

this equation is attractive as it facilitates dividing acid–base abnormalities in respi-
ratory and non-respiratory or metabolic disorders. However, it should be noted that
because PCO2 and HCO3

− are interdependent, relying solely on this equation might
lead to circular reasoning.
Compensatory changes to acid–base disturbances may also be respiratory or

metabolic and reflected in same direction changes in PCO2 of [HCO3
−]. Respiratory

compensation, either spontaneously or by altering the settings of mechanical venti-
lation may occur within minutes. Metabolic compensation is slower and may take
hours to days, and is mainly regulated by the kidney. To determine whether the
compensation is sufficient and to identify mixed acid–base disorders, rules of thumb
have been proposed (Table 5.4).

Table 5.4 Rules of thumb for compensation

Primary acid–base disturbance Compensation rule

Metabolic acidosis D D

D

PaCO HCO mEq/L

PaCO SBE
2 3 1 2

2

/ .- =

=

éë ùû
D

Metabolic alkalosis D D

D D

PaCO HCO mEq/L

PaCO SBE
2 3 0 7

2 0 6

/ .

.

- =

= ´

éë ùû

Acute respiratory acidosis
D D

D

HCO PaCO mEq/L

SBE
3 2 0 1

0

- =

=

éë ùû / .

Chronic respiratory acidosis D D

D D

HCO PaCO mEq/L

SBE PaCO
3 2 0 3

0 4 2

- =

= ´

éë ùû / .

.

Acute respiratory alkalosis
D HCO PaCO mEq/L

SBE
3 2 0 2

0

- =

=

éë ùû / .D

D

Chronic respiratory alkalosis D D

D D

HCO PaCO mEq/L

SBE PaCO
3 2 0 4

0 4 2

- =

= ´

éë ùû / .

.
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5.3.1  Anion Gap and Urine Anion Gap

The anion gap (AG) should be calculated to differentiate between causes of meta-
bolic acidosis and to assess the presence of mixed acid–base disorders. AG is an
estimate of the relative abundance of unmeasured anions and is used to determine if
a metabolic acidosis is due to an accumulation of nonvolatile acids or a HCO3

− loss:

 
AG Na Cl HCO= éë ùû - éë ùû - éë ùû

+ - -
3  

Its normal value is 3–11 mEq/L. This is mainly due to albumin, which is partially
ionized. Therefore, the anion gap should be adjusted as follows:

 
AdjustedAG observedAG Albumin= + ´ -[ ]( )0 25 42.  

where albumin is given in g/L. Values above 11 m Eq/L for the adjusted anion gap
suggest a metabolic acidosis due to nonvolatile acids (Table 5.2). A normal adjusted
anion gap metabolic acidosis is sometimes confusingly referred to as hyperchloremic
metabolic acidosis. The urine anion gap is the same as the urine strong ion difference
and can be used to further differentiate between causes of metabolic acidosis.

5.3.2  Delta Ratio

In high anion gap metabolic acidosis the delta ratio may be used to detect the pos-
sible coexistence of a normal anion gap acidosis.

 
Delta ratio AG HCO measuredAG measuredHCO= = -( ) -( )- -D D/ /3 312 24  

Interpretation of the delta ratio (Table 5.5) should be done with caution due to pos-
sible inaccuracies.

5.4  Base Excess and Standard Base Excess

The third approach to acid–base is the base excess (BE) method. The base excess is
defined as the concentration of strong acid or base required to return the pH of an
in vitro specimen of whole blood with a PCO2 of 40 mmHg and a temperature of

Table 5.5 Delta gap

Delta ratio <0.4 Hyperchloremic normal anion gap acidosis

Delta ratio 0.4–0.8 Combined high AG and normal AG acidosis

Delta ratio 1–2 Uncomplicated high AG acidosis

Delta ratio >2 Preexisting elevated HCO3
− (examples: concurrent metabolic alkalosis,

preexisting compensated respiratory acidosis)
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37 °C to 7.4. A negative BE is also referred to as base deficit. The BE is based on
the Van Slyke equation:

 
BE HCO Hb pH Hb= éë ùû - + ´ +( )´ -( )( )´ - ´( )-

3 24 4 2 3 7 7 7 4 1 0 023. . . . .  

with Hb and HCO3
− in mM. However, this formula proves not to be PCO2 invariant

in vivo. This is because in vivo CO2 equilibration occurs throughout the total extra-
cellular compartment, including interstitial fluid. To adjust for this the standard base
excess (SBE) was developed, in which Hb is fixed at its approximate mean extracel-
lular concentration of 5 mg/dL:

 
SBE HCO pH= ´ éë ùû - + ´ -( )-0 93 24 4 14 8 7 43. . . .  

SBE is used to assess the metabolic component of an acid–base disturbance and to
assess the compensatory regulation (Table 5.4). The primary acid–base disturbance
is detected by comparing pH and PCO2. Then, the SBE formulae are used to deter-
mine the metabolic component and compensatory response. If the measured
response is different, a mixed acid base disturbance may be present.

5.5  Stewart at the Bedside: A Unifying Approach

Although its principles may be simple, using the Stewart approach at the bedside
may be somewhat intimidating. One possibility is to use the online analysis mod-
ule on acidbase.org. Alternatively, Story has proposed a unified and simplified
approach to acid base. Focusing on the effect of SID, ATOT and unmeasured anions
on base excess (BE), this approach only requires three easy to remember formulas
(Table 5.6).

1. Determine the problem and its severity by assessing the pH. Remember that
acidosis and alkalosis refer to processes that influence [H+] or pH. A normal pH
does not rule out acid–base pathology.

2. Assess the relative contribution of respiratory versus non-respiratory compo-
nents using PCO2 and BE. Remember that normal values do not rule out 
acid–base pathology.

Table 5.6 Formulas for the
simplified Stewart approach

SID effect on BE Na Cl+ -éë ùû - éë ùû( ) - 40
ATOT effect on BE 0.25 * (42- [alb])

Unmeasured ions effect on BE SBE-SID effect – ATOT effect

Please note that the normal value for [Na+] – [Cl−] may differ
between laboratories. Albumin (alb) in g/L
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3. Use Stewart derived BE partitioning to quantify contribution of various non-
respiratory acid–base disorders.
(a) Calculate the approximate influence of SID on BE.
(b) Calculate the approximate influence of ATOT on BE.
(c) If measured BE differs from the sum of 3a and 3b, unmeasured ions must be
present.

5.6  When and How to Treat Acid–Base Disorders

There is no consensus on treatment of acid–base disorders apart from addressing its
cause. As acid–base disturbances influences every aspect of physiology including
the cardiovascular, respiratory and immune systems, it is reasonable to start symp-
tomatic treatment in the critically ill with severe deviations of pH from normal.
These may arbitrarily be defined as pH <7.1 or pH >7.6. Ventilator settings and
sedative infusions may be adjusted to modify PCO2, although trade-offs need to be
made clinically because of the adverse effects of overzealous sedation and ventilator
induced lung injury at high tidal volumes or plateau pressures. When using a buffer,
it should be remembered that administering sodium bicarbonate may transiently
decrease intracellular pH, if ventilator settings are not changed simultaneously. In
addition, there is no trial that has shown a benefit in terms of mortality when using
sodium bicarbonate to attenuate acidosis. In this respect, tromethamine (THAM)
may be better suited, as it does not induce intracellular acidosis. However, its clini-
cal benefit is yet to be confirmed.

5.7  Renal Acid–Base Handling

In acid–base homeostasis, the kidneys are pivotal. In critical care medicine, their
role is often compensatory, by regulating plasma electrolyte concentrations.
However, the kidneys may also cause acid–base disturbances, for example in acute
kidney injury or various types of renal tubular acidosis.
When discussing renal acid–base handling, it is important to point out that differ-

ent explanations for observed cellularmechanisms exist depending onwhich approach
to acid–base medicine is adhered to. For example, the Stewart approach may view
sodium bicarbonate transporters as SID regulator, whereas the other approaches may
relate its effect to bicarbonate transport itself. Interestingly, most of the physiological
concepts dealing with renal transporters have been developed before the Stewart
approach became popular. Thus, it may prove necessary to revise these concepts. A
detailed discussion of controversies in this is beyond the scope of this book.
Renal acid–base handling is mainly dependent on SID and PCO2. In the proximal

convoluted tubule hydrogen ions are excreted into the tubular lumen through a Na+-
H+ exchanger. There, mediated by carbonic anhydrase, the hydrogen ions react with
the filtered bicarbonate to form H2CO3, which dissociates into CO2 and H2O. These
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diffuse through the aquaporin channels into the cytosol. There, again mediated by
carbonic anhydrase, the reaction is reversed and hydrogen and bicarbonate ions are
formed again. Bicarbonate is then absorbed into the circulation together with Na+ by
a Na+-HCO3

− cotransporter. Chloride reabsorption has three main routes: (1) passive
due to the electrochemical concentration gradient, (2) active by chloride channels
and (3) coupled through various chloride-anion exchangers.
In the distal convoluted tubule, chloride, hydrogen and bicarbonate are handled

by H+-ATPase, H+-K+-ATPase and Cl−-HCO3
− exchangers, situated within the cell

membrane of type A-cells and type B-cells respectively. Depending on the acid–
base status, the different components are either up regulated or down regulated. For
example in acidosis hydrogen is excreted through the H+-ATPase and H+-K+-ATPase
and chloride is excreted through pendrin and band 3 protein. In alkalosis, chloride
excretion is less due to down regulation of pendrin and band 3 protein.

5.7.1  Renal Tubular Acidosis (RTA)

In type 1 renal tubular acidosis (RTA) or distal RTA, there is a defect in the ability
to secret hydrogen and chloride ions in the distal tubules due to for example muta-
tions in the anion exchangers. As a reaction type B-cells will change and become
type-A cells in order to try to increase the hydrogen secretion. As a reaction bicar-
bonate reabsorption is decreased. Therefore plasma bicarbonate is low and urine pH
is increased.
In type 2 RTA or proximal RTA, a reduced capacity in the reabsorption of bicar-

bonate exists, due to inherited or acquired causes. In inherited RTA 2 a defect in
transporters, such as Na/H exchanger (NHE), kNBC1 or NHE3 can exist. The
causes are not fully known yet. Further RTA 2 can occur as part of a syndrome such
as Fanconi’s. Acquired causes include heavy metal poisoning and drugs related
RTA. Since distal bicarbonate reabsorption is still possible, plasma bicarbonate is
normally slightly decreased and blood pH low normal.
Type 3 RTA or mixed RTA is based on inhibition of carbonic anhydrase (CA).

CA-II and CA-IV both play a role in the reabsorption of bicarbonate in the proximal
tubule. CA-II also plays a role in the hydrogen excretion in the distal tubule.
Inhibition of CA, due to treatment with acetazolamide, or autoimmune diseases
such as Sjögren’s disease cause a combination of proximal and distal RTA and is
therefore named mixed RTA.
Type 4 RTA is characterized by a decreased renal excretion of ammonium and

inhibition of H+/ATPase in type-A cells caused by an aldosterone deficiency or
resistance. Ammonium is normally used as a buffer for the excreted hydrogen ions.
In the absence of ammonium, less hydrogen can be buffered and thus less hydrogen
can be excreted, causing an acidosis. Causes of aldosterone deficiency include
Addison’s disease, congenital adrenal hyperplasia and drugs inhibiting aldosterone
synthesis. Causes of aldosterone resistance include congenital causes, such as pseu-
dohypoaldosteronism type 1 and 2 and acquired causes, such as interstitial nephrop-
athies and drugs. RTA type 4 is commonly associated with a hyperkalemia.
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5.7.2  Acute Kidney Injury (AKI)

Acute kidney injury (AKI) is a leading contributor of acid–base disturbances in the
critically ill patient and often complex due to the coexistence of acidotic and alka-
lotic factors. Due to lowered chloride excretion by the kidneys, hyperchloremia may
develop, leading to a decreased SID and therefore acidosis. In later stages of AKI in
the critically ill, other causes of acidosis may develop, some only partially related to
AKI. These include unmeasured anions, hyperlactatemia, hypocalcemia (decreasing
SID) and hyperphosphatemia (increasing ATOT). Two main causes of alkalosis may
be present: hypoalbuminemia (lowering ATOT) and hyperkalemia (increasing SID).
The combination of coexisting acidosis and alkalosis can make the understanding of
acid–base balance particularly difficult in the critically ill patient with AKI.

5.7.3  Chronic Kidney Disease (CKD)

The acid–base disturbances in chronic kidney disease (CKD) are similar to
AKI. These start to develop when the glomerular filtration rate is less than 20–25 %
of normal. Again, mechanisms include both impairment of SID handling and accu-
mulation of ATOT. The extent and relative contribution of each depends on the under-
lying cause of CKD, medication and renal replacement therapy.

5.7.4  Renal Replacement Therapy (RRT)

The best and fastest way to correct AKI or CKD induced acidosis is renal replace-
ment therapy (RRT). The correction of metabolic acidosis is based on substituting
the ultrafiltrate with a SID generator. These include bicarbonate-, lactate- and citrate
based substitution fluids. Their effect is based on the metabolisation of the anions
and therefore increasing SID and correcting the metabolic acidosis. However, when
the metabolisation of the lactate or citrate is impaired, for example in the case of
liver failure, the increasing strong anion load can lead to a decreased SID and there-
fore cause worsening of the metabolic acidosis.

 Conclusion
Stewart’s strong ion approach, Siggaard-Andersen’s standard base excess
approach and the Henderson-Hasselbalch based bicarbonate centered approach
are popular frameworks for understanding acid–base disorders in the critically ill.
Basic concepts, views of renal acid–base handling and clinical application of
these methods were discussed in this chapter. Provided that hypoalbuminemia is
corrected for in the latter two, all methods are mathematically compatible and
may perform equally well in clinical practice, especially in uncomplicated acid–
base disorders.
However, if acid–base disorders become increasingly complex, which is the

case in many critically ill patients, Stewart’s approach may be superior. Although
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considered difficult, this method disentangles and quantifies the various factors
responsible for complex mixed acid–base disorders, thus arguably providing the
best overview. In addition, by explicitly clarifying the relationship between elec-
trolyte disorders and acid–base physiology, the Stewart approach helps to demys-
tify the effects of resuscitation fluids on acid–base balance.
The kidney is pivotal in acid–base physiology, mostly by modifying SID. Our

understanding of renal electrolyte handling may need to be revised as a result of
the principles of the physiochemical approach. Both in acute and chronic kidney
injury, accumulation of weak acids and impaired SID handling may give rise to
complex acid base disorders, especially if complicated by hypoalbuminemia.
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Key Messages
• Three approaches to acid–base disorders are in common use: The bicar-
bonate centered, base excess and the Stewart approach. All methods are
mathematically compatible provided that appropriate corrections are used
for the first two. However, the Stewart approach may be superior in terms
of versatility and improved understanding of complex acid–base
disturbances.

• The Stewart approach states that only three independent parameters deter-
mine [H+]. These parameters are the Strong Ion Difference (SID), the total
amount of weak acids (ATOT) and the partial pressure of carbon dioxide
(PCO2).

• SID is the sum strong cations minus the sum of strong anions. Strong ions
are always fully dissociated. Na+ and Cl− are the most important examples.
ATOT is mainly represented by albumin and to a lesser extent by phosphate.
If SID decreases, or if PCO2 increases or if ATOT increases, physicochemis-
try dictates that [H+] must increase and vice versa.

• The kidney is pivotal in regulating non-respiratory acid–base physiology,
mainly by modulating SID. Acidosis in kidney failure is complex and also
includes accumulation of weak acids such as phosphate. Our understand-
ing of renal electrolyte handling may need to be revised in the context of
the Stewart approach.
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6.1            Introduction 

 The practice of critical care nephrology demands an intimate understanding of the 
interactions and “crosstalk” that occurs between the kidney and multiple organ sys-
tems, in particular the heart, lung, gut, and brain. Accumulating evidence suggests that 
acute injury and dysfunction to the kidney can incite and propagate cardiac, pulmonary, 
gastrointestinal, and neurologic injury and dysfunction through a host of mechanisms. 

 Among patients hospitalized with acute kidney injury (AKI), the therapeutic 
options to mitigate kidney injury and loss of function once established are relatively 
limited and largely represent enhanced surveillance and measures to avoid iatrogenic 
complications and harm. AKI has a high attributable risk of morbidity and mortality. 
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Indeed, the hazard of major morbid complications after AKI, including incident 
chronic kidney disease (CKD) and accelerated progression to end-stage kidney dis-
ease (ESKD), along with increased susceptibility to infections/sepsis, malignancy, 
and fractures and excessive mortality remain elevated long after the initial episode of 
AKI. This attributable morbidity and mortality may be partially explained by AKI 
contributing to extrarenal injury/dysfunction to distant organs [ 1 ]. 

 Our understanding of the pathophysiological mechanisms underlying this 
kidney- organ “crosstalk” remains incompletely understood; however, it is likely a 
complex interaction of patient-specifi c susceptibilities (i.e., genetic, comorbid dis-
ease), acute illness severity, and the extent of organ injury; host responses to injury 
including dysfunctional infl ammatory cascades, oxidative stress, activation of pro- 
apoptotic pathways, altered molecular expression, and leukocyte traffi cking; and 
the impact of therapeutic interventions aimed to treat critical illness. This chapter 
will provide a broad overview of the fundamentals of kidney-organ interactions.  

6.2     The Kidney and the Heart 

 The prevalence of cardiac and kidney disease is high and increasing concomitantly 
with population demographic transition. Importantly, cardiac and kidney disease 
frequently coexist and together can synergistically modify the risk of major morbid-
ity and premature death and translate into excessive health services use. The “car-
diorenal syndrome” is generally characterized by the presence of pathophysiological 
organ “crosstalk” between the heart and the kidneys, whereby an acute or chronic 
injury or decompensation in the function of one organ can precipitate injury or dys-
function to the other. A large body of literature from observational studies and clini-
cal trials has clearly shown that acute/chronic heart disease can directly contribute 
to and/or accelerate acute/chronic worsening of kidney function and vice versa. 
Recently, a consensus defi nition and classifi cation scheme for the cardiorenal syn-
drome was proposed to help standardize its nomenclature with the aim to better 
understand its underlying pathophysiological mechanisms, epidemiology, and ther-
apeutic approaches. This classifi cation scheme proposed fi ve distinct “cardiorenal” 
syndrome subtypes (Table  6.1 ). These subtypes are characterized by important 
heart-kidney interactions that share a pathophysiological basis, however, have 
unique discriminating features, in terms of predisposing or precipitating events, risk 
identifi cation, natural history, and outcomes. In this section, we will focus on the 
two subtypes of cardiorenal syndrome most likely to be encountered in critical care.

6.2.1       Type I Cardiorenal Syndrome 

 This subtype is commonly encountered and is characterized by an acute cardiac 
event or disorder that precipitates AKI. The prototypical conditions contributing to 
type I CRS are acute decompensated heart failure (ADHF) and acute myocardial 
infarction (AMI). 
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 The pathophysiological mechanisms contributing to AKI in ADHF and AMI are 
numerous and complex, however, likely involve alterations to myocardial perfor-
mance, cardiac output, and systemic and central venous hemodynamics that com-
promise kidney perfusion and coupled with maladaptive and compensatory 
neuro-hormonal activation (i.e., activation of the sympathetic nervous system, 
increased activity of renin-angiotensin-aldosterone, and non-osmotic release of 
arginine vasopressin). These mechanisms will be further modifi ed not only by the 
severity of the inciting event but also by preexisting susceptibilities including base-
line cardiac and kidney function and presence of chronic kidney disease (CKD). 
Observational data have confi rmed that persistent AKI in ADHF is more likely 
among those with baseline CKD and diminished renal reserve [ 2 ]. 

 In both ADHF and AMI, the development of AKI is associated with worse out-
comes, higher rehospitalization rates, and increased health-care costs [ 3 ,  4 ]. 
Moreover, there appears to be a biological gradient between the severity of AKI and 
risk of death [ 5 ,  6 ]. Among patients reperfused following AMI, those developing 
AKI tended to have higher plasma norepinephrine, B-natriuretic peptide, and inter-
leukin- 6 levels in the 2 weeks after reperfusion compared to those without 
AKI. Those with AKI show higher risk of in-hospital death and major adverse car-
diac events, including greater changes in LV remodeling during recovery. Even 
small acute changes in serum creatinine modify the risk of death following AMI [ 6 ]. 
Among those developing AKI, greater risk of cardiovascular events such as conges-
tive heart failure (CHF), recurrent AMI, and stroke and need for rehospitalization 
have been shown [ 6 ]. Moreover, patients with AMI complicated by AKI have 
increased risk of development of incident CKD and accelerated progression to 
ESKD [ 7 ].  

   Table 6.1    Diagnostic and classifi cation scheme for cardiorenal syndrome   

 Cardiorenal syndrome 
(CRS) 

 A complex pathophysiological disorder of the heart and kidneys 
whereby acute or chronic dysfunction in one organ may induce 
acute or chronic dysfunction in the other organ 

 CRS type I 
 (acute cardiorenal 
syndrome) 

 Abrupt worsening of cardiac function (e.g., ACS or ADHF) leading 
to AKI or acute worsening of kidney function 

 CRS type II 
 (chronic cardiorenal 
syndrome) 

 Chronic abnormalities in cardiac function (e.g., chronic congestive 
heart failure) contributing to progressive and permanent chronic 
kidney disease 

 CRS type III 
 (acute renocardiac 
syndrome) 

 AKI or abrupt worsening of kidney function contributing to acute 
cardiac disorder or decompensation 

 CRS type IV 
 (chronic renocardiac 
syndrome) 

 Chronic kidney disease (e.g., diabetic nephropathy) contributing to 
decreased cardiac function, cardiac hypertrophy, fi brosis, and/or 
increased risk of adverse cardiovascular events 

 CRS type V 
 (secondary cardiorenal 
syndrome) 

 Systemic condition (e.g., sepsis) contributing to both cardiac and/or 
kidney injury 

   ACS  acute coronary syndrome,  ADHF  acute decompensated heart failure  
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6.2.2     Type III Cardiorenal Syndrome 

 This subtype is characterized by AKI that contributes to the development of acute 
cardiac injury and/or dysfunction (i.e., AMI, CHF, arrhythmias). While any epi-
sode of AKI may predispose to acute cardiac dysfunction and type III CRS, the 
most common conditions encountered include contrast-induced AKI (CI-AKI), 
drug- induced nephropathies, AKI after major noncardiac surgery, AKI after cardiac 
surgery, post-infectious glomerulonephritis, and rhabdomyolysis. The pathophysio-
logical mechanisms of how AKI contributes to acute cardiac injury and/or dysfunc-
tion are incompletely understood. An episode of AKI may have effects that depend 
both on the severity and duration of AKI and that both directly and indirectly predis-
pose to an acute cardiac event. Moreover, baseline patient susceptibility will modify 
the subsequent risk for cardiac events associated with AKI (i.e., preexisting risk 
factors and cardiac disease). 

 Experimental data suggest that cardiac injury may be directly induced by infl am-
matory mediators release, oxidative stress, apoptosis, and activation of neuroendo-
crine systems early after AKI [ 1 ,  8 ]. Likewise, AKI may be associated with 
physiological derangements (i.e., extracellular volume expansion, retention of ure-
mic [cardiotoxic] compounds, metabolic acidosis, electrolyte abnormalities [i.e., 
hyperkalemia, hypocalcemia]), alterations to coronary vasoreactivity, and ventricu-
lar remodeling and fi brosis that indirectly exert negative effects on cardiac perfor-
mance. AKI may also adversely impact cardiac function by contributing to 
alternations in drug pharmacokinetics and pharmacodynamics. 

 CI-AKI serves as a prototypical example of type III CRS. CI-AKI remains a 
leading cause of iatrogenic kidney injury following diagnostic and interventional 
procedures and portends adverse effects on prognosis, progression of CKD, and 
consumption of health resources. While AKI is most often attributable to the admin-
istration of radiocontrast media, additional susceptibilities and confounding factors 
in the population undergoing the procedure are also likely to be contributory (i.e., 
atheroembolic disease, kidney hypoperfusion, concomitant nephrotoxins). The 
reported incidence is highly variable depending on the population at risk being eval-
uated and the type of procedure performed (i.e., emergent, intravascular, type, and 
volume of contrast media). The natural history of CI-AKI in many patients may 
follow an asymptomatic rise in serum creatinine with early return to baseline, and 
these patients would not be expected to fulfi ll the criteria for type III CRS. However, 
in an estimated 0.2–1.1 %, AKI progresses to require the initiation of renal replace-
ment therapy (RRT) [ 9 ,  10 ]. 

 In these patients, AKI may be associated with volume overload, retention of 
uremic solutes, CHF, pulmonary edema, and cardiac arrhythmias. Several factors 
have been found to independently predict development of more severe AKI after 
contrast media including older age, preexisting CKD, diabetes mellitus, cerebral 
vascular disease, heart failure, and volume/dose of contrast media. However, the 
diffi culty in evaluating the epidemiology of type III CRS attributable to CI-AKI or 
AKI from other causes is that few studies have specifi cally reported the temporal 
occurrence of cardiovascular events following AKI.   
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6.3     The Kidney and the Lung 

 Kidney and lung injury are highly prevalent in critical illness. These two organ sys-
tems are intimately interconnected. Injury and/or dysfunction in either or both of 
these organ systems can directly incite or exacerbate injury and/or impairment in 
the other. 

6.3.1     Impact of AKI on Lung Function 

 The loss of metabolic/fl uid homeostasis and excretory function characteristic of 
AKI is associated with the retention of metabolic waste products (i.e., uremic tox-
ins), nonvolatile acids, and the expansion of extracellular volume. This decrement 
in kidney function can precipitate clinically important and adverse physiological 
consequences on the normal function of numerous organ systems, in particular the 
lung [ 1 ]. The accumulation of uremic compounds is known to contribute to lung 
infl ammation and injury and has been termed  uremic pneumonitis . However, this 
complication of AKI is rarely seen due to earlier initiation and more intensive appli-
cation of RRT [ 11 ]. Metabolic derangement in AKI, such as abnormalities in serum 
phosphate and calcium level and metabolic acidosis, may also contribute to respira-
tory muscle weakness and dysfunction [ 12 ]. Perhaps the most common life- 
threatening pulmonary complication associated with AKI is alveolar edema. 
Expansion of extracellular volume can contribute to increased pulmonary capillary 
hydrostatic pressure. This coupled with alterations to pulmonary microvascular per-
meability and reduced serum oncotic pressure can predispose to rapid increases in 
extravascular lung water [ 13 ]. AKI can also contribute to lowering the threshold for 
accumulation of extravascular lung water [ 14 ] along with impaired clearance of 
alveolar fl uid once present. Indeed, lung injury in AKI can occur in the absence of 
overt volume overload [ 15 ]. This is due, in part, to the downregulation of epithelial 
sodium transporters (ENaC), sodium-potassium adenosine triphosphatases (Na-K- 
ATPase), and aquaporins at the alveolar-capillary barrier. In further support of the 
hypothesis that lung injury in AKI represents more than alveolar edema, experimen-
tal models of ischemic-/reperfusion-induced AKI have shown lung injury that is 
characterized by not only pulmonary vascular congestion and interstitial edema but 
also focal alveolar hemorrhage and infl ammatory cell infi ltrate [ 16 ]. Indeed, the 
systemic infl ammation incited by AKI, including the release and reduced clearance 
of proinfl ammatory mediators, is an important mechanism contributing to acute 
lung injury. Moreover, the magnitude of AKI, both in terms of severity and duration, 
can also modify the intensity of lung injury. 

 Naturally, this organ crosstalk and associated clinical complications may be 
aggravated in critical illness due to concurrent widespread systemic infl ammation 
(i.e., sepsis, major trauma) and diminished baseline physiological reserve due to 
preexisting chronic lung, cardiac, or kidney disease and in response to resuscitation 
(i.e., large-volume resuscitation). Among patients receiving mechanical ventilation, 
the development of AKI has been associated with impaired or delayed weaning, 
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higher likelihood of tracheostomy, and prolongation of ICU stay [ 17 ]. Those patients 
developing lung injury and respiratory failure necessitating mechanical ventilation, 
concurrent with or following an episode of AKI, have worse outcome and increased 
risk of mortality [ 18 ,  19 ].  

6.3.2     Impact of Lung Injury on the Kidney 

 Lung injury, such as acute respiratory distress syndrome (ARDS), can contribute to 
downstream kidney injury and dysfunction through a number of mechanisms 
including impaired gas exchange, systemic and regional hemodynamic alterations, 
systemic infl ammation, and the application of mechanical ventilation (Table  6.2 ).

   Abnormalities in gas exchange are common among critically ill patients with 
lung injury. These patients often receive supplemental oxygen, noninvasive ventila-
tory support, or invasive mechanical ventilation when respiratory failure ensues, 
with the aim of correcting hypoxemia and restoring near-normal gas exchange. 
However, this is often challenging or not possible, and many patients may have 
residual hypoxemia or hypercapnea in the setting of ARDS and lung-protective ven-
tilation and/or permission hypercapnea. The exact mechanisms by which hypox-
emia contributes to AKI are incompletely understood and, however, are likely 
multifactorial and relate to altered cardiovascular function, renal microcirculatory 
dysfunction, neuro-hormonal activation, and circulating systemic infl ammatory 
mediators [ 20 ]. Small clinical studies have suggested that hypoxemia may impair 
renal autoregulation and glomerular fi ltration rate (GFR) and contribute to sodium 
and water retention, while reversal of hypoxemia may improve renal blood fl ow 
(RBF) [ 21 ,  22 ]. Hypercapnea has also been associated with impaired kidney func-
tion, attributed to alterations in RBF and renovascular resistance; however, experi-
mental data have been inconsistent [ 23 ]. Further, acute hypercapnea can also 

   Table 6.2    Potential mechanisms of impaired kidney function associated with mechanical 
ventilation   

 Alterations to cardiovascular 
function 

 Reduced cardiac output 

 Reduced renal blood fl ow 

 Altered distribution of intrarenal blood fl ow 

 Elevated inferior vena cava and renal vein pressure 

 Alterations to neuro-hormonal 
function 

 Sympathetic nervous system activation 

 Renin-angiotensin-aldosterone system stimulation 

 Reduced atrial natriuretic peptide secretion 

 Increased (non-osmotic) arginine vasopressin secretion 

 Exaggerated effects of mechanical 
ventilation 

 Intravascular volume depletion 

 Impaired baseline myocardial performance 

 Alterations to pulmonary compliance 

 Prior chronic kidney disease 

 Prior chronic pulmonary disease 
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contribute to or worsen existing acidemia. The combined impact of hypoxemia and 
hypercapnea may act synergistically to impair kidney function [ 24 ]. 

 Lung injury may be the result of primary lung disease (i.e., aspiration, contusion) 
or a systemic process (i.e., pancreatitis, sepsis); however, the application of mechan-
ical ventilation is well recognized as a potentially important precipitant or exacer-
bating factor in lung injury. Ventilator-induced lung injury (VILI) is attributable to 
the use of excessive end-inspiratory pressures and volumes coupled with the added 
effects of barotrauma, atelect-trauma, and biotrauma (Table  6.3 ). The mechanical 
disruption of the alveolar-capillary barrier from excessive pressure-volume loading 
during positive pressure ventilation can induce the release of local infl ammatory 
mediators into the systemic circulation [ 25 ]. This infl ammation due to VILI can 
contribute to downstream end-organ injury, including AKI [ 26 ]. In a murine model 
of lung injury, the application of injurious MV was associated with increased 
expression of IL-6 in kidney tissue, increased evidence of renal tubular apoptosis, 
and impaired kidney function [ 27 ,  28 ].

6.4         The Kidney in the Abdominal Compartment 

 The kidneys are encapsulated organs, located in the retroperitoneal space of the 
abdominal compartment. Therefore, alterations in the abdomen can seriously dis-
turb kidney function. This section discusses the impact of elevated intra-abdominal 
pressure (IAP), deranged splanchnic and renal hemodynamics, and abdominal 
organ dysfunction on renal function in critically ill patients. 

6.4.1     Intra-abdominal Hypertension and Abdominal 
Compartment Syndrome 

 There has been increasing focus on the detrimental effects of elevated IAP in AKI 
[ 29 ]. IAP is normally between 5 and 7 mmHg in healthy individuals and ≤10 mmHg 
in critically ill adults, measured supine at end-expiration, zeroed at the level where 
the midaxillary line crosses the iliac crest [ 30 ]. By consensus, intra-abdominal 
hypertension (IAH) is defi ned as a sustained increase in IAP ≥12 mmHg, and 
abdominal compartment syndrome (ACS) as a sustained increase >20 mmHg with 
new organ dysfunction/failure [ 30 ]. The most important risk factors for these 

   Table 6.3    Mechanisms of ventilator-induced lung injury (VILI)   

 Volutrauma  Ventilation with excessive tidal volume or end-expiratory volumes 

 Barotrauma  Ventilation with excessive end-inspiratory or plateau pressures 

 Atelect-trauma  Ventilation below the lower infl ection point on the pressure-volume curve 
with cyclic opening and closing of alveoli 

 Biotrauma  Local and systemic release of infl ammatory mediators in response to 
mechanical stress and disruption of alveoli 
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conditions are shock/hypotension, resuscitation with a large amount of fl uids, and 
worsening respiratory status [ 31 ]. Therefore, it should not be surprising that IAH is 
common among critically ill patients and associated with worse outcome [ 32 ]. 
However, it is less clear whether the relationship between IAH and organ dysfunc-
tion represents cause and effect and if prevention/treatment of IAH might improve 
organ function and prognosis.  

6.4.2     Elevated Intra-abdominal Pressure and Renal Function 

 Elevated IAP infl uences renal function in different ways. First, IAH might lead to a 
signifi cant decrease in RBF as renal perfusion pressure equals mean arterial pres-
sure minus IAP [ 33 ]. Further, higher intrarenal vascular resistance (organ compres-
sion) shunts blood away from the kidneys. This is of particular concern for the renal 
medulla, which receives only ~12 % of the RBF, exacerbated by neurohumoral 
activation [ 34 ]. Indeed, AKI through ischemic tubular necrosis is probably the most 
common complication in the ICU necessitating RRT. Second, the combination of 
systemic venous congestion and elevated IAP decreases the glomerular fi ltration 
gradient [ 35 ]. Because the kidney is an encapsulated organ, a pressure rise in the 
venous system translates into a higher renal interstitial and Bowman’s capsular 
pressure, directly impeding glomerular fi ltration [ 36 ,  37 ]. Intriguingly, in advanced 
heart failure – presumably because of low renal perfusion – the kidneys are 
extremely sensitive to even small elevations in IAP (8–10 mmHg) [ 38 ]. Moreover, 
decreasing IAP in such cases, through ultrafi ltration or paracentesis, can dramati-
cally improve renal function [ 38 ]. Extrapolating these fi ndings to the general ICU 
population, recent evidence suggests that a comprehensive management strategy 
with appropriate use of an open abdomen in patients at risk signifi cantly improves 
survival from IAH/ACS [ 39 ].  

6.4.3     Gut Microbiota and the Intestinal Barrier Function 

 A new area of research is the role of gut microbiota in AKI. It has been clearly 
established that bacterial fermentation processes in the large intestines are an impor-
tant source of tightly protein-bound toxins such as p-cresyl sulfate and indoxyl sul-
fate [ 40 ]. Because of this protein binding, such toxins are diffi cult to clear from the 
circulation, even by means of hemodialysis [ 41 ]. They may accelerate kidney dys-
function, and plasma levels are correlated to all-cause mortality [ 42 ,  43 ]. This offers 
a strong rationale for targeting gut microbiota and toxin production in the bowel 
compartment with future therapies. 

 In normal circumstances, the gut has an important barrier function, preventing 
entrance of toxins and microorganisms into the systemic circulation. However, 
especially when abdominal perfusion is impaired, like in advanced heart failure or 
patients with IAH, this function might become compromised [ 44 ]. Indeed, it has 
been shown that the intestinal morphology, permeability, and function are substan-
tially altered in heart failure [ 45 ,  46 ]. Consequently, leakage of lipopolysaccharides 
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in the systemic circulation may cause further hemodynamic compromise leading to 
a detrimental vicious cycle [ 44 ,  47 ]. As the ICU clusters, the most vulnerable 
patients with regard to hemodynamic compromise, kidney and organ dysfunction, 
this is likely an underrecognized problem and should be an area of further research. 
Only recently, IAP has been identifi ed as a potential missing link in patients with 
cardiorenal syndrome, and the term cardio-abdominal-renal syndrome (CARS) was 
coined [ 44 ].  

6.4.4     Hepatorenal Syndrome 

 AKI is a fearsome complication in patients with decompensating liver cirrhosis, where 
it occurs in ~20 %, and is associated with poor outcome [ 48 ]. Patients with cirrhosis are 
susceptible to developing AKI because of the progressive vasodilatory state and 
reduced effective blood volume. Hepatorenal syndrome is initiated by portal hyperten-
sion and may be triggered by bacterial infections, nonbacterial systemic infl ammatory 
reactions, excessive diuresis, gastrointestinal hemorrhage, diarrhea, nephrotoxic 
agents, or IAH [ 49 ]. Orthotopic liver transplantation is the best current treatment and 
leads to a gradual recovery of renal function in the vast majority of patients.  

6.4.5     Conclusions 

 The kidneys are well-perfused organs, located inside the retroperitoneal space of the 
abdomen. Elevated IAP may seriously disrupt systemic and renal hemodynamics, 
which might cause renal dysfunction and loss of intestinal barrier function with 
subsequent entry of toxins into the systemic circulation. A more thorough under-
standing of kidney-organ interactions in the abdominal compartment may hopefully 
lead to new therapeutic targets to better preserve renal function in critically ill 
patients. Within this regard it is important to consider IAP as a missing link in 
patients with congestive heart failure developing worsening kidney function. This 
condition has been termed as CARS.   

6.5     The Kidney and the Brain 

 The kidney and brain are vital organs protected in health by an autoregulated blood 
supply. Both organs play a role in regulating sodium and water balance in the body 
and visceral sympathetic nervous system activity. 

6.5.1     Hyponatremia 

 Hyponatremia may occur following acute cerebral damage, with reports of an inci-
dence of 56 % postsubarachnoid hemorrhage, but may also develop posttraumatic 
brain injury. Mortality increases as serum sodium falls, increasing as serum sodium 
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falls from <130 to <120 mmol/L from 11 to 25 % [ 50 ]. Vasopressin release from the 
hypothalamus, termed syndrome of inappropriate antidiuretic hormone release 
(SIADH) and leads to water retention by the kidney, is the most common cause of 
hyponatremia (60–70 %), but cerebral salt wasting, now termed nephrogenic sodium 
wasting (NSW), may also develop (6–10 %). Both conditions cause hyponatremia, 
and although physical examination may help to discriminate between these condi-
tions, with SIADH patients typically being euvolemic [ 51 ] and those with NSW 
having signs of extracellular volume depletion, in clinical practice, it may be diffi -
cult to distinguish between these conditions and, in a small proportion of cases, both 
conditions may be present (5 %). Similarly biochemical investigation may also be 
unhelpful as both conditions will have a reduced serum osmolality (<285 mOsmo/
kg), with a relatively increased urinary sodium (>25 mmol/l) and urinary osmolality 
(>200 mOsmo/kg) (Fig.  6.1 ). However, patients with NSW should have increased 
urea, creatinine, and hematocrit due to intravascular volume depletion, whereas they 
should be normal or lowered in SIADH due to relative water retention [ 52 ]. In both 
conditions serum urate is typically reduced. It is important to make the correct diag-
nosis as instituting the standard treatment for SIADH, namely, water restriction and 
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  Fig. 6.1    Investigating hyponatremia in the brain-injured patient. Clinically examine patients and 
determine volume status, and review daily weights and serial estimations of fl uid intake and output 
charts, then check serum osmolality, hematocrit, urea, creatinine, and urate and urinary osmolality 
and electrolytes. Measure liver function tests and thyroid, adrenal, and natriuretic hormones as 
required       
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a vasopressin receptor antagonist, can lead to permanent ischemic cerebral damage 
and mortality in patients with NSW, who require a controlled increase in serum 
sodium, approximately 8 mmol/day, using hypertonic saline in combination with 
fl udrocortisone [ 53 ].   

6.5.2     Hypernatremia 

 Cranial diabetes insipidus can develop acutely posttraumatic brain injury, pituitary 
surgery or infarction, stroke, cerebral tumor, and infection (meningitis or encephali-
tis), although most cases are idiopathic and are thought to be autoimmune. Initially 
patients are polyuric, passing a dilute urine (<150 mOsm/kg) due to a failure of 
vasopressin release but after 4–5 days may then become transiently oliguric due to 
the release of stored ADH from the hypothalamus, before a chronic state ensues [ 54 ]. 
The conscious patient typically compensates by drinking large volumes of water, but 
the unconscious patient may develop profound life-threatening hypernatremia. 

 For patients with acute hypernatremia (<48 h), rapid lowering of serum sodium 
by 1 mmol/h by the administration of hypotonic fl uids does not increase the risk of 
cerebral edema, whereas those with hypernatremia of unknown or longer duration a 
slower pace of correction, aiming for around 10 mmol/L/day is important to prevent 
cerebral edema. As the risk of cerebral edema also depends upon the volume 
infused, then smaller volumes of more hypotonic fl uids are advantageous [ 55 ].

  Water deficit Total body water Current serum sodium .= ´ ( ) -( )/ 140 1    

6.5.3       Acute Kidney Injury and the Brain 

 Acute kidney injury typically leads to systemic infl ammation, exacerbated by 
reduced cytokine clearances. Cytokines and other infl ammatory mediators may gain 
entry to the brain through the fenestrated vascular endothelium in the fl oor of the 
third ventricle, leading to appetite suppression and increasing the risk of delirium 
[ 56 ]. Increasing osmolality and infl ammation as renal failure progressively leads to 
the disruption of the blood-brain barrier. In addition, kidney failure leads to the 
accumulation of the waste products of nitrogen metabolism, with organic acids 
accumulating in the brain, resulting in changes in both neuronal intracellular osmo-
lality and neurotransmitter levels [ 57 ]. So, if untreated, patients become encephalo-
pathic with classic slow wave brain electrical activity (loss of alpha and beta waves, 
with predominance of theta and delta wave activity) [ 58 ] (Fig.  6.2 ).  

 Patients with kidney failure are at greater risk of drug-induced encephalopathy, 
as many drugs are transported from the brain by organic acid transporters, and due 
to the competition for these transporters, clearance from the brain is delayed leading 
to accumulation. 
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 Initially kidney transplant recipients may develop an acute psychosis due to high 
doses of steroids and also an acute encephalopathy due to immunophyllin neurotox-
icity (tacrolimus > cyclosporin) [ 59 ], and treatment of acute rejection with the 
newer anti-lymphocyte antibody therapies. Thereafter, continued immunosuppres-
sion to maintain kidney transplant function increases the risk of cerebral infections, 
including viral encephalitis and listerial and fungal meningitis [ 60 ].  

6.5.4     Conditions Affecting Both the Kidney and Brain 

 The brain and kidney can both be acutely affected by infections (bacterial, leptospi-
rosis; viral, Epstein-Barr virus, human immunodefi ciency virus; and protozoal, 
malaria) and also by systemic vasculitides (polyarteritis nodosa, microscopic poly-
angiitis). Other conditions including sarcoidosis can cause chronic disease in both 
organs, and some patients with adult polycystic kidney disease are predisposed to 
intracerebral aneurysms.   

    Conclusions 
 The kidney interacts with virtually all organ systems in the body. Acute injury to 
the kidney can clearly contribute to cardiac, pulmonary, gastrointestinal, hepatic, 
and neurologic injury and/or dysfunction through a host of mechanisms. 
Likewise, primary injury and/or dysfunction to any of these organ systems can 
directly and indirectly contribute to kidney injury and impairment. 
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  Fig. 6.2    Electrical encephalography from a patient with uremic encephalopathy showing absent 
normal faster alpha and beta activity with predominance of slower theta and delta wave 
activity       
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 Key Messages 
   The Kidney and the Heart 
•   Kidney and cardiac diseases commonly coexist. Injury and/or dysfunction 

in either organ system can synergistically cause injury and/or dysfunction 
in the other.  

•   Acute cardiac events (i.e., ADHF, AMI) can contribute to AKI through 
hemodynamic, neuroendocrine, and infl ammation mechanisms.  

•   AKI can directly and indirectly contribute to acute cardiac events through 
complications related to loss of kidney excretory function, along with 
neuro-hormonal activation and systemic infl ammation.   

  The Kidney and the Lung 
•   The kidney and lung are commonly injured in critical illness.  
•   In AKI, the loss of kidney excretory function expands extracellular volume 

to increase the risk of pulmonary capillary hydrostatic pressure. This is 
exacerbated by downregulation of key fl uid transport molecules in the 
alveoli, alterations to microvascular permeability, and reduced serum 
oncotic pressure, which further lower the threshold for alveolar edema and 
impair alveolar fl uid clearance.  

•   Mechanical ventilation, through alterations in intrathoracic pressures and 
systemic hemodynamics and through exacerbation of lung injury, can con-
tribute to AKI and negatively impact kidney function.   

  The Kidney and the Abdominal Compartment 
•   Normal IAP is ≤10 mmHg in critically ill patients.  
•   IAH (sustained IAP >12 mmHg) is frequently associated with AKI through 

multiple pathways (fl uid overload, low perfusion, neurohumoral).  
•   Elevated IAP is considered an important contributor in patients with con-

gestive heart failure and worsening kidney function, and this is termed 
CARS.  

•   Gut microbiota and toxins may play a role in the development of AKI and 
form an area for future research.  

•   Hepatorenal syndrome needs to be considered in patients with cirrhosis 
and worsening kidney function.   

  The Kidney and the Brain 
•   Nephrogenic sodium wasting is a potential cause of hyponatremia in 

patients with acute brain injury and infections and must not be confused 
with SIADH.  

•   Cranial diabetes insipidus may develop acutely following acute brain 
injury and pituitary surgery, causing hypernatremia.  
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      Acute Kidney Injury in Pregnancy 

             Marjel     van     Dam       and     Sean     M.     Bagshaw    

7.1            Introduction 

 Acute kidney injury (AKI) in pregnancy may contribute to maternal and fetal mor-
bidity and mortality, in particular in developing countries. Any disorders leading to 
kidney injury in the general population, such as ischemic or nephrotoxic injury or 
antibody-mediated glomerulonephritis, can cause AKI in pregnancy. This chapter 
will focus on pregnancy-associated complications, typical of each trimester that can 
result in severe AKI. In the early pregnancy most common problems are prerenal 
disease due to hyperemesis gravidarum or azotemia caused by hemorrhage. Later in 
pregnancy several different, pregnancy-specifi c disorders may contribute to AKI 
including preeclampsia/HELLP syndrome, thrombotic microangiopathies, acute 
fatty liver of pregnancy (AFLP), and renal cortical necrosis, related to infection, 
urinary tract obstruction, or nephrolithiasis.  

7.2     Epidemiology 

 Over the past decades the incidence of pregnancy-related AKI in the developed 
world has decreased [ 1 ]. Advancement of prenatal care, improved availability of 
safe and legal abortion, and more widespread and aggressive antibiotic use (leading 
to a decreased incidence of septic abortion) are responsible for this decrease. 
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 The incidence of pregnancy-related AKI in developed countries is estimated at 
1 in 20,000 pregnancies [ 1 ]. Different defi nitions of AKI, especially in the older 
literature, hamper direct comparisons. Accurate data on pregnancy-related AKI in 
developing countries is not readily available due to the fact that many patients have 
limited access to health care, and different regional data collection techniques, both 
responsible for underreporting [ 2 ]. A study performed by Prakash in Eastern India 
shows that late pregnancy-related AKI occurs in about 1 in 56 births, with an overall 
mortality of 20 % [ 3 ]. Earlier the same group showed that the incidence of 
pregnancy- related AKI in their region declined from 15 % in 1982–1991 to 10 % in 
1992–2002 [ 4 ]. Higher mortality in the past was attributed to late referral, frequent 
sepsis, and high incidence of bilateral diffuse cortical necrosis. 

 Etiology of pregnancy-related AKI in developed countries is different from the 
etiology in developing countries. Pregnancy-related AKI in developed countries is 
caused by largely by preeclampsia, HELLP syndrome, thrombotic microangiopa-
thy, sepsis, and hemorrhage by abruptio placentae. While in the developing coun-
tries pregnancy-related AKI is most commonly caused by abruptio placentae, 
infectious causes such as puerperal sepsis and septic abortion, and postpartum hem-
orrhage [ 1 ].  

7.3     Physiological Changes in Pregnancy 

 During normal pregnancy the kidneys increase in length approximately 1–1.5 cm, 
and the volume of the kidneys augments by 30 %. More than 90 % of pregnant 
women develop physiologic hydronephrosis of pregnancy during the second trimes-
ter which is characterized by dilatation of the collecting system of the kidneys (right 
more than left) which disappears in a few months postpartum [ 5 ]. The increased 
capacity of the dilated urinary collecting systems is caused by a combination of 
direct hormonal infl uence of estrogen and progesterone, inhibition of ureteral peri-
stalsis by prostaglandin E2, mechanical obstruction of the ureters caused by the 
growing uterus, and increased glomerular fi ltration rate (GFR), urine formation rate, 
and urine fl ow [ 6 ]. 

 Soon after conception blood pressure falls as a result of peripheral vasodilata-
tion, mediated by increased nitric oxide synthesis, which also mediates vasodilata-
tion through relaxin produced by the placenta, and reduced vascular responsiveness 
to angiotensin II. Peripheral vasodilation may show as palmar erythema and spider 
telangiectasia. This is accompanied by increase in cardiac output and renal plasma 
fl ow elevating the GFR by 50 % of baseline, and as a consequence the normal 
plasma creatinine levels are lowered to <44 μmol/L (0.5 mg/dL) [ 6 ]. 

 The blood volume increases by about 50 % in pregnancy. With a disproportion-
ate increase of plasma compared to red blood cells, physiologic anemia of preg-
nancy develops. Decreased peripheral vascular resistance stimulates sodium 
retention (500–900 mmol) and causes increased extracellular fl uid volume, weight 
gain, and “benign” edema of the lower extremities. Potassium metabolism is 
unchanged by pregnancy despite a cumulative retention of about 350 mmol, 
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necessary for fetal–placental development and expansion of the maternal red blood 
cell mass and the increased aldosterone levels [ 6 ]. 

 In addition, fi ltered glucose load augmentation leads to renal glucosuria in the 
absence of hyperglycemia. Increases in GFR and the glomerular permeability to 
albumin combine to raise the fractional excretion of protein to <300 mg/day [ 7 ]. 
Thirst and a downward setting of the osmotic threshold for arginine vasopressin 
lower the serum osmolarity (average 10 mOsmol/L) and serum sodium concentra-
tion (approximately 5 mmol/L) [ 6 ]. Elevated circulating progesterone causes rela-
tive hyperventilation (primarily via an increase in tidal volume) and mild respiratory 
alkalosis, with a decrease in bicarbonate of approximately 4 mmol/L [ 8 ]. Although 
prothrombotic changes, including elevated plasma concentrations of fi brinogen, 
von Willebrand factor, and factor VIII, occur with normal pregnancy, there is also in 
activity in Von Willebrand factor cleaving protease (ADAMTS13) [ 9 ]. Physiologic 
changes peak at the end of the second trimester and then begin to trend toward pre- 
pregnancy levels, whereas anatomical changes may persist up to 3 months 
postpartum. 

 Figure  7.1  summarizes the renal hemodynamic and metabolic adaptations to nor-
mal human pregnancy.   

7.4     Laboratory Testing 

 Laboratory testing of the kidney function in pregnancy requires alertness from the 
clinician. Serum creatinine is in itself a late marker for AKI, and normal values for 
the general population are considered high for pregnant women due to higher GFR 
and hemodilution. Normal plasma creatinine for pregnant women with a previous 
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HEMODYNAMICS

TUBULAR FUNCTION

ELECTROLYTE BALANCE

• Increase in kidney size (1 cm)

• Vasodilatation
• Increase in RPF and GFR

• Altered tubular reabsorption
  of protein, glucose, amino
  acids and uric acid

• Increased total body sodium
  up to 900–1,000 meq
• Increased total body potassium
  up to 320 meq
• Decrease in set point for thirst
   and ADH release
• Expansion of plasma volume

• Dilation of the collecting
   system (R>L)

  Fig. 7.1    Summary of renal hemodynamic and metabolic adaptations to normal human pregnancy 
( RPF  renal plasma fl ow,  ADH  antidiuretic hormone) (From Odutayo et al. [ 10 ])       
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undisturbed kidney function falls to 40 ± 11.5 μmol/L and is signifi cantly lower than 
in the general population. Novel biomarkers for the diagnosis of AKI, such as neu-
trophil gelatinase-associated lipocalin (NGAL) in urine and serum, serum cystatin 
C, urine kidney injury molecule-1 (KIM-1), have not been appropriately investi-
gated in this population. Proteinuria increases with normal pregnancy (up to 300 mg/
day) and may not indicate signifi cant kidney injury or pathology [ 11 ]. GFR in preg-
nancy is diffi cult to measure: the Modifi cation of Diet in Renal Disease (MDRD) 
and Cockcroft-Gault formulas have been examined and found inaccurate during 
pregnancy. The creatinine clearance in 24-h urine collection is still considered the 
gold standard for estimating GFR during pregnancy [ 12 ,  13 ].  

7.5     Pathophysiology 

 As in the general adult population, AKI related to pregnancy can be categorized into 
prerenal, renal, and postrenal. Timing of onset during pregnancy is an important 
indicator in the differential diagnosis (Table  7.1 ). 

7.5.1     First Trimester 

 Prerenal azotemia during the fi rst trimester of pregnancy is commonly caused by 
hyperemesis gravidarum and hemorrhage. Hyperemesis gravidarum is diagnosed 
with the following criteria: persistent vomiting accompanied by weight loss >5 % of 
pregnancy body weight and ketonuria unrelated to other causes [ 14 ]. Hyperemesis 
patients can present with AKI, metabolic alkalosis, and hypokalemia. Laboratory 
fi ndings may include increased hematocrit (due to hemoconcentration), mildly ele-
vated aminotransferases, and mild hyperthyroidism [ 15 ], possibly caused by the 
thyroid stimulating hormonal activity of human chorionic gonadotropin [ 16 ]. 
Supportive treatment with antiemetic drugs and intravenous fl uid will generally cor-
rect the acid-base, electrolyte, and kidney abnormalities. 

   Table 7.1    Common risk factors for pregnancy-related AKI   

 Developed countries  Developing countries 

 First trimester  Hyperemesis gravidarum  Hyperemesis gravidarum 

 Septic abortion 

 Second/third trimester  Preeclampsia/HELLP  Abruptio placentae 

 Thrombotic microangiopathy  Infectious causes 
   Puerperal sepsis 
   Septic abortion 

 Sepsis  Postpartum hemorrhage 

 Postpartum hemorrhage 

 H1N1 infl uenza (2009) 
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 Hemorrhage in the fi rst trimester of pregnancy usually is associated with ectopic 
pregnancy, miscarriage, or abnormal pathology of the genital tract (e.g., polyps, 
infection). This may lead to hypovolemia and subsequent prerenal azotemia. 
Treatment of the underlying pathology to prevent further damage is warranted.  

7.5.2     Second and Third Trimester 

7.5.2.1     Preeclampsia and Hemolysis, Elevated Liver Enzymes, 
and Low Platelets (HELLP) Syndrome 

 Preeclampsia is a pregnancy-specifi c condition generally defi ned as the new onset 
of persistent hypertension (diastolic blood pressure ≥90 mmHg) and proteinuria 
(≥300 mg in a 24-h urine collection) at or after 20 weeks’ gestation [ 17 ]. It is 
hypothesized that a disturbance in the placental function in early pregnancy causes 
preeclampsia, with a particular role for the impaired remodeling of the spiral artery 
[ 18 ]. Preeclampsia can be asymptomatic, especially in the early stages or with mild 
disease, but symptoms can include epigastric and right upper quadrant pain (40–
90 %), headache, visual changes, nausea, and vomiting [ 19 ]. Severe preeclampsia 
and the HELLP syndrome account for about 40 % of cases of AKI in pregnancy 
[ 20 ]. Although preeclampsia is one of the most important causes of pregnancy- 
related AKI, the majority of preeclamptic patients do not develop severe 
AKI. Otherwise, severe preeclampsia, characterized by multiple organ involve-
ment (i.e., pulmonary edema, oliguria [<500 mL/24 h], and thrombocytopenia 
[platelet count <100,000 μL]) has a higher risk for AKI. The incidence of overt 
renal failure in severe preeclampsia is estimated at 1.5–2 % based on two case 
series [ 21 ,  22 ]. 

 Severe preeclampsia is a progressive condition requiring prompt attention of the 
clinician. Women at term diagnosed with preeclampsia are best managed by induc-
tion of labor. After giving birth the symptoms usually resolve, but in some women 
the symptoms worsen during the fi rst 48 h postpartum. These women are particu-
larly at risk for pulmonary edema, AKI, HELLP syndrome, and stroke [ 18 ]. 

 The HELLP syndrome can occur in 4–14 % of cases of preeclampsia. 
Characteristic laboratory abnormalities of HELLP syndrome include microangio-
pathic hemolysis (anemia, decreased haptoglobin, increased lactate dehydrogenase 
[LDH], and a peripheral blood smear with signs of red cell destruction), elevated 
liver enzymes, and low platelet count. The platelet count is a marker of the severity 
of the disease and coincides with liver impairment [ 23 ].  

7.5.2.2     Thrombotic Microangiopathies 
 Thrombotic microangiopathies (TMA) are defi ned by the occurrence of thrombi of 
fi brin and/or platelets in the microcirculation of multiple organs. TMA during preg-
nancy are very uncommon cause for AKI. Pregnancy-related TMA used to be sub-
typed as thrombotic thrombocytopenic purpura (TTP) and hemolytic uremic 
syndrome (HUS). Recently TMA has been reclassifi ed into four subtypes, and preg-
nancy is considered only a precipitating factor [ 24 ]. 
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 Treatment of TMA should be aimed at treating the underlying pathogenic mech-
anism in a multidisciplinary approach, which can be either fresh frozen plasma 
infusions with or without plasma exchange or inhibition of complement activation 
by eculizumab, as recently advocated by Fakhouri [ 24 ]. 

 It can be a diagnostic challenge to differentiate TMA and preeclampsia/HELLP 
because thrombocytopenia and microangiopathic hemolytic anemia can present in 
both syndromes. Historical features such as the time of onset (after 20 weeks of 
gestation), earlier reported proteinuria, elevated liver enzymes, and/or hypertension 
support a diagnosis of preeclampsia/HELLP.  

7.5.2.3    Acute Fatty Liver of Pregnancy 
 Acute fatty liver of pregnancy (AFLP) is a rare complication, with reported inci-
dence of between 1 in 7,000 and 1 in 20,000 pregnancies [ 25 ,  26 ]. AFLP is charac-
terized by acute liver failure and coagulopathy with sudden onset during the third 
trimester. The severity of liver involvement is variable, ranging from moderate iso-
lated hepatic transaminase elevations to fulminant liver failure with encephalopathy 
[ 25 ]. Other features include elevated bilirubin, prolonged partial thromboplastin 
time, thrombocytopenia, hypoglycemia, and anemia [ 27 ]. Acute (typically nonoli-
guric) kidney dysfunction is common and seen in approximately 60 % of patients. 
Renal recovery typically follows delivery and dialysis is rarely needed [ 25 ,  27 ]. 
Early diagnosis, supportive measures, and prompt delivery are critical in the man-
agement. Clinical clues help to distinguish AFLP and HELLP syndrome, although 
the distinction is academic since the appropriate treatment of both conditions is 
prompt delivery.  

7.5.2.4    Renal Cortical Necrosis 
 Renal cortical necrosis (RCN) is a rare condition in the developed world. In the 
developing world reported RCN has become more infrequent over the last decades 
[ 28 ]. In a prospective cohort study of over 4,500 late pregnancy-related AKI, 
Prakash et al. found AKI occurred in 1 in 56 live births (85 cases), of which only 
two were attributed to RCN [ 3 ]. RCN presents characteristically on ultrasound or 
CT-scan with hypoechoic or hypodense areas in the renal cortex. Calcifi cations are 
a late fi nding, usually occurring after 1–2 months. Treatment is supportive, with a 
signifi cant chance for persistent loss of kidney function and need for renal replace-
ment therapy.  

7.5.2.5     Infectious Complications Contributing to AKI during 
Pregnancy 

 Pregnant patients are at risk for four specifi c infectious complications: urinary tract 
infections, chorioamnionitis (including septic abortion), endometritis (often post 
Caesarean section), and pneumonia. Progression to sepsis and septic shock is 
extraordinary, but poses signifi cant mortality for mother and child. Urinary tract 
infections and sepsis may cause AKI. 
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   Urinary Tract Infections 
 Asymptomatic bacteriuria is present in 2–10 % of women, both in the general popu-
lation and in pregnant women. In diabetics and patients with sickle cell trait as well 
as women from a lower socioeconomic status the percentage is higher. Approximately 
40 % of this group will develop cystitis or pyelonephritis. Urine sediment and cul-
ture will help in selecting directed therapy to prevent development of sepsis or 
severe sepsis with multiple organ failure. Symptomatic urinary tract infections are 
usually caused by Escherichia coli bacteria. Resistant bacteria may cause perineph-
ric abscess, kidney carbuncle, or cortical abscess, although rare.  

   Sepsis/Multiple Organ Failure 
 Sepsis is an infrequent cause of severe AKI in pregnancy. In 2009 the H1N1 infl u-
enza unexpectedly caused severe illness and death in pregnant and postpartum 
women. During the infl uenza season, evaluation and antiviral treatment of infl uenza- 
like illnesses should be considered early in this patient population [ 29 ].   

7.5.2.6    Urinary Tract Obstruction and Nephrolithiasis 
 The physiologic hydronephrosis of pregnancy seldom promotes ureteral obstruction 
due to the growing uterus or polyhydramnios. Stenting of the ureters may be indicated 
if delivery is not yet recommended. Obstruction may be induced by kidney stones, but 
is usually unilateral and presents with acute fl ank pain, hematuria and not with AKI.

7.6          Prevention 

 Care for pregnant women with AKI requires a multidisciplinary approach including 
maternal–fetal medicine, nephrology, critical care, and neonatal care specialists. 
Renal replacement therapy may be indicated in a select group of women. There is 
little evidence in the literature for optimal modality selection. The choice of modal-
ity should largely be predicated on the hemodynamic profi le of the patient and its 
availability. There is also a paucity of literature describing the RRT utilization rates 
for pregnancy-related AKI and outcomes for either mother or baby. Maternal preex-
isting hypertension and kidney disease are considered risk factors for incident 
chronic kidney disease and progression to long-term renal replacement therapy [ 30 ]. 

 Key Messages 
•     Pregnancy-related acute kidney injury (AKI) is an unusual clinical chal-

lenge and requires a multidisciplinary approach  
•   Pregnancy-related AKI is associated with signifi cant maternal and fetal 

morbidity and mortality  
•   Physiological changes hamper normal laboratory testing of kidney function    

7 Acute Kidney Injury in Pregnancy



94

        References 

      1.    Stratta P, Besso L, Canavese C, Grill A, Todros T, Benedetto C, Hollo S, Segoloni GP. Is 
pregnancy-related acute renal failure a disappearing clinical entity? Ren Fail. 1996;18(4):
575–84.  

    2.    Lameire NH, Bagga A, Cruz D, De Maeseneer J, et al. Acute kidney injury: an increasing 
global concern. Lancet. 2013;382(9887):170–9.  

     3.    Prakash J, Niwas SS, Parekh A, Pandey LK, Sharatchandra L, Arora P, Mahapatra AK. Acute 
kidney injury in late pregnancy in developing countries. Ren Fail. 2010;32(3):309–13.  

    4.    Prakash J, Kumar H, Sinha DK, Kedalaya PG, Pandey LK, Srivastava PK, Raja R, Usha. Acute 
renal failure in pregnancy in a developing country: twenty years of experience. Ren Fail. 
2006;28(4):309–13.  

    5.    Rasmussen PE, Nielsen FR. Hydronephrosis during pregnancy: a literature survey. Eur J 
Obstet Gynecol Reprod Biol. 1988;27(3):249–59.  

       6.    Krane NK, Hamrahian M. Pregnancy: kidney diseases and hypertension. Am J Kidney Dis. 
2007;49(2):336–45.  

    7.    Jeyabalan A, Conrad KP. Renal function during normal pregnancy and preeclampsia. Front 
Biosci. 2007;12:2425–37.  

    8.    Wolfe LA, Kemp JG, Heenan AP, Preston RJ, Ohtake PJ. Acid-base regulation and control of 
ventilation in human pregnancy. Can J Physiol Pharmacol. 1998;76:815–27.  

    9.    Sánchez-Luceros A, Farías CE, Amaral MM, Kempfer AC, Votta R, Marchese C, Salviú MJ, 
Woods AI, Meschengieser SS, Lazzari MA. von Willebrand factor-cleaving protease 
(ADAMTS13) activity in normal non-pregnant women, pregnant and post-delivery women. 
Thromb Haemost. 2004;92:1320–6.  

    10.    Odutayo A, Hladunewich M. Obstetric nephrology: renal hemodynamic and metabolic physi-
ology in normal pregnancy. Clin J Am Soc Nephrol. 2012;7:2073–80.  

    11.    Higby K, Suiter CR, Phelps JY, Siler-Khodr T, Langer O. Normal values of urinary albumin 
and total protein excretion during pregnancy. Am J Obstet Gynecol. 1994;171(4):984–9.  

    12.    Smith MC, Moran P, Ward MK, Davison JM. Assessment of glomerular fi ltration rate during 
pregnancy using the MDRD formula. BJOG. 2008;115(1):109–12.  

    13.    Alper AB, Yi Y, Rahman M, Webber LS, Magee L, von Dadelszen P, Pridjian G, Aina- 
Mumuney A, Saade G, Morgan J, Nuwayhid B, Belfort M, Puschett J. Performance of esti-
mated glomerular fi ltration rate prediction equations in preeclamptic patients. Am J Perinatol. 
2011;28(6):425–30.  

    14.    Goodwin TM. Hyperemesis gravidarum. Clin Obstet Gynaecol. 1998;41:597–605.  
    15.    Abell TL, Riely CA. Hyperemesis gravidarum. Gastroenterol Clin North Am. 1992;21:

835–49.  
    16.    Goodwin TM, Montoro M, Mestman JH, Pekary AE, Hershman JM. The role of chorionic 

gonadotropin in transient hyperthyroidism of hyperemesis gravidarum. J Clin Endocrinol 
Metab. 1992;75(5):1333–7.  

    17.    Milne F, Redman C, Walker J, Baker P, Bradley J, Cooper C, de Swiet M, Fletcher G, Jokinen 
M, Murphy D, Nelson-Piercy C, Osgood V, Robson S, Shennan A, Tuffnell A, Twaddle S, 
Waugh J. The pre-eclampsia community guideline (PRECOG): how to screen for and detect 
onset of pre-eclampsia in the community. BMJ. 2005;330(7491):576–80.  

     18.    Steegers EA, von Dadelszen P, Duvekot JJ, Pijnenborg R. Pre-eclampsia. Lancet. 2010;
376(9741):631–44.  

    19.    Sibai BM. Diagnosis, controversies, and management of the syndrome of hemolysis, elevated 
liver enzymes, and low platelet count. Obstet Gynecol. 2004;103(5 Pt 1):981–91.  

    20.    Kuklina EV, Ayala C, Callaghan WM. Hypertensive disorders and severe obstetric morbidity 
in the United States. Obstet Gynecol. 2009;113:1299–306.  

    21.    Drakeley AJ, Le Roux PA, Anthony J, Penny J. Acute renal failure complicating severe pre-
eclampsia requiring admission to an obstetric intensive care unit. Am J Obstet Gynecol. 2002;
186(2):253–6.  

M. van Dam and S.M. Bagshaw



95

    22.    Sibai BM, Villar MA, Mabie BC. Acute renal failure in hypertensive disorders of pregnancy. 
Pregnancy outcome and remote prognosis in thirty-one consecutive cases. Am J Obstet 
Gynecol. 1990;162(3):777–83.  

    23.    Martin Jr JN, Rinehart BK, May WL, Magann EF, Terrone DA, Blake PG. The spectrum of 
severe preeclampsia: comparative analysis by HELLP (hemolysis, elevated liver enzyme lev-
els, and low platelet count) syndrome classifi cation. Am J Obstet Gynecol. 1999;180(6 Pt 1):
1373–84.  

     24.    Fakhouri F, Vercel C, Frémeaux-Bacchi V. Obstetric nephrology: AKI and thrombotic micro-
angiopathies in pregnancy. Clin J Am Soc Nephrol. 2012;7(12):2100–6.  

      25.    Castro MA, Fassett MJ, Reynolds TB, Shaw KJ, Goodwin TM. Reversible peripartum liver 
failure: a new perspective on the diagnosis, treatment and cause of acute fatty liver of preg-
nancy, based on 28 consecutive cases. Am J Obstet Gynecol. 1999;181:389–95.  

    26.    Knight M, Nelson-Piercy C, Kurinczuk JJ, Spark P, Brocklehurst P. A prospective national 
study of acute fatty liver of pregnancy in the UK. Gut. 2008;57:951–6.  

     27.    Fesenmeier MF, Coppage KH, Lambers DS, Barton JR, Sibai BM. Acute fatty liver of preg-
nancy in 3 tertiary care centers. Am J Obstet Gynecol. 1932;2005:1416–9.  

    28.    Prakash J, Vohra R, Wani IA, Murthy AS, Srivastva PK, Tripathi K, Pandey LK, Usha, Raja 
R. Decreasing incidence of renal cortical necrosis in patients with acute renal failure in devel-
oping countries: a single-centre experience of 22 years from Eastern India. Nephrol Dial 
Transplant. 2007;22(4):1213–7.  

    29.    Louie JK, Acosta M, Jamieson DJ, Honein MA, California Pandemic (H1N1) Working Group. 
Severe 2009 H1N1 infl uenza in pregnant and postpartum women in California. N Engl J Med. 
2010;362:27–35.  

    30.    Jeyabalan A, Conrad RP. Renal physiology and pathophysiology in pregnancy. In: Schrier RW, 
editor. Renal and electrolyte disorders. 7th ed. Philadelphia: Lippincott Williams & Wilkins; 
2010. p. 418–74.    

7 Acute Kidney Injury in Pregnancy



       

   Part II 

   Diagnosis of AKI 



99© Springer International Publishing 2015
H.M. Oudemans-van Straaten et al. (eds.), Acute Nephrology for the Critical 
Care Physician, DOI 10.1007/978-3-319-17389-4_8

L.G. Forni (*) 
Department of Intensive Care Medicine, Royal Surrey County Hospital NHS  
Foundation Trust, Surrey Perioperative Anaesthesia Critical Care Collaborative Research 
Group (SPACeR) and Faculty of Health Care Sciences,  
University of Surrey, Guildford, UK
e-mail: l.forni@nhs.net 

J. Prowle 
Adult Critical Care Unit, The Royal London Hospital, Barts Health NHS Trust,  
Whitechapel Road, London E1 1BB, UK 

Department of Renal Medicine and Transplantation, The Royal London Hospital, Barts 
Health NHS Trust, Whitechapel Road, London E1 1BB, UK

8Classical Biochemical Work 
Up of the Patient with Suspected AKI

Lui G. Forni and John Prowle

8.1  Introduction

The presentation of acute kidney injury (AKI) is dependent on the cause as the 
patient is often asymptomatic and the AKI is discovered on subsequent investiga-
tion. Whilst AKI is defined by temporal changes in serum creatinine concentration 
as well as urine output these changes provide no information regarding the underly-
ing cause of the AKI and where possible a likely cause should be sought [1, 2]. The 
aim of testing renal function is to approximate the glomerular filtration rate (GFR) 
which can be viewed as the best global measure of kidney excretory function reflect-
ing the sum of the filtration rates for all functioning nephrons. The baseline GFR is 
affected by many factors including age, sex, race, diet and muscle mass and also 
demonstrates significant variation within individuals, while the normal values 
quoted are in the range of 120 (±25) ml/min/1.73 m2 of body surface area, GFR 
tends to decline from a median value at age 20 of 120 ml/min/1.73 m2 by 0.5–1 per 
year of age over 20. Plasma creatinine is excreted from bloodstream predominantly 
by glomerular ultrafiltration and thus as GFR decreases – creatinine will accumu-
late. However to understand the meaning of baseline creatinine and its acute 
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alterations requires an understanding of the steady state and dynamic kinetics of 
creatinine generation and excretion. Similarly urine low output can reflect a well-
functioning kidney in the context of hypovolaemia or significant reduction in GFR 
in advanced acute or chronic kidney disease. The use of creatinine and urine output 
in consensus criteria for the diagnosis of AKI is considered in an accompanying 
chapter, here we consider the basis for the traditional clinical use of these parame-
ters for assessment of renal function in individuals.

8.2  Biochemical Work Up

8.2.1  Creatinine and the Assessment of Renal Function

Creatinine is a spontaneously formed cyclical derivative of creatine degradation in 
the tissues. Creatine is synthesised in the liver and to a lesser extent the kidney and 
enters cells through a membrane transporter system whereby it is utilised to replen-
ish ATP stores via phosphocreatine production [3]. Skeletal muscle is the major 
body reservoir creatine and consequently is the source of the majority of plasma 
creatinine. As a small (113 Da) basic molecule it is freely filtered in the glomerulus 
and appears unaltered in the urine with the addition of a small additional contribu-
tion from active tubular secretion. As renal excretion is so efficient, extra-renal cre-
atinine excretion is also negligible in most conditions. The basis of use of creatinine 
for assessment of renal function thus relies on its rate of excretion being approxi-
mately proportional to GFR. Consequently creatinine excretion approximates to 
GFR (rate of plasma filtered into the urine) multiplied by the concentration of cre-
atinine in the plasma. At steady state (constant plasma creatinine) excretion will 
equal creatinine generation (Eq. 8.1) so that the GFR is proportional to the recipro-
cal of plasma creatinine concentration.

 
GFR Creat

p
×[ ] = G  (8.1)

Where [Creat]P is the plasma concentration of creatinine (in μmol/ml) and G the 
creatinine generation rate in μmol/min.

Thus at steady state a lower GFR will be associated with an higher plasma creati-
nine following the relationship: GFR α 1/[Creat]P – so that, assuming a steady state 
has been achieved and that G is constant, a halving of GFR will be accompanied by 
a doubling of plasma creatinine. This relationship forms the basis of the use of fold 
increase in creatinine from baseline to define severity of AKI in consensus defini-
tions based on the original RIFLE criteria as this would reflect fold decrease in GFR.

While changes in plasma creatinine define AKI there are significant limitations to 
its use, particularly in the critically ill [4, 5]. Firstly, use of plasma creatinine as an 
indirect measure of the GFR is unreliable outside the steady-state, after an acute 
change in GFR creatinine will rise or fall until achieving a new steady-state where 
plasma creatinine reflects the new GFR, this process will take a period of time that is 
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dependent on both the magnitude of change in GFR and the underlying creatinine 
generation rate. With large falls in GFR many days may pass before steady-state is 
achieved and until then creatinine will underestimate severity of renal dysfunction. 
Secondly, changes in creatinine production can alter measured plasma creatinine 
concentration as much as changes in excretion (GFR). For example, creatinine pro-
duction will fall if there is a reduction in lean body mass, if there is a fall in the 
dietary intake of creatine, or in the presence of liver disease [6]. As these are all com-
mon scenario’s in the intensive care unit and the degree of renal dysfunction may be 
underestimated in the critically ill if one is solely guided by the creatinine concentra-
tion and, similarly, renal recovery after AKI may be significantly overestimated [7, 
8]. Importantly, sepsis is associated with reduced creatinine production which may 
account for the seemingly slow rise in creatinine often observed in patients with 
septic AKI [4]. However, despite these limitations creatinine is still almost univer-
sally employed given the fact that assay is cheap, relatively easy and quick.

8.2.2  Clearance Measurements

Despite the limitations of plasma creatinine, acutely, direct measurement of GFR is 
not normally performed. GFR can be estimated through the calculation of the clear-
ance of a molecule such as creatinine that is freely filtered from the plasma in the 
glomerulus and excreted unchanged into the urine (Eq. 8.2)

 

GFR ml
Creat

Creat
U

P

U/ min( ) ≅ [ ]
[ ] ×Q

 
(8.2)

Where [Creat]U & [Creat]P are the urinary and plasma concentrations of creatinine 
respectively and Qu is the urine flow rate in ml/min.

Although creatinine clearance is often used to estimate GFR, creatinine is by no 
means an ideal marker for this purpose. The ideal marker would not only be sensi-
tive and specific in detecting small, early, changes in GFR, but would also not be 
secreted, metabolised or reabsorbed by tubular cells. Furthermore, it would be eas-
ily measured and would not be influenced by exogenous compounds. Tubular secre-
tion of plasma creatinine can cause creatinine clearance to over-estimate GFR by 
10–20 % or more, however competing substances for tubular secretion including 
some drugs can abolish this effect. The difference between Creatinine Clearance 
and true GFR has become more apparent since the adoption of more accurate 
Isotope-Dilution Mass-Spectroscopy (IDMS)-traceable laboratory standards and 
more accurate and precise enzymatic creatinine assays, as previous measurements 
un-standardised colorimetric assays tended to over-estimate plasma, but not urinary 
creatinine by detection of non-creatinine plasma chromogens. As an alternative to 
creatinine exogenous substances without tubular secretion such as inulin, EDTA 
(ethylenediaminetetraacetic acid) and iohexol are used to measure GFR occasion-
ally, however these are impractical in the everyday acute clinical arena.
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8.2.3  Alternatives to Creatinine: Cystatin C and Urea

Urea is a water-soluble low molecular weight by product of protein metabolism, 
which, like creatinine, exhibits a reciprocal relationship with the GFR. However, as 
a measure of GFR urea clearance has been superseded principally due to the greater 
variety of factors which influence both its renal clearance and endogenous produc-
tion [9]. The main drawback with using urea as a GFR marker is that the rate of 
renal clearance is not constant. Under steady-state conditions approximately 50 % 
of urea is reabsorbed by proximal renal tubular cells so that the urea clearance is 
around 50 % of GFR, however, in hypovolaemic states, enhanced tubular reabsorp-
tion of sodium and water together accompanied by urea may decrease urea clear-
ance as a proportion of GFR giving rise to a misleading disproportionate rise in the 
observed urea concentration. Conversely in advanced chronic or acute kidney dis-
ease, or in the presence of diuretic agents, urea clearance may rise as a proportion 
of GFR, so that increase in urea concentration could somewhat blunted. Urea pro-
duction has also highly variable rates as these may be increased such as in high 
protein intake, catabolic states and gastrointestinal haemorrhage, but may also be 
reduced in acute or chronic malnutrition and liver disease. Therefore, plasma urea 
and urea clearance is not recommended for GFR estimation particularly under non- 
steady state conditions.

Cystatin C is a low molecular weight cysteine proteinase inhibitor synthesised at 
a relatively constant rate by all nucleated cells and released into plasma [10]. The 
main catabolic site of the Cystatin C are the proximal renal tubular cells following 
the almost complete (>99 %) filtration by the glomerulus [11]. Therefore, little or 
no Cystatin C is present in the urine. As a consequence, the urinary clearance of 
Cystatin C cannot be determined but any fall in GFR correlates well with a rise in 
serum Cystatin C concentration and excellent correlation with radionuclide derived 
measurements of GFR [12]. However the lack of a standardised method for mea-
surement has prevented widespread adoption into clinical practice. This is coupled 
with the observation that the accuracy of measurement is affected by older age, sex, 
smoking status and raised CRP levels as well as abnormal thyroid function and the 
use of corticosteroids. Nevertheless, confounders of Cystatin C are likely to be less 
marked than those of creatinine during acute illness and availability of a stan-
dardised assay at an acceptable cost may lead to more widespread uptake of Cystatin 
c measurement in the future.

8.2.4  Mathematical Estimation of GFR

Several equations have been developed and validated for the estimation of the GFR 
or Creatinine Clearance. These include the Cockcroft-Gault equation, the four vari-
able MDRD (Modification of Diet in Renal Disease Study Group equations Study 
Equation), the CKD-EPI Creatinine Equation, the CKD-EPI Cystatin C Equation 
and the CKD-EPI Creatinine-Cystatin C Equation. Many laboratories now quote an 
eGFR value together with serum creatinine. Although useful it must be remembered 
that, these estimated GFRs are derived values and not measured variables. At heart 
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these equations are dependent on the reciprocal relationship between GFR and 
plasma creatinine at steady state transforming this into a direct GFR estimate by 
providing what is essentially an estimate of creatinine generation normalised to 
body surface area for individuals of a given age, sex and racial background. They 
are thus dependent on a patient firstly, being in steady state between GFR and 
plasma creatinine and, secondly, having a typical creatinine production for the out-
patient populations used to generate these estimates. As neither of these are the case 
in most of critically ill patients, these formulae are not recommended for use in the 
acute setting, but rather as a tool for managing chronic kidney disease.

8.3  Urinalysis in AKI

8.3.1  Urine Analysis

Standard urine analysis involves assessment of urine colour, pH, specific gravity 
and the presence of glycosuria and/or proteinuria. Further information may be 
determined from microscopy of the urine. Under normal conditions urine colour is 
dependant on concentration however under certain pathological states urine colour 
may aid in diagnosis. For example, a red supernatant may point to myoglobulinae-
mia or haemoglobinuria and hence lead to further focused investigation. With regard 
to the intensive care unit, green urine may be observed as a consequence of intrave-
nous propofolol infusion. Although pH and specific gravity may be of use in stable 
patients, they add little to diagnosis within the ICU. However, the presence of hae-
maturia particularly in the presence of proteinuria should alert the clinician to the 
possibility of parenchymal renal disease. Indeed the presence of proteinuria may 
complicate AKI particularly in the presence of sepsis although this is often tubular 
in origin reflecting incomplete reabsorption of low molecular weight proteins by 

Key Messages
• The basis of use of creatinine for assessment of renal function relies on its 

rate of excretion being approximately proportional to GFR.
• Creatinine levels will, initially, significantly underestimate the severity of 

renal dysfunction following a significant fall in GFR until steady-state is 
achieved.

• Changes in creatinine production can alter measured plasma creatinine 
concentration as much as changes in excretion and this is of particular 
relevance in the critically ill.

• Cystatin C, a low molecular weight cysteine proteinase inhibitor is synthe-
sised at a relatively constant rate by all nucleated cells and almost exclu-
sively filtered at the glomerulus.

• Although confounders of Cystatin measurement are probably less than cre-
atinine, there is at present a lack of a standardised Cystatin C method of 
measurement.
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proximal tubular cells. Glomerular proteinuria reflects leakage of larger molecular 
weight proteins such as albumin across the glomerular capillary wall and this may 
reflect acute injury such as glomerulonephritis but may also have been present prior 
to admission [13, 14]. The presence of premorbid proteinuria has significant prog-
nostic implications. For all these reasons, a simple urinary dipstick analysis should 
be undertaken in all patients and where necessary proteinuria may be quantified 
either by timed collection or through a urinary protein: creatinine ratio.

8.3.2  Urine Microscopy

The assessment of the urinary sediment is often overlooked in the intensive care unit 
but can yield important information regarding the cause of the AKI. For example, 
frank haematuria may suggest underlying renal tract pathology whereas the presence 
of dysmorphic red cells imply glomerular injury. Similarly, casts, which appear 
cylindrical in nature due to the development within the renal tubule, may signify 
significant injury. Cellular casts consisting of either epithelial cells, erythrocytes or 
leukocytes are associated with significant renal damage. White cell casts are seen 
both in infection and with tubulointerstitial damage whereas red cell casts are seen in 
glomerulonephritis in the presence of vasculitis. Epithelial cell casts reflect cell 
necrosis and desquamation and classically are thought to reflect acute tubular cell 
necrosis. Although these findings have been described, they are not routinely 
employed due to the lack of consistency between the findings seen on urinary micros-
copy and correlation with biochemical values. Several attempts have been made to 
correlate findings with diagnosis and prediction of outcome but so far these have 
proved far from perfect and are rarely employed in clinical practice [15]. Crystals 
may also be seen in the urine, though are rarely of significance in the critically ill.

8.4  Urine Chemistry

There are many potential tests which may be performed on the urine but in practice 
few are applied to the patient with AKI. Principally these involve the fractional 
excretion of sodium and urea as well as urinary estimation of creatinine. Although 

Key Messages
• Simple urinary dipstick analysis should be undertaken in all patients where 

possible.
• Proteinuria may complicate AKI particularly in the presence of sepsis.
• The presence of premorbid proteinuria has significant prognostic 

implications.
• Haematuria particularly in the presence of proteinuria should alert the cli-

nician to the possibility of parenchymal renal disease.
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historically measures such as the urine:plasma creatinine ratio and the serum 
urea:creatinine ratio have been used to try to differentiate between AKI secondary 
to volume deplete states and intrinsic disease results are inconsistent and these tech-
niques are now rarely employed. In fact while elevated urea proportional to creati-
nine could reflect dehydration and reversible renal dysfunction, in critical illness, 
reduction in creatinine generation and increase in urea generation during active 
muscle wasting may lead to elevated urea:creatinine ratios that are in fact associated 
with more severe illness and adverse outcomes [16], illustrating the difficulty in 
meaningfully interpreting these measurements.

8.4.1  Urinary Sodium

The urinary sodium is used by some as an indicator of a ‘pre-renal’ aetiology for 
renal dysfunction given the avid sodium reabsorption by the renal tubules in volume 
deplete states. Thus a urinary sodium value of 10–20 mmol/l is suggestive of a hae-
modynamically reversible cause of renal dysfunction whereas a value of >40 mmol/l 
is classically referred to as being indicative of established, not rapidly reversible, 
tubular injury (Table 8.1). However, despite the dogma that such biochemical values 
can translate directly into a diagnostic test for a pathological diagnosis, there is little 
to substantiate this in the literature particularly within the critically ill. Indeed, the 
currently available data suggests that measurement of the urinary sodium has little 
or no diagnostic or prognostic utility within this population [17].

8.4.2  Fractional Excretion of Sodium (FeNa)

The fractional excretion of sodium measures the percentage of filtered sodium that 
is excreted in the urine and is given by:

 
FeNa

UrinarySodium SerumCreatinine

SerumSodium UrinaryCr
% = ×

×
( )

eeatinine









 ×100

 (8.3)

As with the urinary sodium estimation the fractional excretion of sodium is thought 
to provide differentiation between pre-renal AKI and intrinsic AKI, which is pre-
dominantly referred to as acute tubular necrosis. Given the resorptive power of the 
renal tubules in volume deplete states a FeNa of <1 % is associated significantly 
active Na+ resorption whereas in established AKI the FeNa is >1 %. However, the 

Table 8.1 Classical urinary 
indices in AKI due to 
pre-renal causes and intrinsic 
disease

Urinary indices Pre-renal AKI Intrinsic AKI

UNa <20 mmol/l >40 mmol/l

FeNa <1 % >2 %

FeU <35 % >50 %

Where UNA urinary sodium, FeNa fractional excretion of 
sodium and FeU fractional excretion of urea
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utility of the FeNa is also subject to numerous proviso’s, particularly in the critically 
ill. For example, the use of loop diuretics is, unsurprisingly, associated with an 
FeNa in excess of 1 % regardless of volume state. Furthermore, values of <1 % have 
been observed in many conditions associated with parenchymal renal disease, also 
single measurements of serum creatinine may not provide an accurate estimate of 
the GFR as pointed out before. Furthermore, the FeNa may be >1 % when pre-renal 
disease is present in sodium wasting states such as in chronic kidney disease or 
diuretics as noted. As such it is of little use in isolation and even in clinical context, 
interpretation should be cautiously undertaken.

8.4.3  Fractional Excretion of Urea (FeU)

Calculated in a similar fashion the FeU advocates of this analysis promote its supe-
riority over FeNa as a means of identifying pre-renal AKI particularly in the early 
stages of the condition, and where diuretics may have been administered, with a 
FeU <35 % indicative of a pre-renal cause. Although some evidence does point to it 
being superior to FeNa for differentiating pre-renal from renal causes of AKI, it is 
still subject to much criticism and many confounders making the interpretation dif-
ficult [18].

8.5  Non-biochemical Investigations and Renal Biopsy 
in AKI

8.5.1  Further Investigations

Where glomerular disease is suspected from urinalysis or the history, then the fur-
ther investigation including serological testing should be considered. In the absence 
of an active urinary sediment it is unlikely that an intrinsic cause is present, how-
ever, where suspected, the cause should be investigated as this may change the 
immediate management of the patient. However, it is worth remembering that 
although further investigation may point to a particular diagnosis often nephrology 
colleagues may also require histological confirmation. This is particularly relevant 
when lupus nephritis is considered, where the positive serology does not provide 
information as to the degree of renal involvement. Also serological tests may not be 
entirely diagnostic nor do not prove that the cause of the positive serology is causing 

Key Messages
• The fractional excretion of sodium is of little use in isolation particularly 

in the critically ill.
• The fractional excretion of urea may be superior to sodium in determining 

a pre- renal cause but is subject to many confounders
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the underlying renal disease. As with all investigations these results must be taken 
in clinical context.

8.5.2  Serological Testing and Biopsy

Several tests may point to a specific cause for the observed AKI and depend in part 
on the degree of proteinuria. Assuming the standard tests outlined above have been 
performed, then various systemic disorders could account for the AKI depending on 
the degree of proteinuria. Appropriate further investigations will include viral serol-
ogy as well as serological analysis as outlined in Table 8.2 [19]. Under certain cir-
cumstances further evaluation may be necessary and require histological confirmation. 
However, percutaneous renal biopsy is rare in the critically ill which is in stark con-
trast to the management of AKI outside the ICU environment where the renal biopsy 
is an essential tool in patient management. Percutaneous biopsy does carry both a 
morbidity and mortality risk and significant complications include haemorrhage, 
infection and arteriovenous fistula formation [19]. Alternative approaches include 
open renal biopsy, although in modern practice this is rarely performed, or laparo-
scopic renal biopsy. Transjugular renal biopsy (TJRB) has been used successfully to 
obtain renal tissue in high risk patients with results and complication rates compara-
ble to conventional renal biopsy, but this technique has rarely been used in the ICU 
setting [20].

Table 8.2 Further investigation for AKI where appropriate

Proteinuria Possible systemic disease Investigation

Nephrotic range SLE/CTD ANA, dsDNA, C3/C4

Amyloid Serum free light chains

Hepatitis B Hep B serology

Hepatitis C Hep C serology, cryoglobulins

HIV Anti-HIV Ab

Non-nephrotic range GPA/EGPA ANCA (Pr3 +/−)

Small vessel vasculitides ANCA (MPO +)

SLE/CTD ANA, dsDNA, C3/C4

Bacterial endocarditis Blood cultures

Anti GBM Anti GBM antibodies

Cryoglobulinaemia Cryoglobulins

Key Messages
• In the absence of an active urinary sediment it is unlikely that an intrinsic 

renal cause for AKI is present.
• Native renal biopsy may be performed in the ICU but does carry a morbid-

ity and mortality risk.
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8.6  Oliguria in AKI

The accurate measurement of the urine output is rare outside critical care but is 
integral in the definition of AKI as well as providing dynamic insight into kidney 
function. Although AKI implies a reduction in GFR this does not always equate to 
oliguria and in some patients urine outputs may be preserved through variations in 
GFR or the rate of tubular reabsorption. Given that a healthy adult with typical GFR 
of 100 ml/min can make less than 1,000 ml of urine a day without developing renal 
problems, tubular reabsorption can lead to less than 1 % of the filtrated volume 
appearing as urine. Thus, in healthy adults subjected to water deprivation urine out-
put falls to a physiological minimum as hormonal mechanisms (principally the 
renin/angiotensin/aldosterone system (RAAS) and the hypothalamic-pituitary 
antidiuretic hormone (ADH) axis) act to maintain plasma osmolality and extracel-
lular volume. If water deprivation is maintained, maximal urinary concentrating 
capacity results in an obligatory minimum urine output of around 500 ml/day [21, 
22]. Urine output below this level therefore implies that a reduction in GFR must 
have occurred. Severe oliguria, indicated by a sustained urine output of approxi-
mately <15 ml/h or 0.3–0.4 ml/kg/h is therefore necessarily associated with renal 
dysfunction. However, less profound oliguria can be triggered by pain, surgical 
stress, venodilation and hypovolaemia – causing salt and water retention, by neuro- 
hormonal mechanisms, even when cardiac output and blood pressure are main-
tained. With more severe illness, or in the presence of co-morbid conditions, the 
patient’s cardiovascular reserve may become exhausted and GFR may decrease fur-
ther contributing to oliguria, in the context of ADH, sympathetic and RAAS medi-
ated urinary concentration. Crucially, however, the ability to excrete maximally 
concentrated urine is dependent on intact tubular function – in the setting of acute 
or chronic kidney disease or diuretic therapy urine volume may be maintained until 
GFR has reduced to a very low level. Thus oliguria in the presence of biochemical 
renal dysfunction has traditionally been regarded as indicative of the most severe 
kidney injury, associated with greater need for renal replacement therapy and higher 
risk of death [23, 24]. In summary, oliguria can be regarded either as an early sign 
of haemodynamic instability and a healthy kidney or a late sign of severity of renal 
dysfunction in an acutely or chronically injured kidney, a dual role that can confuse 
the clinical interpretation of urine output. Consequently, urine output suffers from a 
lack of sensitivity and specificity with regard to the aetiology and prognosis of AKI, 
particularly in the absence of haemodynamic change or the need for vasopressors 
[25]. Importantly, the presence of oliguria may be a portent to poor outcomes not 
only through the presence of AKI but also the fact that this may be associated with 
fluid overload. This observation has been made in several multicenter studies with 
the consistent message that AKI in the presence of volume overload implies a worse 
prognosis [26].
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• Oliguria may be a portent to poor outcomes not only due to AKI but also 
the fact that this may be associated with fluid overload.
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      Acute Kidney Injury Biomarkers 

             Marlies     Ostermann     ,     Dinna     Cruz     , and     Hilde     H.  R.     De     Geus    

9.1             Introduction 

 Clinicians caring for patients with a raised serum creatinine face several questions 
which impact decision making and management: Has acute kidney injury (AKI) 
occurred? If yes, what is the aetiology and how severe is it? What is the prognosis? 
Will kidney function recover? 

 The diagnosis of AKI is based on an acute rise in serum creatinine, fall in urine 
output or both. Although these tests are easily available at little cost, they are neither 
renal specifi c nor indicative of the exact aetiology or prognosis. Furthermore, after 
a renal insult, the rise of serum creatinine is often delayed by 24–36 h, and AKI is 
not recognised in its early phase. 

 To overcome some of the shortcomings of serum creatinine, traditional tests like 
urine microscopy and oliguria have been re-discovered and re-evaluated with some 
encouraging results (see Chap.   8    ). However, there is general agreement that addi-
tional new biomarkers are needed to improve risk assessment, early detection, dif-
ferential diagnosis and prognostication of AKI [ 1 ]. Numerous molecules and 
proteins have been identifi ed and tested in different experimental and clinical sce-
narios with mixed results [ 1 – 3 ]. For these tests to be incorporated into routine 
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clinical practice, it is essential that they provide information which is above and 
beyond serum creatinine and urine output (Table  9.1 ).

9.2        Types of Biomarkers 

 Biomarkers of AKI vary in their origin, function, distribution and time of release 
following renal injury (Table  9.2  and Fig.  9.1 ). They can be broadly divided into:

      (a)    Markers of glomerular function: small molecular weight proteins that are pres-
ent in the systemic circulation and undergo glomerular fi ltration (i.e. serum 
creatinine, cystatin C)   

   (b)    Markers of tubular function: molecules that are fi ltered and undergo tubular 
reabsorption (i.e. retinol-binding protein)   

   (c)    Markers of tubular injury, damage or repair: molecules that are released as 
a result of direct renal cell damage, infl ammatory activation or following 
gene upregulation [i.e. Kidney Injury Molecule 1 (KIM-1) or Interleukin 18 
(IL 18)]    

  Biomarkers of kidney damage (NGAL, KIM-1 or IL 18) can be utilized to 
describe the nature, severity and site of renal injury. They may also provide infor-
mation related to the underlying pathogenesis and prognosis. In contrast, functional 
biomarkers (i.e. creatinine, cystatin C) represent changes in renal function indepen-
dent of site of damage. Most biomarkers are either damage or functional markers 
but some fulfi l both roles (i.e. NGAL). 

  Table 9.1    Expectations of 
novel AKI biomarkers  

 Provision of information above and beyond serum creatinine 
and/or urine output 

 Non-invasive test using easily accessible samples 

 Results rapidly available 

 Specifi c cut-off values to distinguish between normal and 
abnormal renal function 

 Ability to differentiate between AKI and chronic kidney 
disease 

 Ability to differentiate between intrinsic AKI and pre-renal 
fl uid responsive azotemia 

 Reliability in the setting of common comorbidities 

 Correlation with severity of AKI 

 Prognostication of important outcomes (i.e. need for renal 
replacement therapy, mortality) 

 Differentiation between different aetiologies of AKI 

 Indication of duration of AKI 

 Tool to guide clinical management and allow monitoring 

   Abbreviations :  AKI  acute kidney injury  
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 In theory, these new biomarkers have great potential, especially when used in 
combination and measured sequentially. They have been studied in adult and paedi-
atric patients with and without co-morbidities and in various clinical scenarios 
[Intensive Care Unit (ICU), emergency department, post-contrast exposure, follow-
ing transplantation and after cardiac surgery]. Some studies were performed in well- 
defi ned settings where the exact timing of renal injury was known (i.e. after surgery), 
whereas others were undertaken in patient cohorts with a less defi ned onset of AKI, 
for instance in patients with sepsis. These differences account for some of the dis-
crepant fi ndings.  

9.3     Novel AKI Biomarkers in Clinical Practice 

9.3.1     Diagnosis of Early AKI 

 Although the risk factors for AKI are well known, the early diagnosis of AKI in 
high-risk patients remains a challenge. The most commonly encountered comor-
bidities associated with AKI are age, diabetes, hypertension, obesity, liver disease, 
congestive heart failure, vascular disease and chronic kidney disease (CKD), and 
the most common renal insults include sepsis, hypotension, nephrotoxic agents and 
cardiopulmonary bypass surgery [ 4 ]. 

 Following a defi nite renal injury, serum creatinine rise lags by 24–36 h. As a 
result, the early stage of AKI often remains unnoticed. Many studies have focussed 

Markers of
glomerular function: 
Cystatin C
NGAL
RBP
Hepcidin

Markers of
tubular damage:  
NAG
a-GST
Õ-GST
ϒ-GT
NAGL
KIM–1
RBP
L-FABP
a1/b2 microglobulin
IGFBP-7
TIMP-2
microRNA
Netrin-1

 

Markers of
tubular function: 
Cystatin C
NGAL
RBP

NEPHRON

Markers of
renal inflammation: 
Calprotectin
HGF
IL-18

  Fig. 9.1    Origin and function of novel AKI biomarkers (Modifi ed from Ref. [ 3 ]).  Abbreviations : 
 AKI  acute kidney injury,  NGAL  neutrophil gelatinase-associated lipocalin,  NAG  N-acetyl-β-D-
glucosaminidase,  GST  glutathione S-transferase,  γ-GT  γ-glutamyl transpeptidase,  KIM-1  Kidney 
Injury Molecule-1,  IL-18  interleukin 18,  RBP  retinol binding protein,  L-FABP  liver-type fatty acid- 
binding protein,  IGFBP-7  insulin-like growth factor binding protein-7,  TIMP-2  tissue metallopro-
teinase–3,  HGF  hepatocyte growth factor       
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on the ability of biomarkers to diagnose AKI before a detectable serum creatinine 
rise in different clinical settings. 

9.3.1.1     Subclinical AKI 
 Recent studies identifi ed a unique cohort of patients with a transient elevation in 
urinary and plasma NGAL levels without detectable changes in serum creatinine [ 5 , 
 6 ]. Affected patients had a greater risk of complications, a longer stay in ICU and a 
higher risk of dying compared to patients without elevated NGAL levels. These 
results imply the existence of a state of “subclinical AKI” where renal injury has 
occurred but glomerular function is still preserved. Whether this phase of AKI rep-
resents a golden window for effective therapeutic interventions will need to be 
investigated in future studies.  

9.3.1.2     In the Emergency Department 
 The identifi cation of patients with early AKI at a time when serum creatinine is 
still in the normal range may be particularly useful in patients presenting to the 
emergency department. However, existing data are confl icting. A study in emer-
gency patients with suspected sepsis showed that a plasma NGAL (pNGAL) 
>150 ng/ml had a sensitivity of >80 % for predicting AKI but specifi city was poor 
at 51 % [ 7 ]. 

 A different study was performed in 635 patients who were admitted to hospital 
from the emergency department. It concluded that a single measurement of urinary 
NGAL (uNGAL) helped to distinguish acute renal injury from normal function, 
prerenal azotemia and CKD and was also highly predictive of clinical outcomes, 
including nephrology consultation, need for renal replacement therapy (RRT) and 
admission to the ICU [ 8 ]. However, the mean serum creatinine of those with AKI 
was already elevated at 495 μmol/L (standard deviation 486) at presentation in the 
emergency department. 

 A study in 207 consecutive patients presenting to the emergency department with 
acute heart failure demonstrated that after control for pre-existing chronic cardiac or 
kidney disease, serum creatinine but not pNGAL was an independent predictor of 
AKI [ 9 ]. In contrast, a multi-centre study in 665 patients admitted to hospital from 
the emergency department showed that adding serial pNGAL results to clinical 
judgement improved the prediction of AKI [ 10 ]. Results of further studies are 
awaited to decide how best to utilise novel AKI biomarkers in the emergency 
setting.  

9.3.1.3     Post-cardiac Surgery 
 The most studied AKI biomarkers after cardiac surgery are those that refl ect an 
infl ammatory process (such as IL-18) or markers which are released by tubular cells 
following renal injury (such as NGAL and KIM-1). Studies have focussed on the 
ability to diagnose early AKI and to predict outcomes, including progression to 
more severe AKI, need for RRT and mortality [ 11 – 14 ]. The majority of studies 
concluded that NGAL, IL-18, cystatin C, KIM-1 and liver-type fatty acid-binding 
protein (L-FABP) indicated AKI earlier than serum creatinine. For instance, urine 
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IL-18 and urine and plasma NGAL peaked within 6 h after admission to ICU which 
was well before a serum creatinine rise at 24–72 h [ 15 ]. In a different study, the 
addition of urine IL-18 and pNGAL results to a clinical risk model based on age, 
gender, ethnicity, diabetes, hypertension, preoperative renal function and cardio- 
pulmonary bypass time increased the area under the curve to predict AKI from 0.69 
to 0.76 and 0.75, respectively [ 14 ]. 

 Other studies focussed on the performance of new AKI biomarkers as indicators 
of severity and progression of renal injury. Measurement of 32 different biomarkers 
in 95 patients with AKI stage 1 after cardiac surgery showed that IL-18 was the best 
predictor for worsening AKI or death, followed by L-FABP, NGAL and KIM-1 
[ 12 ]. A different study showed that п glutathione S-transferase (п GST) was best at 
predicting the progression to AKI stage 3 in patients with a raised serum creatinine 
after cardiac surgery, followed by NGAL, cystatin C, hepatocyte growth factor and 
KIM-1 [ 13 ]. Of note, IL-18 was not measured. Markers of cell cycle arrest have also 
shown promising results [ 16 ]. In high-risk patients after cardiac surgery, serial lev-
els of urinary tissue inhibitor of metalloproteinases-2 (TIMP-2) and insulin-like 
growth factor-binding protein 7 (IGFBP7) performed well in predicting early AKI 
and also renal recovery. 

 However, despite promising results in the research setting, it remains unclear 
how to use these new AKI biomarkers effectively after cardiac surgery.  

9.3.1.4    During Critical Illness 
 AKI is common during critical illness, especially in patients with sepsis. There have 
been numerous studies investigating the performance of biomarkers in diagnosing 
early and progressive AKI in critically ill patients in the ICU [ 5 ,  17 – 35 ]. Studies 
evaluating cystatin C, urine IL-18, uNGAL and pNGAL have shown mixed results, 
mainly as a result of heterogenous patient populations and differences in timing and 
frequency of measurements. Furthermore, results may be confounded by sepsis per 
se (Table  9.2 ). 

 Some studies have evaluated biomarker panels rather than individual markers. 
For instance, in a diverse population of 420 critically ill patients, the combination of 
urinary [TIMP-2] and [IGFBP7] identifi ed patients at risk for imminent AKI (sen-
sitivity 92 %) [ 35 ]. The decision how to utilise novel biomarkers in critically ill 
patients remains a challenge, in particular in light of a dynamic disease process and 
the presence of confounding factors.   

9.3.2     Prediction of Outcome in AKI 

9.3.2.1    Need for RRT 
 Some AKI biomarkers have the capacity, either alone or in combination with tradi-
tional renal function tests and clinical judgement to predict the need for RRT [ 26 ]. 
Higher biomarker concentrations are often associated with need for RRT, in par-
ticular plasma cystatin C, urinary KIM-1 and N-acetyl-β-D-glucosaminidase 
(NAG) [ 3 ]. However, most studies were confounded by the fact that the precise 
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indications for RRT were not provided. There is also insuffi cient evidence that 
biomarkers can indicate the optimal time for initiating RRT. In some studies, the 
use of a novel biomarker was only marginally better than prediction based on clini-
cal parameters [ 36 ]. Finally, there are no data showing that AKI biomarkers are 
able to indicate when suffi cient renal recovery has occurred and RRT can be 
discontinued.  

9.3.2.2    Renal Recovery 
 There is increasing recognition that AKI survivors are at risk of developing CKD 
and end-stage renal failure even if renal function initially recovers. The underlying 
cellular and physiologic mechanisms that determine renal prognosis after AKI are 
not well understood [ 37 ]. Epidemiologic studies suggest that advanced age and pre- 
existing CKD are signifi cant risk factors for non-recovery. 

 It is hoped that novel biomarkers may be able to identify those patients who are 
at high risk of poor long-term outcomes so that appropriate follow-up arrangements 
can be made. Results from the “Biological Markers of Recovery for the Kidney” 
study showed that decreasing levels of uNGAL and urinary hepatocyte growth fac-
tors in patients receiving RRT were associated with greater odds of renal recovery 
but results of further studies are awaited [ 38 ].  

9.3.2.3    Prediction of Mortality 
 There is good evidence that some novel AKI biomarkers are predictive of mortality, 
in particular when used in critically ill patients. The most widely studied biomarker 
is NGAL but others have also demonstrated an association with hospital mortality, 
for instance cystatin C and IL-18 [ 3 ]. There is some evidence that AKI biomarker 
may also predict outcome beyond hospital discharge. A study in 528 ICU patients 
showed that levels of urinary NGAL, IL-18 and KIM-1 were associated with mor-
tality at 1 year [ 39 ]. The Translational Research in Biomarker Endpoints in AKI 
programme even concluded that there was an independent association between uri-
nary IL-18 and KIM-1 measured in the immediate period post-cardiac surgery and 
3-year mortality [ 9 ]. The mechanisms that underlie the association between elevated 
urinary AKI biomarkers and long-term mortality are not clear. It is possible that 
AKI biomarkers refl ect not only renal damage but also correlate with risk of CKD 
and secondary effects on non-renal organs.   

9.3.3     Prediction of Renal Function After Transplantation 

 In the fi eld of transplantation, the identifi cation of early non-invasive biomarkers to 
monitor graft status and accurately predict transplant outcome is an increasingly 
important research area. However, existing data are variable and confl icting. A 
study in 99 consecutive deceased kidney donors in the ICU (176 recipients) found 
that increased donor uNGAL levels but not pNGAL levels predicted histological 
changes in subsequent donor kidney biopsies, a higher risk of delayed graft function 
(DGF) beyond 14 days and worse 1-year graft survival [ 40 ]. In contrast, a study in 
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41 deceased kidney donors concluded that pNGAL was better in predicting DGF 
[ 41 ]. Finally, a study in 53 organ donors demonstrated that after adjusting for age, 
gender, ethnicity, urine output and cold ischemia time, both uNGAL and urinary 
IL-18 on day 0 predicted the trend in serum creatinine in the post-transplant period 
and had a role as early biomarkers of DGF [ 42 ]. 

 In liver transplant recipients, uNGAL detected AKI at 4 h and pNGAL at 8 h 
after transplantation whereas glutathione S-transferase (GST) and KIM-1 failed to 
detect AKI [ 43 ]. In another study, serum creatinine, cystatin C, serum IL-6, and 
IL-8 and urine IL-18, NGAL, IL-6, and IL-8 were measured before and within 24 h 
after liver transplantation [ 44 ]. In patients who developed AKI, all markers apart 
from cystatin C and serum IL-6 were elevated within the fi rst 24 h following 
surgery. 

 To date, these novel biomarkers remain research tools and have not been 
 incorporated into routine clinical practice following transplant surgery.   

9.4     Adjunctive Roles 

 Over the last decade, the search for novel AKI biomarkers has signifi cantly improved 
our understanding of AKI. Molecules which are released early in AKI have revealed 
some important biological pathways in the pathogenesis of AKI. 

 Some of these biomarkers also have the potential to facilitate the development of 
new drugs by indicating renal injury earlier than conventional methods. 
Collaborations between international centres and major pharmaceutical companies, 
the US Food and Drug Administration (FDA) and the European Medicines Agency 
(EMEA) have begun and rodent urinary and plasma biomarkers have been accepted 
as surrogates for renal histology for initial evaluation and monitoring of nephrotox-
icity in drug development [ 45 ,  46 ]. Finally, there is some hope that some of the 
novel molecules not only serve as diagnostic tools but also as potential therapeutic 
targets for the treatment of AKI.  

9.5     Unmet Needs 

 While biomarkers appear to perform in the research setting, their role in routine 
clinical practice is infl uenced by patient case mix, comorbidities, aetiology of AKI, 
timing of renal insult, timing of biomarker measurement and the selected thresholds 
for diagnosis [ 1 ,  33 ,  47 ,  48 ]. Furthermore, their performance is compared with 
serum creatinine, a poor marker of renal function. Biomarker studies have generally 
not included new imaging techniques, like Doppler ultrasound or Magnetic reso-
nance imaging [ 1 ]. 

 One of the diffi culties is to identify those patients who would benefi t most from 
the use of biomarkers. Indiscriminate biomarker testing in patients at low risk of 
AKI is not cost-effective. Research studies have repeatedly shown that novel renal 
biomarkers perform best in patients without co-morbidities and in settings with a 

M. Ostermann et al.



121

well-defi ned renal insult. The results are less robust in heterogeneous patient groups 
and a less defi ned time of onset, like patients with sepsis. It is unlikely that a single 
biomarker will be useful in all settings. Instead, it is more likely that a panel of 
functional and damage biomarkers in combination with traditional markers of renal 
function and clinical judgement will provide best results. Finally, evidence that the 
use of novel biomarkers infl uences decision making and improves patients’ 
 outcomes is still lacking.     
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      Renal Imaging in Acute Kidney Injury 

             Matthieu     M.     Legrand      and     Michael     Darmon    

        Acute kidney injury (AKI) is a common issue in hospitalized patients, especially in 
critically ill patients or in the perioperative setting. Because AKI has been associ-
ated with an increased risk of mortality and high costs, strategies to decrease its 
incidence or hasten recovery are mandatory. Among strategies to prevent AKI or to 
limit its progression, treatment of the aetiology and correction of contributors such 
as nephrotoxic or hemodynamic optimization are central. In this line, renal imaging 
plays a key role both in identifying the causal mechanism of the syndrome and, 
more recently, in evaluating renal hemodynamics. While excessive fl uid loading 
may be associated with important side effects and a positive fl uid balance with a 
poor clinical outcome, development of tools to better estimate renal perfusion in 
response to treatment appears of paramount importance. Tools have been developed 
to assess kidney perfusion or renal vasculature. In this chapter, we describe different 
renal imaging tools used to assess the cause of kidney failure and clinical value to 
image the kidney. We also discuss techniques to assess renal perfusion and 
function. 
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10.1     Renal Echography 

10.1.1     Brightness Mode (B-Mode) 

 Renal ultrasonography is often the fi rst-line imaging technique due to wide 
 availability, safety, non-invasiveness and low cost. Two-dimensional grey-scale 
ultrasound is the most commonly used technique in the initial assessment of patients 
with AKI and fi ndings derived from this technique can greatly infl uence diagnostics 
and management [ 1 ,  2 ]. 

 Using the brightness mode (B-mode), a grey-scale image is produced when the 
high-frequency sound waves are generated and then received by the ultrasonogra-
phy transducer, in which returning echoes are represented as bright dots. The two 
basic things provided by B mode ultrasonography of the kidney include kidney size 
and echogenicity. Brightness of the dots represents the strength of the refl ected 
echoes. Brighter structures are therefore structures refl ecting more ultrasounds. 
Normal kidneys appear as bright as normal liver or spleen tissue. Therefore, brighter 
renal parenchyma will therefore be brighter than normal liver or spleen. 

 The longitudinal length of the kidney is mostly used to determine kidney size due 
to reproducibility and easy measurement. 

 The size of the kidney can provide evidence for underlying chronic disease or for 
some causes of renal failure. For instance, enlarged kidneys in patients with AKI 
suggest infi ltrative diseases, renal vein thrombosis or acute rejection in transplants 
kidneys while smaller kidneys suggest underlying chronic kidney disease. This 
enlargement includes thickness of the renal parenchyma (including the cortex and 
the medulla which is about 1.5 cm thick). Renal cortex and medulla appear with 
very close echogenicity. However, because of presence of fat tissue, the caliceal 
system appears hypoechogenic. In the same line, because the medullary pyramids 
contain urine in parallel tubules, they appear hypoechogenic compared to the cor-
tex. In pathology, although echogenicity is not specifi c, results of renal echography 
can provide useful information. 

 While most infi ltrative disease (e.g. lymphoma, monoclonal gammapathies), 
infl ammatory states (e.g. acute proliferative glomerulonephritis, acute tubular 
necrosis, acute interstitial nephritis, HIV nephropathy) are associated with increased 
echogenicity of the renal parenchyma, renal oedema leads to hypoechogenic aspect 
of the kidney. Acute tubular necrosis can be associated with normal, increased or 
decreased parenchymal echogenicity. Of note, chronic kidney disease is often asso-
ciated with increased brightness since fi brous tissue (e.g. glomerulosclerosis, inter-
stitial fi brosis) increases echogenicity. On the other hand, cortical necrosis leads to 
cortical oedema and hypoechogenicity of the cortex. Therefore, echogenicity can-
not be used to differentiate AKI from chronic kidney disease. However, if the 
 kidneys are small and echogenic, this strongly suggests chronic kidney disease. 
Table  10.1  summarizes renal echography characteristics of several pathological 
processes.

   Of note, chronic kidney disease can lead to decrease in cortical thickness although 
this sign lacks sensitivity and no clear cut-off exists. Several kidney diseases are 
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more specifi cally associated with changes in medulla echogenicity. Nephrocalcinosis 
is characterized by increased medullary echogenicity due to calcium deposit, as 
well as sickle cell disease and gout. 

 While normal kidney length is about 11 cm (the left kidney being about 0.3 mm 
longer than the right kidney), there is an expected atrophy with ageing. It should 
be mentioned as well that height and weight also positively correlate with kidney 
size. 

 A goal of ultrasonography examination in B-mode is also to detect urinary tract 
obstruction as the cause of AKI. Urinary tract obstruction is involved in 1–15 % of 
cases of AKI, although it remains a relative rare cause of AKI in ICU patients. It 
should be especially suspected when a clinical suspicion exists (such as fl ank pain, 
urolithiasis, neurogenic bladder, benign prostatic hyperplasia, pelvic cancer, single 
functional kidney, pelvic surgery), or when the clinical course of AKI is not rapidly 
favourable despite treatment. While caliceal dilatation suggests urinary tract 
obstruction, false-negative fi ndings on echo can be observed especially in hypovo-
lemic patients or in patients with retroperitoneal tumours or fi brosis or with early 
obstruction. Repeated exams can help in detecting such patients especially after 
volume repletion (except for retroperitoneal fi brosis or tumours in which alternative 
methods must be used, i.e. CT scan or MRI). 

   Table 10.1    Ultrasound characteristics of specifi c kidney disease in B-mode   

 Echogenicity  Size 

 Diabetic nephropathy  Normal  Normal or increased 

 Obesity  Normal  Increased 

 Acromegaly  Normal  Increased 

 Lymphoma/leukaemia  Normal  Increased 

 Glomerulonephritis  Normal or increased  Increased 

 Vasculitis  Normal or increased  Increased 

 Tubulointerstitial disease  Normal or increased  Increased 

 Amyloid  Normal or increased  Increased 

 Multiple myeloma  Normal or increased  Increased 

 HIV nephropathy  Normal or increased  Increased 

 Pre-eclampsia  Normal or increased  Increased 

 Pyelonephritis  Normal or decreased  Increased (often unilateral) 

 Renal vein thrombosis  Normal or decreased  Increased (often unilateral) 

 Urinary tract obstruction  Normal or decreased  Increased (often unilateral) 

 Medullary nephrocalcinosis  Increased (medulla)  Normal 

 Urate nephropathy  Increased (medulla)  Normal 

 Sickle cell disease  Increased (medulla)  Normal or decrease 

 Sjögen syndrome  Increased (medulla)  Normal or decrease 

 Medullary sponge kidney  Increased (medulla)  Normal 

 Oedema  Decreased (cortex)  Increased 

 Acute cortical necrosis  Decreased (cortex)  Normal or decrease 

   HIV  human immunodefi ciency virus  
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 False-positive fi ndings include pregnancy, diabetes insipidus, vesicoureteral 
refl ux, after relief of obstruction, megacystic-megaureter syndrome, full bladder, uri-
nary tract infection. All these conditions are often associated with caliceal dilation. 

 Finally, ultrasound examination with Doppler can be used by experienced 
 laboratory personnel to screen for renal artery stenosis or to detect vascular abnor-
malities (arterial stenosis or vein thrombosis), e.g. in renal transplants recipients.  

10.1.2     Doppler-Based Resistive Index (RI) 

 Renal Doppler has also been suggested as a useful tool in evaluating intra-renal 
perfusion in various settings [ 2 – 8 ]. Hence, intra-renal Doppler-based renal resistive 
index (RI) has been tested to assess renal allograft status [ 9 ,  10 ] and changes in 
renal perfusion in critically ill patients [ 11 – 13 ] and for predicting the reversibility 
of an acute kidney injury (AKI) [ 14 ,  15 ]. 

10.1.2.1     Methods 
 Although 2- to 5-MHz transducers are optimal to measure RI [ 16 ,  17 ], various 
transducers may be successfully used for this purpose, including small phased array 
transducer. The fi rst step is a B-mode US with a postero-lateral approach allowing 
location of the kidneys and detection of signs of chronic renal damage. Subsequently, 
colour Doppler or power Doppler US allows vessels’ localization (Fig.  10.1a ) [ 16 ] 
and may allow a semi-quantitative evaluation of renal perfusion (Table  10.2 ) [ 18 ]. 

   Either the arcuate arteries or the interlobar arteries are then insonated with pulsed 
wave Doppler using a Doppler gate as low as possible between 2- and 5-mm [ 16 , 
 17 ]. In order to obtain repeatable measures, the waveforms should be optimized for 
the measurements using the lowest pulse repetition frequency (usually 1.2–1.4 kHz) 
without aliasing (to maximize waveform size), the highest gain without obscuring 
background noise, and the lowest wall fi lter [ 16 ,  17 ]. A spectrum is considered 
optimal when three to fi ve consecutive similar-appearing waveforms are noted [ 16 , 
 17 ]. To characterize the intra-renal Doppler waveform, most investigators have used 
the resistive index (RI) so-called Pourcelot Index (Fig.  10.1b ). 

 Three to fi ve reproducible waveforms are obtained, and RIs from these wave-
forms are averaged to compute the mean RI for each kidney. This easily calculated 
parameter is defi ned as: 

  Renal pulsatility index may also be calculated: 

RI = [peak systolic shift – minimum diastolic shift]/peak systolic shift

PI = [peak systolic velocity – minimum diastolic velocity]/mean velocity
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a

b

  Fig. 10.1    Results of a renal colour Doppler ultrasonography showing renal vascularization ( a ). RI 
measurement using pulsed wave Doppler ( b )       

   Table 10.2    Colour Doppler for a semi-quantitative evaluation of intra-renal vascularisation [ 18 ]   

 Stage  Quality of renal perfusion by colour Doppler 

 0  Unidentifi able vessels 

 1  Few vessels in the vicinity of the hilum 

 2  Hilar and interlobar vessels in most of the renal parenchyma 

 3  Renal vessels identifi able until the arcuate arteries in the entire fi eld of view 
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  RI might however be more adapted to the study of high-resistance vascular 
 territories. In addition, RI and pulsatility index are closely correlated ( r  = 0.92; 
 P  < 0.001) [ 11 ]. Last, pulsatility index has been shown to be subject to wider 
 variations than RI (reproducibility 9–22 % vs. 4–7 %) [ 19 ].  

10.1.2.2     Normal Values, Feasibility and Reproducibility 
 RI can theoretically range from 0 to 1. RI is normally lower than 0.70. In several 
studies, mean RI (±SD) in healthy subjects ranged from 0.58 (±0.05) to 0.64 (±0.04) 
[ 20 ,  21 ]. The normal RI range is, however, age dependent. Thus, RI values greater 
than 0.70 have been described in healthy children younger than 4 years [ 22 ] and in 
individuals older than 60 years and considered healthy [ 23 ]. When the RI is 
 measured for both kidneys, the side-to-side difference is usually less than 5 % [ 24 ]. 

 Renal RI is a simple and non-invasive tool easy to use at the patient bedside. 
Feasibility of the measure has been showed to be good, even in the settings of 
 critically ill patients. A recent study suggested a half-day course to be suffi cient to 
allow inexperienced operators in successfully measuring RI [ 25 ]. Inter-observer 
reproducibility of RI measurement by senior radiologist or senior intensivist is 
 considered excellent [ 14 ,  26 ]. In critically ill patients, the inter-observer reproduc-
ibility between senior and inexperienced operator is good and measures seem 
 accurate (absence of systematic bias) although associated with a lack of precision 
(wide 95 % confi dence interval of ±0.1) [ 25 ].  

10.1.2.3     Significance and Usual Confounders 
 Both physiological and clinical signifi cance of the RI remains debated. Initially 
considered an indicator of renal vascular resistance and blood fl ow [ 7 ], both experi-
mental and clinical studies have demonstrated correlation of RI with vascular resis-
tance and blood fl ow to be weak [ 27 ,  28 ]. Thus, observed RI changes in response to 
supra-physiological pharmacologically induced changes in renal vascular resistance 
are modest (RI changes of 0.047 IU (±0.008) per logarithmic increase in renal resis-
tances) [ 29 ]. Both in vitro and ex-vivo studies however demonstrated a strong rela-
tionship between vascular compliance (vascular distensibility) and RI [ 27 – 29 ]. This 
strong relationship between vascular compliance and RI has been confi rmed in a 
recent large cohort of renal allograft [ 10 ]. In this line, age-related arterial stiffening 
may explain the progressive increase in RI with age [ 30 ]. Similarly, elevated RI 
observed in several pathological states such as diabetes mellitus and hypertension 
may also be related to the infl uence of these diseases on arterial stiffness and to 
 sub- clinical vascular changes related to the underlying disease [ 31 ,  32 ]. 

 Macrovascular hemodynamic changes also infl uence RI. Hence, pulse pressure 
index [(systolic pressure – diastolic pressure/systolic pressure)] had direct and 
 dramatic effects on RI values [ 29 ]. Additionally, since RI depends in part on the 
minimum diastolic shift, it may be infl uenced by the heart rate [ 33 ]. According to 
observations performed by Mostbeck and colleagues regarding RI changes as 
 consequences of heart rate variations, a formula has been developed to correct the 
RI value for heart rate: [Corrected RI = observed RI −0.0026 × (80-heart rate)] [ 33 ]. 
This formula has, however, never been validated in clinical studies. 

 In addition to these factors, both oxygen and carbon dioxide levels can affect 
RI. Several studies have demonstrated that RI varies according to P a O 2  and P a CO 2  
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levels [ 34 – 36 ]. These studies performed in healthy subjects, patients with chronic 
obstructive respiratory disease, renal transplant recipients or patients with acute 
respiratory distress syndrome suggest that hypoxemia and hypercapnia may increase 
RI [ 34 – 36 ]. 

 Besides vascular and hemodynamic factors, kidney interstitial pressure has been 
shown to be associated with RI in ex vivo studies [ 28 ]. An increase in interstitial 
pressure reduces the transmural pressure of renal arterioles, thereby diminishing 
arterial distensibility and, consequently, decreasing overall fl ow and vascular com-
pliance. Similarly, intra-abdominal pressure may affect RI via the same mechanisms. 
Thus, incremental changes in intra-abdominal pressure correlated linearly with RI in 
a porcine model [ 37 ], and reduction in intra-abdominal pressure with paracentesis 
was followed by a decrease in RI in cirrhotic patients with tense ascites [ 38 ]. Finally, 
ureteral pressure, likely acting via interstitial pressure, also affects RI [ 6 ]. 

 These numerous confounders suggest RI to be an integrative parameter rather 
than reliable tool to assess renal perfusion or a substitute for renal biopsy.  

10.1.2.4    Clinical Relevancy in ICU 
 Doppler-based RI has been suggested to monitor renal perfusion in critically ill 
patients, detect early renal dysfunction in severe sepsis patients or in assessing prog-
nosis of AKI. 

 Renal Doppler has also been proposed to monitor renal perfusion in critically ill 
patients [ 12 ]. In recent studies, RI was used to assess the impact on renal perfusion 
of low-dose dopamine infusion and gradual changes in mean arterial pressure in 
response to norepinephrine infusion in critically ill patients [ 11 ,  13 ]. Despite signifi -
cant results, the observed RI variations were modest and their real impact on renal 
perfusion and moreover on renal function remains unclear. Assuming that RI may 
refl ect renal perfusion, it was recently proposed for the early detection of occult 
hemorrhagic shock in a small study conducted in normotensive trauma patients 
[ 39 ]. If patients with occult hemorrhagic shock had higher RI, they also had higher 
lactate levels and lower base excess. Although these fi ndings are promising, the 
exact signifi cance remains uncertain. Hence, as mentioned above, RI is infl uenced 
not only by vascular resistance but also by many other parameters such as age, heart 
rate, mean arterial pressure, changes in renal perfusion, vascular compliance, and 
renal interstitial oedema and interstitial pressure [ 27 – 29 ]. A study is currently ongo-
ing in way to more clearly underline potential interest of Doppler-based RI in 
assessing renal perfusion (DORESEP; NCT01473498). 

 Additionally, several studies assessed interest of Doppler-based RI in detecting 
early renal dysfunction or in predicting short-term reversibility of AKI [ 14 ,  15 ,  25 , 
 40 ,  41 ]. In a study conducted in septic critically ill patients, RI measured at admis-
sion was higher in patients who developed subsequently AKI [ 14 ]. This fi nding was 
recently confi rmed in the post-operative setting of cardiopulmonary bypass [ 42 ]. 
Additionally, several cohort studies suggest Doppler-based RI to be differentiating 
transient from persistent AKI in selected critically ill patients [ 15 ,  41 ,  43 ]. 
Interestingly, semi-quantitative renal perfusion assessment seems to be correlated 
with Doppler-based RI and associated with reversibility of renal dysfunction [ 25 ]. 
Despite these promising results, most of these studies were performed in limited 
patient samples which may have overestimated diagnostic performance [ 15 ,   43 – 45 ]. 
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Additionally, a recent study has identifi ed discrepant results regarding RI diagnostic 
performance in this setting [ 44 ]. Therefore despite the promising preliminary 
reports, we still lack adequately powered study validating performance of RI in both 
early detection of renal insult or AKI prognostic assessment.   

10.1.3     Contrast-Enhanced Ultrasonography 

 Contrast-enhanced US (CEUS) relies on the intravascular injection of specifi c con-
trast agents that create a signal of high echogenicity thus allowing macro and micro-
vascular structure visualization when using specifi c imaging techniques. These 
specifi c contrast agents consist in gas-fi lled microbubbles that oscillate in response 
to US waves therefore creating a non-linear signal of high echogenicity (Fig.  10.2 ) 
[ 46 ]. This technique is believed to allow an accurate quantifi cation of regional and 
global renal blood fl ow [ 47 ]. It has been validated in humans to evaluate coronary 

a

b

c d

  Fig. 10.2    Illustration of contrast-enhanced ultrasonography. During continuous infusion of the 
contrast agent, microbubble destruction is obtained by applying pulses at high mechanical index 
(high ultrasound intensity). Microcirculation replenishment is then observed. All images represent 
renal contrast-enhanced ultrasonography (CEUS), the left part of the image shows contrast-image 
mode imaging and the right part the standard (B-mode) image. ( a ) Immediately after the fl ash; ( b ) 
during replenishment (2 s after the fl ash); ( c ) at full replenishment (6 s after the fl ash); ( d ) sequence 
analysis with Sonotumor®: a region of interest was drawn ( yellow line ) in the largest possible area 
of renal cortex closer to the ultrasound probe. The software generates a time intensity curve. This 
curve is used to generate CEUS-derived parameters (Reproduced from Schneider et al.  Crit Care  
2013 [ 50 ] with permission)       
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blood fl ow [ 48 ], and its safety has been largely documented in this context [ 49 ]. 
When adding this technique to recently developed softwares, this technique is 
believed to allow an accurate quantifi cation of regional blood fl ow, such as renal 
blood fl ow [ 47 ]. A recent study has confi rmed feasibility of this technique in cardiac 
surgery patients [ 50 ]. The clinical interest of this technique remains however theo-
retical and validation studies are needed. A recent study raised doubt regarding the 
interest of CEUS in estimating renal perfusion [ 51 ]. Hence, in this study, 
noradrenaline- induced increases in mean arterial pressure were not associated with 
a change in overall CEUS derived mean perfusion indices [ 51 ]. Additionally, an 
important heterogeneity in responses was noted among the 12 included patients. 
Additional studies are ongoing and should help in more clearly assessing input of 
this technique in clinical setting and reliability of CEUS in assessing renal 
perfusion.    

10.2     Computerized Tomography 

 Computerized tomography (CT) scan remains the most accurate examination for 
ruling out stone disease and provides information on the location of the stone, detec-
tion of underlying renal or abdominal abnormalities in patients with AKI (e.g. poly-
cysts, renal carcinoma, aortic aneurysms) and detection of hydronephrosis without 
contrast media injection (Fig.  10.3 ). CT scan with intravascular contrast media is 
also indicated for search of intra-abdominal infl ammatory or infectious process, 
which can be the cause of AKI in septic patients [ 52 ]. The CT scan indication 
should of course be guided by clinical presentation and physical examination. 
Likewise, CT scan is the preferred technique for detecting complication of pyelone-
phritis such as renal abscesses, perinephric abscess or emphysematous pyelonephri-
tis. Ultrasound examination remains poorly sensitive to detect parenchymal 
alterations in pyelonephritis and can miss subtle parenchyma abnormalities in 

  Fig. 10.3    Example of acute 
bilateral hydronephrosis 
detected with non-enhanced 
absominal CT scan. No stone 
was observed and the cause 
was found to be a full bladder       
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uncomplicated pyelonephritis. However, echography remains the fi rst-line 
 diagnostic technique because it is non-invasive, not expansive, widely available and 
allow detection of urinary obstruction detection or a single kidney diagnosis when 
pyelonephritis is suspected or proven. Furthermore, US examination accuracy 
increases with the use of ultrasound contrast agent to detect parenchyma abnormali-
ties. Therefore, ultrasound examination is suffi cient as a fi rst-line examination in 
uncomplicated pyelonephritis with favourable course (e.g. apyrexia within 48 h of 
treatment). In other cases (unfavourable evolution, patients with shock or uncon-
trolled infection,) CT scan should be considered early in the course of the 
infection.  

 Signifi cant advances in CT technology have allowed better defi nition and recon-
structing high-resolution 3D reconstruction. CT angiography therefore now allows 
accurate detection of aortic and renal vascular abnormalities in patients for whom 
intravascular contrast media injection is considered safe [ 53 ,  54 ]. 

 Finally, last generation CT scan if triphasic helical CT, also known as functional 
CT, can allow assessment of glomerular fi ltration rate and renal blood fl ow [ 55 ] but 
routine indication in critically ill patients are probably to be reserved to suspicion of 
severe renal stenosis or thrombosis with inconclusive echo Doppler examinations.  

10.3     Magnetic Resonance Imaging 

 Magnetic resonance imaging (MRI) techniques allow assessment of parenchymal 
abnormities such as tumours, pyelonephritis, evaluation and detection of genitouri-
nary tract abnormalities, detection of hydronephrosis or evaluation renal arteries 
stenosis. MRI is non-invasive and is especially useful in patients for whom contrast- 
enhanced CT-scan should be avoided for evaluation of renal artery diameter and 
renal stenosis detection in patients with altered renal function. 

 Gadolinium-enhanced MRI must be considered carefully in patients with severe 
renal dysfunction. The American college of radiology, however, underlines the risk 
of nephrogenic systemic fi brosis (NSF) associated with gadolinium infusion in 
patients with terminal renal failure [ 56 ,  57 ]. NSF is a disorder with a scleroderma- 
like presentation, which appears with the administration of gadolinium-based con-
trast agents in patients with severe renal dysfunction (patients on dialysis mostly 
and rarely in patients with glomerular fi ltration rate <30 mL/min/1.73 m 2 ). The 
pathophysiology and predictive factors remain, however, mostly unknown and 
require further research. 

 MR angiography (MRA) using ultra-small particles of iron oxide (small mole-
cules not fi ltered by the glomeruli) could be used for assessing renal blood fl ow and 
can be used for vascular enhancement in patients with chronic kidney disease [ 58 ]. 
Furthermore ultra-small particles of iron oxide can help in detecting infl ammatory 
process due to late uptake by macrophages at the site of infl ammation. Phase con-
trast angiography (PCA)-MRI has been used to determine renal blood fl ow veloci-
ties in transplant-kidney patients and in ICU patients with acute kidney injury [ 59 ]. 
It, however, remains a research tool not being used for routine assessment of renal 
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blood fl ow. Blood oxygen level dependent (BOLD) MR imaging allows assessment 
of tissue oxygen tension using deoxyhaemoglobin as an endogenous contrast agent 
[ 60 ,  61 ]. Interpretation remains however diffi cult due to multiplicity of factor 
 affecting deoxyhaemoglobin and BOLD MRI is also mainly a research tool.  

    Conclusion 

 Renal imaging provides important information on the cause of acute kidney 
injury and may therefore guide treatment. While echography remains the fi rst-
line exam for most conditions, providing easy and non-invasive insights into the 
process of AKI, other techniques such as CT scan and MRI can be considered 
based on the clinical and biological presentation or evolution of the syndrome. 
Finally, renal Doppler and CEUS may hold promise in estimating renal perfusion 
and may allow individualized treatment. The techniques remains however to be 
validated in large unselected population of patients. Other techniques to assess 
renal function and renal perfusion have mostly remained research tools although 
their use may help in providing interesting insight into the pathophysiological 
mechanisms involved in renal injury.     
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  11      Prevention of AKI and Protection 
of the Kidney 

             Michael     Joannidis       and     Lui     G.     Forni    

11.1             Introduction 

 Acute kidney injury (AKI) poses a signifi cant risk to patients resulting in an increase 
in both mortality and morbidity. As discussed in previous chapters, the major 
causes of AKI in the ICU include renal hypoperfusion, sepsis and septic shock, 
heart failure and direct nephrotoxicity although in most cases the aetiology is 
 multifactorial with a combination of events leading to AKI. Major risk factors have 
been identifi ed which predispose to the development of AKI (Table  11.1 ). Given the 
poor outcomes of patients with AKI it is of the highest priority for physicians 
 treating critically ill patients. Given that to-date no single pharmaceutical 
 intervention has proven effective in preventing AKI a more systemic approach 
should be considered which includes three major issues:

     1.    Ensuring adequate renal perfusion   
   2.    Modulation of renal physiology   
   3.    Avoiding further, additional renal insult    
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11.2       Ensuring Adequate Kidney Perfusion 

 According to large cohort studies hypovolemia, sepsis and heart failure have been 
shown to be the most frequent causes of AKI, it follows that as a consequence 
reduced renal perfusion is considered a major risk factor as well as a trigger for this 
syndrome. However, the practicalities of how to provide optimal renal perfusion are 
far from straightforward but are best achieved by a systematic approach with the 
main targets being:

    (a)    Optimizing systemic haemodynamics   
   (b)    Reducing factors compromising renal perfusion and fi ltration   
   (c)    Selective vasodilation of the renal vascular bed     

11.2.1     Optimizing Systemic Hemodynamics 

 Optimisation of systemic hemodynamics is accomplished through enhanced hemo-
dynamic monitoring. Usual targets include adequate oxygen delivery achieved by 
normalizing the stroke index and arterial oxygen saturation. Central venous satura-
tion and lactate clearance may be additionally included for evaluation but the results 
must be viewed in context. Detailed recommendations on how to guide hemody-
namic management is outside the remit of this chapter but was recently addressed in 
the recommendations by the European Society of Intensive Care Medicine [ 1 ]. 

   Table 11.1    Major risk 
factors for AKI   

 Patient factors  Advanced Age 
 Female 
 Black Race 

 Pre-existing 
co-morbidities 

 Chronic Kidney Disease (CKD) 
 Liver Disease 
 Respiratory Disease 
 Heart Failure 
 Diabetes: Especially with proteinuria 
 Cancer 

 Current 
susceptibilities 

 Volume Depletion 
 Dehydration 
 Hypoalbuminemia 

 Exposures  Critical Illness 
 Sepsis 
 Circulatory Shock 
 Burns 

 Surgery  Cardiac Surgery (especially with CPB) 
 Trauma 

 Drugs  Nephrotoxic Agents 
 Radiocontrast 

  Adapted from KDIGO  
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11.2.1.1     Vasopressors 
 Vasopressors are the mainstay of therapy in vasodilatory shock: Noradrenalin is the 
preferred choice over adrenaline or dopamine given they are associated with higher 
rates of arrhythmias [ 2 ,  3 ]. Vasopressin may be an option in vasoplegic states where 
noradrenalin use fails to attain target values and some recent studies suggest a lower 
incidence of AKI stage 1 when vasopressin rather than noradrenalin is used [ 4 ].  

11.2.1.2     Inotropes 
 Where reduced cardiac output predominates the clinical picture, inotropic agents 
including inodilators are a reasonable option. Interestingly, recent data indicates 
that the calcium sensitizers levosimendan may be superior with regard to effects on 
renal function compared to dobutamine especially in the setting of sepsis [ 5 ,  6 ].  

11.2.1.3     Volume Therapy 
 Both relative and overt hypovolaemia contribute to reduced cardiac fi lling pres-
sures and potentially lead to reduced renal perfusion and therefore timely, appro-
priate fl uid administration is a preventive measure which should be effective both 
through the restoration of the circulating volume and potentially minimising drug 
induced nephrotoxicity [ 7 ]. Where volume replacement is indicated this should 
be performed in a controlled fashion directed by hard end points with hemody-
namic monitoring [ 8 ] as injudicious use of fl uids carries its own inherent risk [ 9 ] 
(see below). 

 Volume replacement may employ 5 % glucose (i.e. free water), crystalloids (iso-
tonic, half isotonic), colloids or a combination thereof. Glucose solutions substitute 
free water and are mainly used to correct hyperosmolar states. Given free water is 
distributed throughout the extracellular volume, glucose solutions provide only 
about half of the effects on volume expansion as compared to crystalloids. Isotonic 
crystalloids represent the mainstay for correction of extracellular volume depletion. 
However, increased chloride load resulting from normal saline may result in a 
hyperchloraemic acidosis and potential renal vasoconstriction as well as altered per-
fusion of other organs such as the gut [ 10 ]. Recent investigations suggest increased 
risk of AKI and RRT as well as increased mortality associated with use of large 
volumes of 0.9 % saline as compared to so called ‘balanced solutions’ which con-
tain signifi cantly lower chloride concentrations [ 11 – 13 ]. However, to-date there are 
no published randomised controlled studies comparing saline to balanced solutions 
and the effects on renal function and recent evidence suggest that other cofounders 
may also play a role in the development of AKI. Whereas crystalloids expand 
plasma volume by approximately 25 % of the infused volume, colloid infusion 
results in a greater expansion of plasma volume. The degree of expansion is depen-
dent on concentration, mean molecular weight and (for starches) the degree of 
molecular substitution. Furthermore, volume effects of colloids are dependent on 
the integrity of the vascular barrier which is often compromised in the presence of a 
severe SIRS response as well as sepsis. Artifi cial colloids used clinically include 
gelatines, starches and dextrans. Human albumin (HA) is the only naturally occur-
ring  colloid with additional pleiotropic properties outside the scope of this chapter. 
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 Hydroxyethyl starches (HES) are highly polymerised non-ionic sugar molecules 
characterised by molecular weight, grade of substitution, concentration and C2/C6 
ratio. Their volume effect is greater than that of albumin especially when larger sized 
polymers are employed. These molecules degrade through hydrolytic cleavage the 
products of which undergo renal elimination. However, these degradation products 
may be reabsorbed and contribute to osmotic nephrosis and possibly medullary 
hypoxia [ 14 – 16 ]. A further problem with HES may be dose dependant tissue deposi-
tion and associated pruritus [ 17 – 19 ] which appear to be characteristic for all prepara-
tions of HES independent of molecular size and substitution grade. Recent randomized 
controlled trials (RCT) have substantiated increased risk for AKI and renal replace-
ment therapy by using starches especially in sepsis [ 20 – 22 ] leading to the recommen-
dation not to use starches in critically ill patients [ 23 ,  24 ]. Gelatines have an average 
molecular weight of ca. 30 KD and the observed intravascular volume effect is shorter 
than that observed with HA or HES although potential side effects of there use include 
the possibility of prion transmission, histamine release and coagulation problems par-
ticularly with the use of large volumes [ 25 ,  26 ]. Furthermore, there is a theoretical 
risk of osmotic nephrosis with gelatine use although data is scarce and studies fail to 
demonstrate any deleterious effects on renal function as determined by changes in 
serum creatinine [ 27 – 29 ]. Dextrans are single chain polysaccharides comparable to 
albumin in size (40–70 kDa) and with a reasonably high volume effect though again 
anaphylaxis, coagulation disorders and indeed AKI may occur at doses higher than 
1.5 g/kg/day [ 30 – 33 ]. Osmotic nephrosis has also been reported for dextranes [ 16 ]. 

 HA may appear attractive in hypooncotic hypovolaemia but in some countries is 
costly [ 34 – 36 ]. A large multicenter RCT comparing 20 % albumin to crystalloid 
failed to demonstrate any difference in outcomes including renal function, but 
proved that albumin itself was safe [ 37 ]. The most recent trial in patients with sepsis 
showed improved survival and a better negative fl uid balance in patients with septic 
shock [ 38 ]. Importantly, to-date no negative effect on renal function have been 
reported from RCTs using 20 % albumin.   

11.2.2     Reducing Factors Compromising Renal Perfusion 

 According to the currently available data a fl uid overload of >10 % has been found 
to be associated with increased mortality in critically ill patients [ 39 ]. Moreover, 
fl uid overload has also been demonstrated to be a signifi cant risk factor for 
AKI. Volume overload may impair renal function through effects on glomerular 
fi ltration through several mechanisms. General organ oedema increases interstitial 
pressure throughout and in organs which are encapsulated, such as the kidneys, the 
limited ability to mitigate this change through distension leads to a further rise com-
promising function. Venous congestion with volume overload refl ected by a rise in 
central venous pressure has been shown to be associated with a reduced glomerular 
fi ltration rate (GFR) and increased sodium reabsorption in animal studies. Moreover, 
recent investigations demonstrate an association between increased central venous 
pressures (>12 mmHg) and the rate of AKI in critically ill patients [ 40 ]. Thirdly, 
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massive fl uid overload is a major risk factor for abdominal hypertension which fur-
ther impairs renal function through its putative effects on renal perfusion. 
Furthermore, volume overload is associated with lung injury requiring increased 
ventilation pressures, especially positive endexpiratory pressure (PEEP) which also 
increases central venous pressure (CVP) and subsequently intrabdominal pressure. 
Treatment of volume overload includes aggressive pursuit of a negative fl uid bal-
ance with volume restriction and diuretic usage. Volume overload may lead to the 
initiation of renal replacement therapy (RRT) if a negative fl uid balance cannot be 
achieved over the desired period and indeed intractable volume overload is consid-
ered an absolute indication for commencing renal replacement therapy [ 41 ].  

11.2.3     Selective Renal vasodilation 

11.2.3.1     Dopamine 
  Dopamine  when used at so-called ‘renal doses’ is still widely used but is ineffective 
in improving renal function although an increased diuresis on the fi rst day of use has 
been observed [ 42 ]. Indeed, dopamine may worsen renal perfusion in patients with 
acute kidney injury as determined by change in observed renal resistive indexes 
[ 43 ]. Despite showing promising results in pilot studies on patients at risk of con-
trast nephropathy [ 44 ,  45 ] and sepsis-associated acute kidney injury [ 46 ,  47 ], selec-
tive dopamine A 1  agonists such as fenoldopam have failed to demonstrate signifi cant 
renal protection in larger studies of either early presumed acute tubular necrosis [ 48 , 
 49 ] or contrast nephropathy [ 50 ].  

11.2.3.2     Prostaglandins 
  Prostaglandins  have been investigated mainly in the setting of contrast nephropa-
thy. Both prostaglandin E1 (PGE1) and PGI (Iloprost) administered intravenously 
resulted in attenuated rise of serum creatinine after the use of contrast media [ 51 , 
 52 ]. However, major adverse events include hypotension as well as fl ushing and 
nausea at higher doses thereby limiting their extensive use.  

11.2.3.3     Natriuretic Peptide 
  Natriuretic peptides  improve renal blood fl ow through afferent glomerular dilata-
tion resulting in an increase in both GFR and urinary sodium excretion and, in addi-
tion, B-type natriuretic peptides (BNPs) inhibit aldosterone. Atrial natriuretic 
peptide (ANP) use in human studies has been controversial attenuating rise in serum 
creatinine in ischemic renal failure [ 53 ] or in AKI after liver transplantation but it is 
ineffective in large RCTs of both non-oliguric [ 54 ] and oliguric AKI [ 55 ]. A recent 
study using low-dose BNP (nesiritide) suggested there was some preservation of 
renal function in patients with chronic kidney disease stage 3 undergoing cardiopul-
monary bypass surgery [ 56 ]. 

 Currently, the most promising preliminary reports in the intensive care setting do 
exist for the adenosine antagonist theophylline for either contrast nephropathy 
 [ 57 – 59 ] as well as some types of nephrotoxic AKI like cisplatin associated renal 
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dysfunction [ 60 ]. A randomized placebo controlled trial in neonates with perinatal 
asphyxia showed signifi cant increase in creatinine clearance after a single dose of 
theophylline within the fi rst hour of birth [ 61 ].    

11.3     Modulation of Renal Physiology 

11.3.1     Renal Metabolism, Tubular Obstruction 

 Diuretics, particularly those acting on the loop of Henle, have provided most data 
regarding the potential pharmacological manipulation of renal metabolism and inhi-
bition of tubular obstruction. Loop diuretics are known to reduce oxygen consump-
tion within the renal medulla and increased oxygen tension in the renal medulla in 
both animals and healthy volunteers has been observed [ 62 ]. However, a random-
ized controlled trial performed in established renal failure could not demonstrate 
improvement in outcome. Application of very high doses of furosemide, on the 
other hand, increases risk of serious adverse events like hearing loss signifi cantly 
and as such cannot be recommended [ 63 ].  

11.3.2     Oxygen Radical Damage 

 Several roles have been proposed for reactive oxygen species (ROS) under both 
normal and pathological conditions, with the NAD(P)H oxidase system pivotal in 
their formation and instrumental in the development of certain pathophysiological 
conditions [ 64 ,  65 ]. Under certain circumstances a role for antioxidant supplemen-
tation may be proposed with potential candidates including N-acetylcysteine (NAC), 
selenium and the antioxidant vitamins (vitamin E (α-tocopherol) and vitamin C 
(ascorbic acid)). However, most studies involving antioxidant supplementation suf-
fer from a lack of data regarding optimal dosing as well as timing. 

11.3.2.1    N-acetylcysteine 
  N-acetylcysteine , has been investigated in multiple trials particularly in the setting 
of contrast nephropathy. Despite several reports showing prevention of contrast 
nephropathy [ 66 ,  67 ] evaluation of this substance by meta–analyses yields contro-
versial results [ 68 ]. Furthermore NAC was ineffective in other circumstances where 
AKI is common such as major cardiovascular surgery or sepsis [ 69 ,  70 – 72 ]. 

 Finally studies of IV NAC in both human volunteers as well as patients receiving 
contrast media demonstrate a decrease in serum creatinine not refl ected by con-
comitant changes of cystatin C considered the more sensitive marker of early 
changes in GFR [ 73 ,  74 ].  

11.3.2.2    Mannitol 
  Mannitol , an osmotic diuretic with potential oxygen radical scavenging properties 
was investigated in randomized trials for the prevention of contrast nephropathy but 
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generally was inferior to general measures such as volume expansion [ 75 ]. Some 
authors favour mannitol for treatment of AKI following crush injuries but controlled 
trials are still awaited [ 76 ].  

11.3.2.3    Selenium 
  Selenium  is an essential component of the selenoenzymes including glutathione per-
oxidase and thioredoxin reductase. Selenium supplementation reduces oxidative 
stress, nuclear factor-B translocation, and cytokine formation as well as attenuating 
tissue damage. Angstwurm et al. performed a small RCT in 42 patients and showed 
that selenium supplementation decreased the requirement for RRT from 43 to 14 % 
[ 77 ]. This fi nding was not reproduced in a consequent prospective RCT in septic 
shock although selenium appeared to reduce 28 days mortality [ 78 ]. 

 Cocktails of antioxidants have been investigated in several small studies showing 
controversial results. In one randomized trial in patients undergoing elective aortic 
aneurysm repair use of an antioxidant cocktail resulted in an increased creatinine 
clearance on the second postoperative day but the incidence of renal failure was 
very low [ 79 ].  

11.3.2.4    Ascorbic Acid 
  Ascorbic acid  used in preclinical at high-doses can prevent or restore ROS-induced 
microcirculatory fl ow impairment, prevent or restore vascular responsiveness to 
vasoconstrictors and potentially preserve the endothelial barrier [ 80 ]. When given 
PO 2 h pre-contrast in a single centre trial there appeared to be protection against 
the development of contrast nephropathy but the rate of AKI in the control group 
was high and no patients required renal support [ 81 ]. A recent meta-analysis on this 
subject found a renal protective effect of ascorbic acid against contrast-induced AKI 
[ 82 ]. To-date no multicentre randomised control trials have demonstrated any ben-
efi t in reducing the rate of AKI by using antioxidant supplementation.   

11.3.3     Avoiding Additional Nephrotoxic Damage 

 The use of nephrotoxic drugs can cause or worsen acute kidney injury, or delay 
recovery of renal function. Moreover when renal function declines, failure to appro-
priately adjust the doses of medications can cause further adverse effects. The 
potential for inappropriate drug use in patients with, or at risk of developing, acute 
kidney injury is high and this is potentially a preventable cause of AKI. Therefore, 
any assessment of a patient at risk or with AKI must include a thorough review of 
prescribed medications. Particular agents associated with AKI in the critically ill 
include aminoglycosides, amphotericin and the angiotensin-converting enzyme 
inhibitors (ACEI) and angiotensin receptor blockers (ARBs) [ 8 ]. 

11.3.3.1    Aminoglycoside 
  Aminoglycoside  antimicrobial agents are highly potent, bactericidal antibiotics 
effective against multiple bacterial pathogens particularly when administered with 
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beta-lactams and other cell-wall active antimicrobial agents. Despite their well 
 documented side effects including nephrotoxicity, and to a lesser degree ototoxicity 
and neuromuscular blockade there use continues to increase due to progressive 
 antimicrobial resistance to other antimicrobial agents and lack of new alternatives. 
However, given the potential risks aminoglycosides should be used for as short a 
period of time as possible and care should be taken in those groups most susceptible 
to nephrotoxicity. This includes older patients, patients with chronic kidney disease, 
sepsis (particularly in the presence of intravascular volume depletion), diabetes 
mellitus and concomitant use of other nephrotoxic drugs. Aminoglycoside 
 demonstrates concentration-dependent bactericidal activity which enables extended 
interval dosing which optimizes effi cacy and minimizes toxicity. This dosing 
 strategy, together with meticulous attention to therapeutic drug monitoring when 
used for more than a 24 h period may limit the risk of nephrotoxicity.  

11.3.3.2    Amphotericin B 
  Amphotericin B  is a polyene antifungal agent which is insoluble in water and has 
been the standard of treatment for life threatening systemic mycoses for over 
50 years. This is despite its well known and common drug-induced toxicity which 
includes thrombophlebitis, electrolyte disturbances, hypoplastic anemia and neph-
rotoxicity the latter of which is associated with higher mortality rates, increased 
LOS, and increased total costs of health care. An alternative approach is to use, 
where possible, non-amphotericin B antifungal agents which are better tolerated.  

11.3.3.3    Angiotensin-Converting Enzyme Inhibitors 
  Angiotensin-converting enzyme inhibitors  (ACEI) and angiotensin receptor block-
ers (ARBs) are widely used in the management of hypertension and heart failure 
and are often used in patients with CKD particularly in the presence of signifi cant 
proteinuria. These agents are potentially nephrotoxic medications given that they 
antagonize the normal physiological response to a reduction in renal blood fl ow. 
ACEI and ARBs, cause vasodilation of efferent blood vessels, resulting in AKI in 
susceptible patients as the body’s normal compensatory response to a decreased 
GFR is impeded. Hence in the critically ill and in those at risk of hypovolaemia they 
should be withheld unless there is an impelling clinical reason for continuing ther-
apy. It is important to stress that on the patient’s recovery the reintroduction of these 
agents should not be forgotten where continuing therapy is needed.       
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12.1            Introduction 

 Acute kidney injury (AKI) is a common complication among critically ill patients 
supported in an intensive care unit (ICU) setting [ 1 ]. Recent epidemiologic data 
indicate the incidence of AKI is increasing and may characterize the ICU course in 
up to two-thirds of patients [ 2 – 5 ]. Among those with more severe AKI or those with 
complications attributable to AKI, renal replacement therapy (RRT) is commonly 
initiated [ 6 ,  7 ]. 

 The decision to initiate RRT is often multi-factorial; however, it clearly results in 
an escalation in both the complexity and costs of care [ 8 ,  9 ] Epidemiologic data 
would imply that these critically ill patients are at increased risk of substantial mor-
bidity, including non-recovery of kidney function, long-term dialysis dependence 
[ 10 ], and excess mortality; with case-fatality rates approaching 60 % [ 4 ,  6 ,  7 ,  11 ]. 
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 RRT may be considered as one of the core life sustaining technologies used to 
support patients with critical illness, multiple organ dysfunction and AKI [ 12 ]. In 
general, the main goals of RRT are to: (1) achieve and maintain fl uid and electro-
lyte, acid–base, and uremic solute homeostasis; and (2) facilitate additional sup-
portive measures (i.e., enable the delivery of antimicrobials or other vital 
medications, nutritional support, and blood transfusions without limitation or com-
plications as indicated). In addition, RRT in critical illness should also serve: (3) to 
prevent additional or worsening non-renal organ dysfunction that may have been 
contributed to by AKI; (4) to help avoid further insults to the kidney; and impor-
tantly; (5) to facilitate renal recovery; and (6) to improve patient outcome [ 1 ]. 

 The optimal time to initiate RRT in critically ill patients with AKI remains 
uncertain, which unfortunately results in practice variation for the prescription and 
delivery of acute RRT in this population [ 13 ]. Life-threatening complications of 
AKI such as cardiac toxicity attributable to hyperkalemia, profound acidemia, and 
fl uid overload precipitating pulmonary edema can be readily corrected with RRT 
[ 12 ]. In these situations, the need to initiate RRT is unequivocal. However, for 
patients who have severe AKI in the absence of overt or impending life-threatening 
complications, the optimal time for starting RRT is unknown [ 14 ,  15 ]. 

 Earlier initiation of RRT in critically ill patients with AKI, in the absence of overt 
life-threatening complications, will theoretically lead to better electrolyte, acid–base, 
and uremic homeostasis, better control of extracellular volume accumulation, and 
potentially modulate systemic infl ammation (Table  12.1 ). Similarly, earlier RRT 
may prevent the development of life-threatening complications such as hyperkalemia 
or pulmonary edema. Accordingly, earlier RRT would appear at face value to confer 
a variety of benefi ts and is supported by data from observational studies [ 16 – 18 ].

   On the other hand, there is no robust high quality evidence to support the practice 
that earlier initiation of RRT, in the absence of a life-threatening complication of 
AKI, impacts important patient centered outcomes such as renal recovery or sur-
vival. These perceived benefi ts of RRT have to naturally be balanced with the poten-
tial harm attributable to RRT, including risks associated with iatrogenic episodes of 

   Table 12.1    Benefi ts and drawbacks of earlier RRT in critically ill patients with AKI   

 Benefi ts  Drawbacks 

 Earlier control of electrolyte/
metabolic derangement 

 Iatrogenic episodes of hemodynamic instability that may 
impede kidney repair and recovery 

 Earlier control of acid–base 
derangement 

 Insertion of dialysis catheter and risk of catheter-associated 
complication (i.e., bleeding, thrombosis, bloodstream 
infection, and pneumothorax) 

 Avoidance and earlier control of 
complications of uremia 

 Uncertain clearance of micronutrients, trace elements and 
sub-therapeutic levels of vital medications (i.e., 
antimicrobials, anti-epileptics) 

 Earlier management of fl uid 
status and avoidance of excessive 
fl uid accumulation and overload 

 Unnecessary exposure to RRT in those who will 
spontaneously recover kidney function with conservative 
management 

 Avoidance of unnecessary 
diuretic exposure 

 Need for immobilization 

 Potentially benefi cial 
immunomodulation 

 Use of health resources and increased health care costs 
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hemodynamic instability, central venous insertion of a dialysis catheter, exposure of 
blood to an extracorporeal circuit, need for anticoagulation of the extracorporeal 
circuit, uncertain medication clearance (i.e., antimicrobials) and unwanted deple-
tion of micronutrients. In addition, there is a possibility that with a more conserva-
tive strategy of supportive management and watchful waiting, and initiation of RRT 
only when a life-threatening complication develops, some patients with severe AKI 
may indeed recover kidney function spontaneously [ 19 ]. As a result, early RRT in 
some patients may unnecessarily expose patients to the risks of RRT and result in 
less favorable outcomes, unnecessary bedside resources and incremental costs [ 20 ].  

12.2     Triggers for Starting RRT 

 When considering whether to initiate RRT, most clinicians make this decision based 
on the following clinical, physiologic and laboratory factors and their trajectories: 
serum creatinine, and urea including the presence of uremic complications, serum 
potassium, acid–base status, urine output, fl uid balance, overall course and progno-
sis of the patient’s illness, and the patient’s preferences for escalation of life- 
sustaining therapy with RRT [ 21 ]. Among these triggers, some are considered 
absolute indications to avert potentially life threatening complications and others 
are considered more relative (Table  12.2 ). Recently, the issue of fl uid balance, 

   Table 12.2    Summary of absolute and relative indications for starting RRT in critically ill patients 
with AKI   

 Absolute 
indications 

 In the absence of contraindications or limitations of organ support, indications for 
urgent/emergency RRT include: 

   Refractory, rapidly rising, or cardiac toxicity associated hyperkalemia 
(K > 6.5 mmol/L) 

   Refractory metabolic acidosis (pH ≤7.2 despite normal or low arterial pCO 2 ) 

   Refractory pulmonary or non-renal organ edema unresponsive to diuretic 
therapy 

   Symptoms or complications attributable to uremia (i.e., pericarditis, 
encephalopathy, and coagulopathy) 

   Overdose/toxicity from a dialyzable drug/toxin 

 Relative 
indications 

 In the absence of life threatening complications of AKI, important factors that 
might infl uence the decision to start RRT include: 

   Limited physiological reserve to tolerate the consequences of AKI (i.e., 
pre-morbid advanced CKD) 

   Advanced non-renal organ dysfunction intolerant to excessive fl uid 
accumulation (i.e., impaired cardiac function) 

   Anticipated solute burden (i.e., tumor lysis syndrome; rhabdomyolysis; and 
intravascular hemolysis) 

   Need for large fl uid administration (i.e., nutritional support, medications, or 
blood products) 

   Severity of the underlying disease (affecting the likelihood of recovery of 
kidney function) 

   Concomitant accumulation of poisons or toxic drugs which can be removed by 
RRT (i.e., salicylates, ethylene glycol, methanol, and metformin) 
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accumulation and/or overload has received focused attention as a potential 
 modifi able factor associated with outcome and has emerged as a determinant for 
considering RRT [ 22 – 24 ]. To know whether there is a role for the application of 
routine RRT primarily for immunomodulation to remove infl ammatory mediators 
such as in sepsis is the focus of ongoing investigations [ 25 ].

12.3        Literature Review 

 The optimal timing for RRT remains unclear [ 26 ,  27 ]. Very few randomized clinical 
trials and numerous observational studies of variable methodological rigor have 
evaluated the issue of timing of RRT initiation in critically ill patients with AKI 
[ 16 – 18 ]. These studies vary widely in their criteria for defi ning “early” and “late” 
RRT, often using arbitrary cut-offs for serum creatinine, serum urea or urine output, 
fl uid balance, time from ICU admission or duration of AKI. This has created 
 challenges for making clear inferences to inform clinical practice. 

 In a pilot trial, Bouman et al randomized 106 critically ill predominantly cardiac 
surgical patients with oliguric AKI despite fl uid resuscitation, inotropic support and 
diuretic therapy, to a strategy of early versus late initiation of RRT [ 28 ]. The early 
group started RRT within 12 h of fulfi lling eligibility, defi ned by oliguria (<30 ml/h 
for 6 h and no response to a diuretic challenge or hemodynamic optimization), or a 
creatinine clearance <20 ml/min. The late group started RRT when classic indica-
tions were fulfi lled including a serum urea >40 mmol/L, potassium of >6.5 mmol/L 
or evidence of pulmonary edema. In this study, there were no differences in sur-
vival, recovery of kidney function or health resource utilization beyond 
RRT. However, this trial was not adequately designed to assess these outcomes; was 
not viewed as widely generalizable due to an unexpectedly high observed survival 
and a large number of patients who had cardiac surgery-associated AKI. Notably, 
six patients allocated to the late group did not start RRT (four due to renal recovery; 
and two due to death) and of those who started RRT, 50 % had developed fl uid over-
load and pulmonary edema. In a small single-centre trial from India, 208 hospital-
ized patients with community-acquired AKI were randomized to either (1) early 
RRT, characterized by starting RRT after serum urea exceeded 23 mmol/L or serum 
creatinine exceeded 618 μmol/L irrespective of other AKI complications, or (2) 
standard of care where RRT was only initiated in the setting of medically-refractory 
hyperkalemia, acidosis or volume overload or in the setting of uremic symptoms 
[ 29 ]. In this study, there were no observed differences in mortality or recovery of 
kidney function. This trial also has limited generalizability due to the young demo-
graphics of enrolled patients (mean age 42 years), the predominant aetiology of 
AKI (>50 % tropical infections or obstetric complications), and due to most patients 
not being critically ill. 

 Several single-centre controlled trials in cardiac surgery patients have suggested 
that earlier RRT, most often defi ned as initiation within 8 h of surgery, can reduce 
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morbidity, improve survival and reduce overall post-operative resource use [ 30 – 35 ]. 
The concluding inference from these small non-randomized trials is that early 
 initiation of RRT for patients with AKI following cardiac surgery should be trig-
gered by a worsening oliguria rather than actual serum creatinine results. 

 Several observational studies have also evaluated the optimal timing of RRT for 
critically ill patients with AKI, as summarized in recent systematic reviews [ 16 – 18 ]. 
While these studies have numerous methodological limitations, low quality, and 
high risk of bias, the majority have suggested that “earlier” initiation of RRT was 
associated with improved outcomes [ 36 – 41 ]. 

 In a secondary analysis of the multinational Beginning and Ending Supportive 
Therapy (BEST) for the Kidney cohort study, the timing of initiation of RRT was 
evaluated in 1,238 critically ill patients with AKI [ 42 ]. Late RRT, defi ned relative to 
time from ICU admission (≥5 days) was associated with higher adjusted-mortality 
(OR, 1.95; 95 % CI, 1.30–2.92;  p  = 0.001). Furthermore, the duration of RRT and 
hospitalization, and the rate of RRT dependence at hospital discharge, were greater 
when the interval from ICU admission to RRT initiation was prolonged. Other stud-
ies have shown similar results [ 20 ,  36 ]. In a multi-centre prospective Canadian 
study, the characteristics of critically ill patients with AKI at the time RRT was initi-
ated, were evaluated [ 43 ]. At RRT initiation, serum creatinine and urea were 331 
(225–446) μmol/L and 22.9 (13.9–32.9) mmol/L, respectively. Oligo-anuria 
(<400 mL/24 h) was present in 32.9 %, and 92.2 % had a positive fl uid balance. 
Notably, only 16.2 % had hyperkalemia (serum potassium ≥5.5 mmol/L) and 
33.8 % had metabolic acidosis (serum bicarbonate ≤15 mmol/L) at RRT initiation. 
These data highlight that the decision to initiate RRT was often infl uenced by 
numerous patient-specifi c factors and that the majority (>80 %) had two or more 
recognized triggers; however, this study also found that the occurrence of life threat-
ening urgent indications for RRT initiation was relatively infrequent in the ICU. In 
a secondary analysis of 239 critically ill patients with severe AKI treated with RRT 
in the FINNAKI study, the impact of the presence of classic indications for RRT on 
90-day all-cause mortality were evaluated [ 44 ]. The primary exposure was the tim-
ing of starting RRT relative to evidence of developing one or more “conventional” 
indications for RRT which included hyperkalemia, severe acidemia, uremia, oligo- 
anuria and severe fl uid overload with pulmonary edema. Timing was classifi ed as 
“pre-emptive” if RRT was started in the absence of these criteria; “classic – urgent” 
if started within 12 h of developing one of these indications; and “classic – delayed” 
when started more than 12 h after developing one of these indications. In multivari-
able and propensity-adjusted analyses, pre-emptive RRT was associated with lower 
90-day mortality compared with RRT after a classic indication developed (30 % vs. 
49 %; odds ratio [OR] 2.1; 95 % CI 1.0–4.1). Ninety-day mortality was also mark-
edly lower among patients having “classic – urgent” RRT compared with when RRT 
was delayed (39 % vs. 68 %; OR 3.9; 95 % CI 1.5–10.2). Moreover, mortality 
among patients with pre-emptive RRT was found lower compared to those with 
AKI not treated with RRT in an adjusted propensity-matched analysis.  
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12.4     Current Clinical Practice Guideline Recommendations 

 Since 2012, the  Kidney Disease Improving Global Outcomes  (KDIGO) consortium 
and the  National Institute for Health and Care Excellence  (NICE) in the United 
Kingdom have published offi cial recommendations related to the timing of RRT 
[ 26 ,  27 ]. 

 The KDIGO Clinical Practice Guideline (CPG) for AKI acknowledged that both 
the ideal indication and the optimal timing for initiation of RRT in patients with 
AKI were uncertain, [ 26 ] and accordingly   , by consensus, KDIGO provided the fol-
lowing recommendations:

    (i)     Initiate RRT emergently when life-threatening changes in fl uid, electrolyte, and 
acid–base balance exist  (Sect   . 5.1.1  – Not Graded ) .    

   (ii)     Consider the broader clinical context, the presence of conditions that can be 
modifi ed with RRT, and trends of laboratory tests—rather than single BUN and 
creatinine thresholds alone—when making the decision to start RRT  (Sect. 
  5.1.2      – Not Graded )    

  The KDIGO CPG clearly recognizes that there is a paucity of a strong evidence 
base for these recommendations and suggests that clinicians assess not only the 
presence of life-threatening complications when considering RRT, but also the 
wider clinical status of the patient, including the underlying trajectory of illness 
severity, burden of non-renal organ dysfunction and the expectation of whether 
complications attributable to AKI will arise. 

 Similarly, the NICE CPG for AKI, based on the fi ndings from two randomized 
trials and three prospective observational studies, made the following recommenda-
tions pertaining to initiation of RRT [ 27 ]:

    (i)     Discuss any potential indications for renal replacement therapy with a 
nephrologist, pediatric nephrologist and/or critical care specialist immedi-
ately to ensure that the therapy is started as soon as needed.    

   (ii)     Refer adults, children and young people immediately for RRT if any of the fol-
lowing are not responding to medical management: 
•     Hyperkalemia   
•    Metabolic acidosis   
•    Complications of uremia ( i.e. , pericarditis or encephalopathy)   
•    Fluid overload   
•    Pulmonary edema       

   (iii)     Base the decision to start RRT on the condition of the adult, child or young 
person as a whole and not on an isolated urea, creatinine or potassium value.     

  The NICE recommendations also highlight the lack of evidence to support when 
to optimally start RRT. Moreover, NICE emphasizes that better tools are needed to 
identify those patients with AKI who are less likely to recover renal function with a 
conservative strategy alone and need a period of renal support, and patients in whom 
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RRT can be safely avoided. It is possible that some of the newly discovered 
 biomarkers for AKI will fulfi l this role. Figure  12.1  gives some guidance for clinical 
management and decision making at the bedside [ 21 ].   

12.5     Discontinuation of RRT in the ICU 

 There is a relative paucity of data about the optimal circumstance and time to wean 
and/or discontinue RRT in critically ill patients with AKI [ 45 ,  46 ]. In the BEST 
Kidney study, an increase in urine output was the most important determinant of 

Yes

AKI

Presence of life threatening complications of AKI 
which cannot be reversed quickly by simple means

Reverse hypovolemia (unless contraindicated)
Optimize hemodynamic status

Discontinue/avoid nephrotoxic drugs (if possible)

Start RRT
(unless not appropriate)

Regular assessment of clinical status,
including metabolic/acid-base profile, illness severity,

fluid balance andinitial response to resuscitation

Persistent or worsening AKI and evidence of ≥1 of
the following:                          

Consider RRT
(unless not appropriate

or prognosis futile)

No

• Progressive fluid accumulation and/or cumulative
   fluid balance >10 % of body weight 

• Persistent or worsening acidosis (pH <7.25)   

• Persistent or worsening hyperkalemia (K >6 
   mmol/L) 

• Persistent or worsening non-renal organ
  dysfunction

• Persistent or worsening oliguria (urine < 0.5
  mL/kg/h × 6–12 h or <500 mL/24h)

• Expectation of significant fluid and/or solute
  burden

  Fig. 12.1    Proposed algorithm to aid in clinical decision making on when to initiate RRT in 
 critically ill patients with AKI [ 21 ]       
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recovery of kidney function and likelihood of successful weaning from RRT [ 45 ]. 
Those patients with a spontaneous urine output >400–450 mL/day without diuretics 
or >2,300 mL/day with exposure to diuretics had a >80 % probability of sustained 
weaning from RRT. In a similar retrospective study of 304 post-operative patients 
with severe AKI treated with RRT from the National Taiwan University Surgical, 
I. C. U. Acute Renal Failure Study Group, predictors of successful weaning from 
RRT were higher (and increasing) urine output on the day following cessation of 
RRT along with a shorter cumulative duration of renal support, younger age and 
lower non-renal organ dysfunction [ 46 ]. Accordingly, apart from increasing sponta-
neous urine output, there are few reliable clinical signs or tests to predict recovery 
suffi cient to successfully wean RRT.  

12.6     Future Clinical Trials 

 In addition to the limited high quality evidence on optimal timing of RRT for criti-
cally ill patients with AKI, there are a number of ongoing or recently completed 
randomized controlled trials (RCTs) addressing this issue. In Canada, the STARRT- 
AKI trial, a multi-centre pilot RCT has recently been completed [ 47 ].This trial 
enrolled critically ill patients with severe AKI to a strategy of early RRT (within 
12 h of eligibility) or standard initiation of RRT (based on persistent AKI and/or 
development of more classic indications).The ongoing IDEAL-ICU trial is a multi-
centre RCT in France with a target enrolment of 824 patients that seeks to random-
ize critically ill patients with septic shock and severe AKI (defi ned as a three-fold 
rise in serum creatinine and urine output <0.3 mL/kg/h for 12 h) [ 48 ]. The early 
strategy calls for starting RRT within 12 h of fulfi lling AKI criteria whereas in the 
late arm RRT commences 48–60 h thereafter. Finally, the AKIKI trial, another 
multi-centre RCT in France, proposes to enrol 620 critically ill patients with AKI 
randomized to early RRT immediately upon fulfi lling Risk-Injury-Failure-End-
stage- Loss (RIFLE) category FAILURE or a conservative strategy whereby RRT is 
started only after fulfi lling RIFLE FAILURE criteria and an additional classical 
indication for RRT [ 49 ]. The fi ndings from these trials are eagerly awaited and 
should help to better inform practice on when to optimally initiate RRT and reduce 
unnecessary variation in practice.  

12.7     Conclusions: Decision Making on Starting RRT 
at the Bedside 

 The accumulated evidence from clinical studies to date would imply that the opti-
mal timing of starting RRT for critically ill patients with AKI is uncertain and that 
the decision should largely be individualized and informed by best practice when-
ever possible. Evidence from high quality RCTs addressing this issue are antici-
pated and will hopefully help to inform best clinical practice, reduce unnecessary 
variation in how RRT is prescribed, and provide critical data to update clinical 
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practice guidelines. In the absence of life threatening complications of AKI, the 
patient’s current and evolving illness severity, burden of non-renal organ dysfunc-
tion, fl uid balance, and physiological reserve to the consequences of AKI and 
response to medical treatment should all be considered and continuously reassessed 
when deciding whether RRT should be initiated. These factors should naturally be 
weighted in the context of the perceived risks associated with starting RRT along 
with the patient’s stated preferences for life-sustaining therapy.     
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  13      Dose of Renal Replacement Therapy 
in AKI 

             Catherine     S.  C.     Bouman      ,     Marlies     Ostermann      , 
    Michael     Joannidis      , and     Olivier     Joannes-Boyau     

13.1             Introduction 

 The intention to initiate renal replacement therapy (RRT) in patients with acute 
kidney injury (AKI) requires a prescription, outlining mode, target dose, type of 
anticoagulation, target fl uid balance and measures of adequacy, similar to RRT in 
patients with end-stage renal disease (ESRD). However, acute RRT is often not 
formally prescribed, and effective delivery is not always measured [ 1 ]. One poten-
tial reason for this omission is lack of consensus on the best way of measuring 
intensity of RRT and confl icting data related to the optimal dose. In the chronic 
setting, Kt/V and/or urea reduction ratio (URR) are routinely used to measure 
 adequacy of dialysis but these parameters are not appropriate in the acute setting 
and alternative methods are needed. 

 This chapter will provide guidance on how to prescribe RRT dose and monitor 
its effi cacy in critically ill patients with AKI.  
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13.2     Prescription of Dose of RRT 

 The dose of RRT is a measure of the quantity of a solute that is removed from the 
patient during extracorporeal treatment and is reasonably representative of other 
solutes which require removal [ 1 ,  2 ]. In patients on chronic hemodialysis, dose 
of treatment is expressed as URR or Kt/V ( K  = dialyzer clearance of urea,  t  = dial-
ysis time and  V  = volume of distribution of urea). Both parameters have impor-
tant limitations in critically ill patients with AKI where neither urea generation 
rate nor volume of distribution can be clearly defi ned. In patients receiving con-
tinuous renal replacement therapy (CRRT), clearance of small uncharged mole-
cules such as urea and creatinine is essentially equal to the delivered effl uent 
rate. Therefore, the effl uent rate roughly corresponds to the prescribed replace-
ment or dialysis rate and is often used as a surrogate of urea clearance. Following 
the landmark study by Ronco et al. in 2000, it was suggested to index the fl ow 
rate to the patient’s body weight [ 3 ]. As a result, the dose of CRRT is often 
expressed as the amount of dialysis/hemofi ltration fl ow delivered to the patient 
in ml/kg per hour. Whether to use actual body weight or ideal body weight is 
unclear [ 3 – 8 ]. 

 Degree of ‘pre-dilution’ and ‘fi lter-down’ time are important factors which 
reduce the effective dose. They need to be taken into account when prescribing and 
reviewing the dose of RRT. Infusion of replacement solution as pre-dilution will 
reduce effective effl uent dose by the degree to which the plasma is diluted. The fi nal 
dilution effect is dependent on circuit blood fl ow, replacement fl uid rate, and hae-
matocrit. Furthermore, discrepancies between prescribed doses and measured cre-
atinine clearance increase with higher doses over time as demonstrated for 
predilution continuous veno-venous hemodiafi ltration (CVVHD) [ 9 ]. Premature 
circuit clotting or need for investigations outside the ICU are common reasons for 
unintended interruptions in treatment which can lead to reduced clearance [ 10 ]. It is 
therefore necessary to review regularly whether the delivered dose of RRT matches 
the prescribed target and to adjust the prescription if necessary. 

 Of note, effl uent rate only represents clearance of small solutes but not larger 
molecules or molecules with high protein binding. In addition, there are many other 
important aspects of RRT which need to be considered when prescribing a dose, like 
acid–base homeostasis, nutritional support and, perhaps most importantly, fl uid 
balance.  

13.3     Dose Intensity of RRT in AKI and Outcome 

 Since 2000, there have been eight randomized controlled trials (RCTs) on intensity 
of RRT in AKI [ 3 – 8 ,  11 ,  12 ]. Two studies evaluated RRT doses in patients receiving 
intermittent haemodialysis (IHD) [ 11 ,  12 ], fi ve studies in patients on CRRT [ 3 – 5 ,  7 , 
 8 ] and one study enrolled patients on IHD, slow extended dialysis (SLED) and 
CRRT [ 6 ]. Two single center studies showed better outcomes with increased 
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intensity of small solute clearance [ 3 ,  7 ]. In contrast, the two largest multi-center 
RCTs, the ATN study ( n  = 1,124) and the RENAL study ( n  = 1,464), showed no 
benefi t in survival or recovery of renal function with higher doses of RRT [ 4 ,  6 ]. A 
subsequent meta-analysis of all eight RCTs concluded that higher intensity RRT did 
not reduce mortality rates or improve renal recovery in patients with AKI [ 13 ]. 
Current international guidelines recommend delivering an effl uent volume of 
20–25 ml/kg/h for post dilution CRRT in AKI [ 14 ,  15 ]. Increasing the dose beyond 
20–25 ml/kg/h has not been shown to be benefi cial and may potentially result in 
losses of important solutes including phosphate and antibiotics, and heat. In patients 
receiving CRRT in pre-dilution mode, the target dose should be increased to 
25–30 ml/kg/h in order to achieve a delivered dose of 20–25 ml/kg/h. For patients 
receiving intermittent RRT for AKI, international recommendations differ. While 
the guideline by the Kidney Disease Improving Global Outcome (KDIGO) expert 
group recommends a target Kt/V of 3.9 per week for intermittent or extended acute 
RRT [ 15 ], the European Renal Best Practice (ERBP) guideline recommends not to 
use Kt/V as a marker of adequacy and to adapt the duration of IHD to metabolic and 
volume status [ 14 ]. 

 It is important to acknowledge that in the RCTs mentioned earlier, the RRT dose 
was not adjusted for severity of disease or degree of catabolism. Instead, patients 
were treated with a fi xed dose indexed to the patient’s body weight. Finally, the 
above mentioned RCTs evaluated different doses of RRT but did not study possible 
pleiotropic effects of RRT in patients with sepsis or the effect of fl uid balance on 
outcome.  

13.4     Fluid Overload and RRT 

 There is increasing evidence that fl uid overload is detrimental to both renal outcome 
and survival in critically ill patients with AKI, including patients treated with RRT 
[ 16 ,  17 ]. In a retrospective analysis of the RENAL study the authors found that a 
negative daily fl uid balance during the treatment period was independently associ-
ated with a shorter ICU and hospital stay and lower 90 day mortality [ 18 ]. The 
multicenter observational FINNAKI study demonstrated an association between 
fl uid overload at RRT initiation and increased 90-day mortality, which remained 
signifi cant after adjustment for common risk factors [ 18 ,  19 ]. 

 The relationship between fl uid accumulation, AKI and outcome is complex. 
Fluid overload may be a marker of the severity of AKI but may also be causing harm 
as a result of interstitial edema, visceromegaly and secondary organ dysfunction. 
Based on existing data, it would be advisable to target a negative fl uid balance in 
patients on RRT, as soon as the patient is adequately resuscitated and hemodynamic 
status allows. 

 It is not possible to recommend a general net ultrafi ltration rate. Instead, the 
ultrafi ltration rate should be tailored to the patients’ needs and haemodynamic and 
fl uid status.  
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13.5     High-Volume Hemofiltration in Septic Shock 

 It is rather inopportune that studies in the literature have defi ned high-volume 
 hemofi ltration (HV-HF) by ultrafi ltrate rates of 35–200 ml/kg/h. In RCTs in animals 
HV-HF was only benefi cial when using very high ultrafi ltrate rates (>100 mL/kg/h) 
and initiating hemofi ltration early (i.e., before or very early after the septic chal-
lenge) [ 20 ,  21 ]. The number of RCTs in humans is limited and their size is small 
[ 22 – 26 ]. Important differences among animal and human studies include the later 
initiation of HV-HF, the lower ultrafi ltrate rates and the use of antibiotics in humans 
[ 20 ]. The two largest recent RCTs were negative: a Chinese study in 280 patients 
comparing high volume (50 ml/kg/h) versus very high volume (80 ml/kg/h) [ 26 ] and 
the IVOIRE study in 140 patients comparing 35 ml/kg/h versus 70 ml/kg/h [ 25 ]. In 
a recent systematic review and meta-analysis HV-HF was defi ned as continuous 
high-volume treatment with an effl uent rate of 50–70 ml/kg/h (for 24 h per day) or 
intermittent very high volume treatment with an effl uent rate of 100–120 ml/kg/h 
for a 4–8 h period followed by conventional renal dose hemofi ltration [ 27 ]. Four 
studies (470 participants) were included and the authors concluded that HVHF, 
compared with standard renal dose had no signifi cant impact on short-term mortal-
ity, kidney recovery, improvement in hemodynamic profi le, or reduction in ICU or 
hospital length-of-stay. Another more extensive systematic review and meta- 
analysis including 7 RCTs (558 patients) using the same cut-off of 50 ml/kg/h but 
additionally investigating pulse HV-HF with 85–100 ml/kg/h over 8 h confi rmed the 
lack of effect on relevant endpoints such as renal recovery as well as vasopressor 
requirements or cytokine clearance [ 28 ]. The application of continuous HV-HF 
hemofi ltration or pulse very HV-HF in severe sepsis and septic shock cannot be 
recommended based on the results of human studies.  

13.6     Risks of “Too Little” and “Too Much” RRT 

 Insuffi cient metabolic clearance correlates with inadequate treatment and should be 
avoided. However, it is not clear what the lowest acceptable dose of acute RRT is. 
In the chronic setting, ESRD patients receiving thrice-weekly intermittent haemodi-
alysis with URR <60 % had a higher mortality compared to patients with URR of 
65–69 % (odds ratio for mortality 1.28 for URR of 55–59 % and 1.39 for URR 
<55 %) [ 29 ]. Thrice-weekly IHD with an estimated URR <60 % provides azotemic 
control similar to that of approximately 10–15 mL/kg/h of CRRT. Since it is unlikely 
that critically ill patients have a lower requirement for RRT in comparison with 
stable haemodialysis patients, it has been suggested that CRRT doses of <15 ml/
kg/h are too low in critically ill patients, especially in the acute phases of illness. 

 High dose CRRT is associated with higher clearance of urea and creatinine but 
also increased losses of other substances. Some losses may be obvious (ie phos-
phate) but others may be hidden and not immediately recognized, for instance trace 
elements and micronutrients [ 25 ]. There is also increasing recognition that high 
dose CRRT increases drug clearance and may potentially lead to sub-therapeutic 
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drug levels, including antibiotics, resulting in treatment failure [ 5 ,  30 ,  31 ]. 
The IVOIRE study clearly demonstrated reduced average elimination half-life of 
administered antibiotics when using high doses of 70 ml/kg/h [ 25 ]. 

 Awareness about the potential dangers of increased clearance is necessary and 
close drug monitoring is essential when using RRT above the current recommended 
doses. 
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14.1  Principles of Diffusion and Convection

Simplistically, the two predominant techniques employed in terms of renal support 
for patients with acute kidney injury may be viewed as either diffusion based 
 (dialysis) or convective (filtration) in nature. Hybrids of these techniques are also 
available and may offer theoretical advantages, but in order to understand any 
potential benefits of one technique over another, the fundamental processes involved 
must be understood. Both convection and diffusion are intimately related in that 
both processes are required for the separation of molecular species and although 
haemodialysis, for example, is viewed as a diffusive therapy, it also relies on 
 convection. Similarly, techniques such as haemofiltration relies, in part, on diffusion 
as well as convection [1].

Convection describes the movement of any given molecular species within the 
medium in which it is embedded. The movement of any given molecule is at a speed 
identical to that of the components of the medium itself and thus all molecular 
 components consequently move at the same rate (Fig. 14.1a). It follows, therefore, 
that convection per se is of little use in terms of separation of molecular species. 
However, convection is an essential process in that it allows transport of molecular 
species to a boundary where they can be separated: this may be via a semipermeable 
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membrane, for example. Therefore, without convection, diffusive therapies could 
not occur efficiently. Convection is often thought of as the process which drives 
ultrafiltration, the removal of water from a solution. However, water removal in 
dialysis is actually accomplished through forced diffusion through pressure across 
a semi-permeable membrane. Where highly permeable membranes are used such as 
in haemofiltration, the predominant driving force is hydrostatic promoting convec-
tion through the filter. Given that convection implies that all molecular components 
move at the same rate then all molecular components will travel with the water (so-
called solvent drag) but molecular separation will also depend on the characteristics 
of the membrane or filter employed (Fig. 14.1b) [2].

Diffusive therapies rely on several phenomena including ordinary diffusion and 
forced diffusion. Ordinary (or Fickian) diffusion describes the molecular movement 
induced by random movements coupled to the non-uniform distribution in space of 
the species. This is shown in Fig. 14.1b, where eventual uniform distribution of 
molecular species will be seen within a solution. The rate of this process is defined 
by the diffusive flux. The flux is defined as the number of molecules that pass 
through a unit area in a unit time. Clearly the flux is also dependent on any concen-
tration gradient involving the diffusing substance and this process, for any given 
molecular species A, is described by Fick’s law [3]:

 N D CA A A= − ∇  

where ÑC  is the gradient and D is the Fickian diffusivity. Ordinary diffusion effec-
tively scatters molecular species throughout the medium and is dependent on 
numerous factors including molecular size and properties of the solution. 
Separation, however, is determined by the introduction of a further element such as 
a membrane or gel. These will affect diffusion coefficients significantly, allowing 
molecular separation to occur, which in turn is limited by the available concentra-
tion gradients. Forced diffusion describes the application of an external force which 
acts differently on the molecular species present facilitating separation. Thus in a 

a b

Fig. 14.1 (a) Representation of unhindered ordinary diffusion demonstrating a non-uniform dis-
tribution and movement throughout the solvent. (b) Representation of convection without diffu-
sion moves all molecular species equally and does not result in separation
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dialysis machine separation is enhanced not only by the membrane but by concen-
tration gradients (ordinary diffusion) but also by pressure changes through the 
application of blood pumps (forced diffusion). In practice this results in the pas-
sage of a molecular species along a concentration gradient, and this solute transport 
can be expressed as:

 
Jd DTA= ∂

∂






c

x  

where DTA are the diffusion coefficient (which varies with the cubed root of the 
molecular weight), temperature and the surface area of the membrane and ∂c is the 
concentration gradient across the membrane with ∂d being the membrane thickness. 
This differs from convective based treatments (Fig. 14.2) where clearance of a 
molecular species is, as indicated, driven by hydrostatic pressures and convection. 
The hydrostatic pressure driving convection is that pressure generated across the 
membrane (TMP). This transmembrane pressure is defined as:

 TMP Pb Pd= − − π  

where Pb is the hydrostatic pressure in the blood compartment and Pd is the hydro-
static pressure on the ultrafiltrate side of the membrane. The oncotic pressure is 
given by π. It follows from this equation that convective flux (Jf) of any given 
molecular species will be given by:

 Jf Kf TMP= ×  

with Kf being the membrane permeability coefficient. The rate at which molecular 
species cross the membrane depends on the membrane rejection coefficient (σ) 
which is effectively zero for small species such as urea but approaches 1 for larger 
molecules such as albumin. The sieving coefficient (Sc) is given by:

 Sc = −1 σ  

This can be determined by measuring the concentration of a given solute in the 
plasma water and the ultrafiltrate. Thus a simple view of solute clearance (K) in 
convective treatments is the product of:

 K = Qf. Sc  

where Qf is the ultrafiltration rate. It follows that where Sc = 1, the clearance is equal 
to Qf. Solute clearance using diffusion-based systems may be calculated from:

 
K = ( )Qdo Cdo / Cbi×  

with Qdo and Cdo being the dialysate effluent flow and solute concentration in the 
effluent dialysate (that leaving the dialyser). Cbi is the concentration of the solute of 
interest entering the dialyser [4]. In summary, diffusion provides the main basis for 
the separation of molecular species in dialysis aided by convection, whereas in fil-
tration convection is aided by diffusion, and as such the two processes often act 
simultaneously with any division being somewhat artificial.
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14.2  Types of Renal Replacement Therapy for AKI: 
Intermittent versus Continuous

RRT for AKI may be applied in several guises. In essence these can be simplisti-
cally thought of as being continuous therapies, intermittent therapies and more 
recently hybrid technologies. Although each technique may have its proponents, 
there are advantages (and disadvantages!) of each mode. All extracorporeal tech-
niques share many features including access to the circulation as well as an extra-
corporeal circuit offering molecular separation the nature of which is technique 
dependent. There are many acronyms used when describing the various techniques 
to provide renal support. The consensus recommends the use of the term renal 
replacement therapy (RRT) which may be intermittent or continuous and described 
as IRRT or CRRT, respectively. The extracorporeal circuit type is then described, 
for example, pumped venovenous—VV. This is followed by the method of blood 
purification, for example, haemofiltration—H, haemodiafiltration—HDF and 
 haemodialysis—HD. Therefore, continuous venovenous haemodiafiltration would 
be represented by CVVHDF [5, 6].

14.2.1  Intermittent Techniques

Intermittent techniques, specifically intermittent haemodialysis, are the standard 
treatment modality for renal replacement in patients with end stage renal disease. In 
intermittent haemodialysis, blood is pumped into a dialyser containing two fluid 
compartments with blood in the first compartment being pumped along one side of 
a semipermeable membrane while a crystalloid solution (dialysate) is pumped along 
the other side in a contraflow fashion. As described, the concentration gradients of 
solute between blood and dialysate lead to the desired biochemical changes. In 
order to prevent filtration of the dialysate back into the bloodstream, this compart-
ment is under negative pressure relative to the blood compartment.

Key Messages
• Convection and diffusion are essential processes needed to drive molecular 

separation.
• Convective therapies transport solutes and solvent across a semipermeable 

membrane through the application of a transmembrane pressure gradient.
• Diffusive therapies rely on solute transport across a semipermeable mem-

brane driven by a concentration gradient such that the solute concentration 
will tend to reach equilibrium in the available distribution space on both 
sides of the membrane.

• Convection and diffusion often occur simultaneously and as such any dis-
tinction is somewhat artificial.

14 Type of Renal Replacement Therapy
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Compared to continuous techniques, relatively high blood flows are used 
 (200–400 mL/min) coupled with dialysate flow rates of 500–800 mL/min (see 
Fig. 14.2). Such flows enable high solute clearance rates over a relatively short period 
of time which may be associated with complications in the critically ill patient. For 
example, rapid removal of urea during dialysis may be associated with the dialysis 
disequilibrium syndrome. This is a clinical phenomenon of acute central nervous sys-
tem dysfunction attributed to cerebral oedema occurring during or just after renal 
replacement therapy. Although generally accepted that cerebral oedema plays a major 
role in the development of the dialysis disequilibrium syndrome, the definitive patho-
physiology is incompletely described [7, 8]. Of the mechanisms proposed, the increased 
urea removal from the plasma over that of the cerebrospinal fluid resulting in move-
ment of water into the brain—the so-called reverse urea effect hypothesis—is probably 
the most universally accepted. Features of the dialysis disequilibrium syndrome 
include nausea, headache, vomiting, tremors and seizures [9]. There is no treatment as 
such for the dialysis disequilibrium syndrome, and despite a lack of evidence base, 
preventive measures include shorter session length, lower blood flow rates and use of 
smaller surface area filters. Low-dose continuous therapies could also be applied.

Perhaps, in critically ill patients, intermittent therapies result in higher rates of 
hypotension, which is significantly influenced by the amount of fluid removal 
required during each dialysis session and often prevents achievement of desired 
fluid balance (Table 14.1). To minimize the adverse haemodynamic effects of inter-
mittent therapies, several groups have described techniques whereby modifications 
are made to avoid the dialysis disequilibrium syndrome as well as haemodynamic 
intolerance [10]. These include:

• Limiting maximal blood flow at 150 mL/min with a minimal session duration 
of 4 h

• Simultaneously connection of the circuit with a catheter primed with 0.9 % 
saline

• Setting dialysate sodium concentration >145 mmol/L
• Setting dialysate temperature <37°C with cooling to 35°C in haemodynamically 

unstable patients
• Commencing session with dialysis for a short period followed by ultrafiltration

Intermittent therapies do have some potential advantages which include facili-
tated patient mobilization as well lower costs principally due to a lack of expense of 
replacement fluids with online dialysate production. However, this presumes that 

Table 14.1 Outline 
of techniques viewed  
suitable for RRT in AKI

Therapeutic aim Patient characteristics Suitable techniques

Solute removal Stable Intermittent

Unstable Continuous/Hybrid

Fluid removal Stable Ultrafiltration

Unstable Ultrafiltration/SCUF

Solute & fluid 
removal

Stable Intermittent

Unstable Continuous/Hybrid
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the therapy is delivered by dedicated ICU staff and not additional specified renal 
nurses. Often choice of treatment is a matter of preference and local practice, 
although many intensive care doctors would regard haemodynamic instability as a 
major concern and hence influence treatment choice for acute kidney injury in the 
ICU. Treatment of acute kidney injury in the renal unit, however, when present as 
single organ failure is almost exclusively delivered as intermittent therapies [11].

However, there continues to be a growing body of evidence which points to worse 
renal outcomes when intermittent therapies are employed in the critical care unit. 
Although this evidence is retrospective, it is impelling and implies that initial treatment 
choice may well influence the outcomes of survivors of acute kidney injury [12, 13].

14.2.2  Continuous Therapies

Although renal replacement therapy implies the total replacement of kidney func-
tion, practically this is not the case. Although no current technology can mimic the 
function of the kidney, continuous therapies may be viewed as providing good clini-
cal tolerance coupled with the recovery of metabolic homeostasis. Historically, con-
tinuous therapies developed from ultrafiltration systems dependent on arterial flow 
rates to provide the hydrostatic pressures driving the filtration process. In the criti-
cally ill, there is often relative hypotension which precludes adequate perfusion of 
an extracorporeal circuit, which in turn is reflected in inefficient molecular clear-
ance and inadequate dosing of treatment when driven by the systemic arterial pres-
sure. The development of non-occlusive venous pumping systems allowed the 
development of venovenous circuitry, which overcame this problem. Such blood 
pumps assure a fast and stable blood flow that can be set at rates tolerated by the 
patient [14]. Occasionally, catabolic patients with an increased urea load may 
require higher flow rates but continuous techniques do allow more predictable blood 
flow rate and thus the ability to achieve a higher filtration rate.

Several techniques and modality types are currently available to deliver renal sup-
port continuously on the intensive care unit. Continuous venovenous haemofiltration 
(CVVH: Fig. 14.2) has found favour as the mainstay of renal replacement techniques 
in the critically ill, certainly within Europe and Australasia [15]. Solute transport is 
achieved predominantly by convection utilizing a high-flux membrane. This produces 
an ultrafiltrate which is replaced by a substitution fluid with volume balance being 
achieved by the degree of replacement. The replacement fluid may be infused before 
or after the filter (see below). Continuous venovenous haemodialysis (CVVHD) again 
is a process driven by a venovenous pump through an extracorporeal circuit and, 
through a haemodialyser containing a semipermeable membrane. This allows adequate 
exchange of small molecular weight solutes into the dialysate and hence their removal 
from the body. In general, haemodialysis is effective for the removal of small molecu-
lar weight solutes and becomes increasingly less efficient as molecular weight rises 
above a thousand daltons. Continuous venovenous haemodialfiltration (CVVHDF) is 
adapted from that technique originally introduced to increase the limited clearance of 
urea and other small molecular weight solutes in arterial-driven haemofiltration sys-
tems. CVVHDF does combine the two processes of diffusion and convection by 
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introducing a countercurrent flow of dialysate into the non-blood-containing compart-
ment of the haemodiafilter. This theoretically increases the efficiency of clearance of 
small molecular weight solutes over that of haemofiltration without dialysis.

14.2.3  Continuous versus Intermittent Therapies

To date there is a paucity of evidence to support one approach over another with cur-
rent data suggesting that the two principal outcomes measured, namely survival and 
renal recovery, are similar whatever technique is used [6]. As such they are viewed as 
complementary therapies in patients with acute kidney injury. Conclusions from the 
limited number of randomized prospective studies are also somewhat contradictory. 
For example, one of the earliest studies randomized 166 patients with acute kidney 
injury to either continuous or intermittent techniques and demonstrated a higher all-
cause mortality with continuous therapies. However, on adjustment for severity of ill-
ness no such association was observed [16]. A larger, prospective study on some 360 
patients also failed to demonstrate any survival benefit, as defined by 60-day mortality, 
when comparing IHD to CVVHDF [17]. With regard to renal recovery, often defined 
as the need for long-term renal replacement therapy, again no definitive conclusions 
can be driven, although several meta-analyses point to a benefit with continuous treat-
ments although when just randomized trials are included no difference is seen [12, 18].

14.3  ‘Hybrid’ Technologies: Prolonged Intermittent Renal 
Replacement Therapy for AKI

As discussed, the therapeutic aims of continuous RRT are correction and maintenance 
of volume and acid–base homeostasis in the critically ill without undue haemody-
namic disturbance. This originally led to the introduction of continuous therapies but 
more recently several newer technologies have sought to achieve this aim without nec-
essarily being continuous in nature. The aim, therefore, is to optimize the potential 
advantages offered by both approaches thus solute clearances achieved, for example, 

Key Messages
• Continuous treatment is often an aspirational treatment goal and there are 

often many reasons why treatment may be interrupted.
• Intermittent therapies are the mainstay of treatment for chronic kidney 

disease.
• Continuous therapies may be associated with less treatment associated 

hypotension or disequilibrium syndromes.
• There is a paucity of definitive, high-quality data supporting one technique 

over another, although meta-analyses tend to support a potential survival 
and renal recovery benefit with continuous treatments.
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may not be as efficient as intermittent dialysis but the techniques are maintained for 
longer periods of time. Numerous regimens/techniques have evolved which can be 
collectively referred to by the umbrella term ‘hybrid therapies’. An alternative descrip-
tion is ‘prolonged (daily) intermittent renal replacement therapy’ (PIRRT). These tech-
niques have various approaches which differ slightly and include techniques such as:

• Sustained low efficiency (daily) dialysis (SLEDD)
• Sustained low efficiency (daily) diafiltration (SLEDD-f)
• Extended daily dialysis (EDD)
• Extended daily dialysis with filtration (EDDf)

Advocates of these technologies claim that such techniques combine the logistic and 
cost advantages of intermittent haemodialysis with the theoretical therapeutic advan-
tages of continuous replacement therapies. Potential benefits include efficient solute 
removal with reduced ultrafiltration rate, thereby minimizing haemodynamic instabil-
ity. Furthermore, there may be lower anticoagulant needs as well as reduced costs and 
perhaps most importantly improved patient mobility particularly in the rehabilitative 
phase of critical illness. Indeed, a randomized controlled trial of PIRRT versus CRRT 
demonstrated cardiovascular stability during treatment [19]. Patients were randomly 
assigned to either PIRRT or CRRT, achieving a total ultrafiltration of 3 L over 12 h and 
3.3 L over 24 h during the hybrid treatment and CRRT, respectively. No significant dif-
ference in inotrope dose or number was observed. Although a trend to lower blood 
pressure and cardiac output was observed, this did not reach significance and no differ-
ence in outcomes were observed. Although at present these techniques account for less 
than 10 % of treatments offered to critically ill patients with acute kidney injury, the 
potential benefits including that of cost may mean that they become more prevalent.

14.4  Postdilution versus Predilution

As discussed above, continuous convective therapies such as continuous venovenous 
haemofiltration (CVVH) require the replacement of fluids to achieve net solute removal 
and to achieve prescribed volume balance. The replacement fluid may be returned to 
the circuit either before (predilution) or after the haemofilter (postdilution).

Key Messages
• Hybrid therapies may deliver desired solute clearance without haemody-

namic compromise.
• Hybrid therapies have a considerable cost advantage and as such may 

increasingly be seen as a favourable approach.
• No data as yet has suggested that hybrid therapies confer any survival or 

renal recovery differences compared to conventional intermittent or con-
tinuous treatments.

14 Type of Renal Replacement Therapy



184

14.4.1  Postdilution

Where replacement fluid is reinfused through the venous line of the circuit (postdi-
lution), the effect on solute clearance and ultrafiltration rate is relatively straightfor-
ward. Solute clearance will be, in the main, determined by the sieving coefficient 
and the ultrafiltration rate. Although postdilution haemofiltration provides higher 
solute clearance, it is limited by the attainable blood flow rate. Specifically, this is 
governed by the filtration fraction. The filtration fraction in continuous therapies 
(only relevant for CVVH and CVVHDF) can be simply calculated by dividing the 
ultrafiltration rate by the plasma flow rate (Blood pump speed × 1-Haematocrit = 
equivalent to renal blood flow). Therefore, 

(1-Hct) × Blood flow rate = plasma flow (PF) rate 

and 
ultrafiltration rate (UFR)/plasma flow (PF) = filtration fraction (FF). 

In CRRT, a filtration fraction above 25 % significantly increases clotting risk 
through haemoconcentration. Thus, if a blood pump speed of 250 mL/min is used 
with a haematocrit of 0.3, then Plasma Flow = 175 mL/min. In order to maintain the 
filtration fraction at <25 %, the UFR must be set no higher than 45 mL/min. At fil-
tration fractions that are greater than 25 %, secondary membrane effects and con-
centration polarization both impair filter performance.

14.4.2  Predilution

Predilution reinfusion does have a few theoretical advantages with regard to solute 
removal but these must be tempered by the effect of dilution on plasma solute 
 concentration. In turn, this affects the amount of solute removed by convection as 
well as increasing the replacement fluid utilization. However, filter viability is 
improved by predilution as it reduces the risk of clotting in the filter by reducing the 
haematocrit.

Key Messages
• Replacement fluids can be delivered to the extracorporeal circuit before the 

filter (predilution) or after the filter (postdilution).
• The blood flow rate within the filter determines replacement fluid 

 requirements as this influences the filtration fraction.
• The filtration fraction should be maintained at <25 % in order to minimize 

deleterious effects on filter performance and filter life.

M. Joannidis and L.G. Forni
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  15      Anticoagulation for Continuous Renal 
Replacement Therapy 

             Heleen     M.     Oudemans-van Straaten     ,     Anne-    Cornelie 
J.M.     de     Pont     ,     Andrew     Davenport     , and     Noel     Gibney    

15.1            Heparin Anticoagulation for Continuous Venovenous 
Hemofiltration (CRRT) 

    Anne-    Cornelie J.M.     de     Pont      

 Unfractionated heparin (UFH) is the anticoagulant most frequently used to prevent 
thrombosis in the extracorporeal circuit [ 1 ]. Its anticoagulant effect is mediated by 
the binding to antithrombin through a high affi nity pentasaccharide sequence, 
thereby inactivating factors IIa, Xa, IXa, XIa and XIIa. By inactivating thrombin 
(IIa), UFH also inhibits thrombin-induced activation of platelets and factors V, VIII 
and XI [ 2 ]. After intravenous injection, UFH binds to endothelial cells, macro-
phages and plasma proteins such as the acute phase proteins factor VIII and fi brino-
gen, often elevated in critically ill patients. This explains why the response to UFH 
among critically ill patients is often reduced, a phenomenon known as heparin 
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resistance. UFH is cleared from the circulation by cellular binding and renal elimi-
nation. Binding to endothelial cells and macrophages leads to rapid internalization 
and depolymerization, whereas renal elimination is a much slower process. Two 
small studies demonstrated that UFH is not cleared by continuous venovenous 
hemofi ltration [ 3 ,  4 ]. 

 The anticoagulant effect of UFH is generally monitored by means of the acti-
vated partial thromboplastin time (APTT) or the activated clotting time (ACT). The 
APTT tests the intrinsic and common pathways of the coagulation cascade, requir-
ing the presence of coagulation factors I, II, V, VIII, IX, X, XI and XII to yield a 
normal result. The ACT is a point of care test, measuring the time to clotting of 
whole blood added to a surface activator such as celite, glass or kaolin. The ACT is 
less accurate than the APTT and is not recommended for the monitoring of treat-
ment with heparin in the intensive care setting [ 5 ]. 

 UFH can be used both for priming the circuit and keeping it open during the 
treatment. Priming the circuit with UFH has not been extensively studied. A small 
prospective randomized crossover study showed less thrombogenicity after priming 
the circuit with UFH, but differences in circuit survival were not mentioned [ 6 ]. To 
prevent thrombosis in the extracorporeal circuit during the treatment, UFH can be 
used systemically or regionally. No dose fi nding studies have been performed to 
establish the systemically administered UFH dose needed to prevent thrombosis in 
this setting. A maximum loading dose of 5,000 IU, followed by a maintenance dose 
of 5–10 IU/kg/h, aiming at an APTT up to 1.4 times the upper limit of normal has 
been recommended [ 7 ,  8 ]. Two small studies investigated the effi cacy of regional 
anticoagulation with UFH, infusing UFH before the fi lter and reversing its action 
with protamine after the fi lter to prevent systemic anticoagulation. In the fi rst study, 
circuit survival times during systemic and regional anticoagulation with UFH were 
similar, whereas in the second study, circuit survival was shorter during regional 
anticoagulation with UFH than during systemic anticoagulation with nadroparin [ 9 , 
 10 ]. A prospective controlled study among 110 intensive care patients demonstrated 
that regional anticoagulation with UFH and protamine combined with intravenous 
prostacyclin increased circuit survival when compared with systemically adminis-
tered UFH only [ 11 ]. Given the many safe citrate protocols (see below), regional 
anticoagulation with heparin–protamin is nowadays not recommended anymore. 

 Treatment with UFH carries the risks of both drug resistance and bleeding. Drug 
resistance is associated with antithrombin defi ciency, increased heparin clearance 
and elevation in heparin binding proteins such as the acute phase proteins factor 
VIII and fi brinogen [ 12 ]. In critically ill patients, elevated levels of factor VIII may 
shorten the APTT without diminishing the antithrombotic effect of UFH. In this 
case, monitoring through an anti-Xa assay is recommended, since the result of this 
assay more closely mirrors the antithrombotic effect of UFH. The risk of heparin- 
associated bleeding increases with the dose. When doses exceeding 35,000 IU/24 h 
are used, monitoring by means of the anti-Xa assay is recommended [ 2 ]. 
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 The use of UFH has several advantages: Its half-life is relatively short (0.5–3 h), 
it is easily reversible with protamine, the experience with it is large and it is cheap. 
However, both drug resistance and bleeding are common and UFH carries a 1–5 % 
risk of heparin induced thrombocytopenia (HIT). 

 Low molecular weight heparins (LMWHs) are also being used to prevent throm-
bosis in the extracorporeal circuit, although less often than UFH [ 1 ]. The mecha-
nism of action of LMWHs is similar to that of UFH, but because of reduced binding 
to plasma proteins, their pharmacokinetics are more predictable. They exhibit linear 
pharmacokinetics with stationary distribution volume and clearance processes, 
obviating the need of anti-Xa monitoring during continuous dosing. However, a 
small study reported resistance to LMWH in critically ill patients as well [ 13 ]. 
LMWHs are partially metabolized by desulfatation and depolymerization, and 
5–10 % of the injected dose is eliminated by urinary excretion. Clearance by hemo-
fi ltration is insignifi cant [ 13 ]. The half-life is longer than that of UFH (2–4 h) and 
the anticoagulant action is not fully reversible with protamine. However, the inci-
dence of HIT is much lower (0.5–1 %). Several studies have investigated the use of 
LMWHs during hemofi ltration. The drugs most frequently investigated are daltepa-
rin, enoxaparin and nadroparin. LMWHs differ in their ratio of anti-Xa versus anti-
IIa inhibition, enoxaparin having the greatest ratio (3.8) and tinzaparin the smallest 
(1.9) [ 14 ]. The use of dalteparin as an anticoagulant during hemofi ltration was 
investigated in three studies, with loading doses of 15–20 IU/kg and maintenance 
doses of 4–10 IU/kg/h reaching circuit survival times from 15 to 47 h [ 15 ,  16 ]. 
Enoxaparin was investigated in two studies: A dose of 0.05 – 0.06 mg/kg/h was 
recommended, reaching circuit survival times of 22–31 h [ 17 ]. Nadroparin has been 
investigated in three studies with doses of 328–475 IU/h reaching circuit survival 
times of 15–40 h [ 10 ,  16 ,  18 ]. 

 In summary, when carefully dosed and monitored, both UFH and LMWHs can 
be used for the prevention of thrombosis in the extracorporeal circuit. 

 Key Messages Heparin 
•     Both UFH and LMWH can be used to prevent coagulation in the extracor-

poreal circuit if carefully dosed and monitored.  
•   Both heparin and LMWH increase the risk of bleeding.  
•   Half-life of UFH is 0.5–3 h; UFH is easily reversible with protamine.  
•   Half-life of LMWH is 2–4 h; anticoagulant action is only partially revers-

ible with protamine.  
•   Critically ill patients can exhibit heparin resistance due to antithrombin 

defi ciency and increased heparin binding to acute phase proteins and cells.  
•   The risk of heparin-induced thrombocytopenia (HIT) is lower with use of 

LMWH than with heparin.    
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15.2       Heparin Induced Thrombocytopenia 

    Andrew     Davenport      

 Heparins, both unfractionated heparins and low molecular weight heparins can bind 
to platelet factor 4 on the surface of platelets, causing activation and a reduction in 
the peripheral platelet count [ 19 ]. This is termed heparin induced thrombocytopenia 
type 1, and the fall in peripheral platelet count is typically modest, and the platelet 
count recovers spontaneously. On the other hand heparin induced thrombocytopenia 
type 2 leads to marked thrombocytopenia (typically >50 % fall in peripheral platelet 
count) due to autoantibody mediated platelet activation which can be life- threatening, 
and necessitates heparin withdrawal to aid recovery [ 20 ]. 

 Heparins are large negatively charged proteoglycans which can nonspecifi cally 
bind to proteins. As such heparins bind to platelet factor 4 (PF4), but when hepa-
rin is in excess (heparin:PF4 27 IU:1 mg) this leads to unfolding of the PF4 mol-
ecule, exposing new epitopes to which autoantibodies form. These antibodies 
then bind to platelet surface FcγIIa receptors activating platelets, and also to endo-
thelial cells increasing tissue factor expression. The ratio of heparin to PF4 is 
critical, and as such heparin induced thrombocytopenia type 2 is most commonly 
observed when patients are exposed to larger doses of heparins, for example fol-
lowing cardiac, major vascular and orthopaedic surgery [ 21 ]. Similarly the amount 
of negative charge on the heparin molecule is also important in causing changes 
in the shape of the PF4 molecule, so the incidence is greater with unfractionated 
than low molecular weight heparins, and bovine compared to porcine derived 
heparins. Similarly the incidence of HIT is increased in patients with solid organ 
malignancies and critically ill patients. Although IgA, IgG and IgM autoantibod-
ies may be formed to the heparin-PF4 complex, it is thought that only IgG are 
pathological [ 22 ]. 

 The diagnosis of heparin induced thrombocytopenia type 2 (HIT) remains a clin-
ical diagnosis. In the critically ill patient there are often many other potential causes 
of peripheral thrombocytopenia, ranging from reduced platelet production to 
increased consumption [ 23 ]. To aid the clinician in estimating the probability of 
HIT, Warkentin proposed the 4 Ts scoring system (Table  15.1 ) [ 24 ]. Even so if the 
diagnosis of HIT is clinically suspected then heparin should be withdrawn, includ-
ing catheter locks and line fl ushes whilst awaiting laboratory testing. Most labora-
tories now have access to ELISA assays designed to detect antibodies to heparin-PF4, 
but most assays are not specifi c for the IgGisotype, and report positive results with 
IgA and IgM antibodies [ 21 ,  22 ]. Only a few laboratories worldwide are able to 
perform the gold standard 5HT platelet release test for diagnosing HIT. Comparative 
studies between these assays have suggested that although most ELISA assays 
report a positive result with an optical density (OD) of >0.6, to have clinically sig-
nifi cant disease, the OD is >1.0. As such platelet agglutination assays should also be 
performed to confi rm the ELISA assay result. The reason that HIT remains a clini-
cal diagnosis is that antibodies can also form from other proteins released by acti-
vated platelets.
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   The lower the peripheral platelet count refl ects greater platelet activation and plate-
let adhesion to the endothelium, with greater risk of thrombosis. HIT can lead to both 
major venous and arterial thrombosis and platelet activation in the lung can lead to 
acute lung injury, so-called “pseudo-pulmonary” embolus. The management of HIT 
centers on both withdrawal of all heparins (including heparin fl ushes, catheter locks 
and subcutaneous administration) and also systemic anticoagulation to prevent throm-
bosis. The lower the platelets count the greater the risk of thrombosis and need for 
systemic anticoagulation. Typically thrombocytopenia starts to recover within 72 h fol-
lowing heparin withdrawal, and if there is no response to heparin withdrawal, then an 
alternative explanation for thrombocytopenia should be considered. Currently systemic 
anticoagulation options include the direct thrombin inhibitor argatroban, and the hepa-
rinoids, danaparoid and fondaparinux [ 25 ,  26 ]. Although danaparoid may cause cross 
reactivity with ELISA assays for HIT, this has not been reported to have adverse clini-
cal consequences. Argatroban is a reversible thrombin inhibitor and requires a continu-
ous infusion, with the infusion adjusted to maintain an activated partial thromboplastin 
ratio (aPPTr) of 2.0–2.5, and as it is hepatically metabolised then much lower dosages 
are required for patients with liver disease. Both danaparoid and fondaparinux are 
renally excreted and accumulate in patients with acute kidney injury and chronic kid-
ney disease. As they have minimal effect on the aPPTr, monitoring requires measure-
ment of anti-Xa activity, aiming for a therapeutic window of 0.4–0.6 IU/ml. Given the 
procoagulant nature of HIT, regional anticoagulants such as citrate for CRRT do not 
provide the systemic anticoagulation required to prevent systemic thrombosis, and as 
such additional systemic anticoagulation should be considered. 

 Once the platelet count has recovered to >150,000 × 10 6 /l, then warfarin therapy 
can be considered, as there is a risk of precipitating skin gangrene if warfarin ther-
apy is started before the platelet count has recovered. Argatroban prolongs the pro-
thrombin time, and therefore caution is required when converting patients from 
intravenous argatroban to oral warfarin therapy. For the majority of patients HIT 

    Table 15.1    The “4 Ts” scoring system to estimate probability for heparin induced 
 thrombocytopenia, prior to laboratory testing for HIT antibodies   

 score  2 points  1 point  zero 

 Thrombocytopenia 
 ×10 9 l 

 20–100 or 
 Fall > 50 % 

 10 – 19 or 
 Fall 30–50 % 

 <10 or 
 Fall <30 % 

 Timing of onset in 
 fall platelets a  

 5–10 days 
 heparin Rx 

 >10 days or 
 timing not evident 

 <1 day heparin 
 exposure 

 Thrombosis or 
 Acute systemic 
 symptoms 

 Proven thrombosis 
 Skin necrosis or 
 Acute systemic 
 reaction 

 Progressive, recurrent, 
silent thrombosis or 
erythematous skin lesions 

 none 

 Other aetiology for 
thrombocytopenia 

 None evident  possible  probable 

  Adapted from Ref. [ 6 ] 
 Low probability ≤3, intermediate probability 4–6, high probability ≥6 
  a This assumes the patient has not been previously exposed to heparins. In cases of prior heparin 

exposure, then HIT can develop within 24 h if preformed antibodies are already present  
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antibodies are a temporary phenomenon and disappear over time. However before 
considering rechallenging patients with heparin, then both ELISA and platelet 
agglutination assays should be negative on at least two occasions (Table  15.1 ). 

15.3       Prostacyclin 

    Noel     Gibney      

 Prostacyclin is an anti-hemostatic prostaglandin that inhibits platelet function, activation 
and adhesion by diminishing the expression of platelet fi brinogen receptors and 
P-selectin and reduces heterotypic platelet-leukocyte aggregation. At higher infusion 
doses it is also a potent smooth muscle relaxant and vasodilator. It is available for clini-
cal therapy as a synthetic analogue, epoprostenol. It is produced primarily in the endo-
thelial and smooth muscle cells of blood vessels. Prostacyclin has a short half-life of 
2–3 min with a clinical effect on end-organs and platelets of approximately 30 min [ 27 , 
 28 ]. It has been used in combination with low dose heparin infusions and on its own as 
an adjunct to prolong hemofi lter life during intermittent dialysis and CRRT [ 29 – 31 ]. 

15.3.1     Indication 

 Prostacyclin has primarily been used as an anti-hemostatic to enhance hemofi lter 
life in patients with acute kidney injury and acute liver failure and concern to avoid 
hemorrhage. Although many such patients have severe coagulopathy, some continu-
ally thrombosehemofi lters during CRRT, even while suffering from ongoing hemor-
rhage, usually gastrointestinal. This is likely due to defi ciencies in the synthesis of 

 Key Messages Heparin Induced Thrombocytopenia 
•        Consider heparin induced thrombocytopenia in any patient with a 50 % fall 

in peripheral platelet count after starting heparin within the previous 10 
days.  

•   Heparin induced thrombocytopenia remains a clinical diagnosis. Use the 
“4 Ts” scoring system to estimate probability.  

•   With a score ≥6, withdraw all heparins immediately whilst awaiting con-
fi rmation with ELISA and platelet agglutination assays, and start alterna-
tive systemic anticoagulation with argatroban as fi rst choice and consider 
additional citrate anticoagulation for the circuit.  

•   With a score between 3 and 6, order ELISA testing, while continuation of 
heparins awaiting results seems to be justifi ed.  

•   The lower the platelet count the greater the risk of thrombosis and systemic 
anticoagulation is required.  

•   For a defi nite diagnosis of HIT, positive ELISA testing should be con-
fi rmed with a platelet agglutination assay.    
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anti-thrombotic substances such as anti-thrombin III, protein C and protein S [ 32 ]. 
Since prostacyclin exerts its effect on platelet function, it unlikely to be of signifi -
cant value in patients with severe thrombocytopenia. 

 Although regional citrate anticoagulation has been shown to be more effective in 
maintaining hemofi lter patency, its use is often not possible as these patients are at 
risk of citrate accumulation as citrate is primarily metabolized in the liver [ 33 ]. In 
this diffi cult clinical situation, the use of prostacyclin may be valuable in prolonging 
hemofi lter life without adding extra risk of bleeding [ 34 ].  

15.3.2     Practical Considerations 

 Prostacyclin is available clinically as epoprostenol in a freeze dried powder which 
must be reconstituted as directed, only using the supplied diluent containing a gly-
cine buffer to maintain a pH of 10–11. It must be infused via a separate infusion line 
to avoid inactivation by acidic drugs such as catecholamine vasopressor agents. It is 
important that only syringe infusion pumps with noncompliant intravenous tubing 
external to the pumps on the CRRT machine are used for infusion when using pros-
tacyclin with CRRT. The infusion pumps on some CRRT machines, although osten-
sibly syringe pumps, operate by using “micro boluses” of drug rather than a smooth 
continuous infusion and may be associated with the development of intermittent epi-
sodes of hypotension. A similar issue may be seen using other infusion pumps that 
use peristaltic mechanisms. Since prostacyclin does not interfere with the coagula-
tion systems, there is no simple clinical means of readily monitoring and titrating the 
infusion dose although thromboelastography could be used for this purpose [ 27 ].  

15.3.3     Alone or Incombination with Heparin 

 Prostacyclin has been used both as a sole anti-hemostatic agent and in combination 
with unfractionated heparin. It has been shown to extend hemofi lter survival, par-
ticularly when used in combination with low dose heparin [ 22 – 24 ]. 

 The use of prostacyclin combined with regional anticoagulation with prefi lter 
heparin and postfi lter protamine has been studied in a prospective randomized trial 
and provided excellent fi lter survival and minimal bleeding when compared with 
conventional heparin [ 11 ].  

15.3.4     Dose and Side Effects 

 Because of its vasodilator properties, prostacyclin can cause hypotension, although, 
the typical infusion doses used to enhance hemofi lter life by antagonism of platelet 
activation and aggregation is in the range of 3–5 ng/kg/min and, generally does not 
impact on blood pressure signifi cantly in most patients, although occasionally the 
dose of vasopressor infusions needs to be increased. (The typical dose required to 
achieve pulmonary vasodilatation is up to 35 ng/kg/min). 
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 The main side effect of prostacyclin is hypotension caused by vasodilatation which 
may be managed by ensuring adequate fl uid volume status, by reducing the rate of 
infusion or by titrating a vasopressor infusion. Theoretically, the risk of bleeding 
increases with platelet inhibition. However, in an observational study of 51 critically 
ill patients undergoing CRRT with prostacyclin as sole anti-hemostatic agent there 
was minimal bleeding (one episode per 1,000 h treatment) although 15 % required 
either fl uids or vasopressor therapy either for the fi rst time or an increase in dose fol-
lowing initiation of prostacyclin [ 34 ]. Prostacyclin is relatively expensive, but at the 
low doses used for CRRT the cost is similar to citrate regional anticoagulation.   

15.4     Citrate Anticoagulation for Continuous Renal 
Replacement Therapy 

    Heleen     M.     Oudemans-van Straaten      

15.4.1     Summary 

 Citrate acts as anticoagulant by chelating ionized calcium (iCa) and thereby causing 
hypocalcemia in the fi lter. At an iCa concentration of 0.25 mmol/L, anticoagulation 
is maximal. Part of the citrate is removed by dialysis or fi ltration, the remains enter 
the systemic circulation. Citrate is rapidly metabolized in the mitochondria, the che-
lated calcium is released and the lost calcium is replaced. Citrate therefore provides 
regional anticoagulation and does not increase the risk of bleeding. 

 Sodium citrate is a buffer as well provided that citrate is metabolized. The buffer 
strength is equivalent to 3 mmol bicarbonate per mmol citrate if all cations are sodium 
(trisodium citrate) and less so if part of the cations are hydrogen (citric acid). 

 Citrate anticoagulation is better tolerated than heparin, and is associated with 
less bleeding and generally longer circuit survival. Its main risk is accumulation due 
to decreased metabolism as a result of liver failure or systemic hypoperfusion. 
Accumulation is characterized by a decrease in iCa, a rise in total Ca and metabolic 
acidosis. It is monitored by measuring systemic iCa (to adjust calcium replacement) 
and acid–base balance. A rise in total/iCa is the most sensitive marker of 
accumulation.  

15.4.2     Introduction 

 Sodium citrate has become the fi rst choice anticoagulant for continuous renal 
replacement therapy (CRRT). It provides regional anticoagulation of the circuit, 
without increasing the patient’s risk of bleeding. Its anticoagulant properties are due 
to the chelation of ionized calcium (iCa) thereby causing hypocalcemia in the cir-
cuit. Calcium is a necessary cofactor in the formation of thrombin. Coagulation is 
inhibited as soon as ionCa falls below 0.50 mmol/L, and is maximal at an iCa con-
centration of 0.25 mmol/l [ 35 ].  
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15.4.3     Regional Anticoagulation 

 Within the CRRT circuit, sodium citrate is administered before the fi lter. Citrate 
dose is titrated to blood fl ow. Postfi lter iCa can be monitored to fi ne-tune anticagula-
tion by adjusting citrate dose to iCa targets (0.25–0.35 mmol/L),but many protocols 
use a fi xed citrate to blood fl ow proportion. Part of the calcium citrate complexes are 
removed by dialysis or fi ltration. The remains enter the patient’s circulation to be 
metabolized in the Krebs cycle of liver, kidney and muscle. The chelated calcium is 
released, while the calcium lost by dialysis or fi ltration is replaced. Regional antico-
agulation is the result, and this is the main benefi t of citrate [ 8 ,  36 ].  

15.4.4     Citrate Is a Buffer 

 Sodium citrate is a buffer base as well. According to the classical concept, each 
mole of trisodium citrate provides a buffer equivalent of three moles of bicarbonate, 
if and when citrate is metabolized. According to the Stewart concept of acid–base 
[ 30 ], sodium citrate increases the strong ion difference (SID = (Na +  + K +  + Ca 2+  + 
Mg 2+ ) – (Cl −  + lactate − )) provided that citrate is metabolized. This concept explains 
why the buffer strength of the citrate solution depends on the accompanying cation 
[ 31 ]. The buffer strength is higher when using a trisodium citrate solution and lower 
when part of the cations are hydrogen, as is the case in the acid dextrose citrate 
(ACD-A) solution, as used in some protocols, in which 30 % of the cations consist 
of hydrogen [ 37 – 39 ].  

15.4.5     Principles of the Citrate Circuit 

 Citrate is administered before the fi lter, either as a separate more or less concen-
trated trisodium citrate solution [ 18 ,  40 – 43 ] or as part of an isotonic balanced 
calcium- free predilution hemofi ltration solution. In the latter, the bicarbonate is 
replaced by citrate and the solution is calcium-free [ 44 – 46 ]. When a separate 
sodium citrate solution is used, the associated dialysate or postdilution hemofi ltra-
tion solution contains no or less bicarbonate and less sodium to compensate for the 
citrate buffer and the sodium content of the citrate solution. In most protocols, cal-
cium is replaced separately. It should be noted that citrate additionally chelates 
magnesium and that citrate CRRT can lead to a negative magnesium balance 
because the magnesium content of most CRRT solutions is too low [ 47 ].  

15.4.6     Modalities 

 Different modalities for citrate are in use: Hemodialysis [ 41 ],predilution hemofi ltra-
tion [ 44 – 46 ], postdilution hemofi ltration [ 18 ,  43 ] or hemodiafi ltration [ 42 ]. Modern 
CRRT devices have a strict citrate protocol incorporated in the software, allowing 
for choices to determine the desired citrate concentration in the fi lter (2.5–
4.5 mmol/L blood fl ow), to adjust acid–base derangements (more or less buffer 
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supply) and to adjust calcium infusion rate to compensate for calcium loss (zero 
calcium balance). Each protocol has strict rules for citrate dosing, acid base com-
pensation and calcium replacement. These rules depend on the composition of the 
fl uids in use and cannot be generalized. The use of a strict protocol, adherence to the 
protocol and training are crucial for safety of the method.  

15.4.7     Monitoring of Citrate Anticoagulation 

 Citrate anticoagulation is monitored by measuring ion- and total calcium concentra-
tion and blood gas analysis (for acid–base) in systemic blood at 6–8 h interval. 
Chloride and lactate can be measured to monitor anion gap and tissue perfusion, but 
this is not obligatory. Postfi lter iCa can be measured to fi ne-tune anticoagulation.  

15.4.8     Citrate Accumulation 

 Metabolism of citrate is conditional for its safe use. Citrate is metabolized in the 
mitochondria of liver, kidney and muscle and is decreased in patients with liver cir-
rhosis [ 43 ] and systemic hypoperfusion. Although a high lactate concentration at 
the start of CRRT should raise awareness of the risk of citrate accumulation, septic 
patients with a high lactate level and other shock patients generally tolerate citrate 
remarkably well if circulation improves. Citrate anticoagulation is even feasible in 
patients severe lactate acidosis due to metformine intoxication (personal experi-
ence). Citrate is likely to accumulate in patients with persistent severe cardiogenic 
shock, ischemic hepatitis and poor muscle perfusion [ 44 ], because the Krebs cycle 
only operates under aerobic conditions. However, most critically ill patients tolerate 
citrate better than heparin [ 18 ,  48 ]. Even in patients with liver failure, the use of 
citrate is feasible with intensifi ed monitoring [ 49 ]. 

 When citrate accumulates, iCa concentration in the patient’s blood falls, while 
total calcium rises due to chelation with citrate and replacement of calcium accord-
ing to the protocol. A rise of total/iCa ratio is the most sensitive sign of citrate 
accumulation [ 50 ]. A rise above 2.25–2.5 indicates citrate accumulation. Second, if 
citrate is not metabolized, acidosis will ensue and anion gap will rise, because the 
alkalizing effect of citrate depends on its metabolism. Due to liver failure or severe 
hypoperfusion, citrate accumulation is associated with a rise in lactate as well. 
Citrate accumulation is seen in the most severely ill patients and seems a predictor 
of mortality [ 51 ]. 

 Thus iCa, total calcium, total/iCa ratio, blood gas analysis (for acid base) and 
lactate are used to monitor citrate accumulation. In patients at risk, intensifi ed moni-
toring is recommended, initially at 2-h interval. If the total/iCa ratio rises, the risks 
of continuing citrate should be weighed against the use of alternative anticoagula-
tion (heparin) with risk of bleeding or CRRT without anticoagulation (early circuit 
clotting). In general, citrate is not toxic. If acid–base is in balance and ionized 
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calcium can be controlled with additional calcium supplementation, the continua-
tion of citrate seem safer than the alternatives [ 49 ]. If calcium ratio plateaus, moni-
toring interval can be prolonged.  

15.4.9     Benefits of Citrate Anticoagulation 

 Clinical benefi ts of citrate are primarily related to less bleeding, a better circuit sur-
vival and lower requirement for blood products. The use of citrate does not increase 
the patient’s risk of bleeding. In addition, anticoagulation with citrate seems more 
effective than with heparin, especially when higher doses are used, and the calcium 
is replaced outside the CRRT circuit. Three meta-analyses, one including up to six 
randomized controlled trials (comparing citrate to unfractionated heparin) [ 52 ,  53 ], 
to low molecular weight heparin [ 18 ] or to heparin/protamine [ 54 ] with a total of 
417 patients and one including four studies (comparing citrate to unfractionated 
heparin) found less bleeding and a longer circuit survival time with citrate [ 55 – 57 ]. 
After this meta-analysis, a large multicenter trial has appeared, showing that citrate 
was superior in terms of safety, effi cacy and costs [ 58 ]. The largest randomized 
controlled trial (200 patients) found an unexpected survival benefi t for citrate. This 
benefi t could not be fully explained by less bleeding and not to less circuit clotting. 
It was especially seen in younger patient, surgical patients, and patients with sepsis 
or those with a high degree of organ failure, suggesting a role of citrate limiting 
infl ammation or oxidative stress [ 18 ]. Compared to heparin, citrate confers less 
complement activation and neutrophil degranulation in the fi lter and less endothelial 
activation [ 58 ]. Up to now, this survival benefi t had not been confi rmed by other 
studies. 

 Key Messages Citrate 
•        Citrate anticoagulation is fi rst choice anticoagulant for CRRT.  
•   The main benefi t of citrate anticoagulation for CRRT is that it does not 

increase the patient’s risk of bleeding.  
•   Citrate anticoagulation is associated with a less bleeding, less transfusion 

and longer circuit life than heparin in patients without an increased risk of 
bleeding.  

•   The main limitation of citrate anticoagulation is accumulation, developing 
in case of hypoperfusion or severe liver dysfunction.  

•   Citrate accumulation is associated with a decrease in iCa, a rise in total Ca 
and increase in total/iCa ratio, metabolic acidosis and an increase in 
lactate.  

•   If the total/iCa ratio is higher than 2.5, continuation of citrate is only safe 
when acid base balance and ionized calcium concentration are under con-
trol. If not, citrate should be reduced or discontinued.    
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15.5        CRRT Without Anticoagulation 

 Most authors and guidelines recommend the use of some form of anticoagulation to 
maintain circuit patency during CRRT. This is to minimize blood loss in clotted 
hemofi lters, maximize delivered dose of therapy and reduce nursing workload and 
complexity of care [ 55 ]. It has been shown that frequent hemofi lter clotting is associ-
ated with more blood transfusions due to blood loss in the discarded hemofi lters [ 59 ]. 

 One of the major concerns with the use of CRRT is that, in order to maintain the 
extracorporeal circuit continuously, it usually requires some form of anticoagula-
tion to prevent frequent circuit clotting. Although heparin is the most commonly 
used anticoagulant, it has been shown to be associated with bleeding complications, 
especially in high-risk patients receiving CRRT [ 60 ]. 

 Because of this, using no anticoagulation is an option to be considered during 
CRRT in critically ill patients with severe coagulopathy and thrombocytopenia. 
Interestingly, using CRRT without anticoagulation has been reported more com-
monly than the use of anticoagulation in some large randomized trials of CRRT. In 
the NIH ATN trial, 55 % of patients treated with CVVHDF    received no anticoagula-
tion while 20 % were anticoagulated with heparin, 20 % received citrate regional 
anticoagulation and 5 % received other forms of anticoagulation [ 61 ]. Over 1,500 
patients were treated with CVVHDF in the RENAL study. In that study, 46 % 
received no anticoagulation while the others received some form of anticoagulation 
with heparin [ 62 ]. This suggests that, despite guidelines suggesting that anticoagu-
lation should be provided, using CRRT without anticoagulation is a default strategy 
for some prescribing physicians and in some critical care units. 

 Some studies have shown little difference in CRRT hemofi lter survival between 
circuits with no anticoagulation compared to low dose heparin [ 1 ,  63 ,  64 ]. In gen-
eral, hemofi lter life is longer with more intensive heparin anticoagulation. It is note-
worthy, however, that platelet levels were signifi cantly lower in the group without 
anticoagulation suggesting consumption in the extracorporeal circuit. While some 
studies have shown a mean hemofi lter life of up to 20 h without anticoagulation, this 
appears to be population dependent with other studies demonstrating more typical 
hemofi lter survival times of 11–16 h. A study comparing circuit survival with citrate 
regional anticoagulation or no anticoagulation showed signifi cantly longer CRRT 
circuit survival with citrate with a mean circuit survival time of 41 h using citrate 
versus 12 h with no anticoagulation [ 45 ]. Despite this, many critical care units fi nd 
the relative complexity of citrate regional anticoagulation intimidating and prefer to 
perform CRRT without anticoagulation despite the shorter hemofi lter survival.  

15.6     Non-anticoagulant Measures to Maximize Hemofilter 
Survival 

 It is important to consider non-anticoagulant aspects of CRRT circuit management to 
optimize hemofi lter survival, especially if no anticoagulation or low heparin doses are 
used [ 29 ]. The most important of these is to ensure the placement of a large bore 
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double lumen central venous hemodialysis catheter in the right jugular or femoral 
position (straight course) to minimize blood fl ow interruptions, which promote clot-
ting [ 64 ]. It is also important to ensure that the fi ltration fraction (the proportion of 
blood fl ow per minute that is removed as plasma fi ltrate) is maintained at 25 % or less 
to avoid hemoconcentration and red blood cell sludging in the hemofi lter. 

 It has been suggested by some authors that delivering replacement fl uid in a 
predilution mode may improve hemofi lter life [ 1 ,  10 ,  63 ], while others show no 
signifi cant difference [ 45 ]. 

 Some CRRT machines incorporate deaeration chambers with a blood/air inter-
face. This tends to encourage clotting but can be prevented by the infusion of at least 
some or all of the replacement fl uid postfi lter so that there is an air/replacement 
fl uid/blood interface (Table  15.2 ).
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  16      Metabolic Aspects of CRRT 

             Heleen     M.     Oudemans-van Straaten     ,     Horng-Ruey     Chua    , 
    Olivier     Joannes-Boyau     , and     Rinaldo     Bellomo    

16.1            Acidosis 

          Horng-Ruey     Chua     and     Rinaldo     Bellomo       

16.1.1     Summary 

 Acidosis is common in patients with AKI in the ICU and often associated with aci-
demia. It is typically secondary to the accumulation of lactate, chloride and unmea-
sured anions. Its correction appears desirable and can be more reliably and safely 
achieved with CRRT. Use of bicarbonate-based fl uids is safest as the initial approach. 
However, lactate- and citrate-buffered fl uids can also correct acidosis if appropri-
ately metabolized by the liver and other key organs. CRRT can also be used to cor-
rect extreme acidosis in the absence of a major degree of renal impairment. As 
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CRRT controls volume status easily, it would additionally enable bicarbonate infu-
sion to occur for more rapid correction of acidemia. 

 In patients with acute kidney injury (AKI), metabolic acidosis is especially com-
mon [ 1 ]. Although the exact mechanisms of metabolic acidosis in AKI are complex, 
excess of retained metabolic acids is likely to contribute, together with other general 
acid–base disorders of critical illness (hyperlactatemia and/or hyperchloremia) [ 2 ]. 
Depending on its severity, correction may require different levels on intervention 
including renal replacement therapy (RRT) [ 3 ]. 

 Both intermittent hemodialysis (IHD) and continuous RRT (CRRT) correct met-
abolic acidosis. However, the rate and degree of correction differ signifi cantly. 
CRRT normalizes metabolic acidosis more rapidly and more effectively in the fi rst 
24 h. Moreover, IHD is associated with a higher incidence of metabolic acidosis 
than CRRT during the subsequent treatment period. Accordingly, CRRT is physio-
logically superior in terms of correction of metabolic acidosis [ 4 ]. The plasma con-
centration of solutes available for ultrafi ltration, the composition of the dialysis or 
replacement fl uid, and the rate of ultrafi ltration all appear to determine the effect of 
RRT on acid–base status. 

 Once CRRT is commenced, even acidemia is typically corrected within 24 h. 
CRRT appears to correct metabolic acidosis in acute renal failure through its effect 
on unmeasured anions, phosphate and chloride. Once CRRT is established, it 
becomes the dominant force in controlling metabolic acid–base status and, in stable 
patients, it typically results in a degree of metabolic alkalosis [ 5 ]. 

 During CRRT, according to conventional acid–base thinking, there is a substan-
tial loss of “buffers.” Lactate and bicarbonate have been used as “buffers” during 
RRT [ 6 ,  7 ]. Citrate has been used as “buffer” and anticoagulation. These “buffers” 
affect acid–base balance. Bicarbonate has the major advantage of being the physi-
ological buffer and is now the dominant or sole buffer used in CRRT in developed 
countries. Moreover, lactate, if not metabolized and still present in blood, acts as a 
strong anion, which would have the same acidifying effect of chloride. Accordingly, 
iatrogenic hyperlactatemia can cause a metabolic acidosis. The administration of 
lactate-buffered fl uids can induce signifi cant hyperlactatemia and acidosis in 
patients with liver failure because the metabolic rate is insuffi cient to meet the addi-
tional lactate load. 

 Citrate has been used for regional anticoagulation. During this procedure, 
citrate is administered to the circuit before the fi lter and chelates calcium, thus 
impeding coagulation. Once citrate enters the circulation, it is metabolized to CO 2  
and then bicarbonate on a 1:3 basis; thus, 1 mmol of citrate yields 3 mmol of CO 2  
and then bicarbonate. Under these circumstances, citrate acts as the “buffer” as 
well as the anticoagulant [ 8 ,  9 ]. Its administration can lead to metabolic alkalosis 
(up to 25 % of cases). Attention must be paid in patients with liver disease who 
may not be able to metabolize citrate. In these patients, citrate may accumulate 
and result in severe ionized hypocalcemia and metabolic acidosis because the 
citrate anion acts as an unmeasured anion and increases the SIG, which has acidi-
fying effects. 
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 When oxidizable anions are used in the replacement fl uids, the anion must be 
completely oxidized to CO 2  and H 2 O in order to generate bicarbonate. If the meta-
bolic conversion of non-bicarbonate anions proceeds without accumulation, their 
buffering capacity is equal to that of bicarbonate. Thus, under most circumstances, 
the effect on acid–base status depends on the “buffer” concentration rather than on 
the kind of “buffer” used. The nature and extent of acid–base changes during CRRT 
is therefore governed by the intensity of plasma water exchange/dialysis, by the 
“buffer” content of the replacement fl uid/dialysate and by the metabolic rate for 
these anions. 

 CRRT can be also used to correct severe metabolic acidosis even in the absence 
of severe acute kidney injury. If the dose of treatment is titrated to achieve such a 
goal, essentially even the most dramatic metabolic acidosis can be corrected. In 
addition, because volume can be controlled, if deemed necessary, a bicarbonate 
infusion can be started at 100–200 mmol/h and the volume removed simultaneously 
by CRRT. Such an approach can expedite the correction of even the most severe 
level of acidemia. 

16.2        Electrolyte Management During CRRT 

    Olivier     Joannes-Boyau      and     Heleen     M.     Oudemans-van Straaten       

16.2.1     Summary 

 Electrolyte balance of CRRT depends on baseline plasma concentrations, the com-
position of the dialysate or replacement fl uids, CRRT dose and type of anticoagula-
tion. Hypokalemia and hypophosphatemia are the most faced electrolyte disturbances 
during RRT. During citrate CRRT, calcium balance depends on the target plasma 
ionized calcium concentration of the protocol, but is often negative. Some 

 Key Messages 
•     Acidosis and/or acidemia are common in critically ill patients with AKI.  
•   The acidosis of AKI in ICU is complex and involves the accumulation of 

lactate, chloride and unmeasured anions.  
•   Correction of acidosis appears desirable and can be achieved with renal 

replacement therapy.  
•   CRRT is superior to IHD in correcting metabolic acidosis in critically ill 

patients with AKI.  
•   Bicarbonate is the safest buffer to achieve correction of acidosis, but 

citrate- and lactate-based fl uids can also achieve such correction, provided 
they are cor   rectly and rapidly metabolized.    
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algorithms provide a zero calcium balance option. During heparin CRRT, calcium 
balance is generally slightly positive. Magnesium balance is generally negative, 
more so during citrate than during other anticoagulation, due to the low magnesium 
concentration of commercial fl uids. During CRRT, plasma concentrations of potas-
sium, phosphate, calcium and magnesium should be monitored. Choose replace-
ment fl uids with concentrations close to target plasma concentrations or supplement 
these electrolytes separately.  

16.2.2     Introduction 

 Continuous renal replacement therapy (CRRT) is used to support renal function but 
also to recover homeostasis; electrolyte management is actually a challenge in that 
case. The electrolyte balance of CRRT depends on baseline plasma concentrations, 
the composition of the dialysate or replacement fl uids, CRRT dose and type of 
anticoagulation.  

16.2.3     Potassium and Phosphate 

 The most common electrolyte disorders observed during CRRT are hypokalemia 
and hypophosphatemia [ 10 – 12 ]. Due to frequent hyperkalemia in patients with 
acute kidney injury before start of CRRT, solutions with a low potassium concen-
tration (0–2 mmol/L) are developed. Then, hyperkalemia is rapidly normalized 
by CRRT. However, after some hours of treatment, hypokalemia occurs. This is 
more so for phosphate, because most replacement fl uids are phosphate-free. 
Hypophosphatemia can occur early during hemofi ltration treatment, especially 
with higher CRRT dose. Although few disturbances are registered in some stud-
ies (in particular with pediatrics patients [ 11 ,  13 ], other electrolytes are correctly 
regulated, because concentrations in the substitution fl uids are close to normal 
[ 14 ,  15 ].  

16.2.4     Role of Effluent Volume 

 There are clearly some differences between the different modalities of RRT treat-
ment in terms of electrolytes removal and acid–base equilibrium. The diffusion 
principle used in the dialysis mode is more effective for small molecule removal (as 
electrolytes) than hemofi ltration at standard dose (25 ml/kg/h). However, the con-
vection principle used in the hemofi ltration mode can remove much more electro-
lytes when used at high volume (more than 35 ml/kg/h) [ 16 ]. However, the most 
important parameter for electrolyte removal remains the dose of renal replacement 
(effl uent volume). Electrolyte defi ciencies are more frequent when high effl uent 
volumes are used [ 17 ]. In two large randomized controlled trials comparing low- 
and high-intensity RRT, more electrolyte imbalances were found in the high- 
intensity group [ 2 ,  3 ].  
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16.2.5     Intermittent Versus Continuous 

 Furthermore, continuous techniques are more able to normalize hyperkalemia or 
hyperphosphatemia than intermittent hemodialysis, but are also more likely to 
induce electrolyte defi cits like hypophosphatemia [ 9 ]. Accordingly, CVVH achieves 
better acid–base balance and electrolyte removal than extended daily dialysis, but 
can also induce severe hypophosphatemia [ 18 ]. 

 The big challenge for the industry is to provide fl uids as close as possible to the 
plasma composition [ 15 ,  17 ].  

16.2.6     Calcium 

 The typical calcium concentration of the bicarbonate- and lactate-buffered fl uids is 
about 1.75 mmol/L, substantially higher than the plasma ionized calcium concentration, 
which is the amount accessible for fi ltration or dialysis. Thus, calcium balance during 
conventional CRRT is generally slightly positive (about 5–12 mmol/day) [ 19 ,  20 ]. 
However, during citrate CRRT, calcium handling is different and calcium balance of 
many protocols is negative [ 19 ,  20 ]. Most fl uids used for citrate CRRT are calcium-free 
and calcium is generally replaced by separate infusion. For calcium replacement, each 
protocol has its own ionized plasma calcium target, ranging between 1.0 and 
1.35 mmol/L. Especially with lower plasma calcium targets, calcium balance is nega-
tive, 12–96 mmol/day is reported [ 19 ,  20 ]. Of note, a negative calcium balance does not 
necessarily cause systemic hypocalcemia, due to a rapid parathormone response, which 
leads to unwanted calcium release from bone [ 21 ]. Targeting a higher plasma calcium 
concentration seems to suppress PTH release, which may limit calcium mobilization 
from bone. However, PTH measurements in critically ill patients should be interpreted 
with caution, because the normal assay measures oxidized PTH as well, which is bio-
logically inactive [ 22 ]. Some modern CRRT devices incorporate an algorithm with a 
100 % calcium compensation option, which seems attractive. Up to now, optimal cal-
cium targets are not known. Hypocalcemia is common in patients with sepsis, and it is 
not known whether correction is benefi cial [ 23 ]. However, a prolonged negative calcium 
balance for days should likely be avoided.  

16.2.7     Magnesium 

 Magnesium balance during CRRT has gained little attention. The typical magne-
sium concentration of commercial CRRT fl uids is about 0.5 mmol/L, while high 
normal or increased magnesium concentrations are targeted in ICU patients to pre-
vent arrhythmias, promote vasodilatation and anti-infl ammatory and anti-oxidant 
defense [ 24 ]. When using these fl uids, mean magnesium balance during CVVHDF 
was −17 mmol/day in heparin circuits and −26 mmol/day in circuits anticoagulated 
with citrate [ 25 ]. Apart from calcium, citrate chelates magnesium, explaining the 
higher magnesium loss during citrate CRRT in this study. Hypomagnesemia is 
reported by others as well [ 26 ] and is even associated with non-recovery of renal 
function [ 27 ]. Given the important role of magnesium during critical illness, 
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additional magnesium should be supplemented, the amount depending on the fl uids 
in use, the local CRRT protocol and the plasma magnesium concentration.  

16.2.8     Monitoring of Electrolytes During CRRT 

 Standard electrolyte monitoring should include potassium (two to four times daily), 
phosphate and magnesium (twice daily), total calcium (once daily) and ionized cal-
cium (four times daily during citrate anticoagulation). See also the chapter on citrate 
anticoagulation. 

16.3        Nutrition and Micronutrients 

    Horng-Ruey     Chua     and     Rinaldo     Bellomo       

16.3.1     Summary 

 In patients receiving renal replacement therapy, enteral nutrition is preferred. Specifi c 
so-called renal feeding preparations are not needed. The dose of protein should be 
between 1 and 1.5 g/kg/day. Energy provision should likely be between 20 and 
25 kcal/kg/day. Amino acid loss through the fi lter accounts for 10–20 % of adminis-
tered protein. Water soluble vitamins are lost and should be replaced. Lipid soluble 
vitamins are not lost and do not require regular replacement. Some trace elements are 
lost and regular trace element administration seems prudent. However, all recommen-
dations regarding nutrition in these patients are based on weak evidence.  

 Key Messages 
•     Electrolyte balance of CRRT depends on baseline plasma concentrations, 

the composition of the dialysate or replacement fl uids, CRRT dose and 
type of anticoagulation.  

•   Hypokalemia and hypophosphatemia are the most faced electrolyte distur-
bances during RRT.  

•   During citrate CRRT, calcium balance depends on the target plasma ion-
ized calcium concentration of the protocol, but is often negative. Some 
algorithms provide a zero calcium balance option.  

•   During heparin CRRT, calcium balance is generally slightly positive.  
•   Magnesium balance is generally negative, more so during citrate than dur-

ing other anticoagulation, due to the low magnesium concentration of 
commercial fl uids.  

•   Choose replacement fl uids with concentrations close to target plasma con-
centrations or supplement these electrolytes separately.    
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16.3.2     General Recommendations 

 The preferred mode of nutritional support in critical illness is early enteral nutrition 
(EN) [ 28 ,  29 ]. In the absence of more defi nite evidence, CRRT patients should 
receive EN within 24–48 h following admission titrated to gut tolerance. EN is pre-
ferred to parenteral nutrition (PN) because of its safety, low cost, and its physiologi-
cal route and hormonal signalling. The role of supplemental PN in CRRT patients is 
unknown. 

 The target goal of nutrition remains ill defi ned. Providing 20–35 kcal/kg/day of 
calories with 1.5–1.8 g/kg/day of protein in patients with AKI on CRRT appears to 
allow a reasonable balance between protein catabolism and nitrogen balance [ 30 ]. 
This empirical caloric amount seems consistent with calculated requirements [ 31 ]. 
Due to water soluble vitamin losses, it seems prudent to administer water soluble 
vitamins daily or second daily. As some trace elements are also lost, it seems pru-
dent to administer trace elements daily or second daily. 

 These recommendations for CRRT patients are based on clinical observational 
studies, small studies with physiological outcomes and physiological reasoning. 
They are low-level recommendations (level C) and open to challenge. Such lack of 
evidence suggests the need for level 1 studies in this fi eld.  

16.3.3     Protein 

 The optimal protein intake is unclear, and the fl exibility of adjusting intake is lim-
ited by the composition in standard enteral formulas. For example, Isosource ®  
1.5 cal (Nestle) contains 1.5 kcal/ml of calories and 67.6 g of protein per litre. 
Intake of 30 kcal/kg/day only delivers 1.4 g/kg/day of protein. Higher protein 
intake of 2.5 g/kg/day results in a near positive or positive nitrogen balance and 
offers the only active measure to reduce the negative nitrogen balance so com-
monly seen in these patients [ 32 ,  33 ]. A positive nitrogen balance is associated 
with improved patient survival in critical illness, but improved survival is not a 
direct effect of increased protein intake [ 31 ]. However, there may be a dose-related 
association between increased protein intake and clinically signifi cant improve-
ment in renal function in critically ill patients [ 34 ]. Supplemental PN does not lead 
to improved clinical outcomes [ 35 ] and, if given early, may lead to clinical prob-
lems [ 36 ]. There is no evidence that specifi c administration of essential AA in 
preference to general AA preparations leads to any improved clinical outcomes.  

16.3.4     Amino Acids (AA) 

 The molecular weights of proteins range from 55 to 220 kDa, well above the cut-off 
of standard CRRT membranes, while that of AA is only 110 Da (75–204 Da). AA 
loss during CRRT has been studied mostly in the context of total parenteral nutrition 
(PN). 
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 Most AA have a high sieving coeffi cient (easily fi ltered) of near 1.0, such as 
cysteine, arginine, alanine and glutamine, except for glutamic acid (0.25–0.5) [ 37 –
 39 ]. AA clearances range from 20 to 45 ml/min in patients on CRRT [ 40 ], as com-
pared to about 200 ml/min in patients with AKI on intermittent hemodialysis [ 41 ]. 
In general AA loss represents about 11–12 % of total (parenteral) protein intake. 
The amount of AA lost in each patient depends on the intensity of CRRT but also in 
great part on AA blood levels, which in turn depend on the amount administered 
and route of administration. 

 Protein intake of more than 1.5 g/kg/day is associated with AA loss of about 
12 g/day [ 39 ], and AA loss seems less with lower protein intake [ 41 ]. AA losses can 
account for 5 % to a substantial 20 % of daily AA intake [ 37 – 39 ,  41 ]. Individual 
blood AA levels correlate well to corresponding losses in CRRT [ 41 ], and overall 
AA loss is higher with higher intensity of treatment [ 37 ]. In addition, there is selec-
tivity in individual AA losses, with glutamine and alanine being lost in greater abso-
lute amounts [ 39 ,  41 ], and tyrosine having the highest fractional loss per intake [ 37 ]. 
All three are non-essential AA under normal physiological states. 

 Total nitrogen loss in CRRT is about 25 g/day [ 38 ,  39 ]—the vast majority of 
which is due to urea nitrogen with 10–20 % (2–5 g/day) contributed by AA nitrogen 
loss [ 37 – 39 ]—while the rest is likely from protein catabolism; this results in a nega-
tive nitrogen balance. Intermittent hemodialysis has been reported to lead to losses 
of 6–8 g/session [ 17 ].  

16.3.5     Lipids 

 Effl uent samples in CRRT are lipid free, with trace amounts of cholesterol and tri-
glycerides detectable, and there is no arteriovenous gradient for lipids across the 
hemodiafi lter to suggest membrane adsorption. Lipid homeostasis is not signifi -
cantly affected by CRRT and lipid soluble vitamins are not lost.  

16.3.6     Vitamins and Trace Elements 

 These micronutrients have important wound healing, immunomodulatory and anti-
oxidant effects in critical illness [ 42 ]. There is observational evidence that during 
CRRT, water soluble vitamins are lost, especially vitamin C and folic acid [ 43 ]. 

 In patients on CRRT, blood levels of vitamins C and E, zinc and selenium are 
lower, while that of chromium is higher, than healthy controls and normal reference 
ranges. Low vitamin levels might be associated with increased oxidative utilization 
in critical illness, and higher chromium might refl ect its dependence on renal excre-
tion [ 42 ]. Hours to days of CRRT can reduce blood levels of folate, pyridoxine-5′-
phosphate (P-5′-P, an important moiety of vitamin B6), zinc and selenium 
signifi cantly [ 44 ]. 

 Losses of micronutrients enough to cause signifi cant decrease in blood levels or 
large fractional losses of usual intake include vitamins C, B1, B6 (P-5′-P), folate, 
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chromium and selenium. Specifi cally, about 68 mg/day of vitamin C, 0.3 mg/day of 
folate and 4 mg/day of vitamin B1 (thiamine) are lost [ 42 ,  44 ,  45 ]. More than twice 
the daily supplementation of vitamin B1 and selenium can be lost. Zinc, however, is 
present in some citrate preparations and replacement fl uids, which may instead 
result in a net gain [ 42 ,  44 ,  45 ]. The effect of intensity and mode of CRRT on these 
losses are unclear. 

16.4        Energy Balance of CRRT 

    Heleen     M.     Oudemans-van Straaten      

16.4.1     Summary 

 Potential sources of energy gain by CRRT consist of glucose and lactate, and less so 
of citrate, while energy can be lost by the removal of glucose and amino acids. Net 
energetic gain is equivalent to the net amount infused or diffused (which depends on 
the composition of the fl uids) minus the amount removed by CRRT. Sieving coef-
fi cients are close to one and caloric equivalents per mmol are 0.73 kcal (3.06 kJ) for 
glucose, 0.33 kcal (1.37 kJ) for lactate, 0.59 kcal (2.48 kJ) for citrate and about 
4.5 kcal/g for amino acids. Energy delivery by lactate can mount to 600 kcal/day 
and by glucose to 950 kcal/day. The clinical consequences remain unknown; how-
ever, clinicians should be aware of the energy balance of their CRRT modality and 
adjust nutritional intake and insulin dose when necessary.  

16.4.2     Introduction 

 Potential sources of energy gain by CRRT consist of glucose, lactate and citrate, 
while energy can be lost by the removal of glucose and amino acids. Net energetic 
gain is equivalent to the net amount infused or diffused (which depends on the com-
position of the fl uids) minus the amount removed by CRRT [ 46 – 48 ]. Sieving coef-
fi cients are close to one [ 48 – 50 ] and caloric equivalents per mmol are 0.73 kcal 

 Key Messages 
•     It is unclear whether patients receiving renal replacement therapy should 

receive a nutritional regimen different from that of other critically ill 
patients.  

•   However, due to amino acid losses of 10–20 % of administered dose and 
due to water soluble and trace element losses, appropriate adjustments 
(protein intake of 1–1.5 g/kg/day and regular vitamin and trace element 
supplementation) seem prudent.    
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(3.06 kJ) for glucose, 0.33 kcal (1.37 kJ) for lactate and 0.59 kcal (2.48 kJ) for 
citrate. The caloric equivalent of amino acids largely varies among individual amino 
acids and their metabolic pathway, but is about 4.5 kcal/g on average [ 51 ].  

16.4.3     Glucose 

 CRRT can confer either a net loss or net gain of glucose. Glucose balance depends 
on glucose concentration in plasma, replacement fl uid and/or    dialysate. Glucose 
concentration in most modern solutions is 5.5 mmol/L (100 mg/dl). With tight glu-
cose control, glucose balance will be about zero. However, if plasma glucose con-
centration are higher, 7.7–10 mmol/L (140–180 mg/dl), the net caloric loss per day 
will be about 70–160 kcal (290–669 kJ) for a CRRT dose of 2 L/h. Of note, some 
older lactate solutions contain 11–14 mmol glucose per litre, increasing the caloric 
load of lactate replacement. Finally, the use of acid citrate dextrose (ACD-A) as 
citrate source, which contains 139 mmol glucose per litre, can convey about 550 kcal 
(2,400 kJ) glucose per day during 2 L/h CVVHD and 950 kcal glucose/day 
(4,200 kJ) during 2 L/h postdilution CVVH to the patient [ 46 – 48 ].  

16.4.4     Lactate 

 When lactate is used as buffer, a considerable amount of energy is delivered to the 
patient [ 47 ,  52 ]. Assuming a lactate concentration in the replacement fl uid of 
40 mmol/L, a plasma lactate of 2 mmol/L and a CRRT dose of 2,000 ml/h, the 
patient receives about 602 kcal/day (2,518 kJ/day) from the lactate replacement. 
Furthermore, additional glucose is delivered with use of lactate solutions containing 
high glucose concentrations (see above).  

16.4.5     Citrate 

 The dose of citrate infused depends on blood fl ow and target citrate concentration in 
the fi lter. Because hemodialysis is feasible at a lower blood fl ow for a similar CRRT 
dose, citrate infusion rate is lower and fractional citrate removal greater. Thus, less 
citrate enters the patient during hemodialysis compared to hemofi ltration [ 53 ]. Total 
daily energy delivered by citrate during 24 h of CRRT at an assumed dose of 2 L/h 
varies between 200 and 350 kcal [ 46 ,  47 ]. However, when using a citrate dextrose 
solution (ACD-A) as citrate source [ 50 ,  54 ,  55 ], a substantial glucose load is deliv-
ered as well (see above).  

16.4.6     Amino Acids 

 The energetic equivalent of an estimated daily loss of amino acids of 12 g/day [ 39 ] 
is small (54 kcal/226 kJ/day) (see also the paragraph on amino acids).  
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16.4.7     Consequences of the Caloric Balance 

 Depending on the modality, the caloric balance of CRRT may be positive or nega-
tive. When using citrate anticoagulation or lactate replacement, the balance is posi-
tive. Both citrate and lactate are easy fuel under stress [ 56 – 60 ]. Neither rely on 
insulin to enter the cell. Citrate enters cells directly, whereas lactate enters after 
oxidation to pyruvate, maintaining mitochondrial redox state    under condition of 
hypoxia or limited substrate availability for the Krebs cycle and providing interme-
diates for amino acid and lipid synthesis [ 61 ,  62 ]. Lactate additionally enters the 
gluconeogenesis pathway to be metabolized to glucose and thereby increasing insu-
lin requirements [ 52 ]. Of note, lactate delivery during CCRT may surpass the 
patient’s metabolic capacity if metabolism is compromised in case of hypoperfusion 
or liver dysfunction. If lactate replacement is changed into bicarbonate, then ener-
getic delivery abruptly falls and hypoglycaemia may ensue when insulin dose is not 
adjusted. 

 Glucose balance can be positive or negative, depending on the glucose concentra-
tion of the replacement/dialysate fl uids (5.6–14 mmol/L), the use of ACD-A as citrate 
source (139 mmol/L) and actual glucose concentration in plasma [ 48 ]. Use of ACD-A 
as citrate source poses an unnecessary strain on carbohydrate metabolism, especially 
when used in combination with lactate-buffered replacement fl uids [ 47 ]. 

 The clinical consequences of all these bioenergetics remain unknown. Clinicians 
should be aware of the energy balance of their CRRT modality and adjust nutritional 
intake and insulin dose when necessary. 
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  17      Continuous Renal Replacement Therapy 
in Sepsis: Should We Use High Volume 
or Specific Membranes? 

             Patrick     M.     Honore      ,     Rita     Jacobs     , and     Herbert     D.     Spapen    

17.1             Introduction 

 Until recently, research on continuous renal replacement therapy (CRRT) in sepsis 
and systemic infl ammatory response syndrome (SIRS) essentially focused on CRRT 
dose. However, some unconvincing and equivocal study results [ 1 ,  2 ] showing no 
benefi t of a higher dose, tempered enthusiasm and incited to explore other treatment 
modalities to increase infl ammatory mediator removal. Among those, the type of 
dialysis membrane used for CRRT gained considerable interest. 

 Many different dialysis membranes have indeed been marketed. Moreover, high 
cut-off membranes [ 3 ], highly adsorptive membranes, either non-selective [ 4 ] or 
semi-selective, enabling for instance to capture endotoxin [ 5 ], were specifi cally 
designed for the treatment of patients with sepsis and SIRS. A major advantage of 
these membranes is that they combine classic blood purging and anti-infl ammatory 
capacities. Some membranes have been coated with antibiotics (e.g. polymyxin 
(PMX) B) [ 6 ]. Such membrane allows almost selective endotoxin adsorption but 
can only run in hemoperfusion mode. 

 Under specifi c manufacturing conditions, heparin is adsorbed passively or 
actively on the membrane surface [ 7 ]. Such heparin-soaked membranes can ade-
quately capture mediators but are essentially developed for use in conditions that 
preclude systemic anticoagulation. Finally, sorbents will be discussed which are 
novel membranes structured in a cartridge exhibiting unselective or selective 
adsorption potential [ 7 ].  
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17.2     High-Volume Hemofiltration 

 Until recently, high-volume hemofi ltration (HVHF) was positioned as adjunctive 
treatment for septic shock complicated by acute kidney injury (AKI). Evidence for 
its use came from prospective interventional [ 8 ,  9 ] and small randomized studies 
[ 10 ], which showed an early signifi cant hemodynamic benefi t and faster weaning 
from inotropic support [ 11 ]. HVHF also reduced organ failure and ICU length of 
stay in some but not in all studies [ 8 – 11 ]. Finally, a survival benefi t was suggested 
in cohort studies comparing observed with expected mortality [ 8 ,  9 ] but never con-
fi rmed in prospective randomized controlled studies [ 10 ,  12 ,  13 ]. 

 The rationale behind the HVHF-related clinical effects in sepsis is not fully 
understood and has never been shouldered by mechanistic trials [ 14 ,  15 ]. Initially, 
“blood purifi cation” was thought to help restoring immune homeostasis by attenuat-
ing the overwhelming systemic expression of pro- and anti-infl ammatory media-
tors. Multiple mediators take part in this infl ammatory response, often acting 
through complex and intertwined pathways [ 16 ]. Through the years, all attempts to 
modulate the infl ammatory cascade by targeting one single component have failed 
[ 17 ]. Thus, non-specifi c removal of a wide array of infl ammatory substances and 
microbial toxins seemed to be a logical step. Recently, new concepts to underpin the 
benefi cial effects of blood purifying techniques have been proposed. First, Ronco 
and colleagues [ 18 ] hypothesized that preventing the cytokine burst during the early 
phase of sepsis might interrupt the infl ammatory cascade and cause less endothelial, 
tissue, and organ damage. Second, Honoré and Matson [ 19 ] proposed the “threshold 
immunomodulation hypothesis.” They postulated that removal of cytokines from 
the blood compartment would diminish tissue cytokine content due to an equilibra-
tion of cytokine concentrations between the two compartments. This theory explains 
why blood purifying techniques might improve outcome while leaving cytokine 
blood concentrations unmodifi ed. Third, Di Carlo and Alexander [ 20 ] proposed the 
“mediator delivery hypothesis.” Here, HVHF is thought to increase lymphatic fl ow 
because of the high amount of crystalloids used as replacement fl uid. Infl ammatory 
mediators are continuously dragged toward the blood compartment and subse-
quently removed [ 21 ]. Finally, Peng and colleagues [ 22 ] recently suggested that 
hemoadsorption or HVHF may directly act at cellular level and restore immune 
function through regulation or “reprogramming” of monocytes, neutrophils, and 
lymphocytes. However, the mechanism by which hemoadsorption interacts with 
HLA-DR expression remains unknown. Also, if this “cellular” theory is confi rmed, 
blood purifi cation would not be confi ned solely to the early phase of septic shock. 
Removal of mediators from plasma will restore their concentration gradient between 
plasma and infected tissues [ 22 ]. Because this gradient determines leukocyte track-
ing and bacterial clearance [ 22 ], a “cytokinetic concept” better explains the associa-
tion between high cytokine levels and mortality than a cytotoxic model [ 22 ]. 

 An important drawback of HVHF is that dose and duration are not unequivocally 
defi ned. Indeed, doses range from pulsed [ 8 ,  9 ,  23 ] to very high (up to 120 ml/kg/h) 
quantities and duration from very short [ 8 ] to extended (up to 8 h) periods. Moreover, 
performing continuous HVHF is recommended at doses of 50–70 ml/kg/h for at 
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least 4 consecutive days [ 12 ,  13 ]. Actually, the most convenient defi nition was pro-
vided at the 2007 consensus conference in Pardubice [ 24 – 26 ]. Honoré and col-
leagues agreed that continuous HVHF should imply a 24-h high-volume (50–70 ml/
kg/h) treatment and intermittent HVHF a 4- to 8-h very-high-volume (100–120 ml/
kg/h) treatment, followed by conventional continuous veno-venous hemofi ltration. 
In accordance with this defi nition, two large randomized HVHF trials were con-
ducted [ 12 ,  13 ]. In the IVOIRE trial [ 12 ], 140 septic shock patients with AKI requir-
ing CRRT were randomized toward receiving a dose of either 35 or 70 ml/kg/h for 
4 consecutive days. The fi lter was systematically changed after 48 h. Delivered dose 
exceeded 95 % of the prescribed dose. Mortality at 28 and 90 days was comparable 
between groups. Hemodynamic parameters, duration of mechanical ventilation, and 
ICU length of stay were not different between groups. Renal recovery at 90 days 
was high with less than 5 % of patients remaining dialysis-dependent at 3 months. 
Compared with patients from other studies stratifi ed by cardiovascular SOFA score, 
IVOIRE mortality rates at 28, 60, and 90 days were signifi cantly lower [ 27 – 29 ]. 
This could be explained by a more early start of HVHF (at RIFLE injury level). In 
a recent meta-analysis on the use of HVHF according to the Pardubice defi nition, 
Bagshaw and Honoré found no effect of HVHF use on sepsis mortality [ 30 ]. Another 
trial by Zhang and colleagues [ 13 ] randomized 280 patients with severe sepsis 
(50 % septic shock) and AKI to receive a dose of 50 or 85 ml/kg/h. Mortality at 28, 
60, and 90 days was also similar between groups. Interestingly, 90-day mortality 
was signifi cantly higher than in the IVOIRE study (on average 61 % vs. 51 %) 
despite the lower proportion (50 % vs. 100 % in IVOIRE) of septic shock patients 
included. However, patients in the Zhang study received HVHF treatment at RIFLE 
failure level and considerably later (on average 5.5 days vs. 24 h from ICU admis-
sion!). Again, this underscores the importance of timing which has been completely 
neglected in some major dose-studying CRRT trials [ 31 ,  32 ]. Of note, starting 
HVHF in septic patients before the occurrence of AKI is not evidence-based and 
may even worsen organ failure [ 33 ]. Obviously, uncertainty about optimal timing to 
initiate HVHF may become fostered by the recent emergence of various biomarkers 
that detect AKI in the absence of oliguria and/or increased creatinine [ 34 ]. Finally, 
one single randomized study using HVHF (and one prospective interventional) 
could reproduce the high (above 27 %) fi ltration fraction obtained by Ronco et al. in 
the septic subgroup of patients receiving a dialysis dose of 45 ml/kg/h in his seminal 
study (2000) but all the other studies on HVHF failed to reach this high fi ltration 
fraction so far [ 35 ]. The study of Ronco et al. was not designed to look specifi cally 
at septic patients but a post-hoc analysis was looking than more closely to the septic 
subgroup [ 35 ]. Both the Oudemans (1999) [ 36 ] and the Bouman (2002) [ 37 ] studies 
used a high fi ltration fraction (33 %) and post-dilution as well (blood fl ow 200 ml/
min, postdilution fl ow 4 l/h). These two trials were not specifi c sepsis studies but 
had a proportion of septic patients. Using this high fi ltration fraction (33 %), the 
Oudemans study has a positive impact in terms of mortality (observed mortality 
signifi cantly lower than expected) whereas the Bouman study could not show in a 
prospective randomized study, the superiority of high volume (around 50 ml/kg/h) 
as compared to standard volume (around 20 ml/kg/h) in terms of 28 days mortality 
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reduction. However, when compared to the seminal Ronco study, fi lters were not 
changed systematically every 24 h in the Bouman study which might have affect the 
elimination rate by convection of middle size molecules. In the Oudemans study, 
HVHF was done intermittently and not in a continuous mode and therefore limiting 
potential removal of middle size molecules. Indeed, in the pivotal study of Ronco, 
convection was performed in full post-dilution continuously with fi lters changed 
every 24 h to preclude early clotting and early clogging. Acknowledging the signifi -
cant effect of a very high fi ltration fraction and the effect of frequent fi lter change 
on elimination rate of mediators and cytokines, a new trial using a fi ltration fraction 
around 30 % in post-dilution could be envisaged. This study may be performed 
more effi ciently using citrate as regional anticoagulant [ 38 ] as this would allow 
attaining a high fi ltration fraction without needing frequent membrane changes in 
order to reproduce more exactly and better mimicking the convection elimination 
rate realized in the septic subgroup of the Ronco study. Awaiting this “ultimate” 
trial, HVHF can actually not be recommended in routine clinical practice.  

17.3     CRRT Membranes for Non-septic Acute Kidney Injury 

 A membrane surface area of 1 m 2  is largely suffi cient to provide optimal convection 
and diffusion [ 39 ]. However, adsorption requires a larger surface area and ideally 
approximates 1.5 m 2 . Biocompatible, and not cuprophane, membranes should be 
used [ 39 ]. Even if regional citrate anticoagulation (RCA) is used, the membrane 
should be impregnated with heparin (10,000 U of unfractionated heparin in 2 l 
saline) as this improves adsorptive capacity [ 40 ]. To date, the utility of heparin 
soaking for preventing early fi lter clotting remains a matter of debate [ 40 ]. RCA 
permits to prolong membrane fi lter life span beyond 72 h if the hemopermeability 
index is preserved (i.e. preventing of fi lter clogging) [ 41 ]. 

17.3.1     Current Status and Recent Advances in Blood–Membrane 
Interactions 

 Evaluating biocompatibility in blood purifi cation therapy is complex. Indeed, bio-
compatibility is not only associated with materials but may also be related to the 
method of sterilization, the eluted substance, the type of anticoagulation and even 
specifi c contaminating factors. It has impact on blood cells (leukocytes and plate-
lets), humoral pathways (complement, coagulation and fi brinolysis, kallikrein- 
bradykinin system), and cytokines [ 42 ]. Bio-incompatibility observed during 
intermittent hemodialysis not only has prognostic signifi cance but may also contrib-
ute to long-term complications such as immunodefi ciency, cardiovascular disease, 
and dialysis-related amyloidosis [ 42 ,  43 ]. In critically ill patients, the impact is less 
clear. Still, in coronary artery bypass surgery it was found to be associated with the 
“post-pump syndrome” (i.e. remote organ damage with acute respiratory distress 
syndrome and AKI) [ 44 ]. 
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 Dialysis membrane material either is of cellulose origin such as cellulose triac-
etate or of synthetic nature including polyethersulfones (PES), polyacrylonitrile 
(PAN/AN69), PMMA, or ethylene vinyl alcohol. The use of highly biocompatible 
membranes (PES, PMMA, and PAN) has signifi cantly diminished the risk of 
membrane- induced cellular lysis and humoral pathway activation. In contrast to the 
older AN69 membrane, the novel AN69 ST and Oxiris membranes do not induce a 
bradykinin syndrome in patients treated with ACE-inhibitors [ 45 ]. Awaiting defi ni-
tive studies on the behavior of PES, PMMA, and PAN membranes in the critically 
ill, their use can be recommended.  

17.3.2     CRRT Membranes for Sepsis and SIRS 

17.3.2.1     High Cut-Off Membranes 
 Morgera et al. were the fi rst to clinically evaluate the performance of high cut-off 
(HCO) membranes in septic patients with AKI [ 3 ]. Thirty patients were randomized 
to receive treatment with either an HCO membrane (60 kilodalton (kDa)/P2SH 
Gambro) or a classic cut-off membrane (35 kDa/Polyfl ux 11S). A signifi cant reduc-
tion in noradrenaline dose ( p  = 0.0002) and a tenfold increase in IL-6 and IL-Ra 
clearance ( p  = 0.0001) was observed in the HCO group as compared with the classic 
membrane group. 

 Preliminary results of the High Cut-Off Sepsis study (HICOSS) were encour-
aging in terms of safety but not effi cacy [ 46 ,  47 ]. In this study, patients with septic 
shock and AKI were randomized to treatment with either a conventional or a 
60 kDa HCO membrane. Patients were treated for 5 consecutive days in continu-
ous veno- venous hemodialysis (CVVHD) mode. The study was discontinued pre-
maturely after enrolment of only 81 patients due to a lack of difference in 28-day 
mortality (31 % HCO vs. 33 % conventional). No difference was observed in 
vasopressor need, duration of mechanical ventilation, or length of ICU stay. 
Albumin levels were not different between the two groups, suggesting that the 
HCO membrane was safe for clinical use. Importantly, the use of CVVHD in this 
study precluded to observe the previously documented synergy between high-
volume hemofi ltration (HVHF) and high-permeability hemofi ltration (HPHF) 
[ 13 ]. Blood from healthy volunteers, ex vivo spiked with endotoxin, was exposed 
to a 100 kDa HCO membrane at a fi ltering rate of either 16.6 or 80 ml/kg/h. 
Cytokine clearance was nearly tenfold higher in the HCO/HVHF group [ 46 ]. 
HCO membranes also permitted more effective clearance of myoglobin and other 
muscle degradation products in non-traumatic and traumatic rhabdomyolysis 
[ 47 – 50 ]. However, a cut-off of 60,000 Da enhances albumin loss. Instead, medium 
cut-off membranes (e.g. cut-off at 50,000 Da) which cause negligible albumin 
loss should be preferred [ 51 ]. 

 Taken together, HCO membranes are still in experimental phase, yet hold an 
enormous potential for treatment of septic shock and rhabdomyolysis, in particular 
when used in combination with CVVH at a minimal dose of 35 ml/kg/h, although 
strong evidence for this dose is not available. Most experience has been 
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accumulated with the septeX membrane which has a cut-off of approximately 
60,000 Da preventing albumin loss [ 46 ,  47 ]. Future studies should concentrate on 
combinations of techniques, or so-called “hybrid” therapies [ 48 ].   

17.3.3     Non-selective Highly Adsorptive Membranes 

17.3.3.1     Polyacrylonitrile and AN69 Surface Treated 
 Adsorption is a physicochemical process that allows to “catch” specifi c molecules 
on a given surface. Adsorption has been used in chronic dialysis patients for elimi-
nation of beta-2 microglobulin [ 52 ]. Later, it was found to be very effi cient for 
removal of mediators, cytokines, antibiotics, and proteins in CRRT conditions. 
Based on polarity and ionic charges, CRRT membranes exhibit variable adsorption 
properties. Strong adsorbent membranes may also remove molecules with a molec-
ular weight (MW) above cut-off value [ 53 – 56 ] and thus are able to eliminate pro- 
and anti-infl ammatory mediators which have MWs ranging between 0.5 and 60 kDa. 
In a canine model of acute endotoxic shock, Rogiers et al. showed that hemoperfu-
sion using a polyacrylonitrile membrane produced better, albeit transient, hemody-
namic effects than when a polysulfone fi lter was applied, suggesting more effective 
adsorption of infl ammatory mediators [ 54 ].  

17.3.3.2     AN69 ST Membrane 
 Recently, the polyacrylonitrile AN69 ST (Surface Treated) membrane was intro-
duced [ 5 ]. Surface treatment consisted of grafting a second layer with polyethyleni-
mine and a third layer with heparin on the membrane. The AN69 ST membrane 
differs from its AN69 Oxiris counterpart because it contains a threefold lower poly-
ethylenimine concentration (precluding endotoxin adsorption) and a tenfold lower 
(and thus not biologically active) concentration of heparin. The AN69 ST mem-
brane also has a greater bulk adsorption capacity as compared with former polyac-
rylonitrile membranes [ 5 ]. Adsorption properties of the AN 69 ST membrane have 
been enhanced by modifying membrane surface polarity. This permits leads to 
adsorption of various antibiotics (aminoglycosides, colistin, vancomycin, etc.) [ 55 ] 
and lactate. Additionally, AN 69 ST very effectively adsorbs the High Mobility 
Group Box 1 protein (HMGB-1), an upstream mediator in the infl ammatory cas-
cade secreted by endotoxin-stimulated macrophages which activates a wide variety 
of cytokines. Its MW of approximately 30 kDa precludes elimination by any form 
of fi ltration [ 4 ]. The AN 69 ST membrane markedly clears HMGB-1 from the cir-
culation (60.8 ± 5.0 ml/min at 15 min) with nearly 100 μg eliminated within the fi rst 
hour of treatment “in vitro” [ 4 ]. A relationship between removal of HMGB-1 and 
improvement of clinical sepsis has recently been demonstrated [ 40 ,  46 ] but is not 
yet confi rmed by larger randomized trials. 

 Slower adsorption due to membrane saturation can limit the time interval for 
cytokine clearance. Saturation occurs faster with smaller membrane size. Thus, a 
larger membrane surface area (1.5 m 2  at the least) is required [ 57 – 60 ] which might 
impair convection. Nevertheless, as adsorption not only occurs at the surface but 

P.M. Honore et al.



223

also in the bulk of the membrane, saturation will occur more slowly for some medi-
ators. Rapid saturation can also required regular membrane change. Although such 
procedure inherently increases CRRT costs and nursing workload [ 61 ], it permits to 
counteract de-adsorption processes which occurs with continuous use. Also, fre-
quent membrane changes should be limited to the early phase of septic shock, when 
plasma endotoxin and cytokine levels are most increased. The best cost- benefi t ratio 
for timing of membrane change remains to be determined. 

 The heparin-coated membrane AN69 ST that was conceived to run without anti-
coagulation are not superior to comparable membranes that lack heparin coating 
regarding circuit survival [ 62 ]. In fact, heparin coating may only safely and effec-
tively supplant systemic anticoagulation in high-fl ow systems (e.g. extracorporeal 
membrane oxygenation). 

 AN69 ST membranes are promising albeit still experimental for use in sepsis or 
SIRS. When applied for CRRT, clinicians should be aware that antimicrobial agents 
and potentially other benefi cial substances may be signifi cantly removed as well.  

17.3.3.3     PolyMethylMethAcrylate (PMMA) and Related Membranes 
 PMMA can adsorb mediators with MWs up to 65,000 Da [ 63 ] but has only half the 
AN69ST membrane adsorption capacity for HMGB-1 [ 4 ]. CVVH with a PMMA 
membrane removed more cytokines than when a hemofi lter of different material 
was used [ 63 ]. This was principally due to a more adequate cytokine adsorption on 
the membrane [ 61 ]. CVVH with PMMA also caused a signifi cant reduction of 
blood lactate levels [ 60 ]. 

 Wrapping up, CRRT using non-selective highly adsorptive membranes could 
potentially revolutionize the current approach of septic shock by reducing the load 
of infl ammatory mediators up- and downstream in the infl ammatory cascade. 
Membrane saturation is a limiting factor but its impact may be lowered by the use 
of large surface membranes, more bulk adsorption, and frequent membrane changes. 
Large, prospective, randomized, interventional studies evaluating these membranes 
are awaited.   

17.3.4     Endotoxin Selective Highly Adsorptive Membranes 

17.3.4.1     Polyacrylonitrile and AN69 Oxiris Membranes 
 A new generation of membranes aiming at endotoxin adsorption [(Toraymyxin 
(Toray™) and Oxiris (Gambro™)] or specifi c immuno-adsorption [Prosorba 
(Fresenius™)] has emerged. Preliminary results are promising [ 61 ], and large ran-
domized controlled trials are in preparation [ 63 ]. Prosorba, a sorbent used in apher-
esis, will be discussed separately [ 64 ].  

17.3.4.2    AN69 Oxiris 
 As compared to the AN69ST, the AN69 Oxiris membrane has high polyethyleni-
mine and heparin concentrations grafted in its three-layer structure. Membrane sur-
face polarity was modifi ed by adding a positively charged polycation that adhered 
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to the negatively charged endotoxin. Compared with older polyacrylonitrile 
 membranes, this ensured highly selective endotoxin adsorption at its membrane sur-
face [ 15 ,  65 ,  66 ]. In addition, the AN69 Oxiris membrane has greater bulk adsorp-
tion capacity that permits unselective adsorption of a wide array of infl ammatory 
mediators. 

 In a porcine model of septic shock, Rimmelé et al. compared the AN69 Oxiris 
with a standard AN69 membrane during a 6-h HVHF session. Hemodynamic 
parameters were better preserved and fl uid requirements, lactic acidosis and pulmo-
nary arterial hypertension less pronounced in the AN69 Oxiris-treated animals [ 67 ]. 
So far, this membrane has not been evaluated in human septic shock.  

17.3.4.3    PolyMethylMethAcrylate (PMMA) and Related Membranes 
 Although not promoted by Toray™ for commercial reasons, the PMMA membrane 
adsorbs endotoxin almost as effectively as the AN69 Oxiris [ 68 ]. The adsorption of 
endotoxin is selective although the other components are not selectively adsorbed. 
Several unintended bonus effects were also observed. Patients dialyzed with this 
membrane had less beta-2 microglobulin activity and a lower incidence of carpal 
tunnel syndrome [ 69 ]. PMMA membranes with the largest pore size also effectively 
removed potentially noxious substances such as furancarboxylic acid, homocysteine, 
pentosidine, and soluble CD40 [ 67 ]. Membranes with an anionic component were 
found to clear substantial amounts of free immunoglobulin light chains [ 69 ]. Thus, 
PMMA membranes can “tackle” the sepsis cascade upstream (endotoxin) and down-
stream (soluble CD 40, cytokines). This apparent immunomodulating effect might 
be useful as an adjunctive treatment in severe sepsis [ 68 ,  69 ]. The clinical use of 
PMMA membranes is well documented. Early initiation of CRRT with a PMMA 
membrane in patients with septic shock resulted in a signifi cant decrease of TNF- 
alpha, IL-6 and IL-8 and an increase in IL-10 levels. This was associated with 
improved hemodynamics, better oxygen transport, and reduced organ failure [ 63 , 
 70 ].  

17.3.4.4    Polymyxin-Coated Membrane 
 PMX B hemoperfusion employs a large selective membrane surface that specifi -
cally binds endotoxin. This membrane is not a CRRT membrane but a sorbent-like 
membrane that can run in a hemoperfusion device without delivering CRRT. The 
adsorption of endoxin is performed through a selective mechanism whereas the 
adsorption of other components is unselective. Since the publication of a meta- 
analysis on PMX B treatment during the course of septic shock [ 71 ], many studies 
have confi rmed its benefi cial hemodynamic effects. Cantaluppi et al. randomized 16 
patients with gram-negative sepsis to receive standard treatment with or without 
PMX B therapy [ 72 ]. Plasma samples of both patient groups were incubated with 
renal tubular cells and glomerular podocytes [ 72 ]. PMX B therapy reduced the pro- 
apoptotic activity of septic plasma on these cells, mainly by modulating FAS upreg-
ulation and caspase activation [ 72 ]. The results of the EUPHAS (Early Use of 
Polymyxin B Hemoperfusion in Abdominal Sepsis) trial were recently published. 
This study targeted a population prone to high circulating endotoxin levels in which 
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the source control was obtained surgically [ 6 ]. Sixty-four patients were randomly 
assigned to receive either standard treatment or standard treatment plus two sessions 
of PMX B therapy. The PMX B group had improved hemodynamic parameters, 
faster resolving of organ failure as assessed with the sequential organ failure assess-
ment (SOFA) score and a lower 28-day mortality adjusted to initial SOFA score 
[ 6 ,  73 ]. PMX B treatment was also studied in solid organ transplant patients with 
severe sepsis and septic shock. Despite three PMX sessions, no hemodynamic 
improvement was noticed [ 74 ]. Mortality was not assessed in this population. 

 One could argue that PMX B treatment might completely supplant supportive 
CRRT in sepsis. Being a blood purifi cation technique, it indeed eliminates endo-
toxin and could therefore prevent the occurrence of AKI. Nevertheless, CRRT will 
remain necessary in those patients who still develop AKI or do not recover meta-
bolically and/or hemodynamically. More studies are defi nitely needed to determine 
the value of adjuvant PMX B in the critically ill.   

17.3.5     New Sorbents Designed for Sepsis and SIRS 

17.3.5.1    Cytokine Adsorbing and Related Columns 
 CytoSorb, CYT-860-DHP, Lixelle, CTR-001, and MPCF-X columns, though struc-
turally different, have excellent adsorption rates for the most important infl amma-
tory cytokines [ 73 – 75 ]. Cytokine-adsorbing columns have an enormous surface (up 
to 8,500 m 2 ) as compared with classic CRRT membranes [ 75 ]. The Cytosorb car-
tridge, for instance, contains 10 g of polystyrene divinylbenzene copolymer beads 
with a biocompatible polyvinylpyrrolidone coating. Each bead measures 300–
800 μm in size and each g of material has a surface of 850 m 2  [ 75 ]. Beads are 
slightly larger than a grain of salt, blood-compatible, porous, and highly adsorbent. 
Pore diameter is suffi cient to allow passage of molecules up to 50,000 Da. This 
implies that most relevant pro- and anti-infl ammatory cytokines can be removed 
from blood and physiologic fl uids. Substances entering the beads undergo hydro-
phobic interactions with the neutral lipophilic surface of the polymer making them 
fi rmly adhere to the beads’ surface. Meanwhile, the large essential blood proteins 
can pass alongside the beads through the fi lter and back into the patient. 

 Treatment of septic animals with Cytosorb resulted in swift clearance of 50–80 % 
of circulating cytokines [ 76 ,  77 ], which exceeded by far the fi ltering potential of 
HCO or even highly adsorptive membranes [ 76 ,  77 ]. The sole clinical investigation 
randomized 43 patients to receive standard treatment associated or not with Cytosorb 
therapy (provided 6 h daily, for 7 days) [ 78 ]. Signifi cant reduction of IL-1, MCP-1, 
IL-1ra, and IL-8 but not IL-10 was noticed. Twenty-eight-day mortality was signifi -
cantly reduced ( p  = 0.03). A major disadvantage of CytoSorb, however, is its inabil-
ity to adsorb endotoxin [ 77 ]. The CYT-860-DHP column has this capacity and can 
adsorb exotoxins as well [ 79 ,  80 ]. However, no clinical studies with this sorbent 
technique have been performed. 

 Awaiting more clinical trials, cytokine-adsorbing columns are actually applied as 
adjunctive therapy in conditions characterized by an ongoing hyperinfl ammatory 
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response (e.g. acute respiratory distress syndrome) although the evidences are weak 
[ 81 – 83 ]. This is somewhat the same as for new membranes that are to be considered 
as potential adjunctive therapies in sepsis with also weak evidences so far [ 84 – 87 ]. 

 In Table  17.1  (modifi ed from Taniguchi) [ 75 ], the characteristics of existing 
cytokine-adsorbing columns are summarized.

17.3.5.2       Sorbents Using an Apheresis System 
 The Prosorba column acts as a selective plasma exchanger [ 88 ]. Protein A, a major 
cell wall component of  Staphylococcus aureus , binds human immunoglobulin (Ig) 
G with high affi nity. In Prosorba columns, protein A is covalently bound to a silica 
matrix and used to purify the patient’s plasma. Cells and plasma are separated with 
a continuous cell separator and 1,250 ml plasma passes through the column. Treated 
plasma is then reconstituted with cells and returned to the patient. This procedure 
was initially approved for treatment of idiopathic thrombocytopenic purpura. Later, 
Prosorba immune-adsorption was successfully used in rheumatoid arthritis [ 88 ] and 
was granted FDA approval for treatment of moderate to severe forms of this disease. 
Few reports discuss the use of apheresis in sepsis [ 89 ]. 

 The mechanism underlying Prosorba-induced improvement in rheumatoid 
arthritis and sepsis is unknown. Obviously, direct removal of IgG plays no role 
because as little as 1.5 % of circulating Ig is removed, and levels of rheumatoid fac-
tor and circulating immune complexes are barely modifi ed throughout the entire 
treatment cycle [ 90 ]. Additional factors, such as complement activation or produc-
tion of anti-idiotype antibodies, likely do contribute to the observed clinical 
improvement [ 90 ]. Recently, Suda and coworkers developed a new type of sorbent 
that specifi cally targets HMGB-1 [ 91 ]. 

 As for other sorbents and other related techniques, antimicrobial adsorption can 
be very high [ 92 ,  93 ] as described also for hyper-adsorptive membranes [ 94 ].    

    Conclusions 

 CRRT in non-septic AKI can be is generally applied using a non-adsorptive bio-
compatible membrane of 1 m 2 . However, some relatively cheap non-selective 

   Table 17.1    Characteristics of cytokine-adsorbing columns   

 Cytosorb  CYT-860-DHP  Lixelle  CTR-001  MPCF-X 

 Structure  Polystyrene 
divinyl 
copolymer 
beads 

 Polystyrene- 
based conjugated 
fi bers 

 Porous 
cellulose 
beads 

 Porous 
cellulose 
beads 

 Cellulose 
beads 

 Surface  850 m 2   >500 m 2   >500 m 2   >500 m 2   >500 m 2  

 IL-6 reduction 
within the fi rst 
2 h 

 <50 %  92 %  82.9 %  80 %  98.9 % 

 Endotoxin 
adsorption 

 No  Yes  No data  No data  No data 
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adsorptive membranes such as the AN69 ST type are already used on a large 
scale in this condition as well. 

 Regarding HVHF and after the two large randomized trials that are negative 
regarding mortality end points, HVHF is no longer recommended in clinical 
practice but may still be evaluated in appropriate trials. 

 The IVOIRE trial did suggest that an early start at AKI RIFLE injury score in 
septic shock with AKI may improve mortality as compared to a late start at AKI 
RIFLE failure score. Delay of therapy between ICU admission and CRRT start 
above 48 h may also impact negatively mortality according to IVOIRE. These 
data need to be further confi rmed or not by randomized trials. 

 High cut-off membranes can remove cytokines and are under evaluation for 
treatment of rhabdomyolysis and sepsis. However, a cut-off of 60,000 Da 
enhances albumin loss. Instead, medium cut-off membranes (e.g. cut-off at 
50,000 Da) should be preferred. 

 To increase removal of infl ammatory mediators in septic AKI, the use of 
highly adsorptive fi lters that can be considered in CRRT such as the AN69 ST, 
septeX, PMMA, and Oxiris membranes but without strong clinical evidences. 

 The CytoSorb membrane binds cytokines and is seems a promising mem-
brane for sepsis treatment, though it fails to capture endotoxin and IL-10. So 
far, there is more evidence for HCO and PMX fi lters. The AN 69 Oxiris mem-
brane may be a valid alternative as it does capture both endotoxin and cyto-
kines. AN69 ST also adsorbs the important upstream mediator HMGB-1. 
PMMA is a powerful scavenger of endotoxin and numerous other cytokines. 
Finally, high porosity septeX membranes may perform well especially when 
used in CVVH mode. 

 Clinical evidence for the benefi t of adsorptive columns and selective plasma 
exchange is still scarce. 

 More studies are defi nitely needed to identify the ideal membrane or sorbent 
for adjuvant treatment of sepsis. 

 The highly adsorptive membranes AN69 ST and PMMA may capture signifi -
cant amounts of crucial antibiotics such as colistin, amikacin, and vancomycin 
necessitating dose adaptation. 

 Heparin-coated membranes do not preclude the use of anticoagulation. 

 Key Messages 
•     HVHF is not recommended anymore in clinical practice, but appropriate 

studies are still wanted. A prescribed dose of 30–35 ml/kg/h is enough in 
order to deliver 25 ml/kg/h.  

•   In septic shock with AKI, it is suggested to start CRRT earlier, at RIFLE 
injury (after the results of the IVOIRE trial).  

•   New membranes and sorbents are promising but cannot be recommended 
at this stage in clinical practice, but well-designed trials are wanted.  

•   High-cut-off (HCO) membranes designed for sepsis and rhabdomyolysis 
are under investigation but cannot yet be recommended in daily routine 
clinical practice.    
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18Drug Removal by CRRT and Drug Dosing 
in Patients on CRRT

Miet Schetz, Olivier Joannes-Boyau, 
and Catherine Bouman

Give a man a fish and you feed him for a day. Teach a man to fish and you feed him for a 
lifetime – Maimonides

18.1  Introduction

Adequate drug therapy can be lifesaving in critically ill patients. Adequate not 
only means the correct drug choice but also the correct drug dose that maximizes 
efficacy while minimizing toxicity. This especially applies to antibiotics that 
should reach sufficient concentrations at the site of infection to prevent treatment 
failure and/or selection of resistant pathogens. Successful drug dosing should take 
into account the substantial and dynamic pharmacokinetic alterations that take 
place during critical illness. These alterations mainly include increases in volume 
of distribution (Vd) (capillary leak, fluid resuscitation, etc.) and changes in clear-
ance (Cl) (altered organ function) and protein binding (PB) (hypoalbuminemia, 
acute phase reactants) [1, 2]. The application of continuous renal replacement 
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therapy (CRRT) adds another factor of uncertainty. A wide variability of drug 
concentrations has indeed been noted in patients receiving CRRT [3–5]. This 
chapter will summarize the factors affecting drug removal during CRRT and their 
implications for drug dosing regimens. These CRRT-induced changes should be 
interpreted in the context of the general pharmacokinetic alterations in critically 
ill patients.

18.2  Drug Removal with CRRT

The main factors affecting drug removal during CRRT are Vd, effluent flow rate 
(Qeffl) and PB, although modality, the drug’s molecular weight (MW) and the choice 
of the membrane may also contribute [6–9].

18.2.1  Protein Binding

The drug fraction that is not bound to proteins is not only responsible for its efficacy 
and toxicity but it is also the only fraction that can cross the membrane of a renal 
replacement therapy. The ability of a solute to cross the membrane is expressed in 
the sieving coefficient (S) during hemofiltration and in dialysate saturation (S(d)) 
during hemodialysis. S and S(d) equal the ratio of the drug’s concentration in the 
effluent (Ceffl) to its plasma concentration (Cp).

 
S d C C( ) = effl p/  

PB is the main determinant of S and S(d) that both approximate the free drug frac-
tion (1 − PB). The more the drug is bound by protein, the less it can be removed. 
Acidic drugs typically bind to albumin whereas basic drugs bind to acute phase 
reactant proteins such as alpha-1-acid glycoprotein. Critically ill patients have a 
high incidence of hypoalbuminemia and this will especially affect the unbound frac-
tion of drugs with high PB such as ceftriaxone and flucloxacillin. Other factors 
affecting PB include temperature, pH and the presence of displacing substances 
such as other drugs, bilirubin or organic acids that are retained in uremia [10]. These 
changes in PB may at least partially explain the reported differences between a 
drug’s free fraction (as reported in the literature) and measured sieving coefficients 
[11, 12] (Table 18.1).

Table 18.1 Factors affecting 
sieving coefficient and dialysate 
saturation

S S(d)

Molecular weight − +

Protein binding ++++ ++++

Drug–membrane interactions + +

Membrane thickness − +

Membrane pore size − +

Dialysate/blood flow − +
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18.2.2  Effluent Flow Rate

The second and most important factor affecting extracorporeal drug removal during 
CRRT is “dialysis dose” or Qeffl. Extracorporeal drug clearance (ClEC) equals the 
product of S(d) and Qeffl [6–9].

 
ClEC effl=  × S d Q( )  

Lower antibiotic concentrations have indeed been found in patients treated with 
high-volume hemofiltration [13–15]. The dose-effect also implies that (frequently 
occurring) differences between prescribed and delivered CRRT dose should be 
taken into account.

The prefilter infusion of the replacement solution in predilution hemofiltration or 
hemodiafiltration decreases plasma concentration in the filter and thus also extracorpo-
real drug removal. The above equation should therefore be adapted with a correction 
factor where Qb is the blood flow and Qspre

 is the prefilter replacement rate [6–9].

 
Cl /EC effl b s bpre

=  × × + S d Q Q Q Q( ) ( )



  

18.2.3  Modality and Molecular Weight

Solute transport during hemofiltration is based on convection whereas hemodialysis 
uses diffusive transport. Convective solute removal is independent of MW up to the cut-
off of the membrane (which is much higher than the MW of the majority of the drugs). 
Diffusion, on the other hand, is dependent on MW and this will potentially lead to a 
lower extracorporeal removal (compared to hemofiltration) of drugs with relatively high 
MW such as vancomycin (MW 1,480 Da) [16], teicoplanin (MW 1,880 Da), daptomy-
cin (MW 1,620 Da), bivalirudin (MW 2,180 Da) or colistin (1,160 Da). This is espe-
cially the case when achieving equilibrium between blood and dialysate is hampered by 
the use of low-flux membranes [17], membranes with low surface area [18] and/or high 
dialysate flow rates [18–20]. Interaction of diffusion and convection in hemodiafiltration 
may also reduce the clearance of larger solutes compared to pure hemofiltration [21].

18.2.4  Membrane

Theoretically extracorporeal drug removal can also be affected by drug–membrane 
interactions. These interactions may be the result of drug charge and the so-called 
Gibbs–Donnan effect where negatively charged proteins along the membrane result 
in the retention of cationic drugs. Anionic drugs may experience the opposite effect 
explaining why drug concentrations in the effluent may be higher than the plasma 
concentration.

Another drug–membrane interaction is drug adsorption to the membrane that 
depends on drug and membrane characteristics. Drug adsorption has been described 
for levofloxacin, aminoglycosides and vancomycin with the polyacrylonitrile 
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membrane [22–26]. The phenomenon rapidly reaches saturation and the clinical 
importance is not clear. It may influence aminoglycoside blood levels after the first 
dose, but, due to membrane saturation, the next dose will not be affected if the mem-
brane has not been changed. Drug–membrane interactions provide another explana-
tion for the reported differences between a drug’s free fraction and S(d) [11, 12].

18.2.5  Volume of Distribution

RRT only clears the plasma, which means that drugs with large Vd are less effi-
ciently cleared by extracorporeal therapy. This explains why intermittent RRT is 
often followed by a rebound of the plasma concentration due to re-equilibration 
between central and peripheral compartments. CRRT has access to the total Vd due 
to continuous re-equilibration between the different compartments. For the same 
daily extracorporeal clearance, CRRT will therefore increase drug removal com-
pared with intermittent hemodialysis. However, due to the limited plasma concen-
tration of drugs with large Vd the amount eliminated will anyway be small compared 
to the total amount present in the body. Here too, changes in Vd induced by critical 
illness and its recovery should be taken into account.

18.3  Is Extracorporeal Drug Removal Clinically Important?

The clinical importance of ClEC is determined by its contribution to total body clear-
ance, which is the sum of all regional clearances including ClEC, residual renal clear-
ance (ClR), hepatic drug metabolism and other non-renal clearances (ClNR). The 
contribution of a regional clearance to the total body clearance is called a fractional 
clearance (FrCl) [6–9].

 

Fr Cl Regional Cl / total body Cl

FrCl Cl / Cl Cl ClEC EC EC R NR

=
= + +( )  

Any regional clearance is only clinically important if its contribution to total body 
clearance exceeds 25 %. Concomitant hepatic impairment, residual kidney function 
and the intensity of CRRT may all affect fractional extracorporeal clearance 
(FrClEC). In addition, the effect of AKI on drug metabolism should also be taken 
into account [27, 28].

18.4  Drug Dosing Regimens

In many cases drug dosing in critically ill patients will have to compromise between 
the risk of insufficient efficacy and the risk of toxicity. For instance, the dosing of 
antibiotics should take into account the severity of the infection, whether the patient’s 
immune system is compromised, the minimal inhibitory concentration (MIC) of the 
most resistant (presumed) pathogen, the pharmacodynamics of the antibiotic, its 
potential toxicity and the changes in pharmacokinetics induced by critical illness.

M. Schetz et al.
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The loading dose of a drug only depends on the volume of distribution and body 
weight (BW) and should thus be adapted for the changes in Vd induced by critical 
illness, however, not for CRRT itself.

 Loadingdose Target level d= × V *  

Different approaches can be used for the selection of a maintenance dose. For anti-
biotics, the dosing schedule should take into account the pharmacodynamic profile 
(time-dependent or concentration-dependent bacterial killing). For time-dependent 
antibiotics, such as the beta-lactams, a continuous or extended infusion may be the 
optimal method to deliver the maintenance dose [29, 30].

18.4.1  Literature Data

Published dosing guidelines on drug dosing during CRRT are generally based on studies 
involving small and heterogeneous patient populations treated with heterogeneous 
(modality, intensity, membrane) CRRT [7, 31, 32]. Their applicability on individual 
patients is therefore questionable. In addition, many clinical trials in this field poorly 
report CRRT settings [33, 34] or report pharmacokinetics during CRRT thus reflecting 
the combined effect of critical illness and CRRT [35]. Understanding the basic princi-
ples of solute removal with CRRT (besides the pharmacokinetics and pharmacodynam-
ics of critically ill patients) is therefore of utmost importance [6, 8, 9].

18.4.2  Drugs with Measurable Clinical Effect

Medications with real-time measurable clinical effect such as vasoactive drugs or 
sedatives can be titrated to their effect and therefore do not represent a problem.

18.4.3  Drugs with Available Monitoring

In most clinical settings therapeutic drug monitoring (TDM) is limited to aminogly-
cosides, glycopeptides and some anti-epileptics that have a narrow therapeutic 
index. CRRT can even be used to reduce toxicity of antibiotics that require high 
peak levels for efficacy such as the aminoglycosides. Reducing toxicity may require 
an intensified CRRT [36].

Beta-lactam and quinolone antibiotics have a wide safety margin. However, the 
frequently reported subtherapeutic levels in patients on CRRT [3, 5] that may result 
in treatment failure and selection of resistant pathogens argue for an expansion of 
TDM to these classes of antibiotics, not just for minimizing toxicity but mainly for 
ensuring efficacy [37–39].

Adaptation to the required drug level can use the following formula:

 
Dose Target level Actual level d= −( )×V *  
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18.4.4  Drug with High Protein Binding

Protein binding is the main determinant of S(d). This explains why the extracorpo-
real elimination of drugs with high PB can be expected to be limited. However, 
changes in PB due to critical illness must be taken into account and may explain 
why drugs with high PB in healthy volunteers such as ceftriaxone may be signifi-
cantly removed with CRRT [40].

18.4.5  Drugs with Predominant Non-renal Clearance

The concept of fractional extracorporeal clearance explains why extracorporeal 
removal with CRRT will not be clinically important for drugs with predominant 
non-renal clearance such as voriconazole [41], amphotericin [42], echinocandins 
[43] or benzodiazepines [44]. Reduction in hepatic drug clearance induced by the 
patient’s condition should be accounted for and may increase the clinical impor-
tance of extracorporeal clearance. In addition, (eventually active) metabolites may 
be significantly cleared [45].

18.4.6  Drugs with Predominant Renal Clearance

Drugs with predominant renal clearance generally require dosage adaptation for 
CRRT. Whether dosage adaptation should include a change in dosing interval or 
maintenance dose depends on the pharmacodynamics [8, 46–48].

The simplest way to perform this dosage adaptation is to determine extracorporeal 
creatinine clearance (=Qeffl corrected for predilution) and to administer the dose that 
applies for a patient with comparable renal creatinine clearance [6, 9], eventually 
taking into account residual renal clearance. The major drawback of this method is 
the assumption that renal drug clearance is only by glomerular filtration. However, 
many drugs undergo tubular reabsorption or tubular secretion. Since the extracorpo-
real system only mimics glomerular filtration and not the tubular function, this may 
result in underdosing of drugs that undergo tubular reabsorption and overdosing in 
drugs that undergo tubular secretion, as illustrated in Fig. 18.1.

The best example of this problem is fluconazole that has an almost exclusive 
renal elimination. In the normal kidney, fluconazole is substantially reabsorbed 
resulting in a ClR that is much lower than glomerular filtration. During CRRT, this 
reabsorption does not take place and the ClEC may therefore be even higher than 
normal ClR in healthy subjects. Supranormal doses of fluconazole will therefore be 
required in patients on CRRT especially with relatively high Qeffl [49–52]. Another 
antibiotic that undergoes substantial tubular reabsorption is colistin [53].

Another method for dosage adaptation consists of reducing the dose in propor-
tion to the reduction in total body clearance [54].

 

ActualCl Cl Cl Cl residual

Dose Normaldose ActualCl / N
EC NR R= + +

= ×
( )

oormalCl  
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Normal renal clearance

Glomerular
filtration

GF + tubular
reabsorption

GF + tubular
secretion

120 ml/min 20 ml/min 200 ml/min

Reduced kidney function

Reduced glomerular
filtration

Reduced GFR + tubular
reabsorption

Reduced GFR + tubular
secretion

120 ml/min 20 ml/min 200 ml/min

30 ml/min 5 ml/min 50 ml/min

c

120 ml/min 20 ml/min 200 ml/min

30 ml/min 5 ml/min 50 ml/min

30 ml/min 30 ml/min 30 ml/min

Only
filtration

No tubular
reabsorption

No tubular
secretion

CRRT

a

b  

Fig. 18.1 Extracorporeal removal of drugs with tubular secretion or reabsorption. (a) Figure rep-
resenting renal clearance of a drug undergoing tubular reabsorption or tubular secretion in a patient 
with normal GFR. (b) With reduced kidney function (and assuming a similar decrease of glomeru-
lar and tubular function) clearance of drugs with tubular secretion and reabsorption will be reduced 
in proportion to the reduction in GFR. (c) CRRT with an extracorporeal clearance that is similar to 
the renal clearance under b. Due to the absence of tubular function, the clearance of a drug with 
tubular reabsorption will be less reduced and may be even higher than with normal kidney func-
tion. For drugs with tubular secretion, the reduction of drug clearance will be more pronounced 
compared with reduced kidney function
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This approach is more complicated because it requires knowledge of the normal 
and the non-renal clearance (always taking into account the effect of critical 
illness).

A third approach starts from the anuric dose or dosing interval (as found in the 
literature) with adaptations based on the FrClEC [20, 55].

 

Maintenancedose Anuricdose / 1 FrCl

Dosing intervel Anuric
EC= −

=
( )

ddosing interval 1 FrClEC× −( )  

However, anuric doses reported in the literature are often derived from patients with 
chronic kidney disease and may not apply to the situation of AKI.

 Conclusion
Understanding the basic principles and weighing the risks and benefits of over- 
and underdosing are key in drug management during CRRT. Clinically relevant 
extracorporeal removal can be expected for drugs with predominant renal clear-
ance, especially if they have a poor PB. It is also important to realize that RRT is 
only one of the factors contributing to uncertainty with regard to a drug’s fate in 
critically ill patients. The multitude of factors affecting drug disposal and the 
spectrum of variability within each of these factors explains why adequate pre-
diction of drug levels in an individual ICU patient is almost impossible. Further 
expanding the possibilities for therapeutic drug monitoring is therefore indis-
pensable in order to prevent over- and underdosing of potentially lifesaving/toxic 
drugs in critically ill patients.

Key Messages
 1. Critical illness induces important alterations in pharmacokinetics. CRRT 

is therefore only one of the factors contributing to uncertainty with regard 
to a drug’s fate in the body.

 2. The most important factors affecting extracorporeal drug removal are 
effluent flow rate, protein binding and volume of distribution.

 3. As a general rule, drugs with important renal elimination also require dos-
age adaptation for CRRT.

 4. The simplest method for drug dosage adaptation during CRRT is based on 
total creatinine clearance (sum of residual renal clearance + effluent flow 
rate), but its limitations for drugs undergoing tubular secretion or reabsorp-
tion should be acknowledged.

 5. Adaptation of maintenance doses of antibiotics should take into account 
their pharmacodynamic profile (time- or concentration-dependent bacte-
rial killing).

 6. Expanding the possibilities of therapeutic drug monitoring is the only way 
forward to improve accuracy of drug dosing in critically ill patients with 
CRRT.
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  19      Renal Replacement Therapy 
for Intoxications 

             Anne-Cornélie     J.  M.     de     Pont    

19.1            Introduction 

 Intoxications are common in emergency medicine: in the United States, more than 
two million poison exposures are reported each year and more than 100,000 of these 
patients are admitted to critical care units because of a serious intoxication. Most of 
these intoxications involve analgesics, sedatives and cardiovascular drugs [ 1 ]. 
Although in the past, decontamination techniques such as gastric lavage and admin-
istration of activated charcoal have been advocated, their clinical benefi t has not 
been confi rmed in controlled studies and their use has substantially declined during 
recent years [ 1 ,  2 ]. Nevertheless, enhanced elimination of the toxic agent remains 
one of the cornerstones of the management of the intoxicated patient. In this chap-
ter, we will give an overview of the indications and techniques for the elimination 
of toxic agents.  

19.2     Indications 

 The use of renal replacement therapy to remove a toxin is justifi ed if there is an 
indication of severe toxicity (Table  19.1 ) and if the total body elimination of the 
toxin can be increased by 30 % or more using this technique [ 3 ]. Whether removal 
of toxins by means of renal replacement therapy is possible depends on characteris-
tics of the toxin itself and of the elimination technique used (Table  19.2 ) [ 4 ,  5 ].
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19.3         Techniques 

 Hemodialysis, hemofi ltration, and hemoperfusion can all be used to remove toxins 
from the blood. However, hemodialysis is most suitable to remove water-soluble 
toxins with a low molecular weight (Table  19.2 ). Taken into account these restric-
tions, hemodialysis is by far the most effi cient technique in terms of clearance.  

19.4     Techniques Based on Diffusion 

19.4.1     Hemodialysis 

 During hemodialysis, small molecules are cleared from the blood by diffusion 
across a semipermeable membrane down a concentration gradient from blood into 
dialysate. The clearance of a substance depends on its molecular weight, the mem-
brane surface area and type, as well as on blood and dialysate fl ow rates [ 6 ,  7 ]. 
Newer high-fl ux membranes can also remove high-molecular weight substances. 
Increasing blood and dialysate fl ow rates can increase the concentration gradient 
between blood and dialysate, thus increasing the rate of diffusion and elimination. 
Intermittent hemodialysis typically uses a blood fl ow rate of 200–500 mL/min and 
a dialysate fl ow rate of 500–1,000 mL/min [ 7 ,  8 ]. When a high-fl ux, high-effi ciency 
membrane is used, a urea clearance exceeding 200 mL/min can be reached [ 9 ]. 
Hemodialysis is therefore the most effi cient technique in terms of clearance. The 
major drawback is the risk of rebound toxicity due to redistribution of the toxin after 
stopping the treatment. In addition, hemodynamically unstable patients generally 
do not tolerate the high blood fl ows used in intermittent hemodialysis.  

   Table 19.1    Indications of severe toxicity   

 Ingested quantity associated with severe toxicity 

 Ingestion of a toxin with serious delayed effects 

 Natural removal mechanisms impaired 

 Clinical condition deteriorating 

 Clinical evidence of severe toxicity: hypotension, coma, metabolic acidosis, respiratory 
depression, dysrhythmias, cardiac decompensation 

     Table 19.2    Necessary properties for extracorporeal removal by three different techniques   

 Hemodialysis  Hemofi ltration  Hemoperfusion 

 Solubility  water  water  water or lipid 

 Molecular weight  <500 Da  <40,000 Da  <40,000 Da 

 Protein binding  Low (<80 %)  Low  Low or high 

 Volume of distribution  <1 L/kg  <1 L/kg  <1 L/kg 

 Endogenous clearance  <4 mL/min/kg  <4 mL/min/kg  <4 mL/min/kg 

 Distribution time  Short  Longer  Short 
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19.4.2     Sustained Low Efficiency Dialysis 

 Sustained low effi ciency dialysis (SLED) or prolonged intermittent renal replace-
ment therapy (PIRRT) is a diffusive technique comparable to hemodialysis. In 
contrast, SLED is used continuously with lower rates of blood and dialysate fl ow 
than intermittent hemodialysis, typically 200 and 100 mL/min, respectively [ 10 ]. 
With these settings, a urea clearance of 70–80 mL/min can be reached [ 11 ]. 
Therefore, SLED is less effi cient in removing toxic substances than hemodialysis. 
However, since fl ow rates are lower and treatment duration is longer, it is better 
tolerated by hemodynamically unstable patients and the risk of rebound toxicity 
is diminished.  

19.4.3     Continuous Venovenous Hemodialysis (CVVHD) 

 Continuous venovenous hemodialysis (CVVHD) is another technique based on dif-
fusion. However, blood fl ow and dialysis fl ow used are much lower than during 
SLED, typically 100–200 mL/min and 10–30 mL/min, respectively [ 5 ]. Current 
international guidelines recommend delivering an effl uent volume of 20–25 mL/
kg/h (  www.KDIGO.com    ). Therefore, urea clearance is low (20–30 mL/min), which 
makes the technique unsuitable for the treatment of intoxications.   

19.5     Techniques Based on Convection 

19.5.1     Hemofiltration 

 During hemofi ltration, plasma ultrafi ltrate is produced under infl uence of a pressure 
gradient across the hemofi ltration membrane. Molecules up to 40 kDa can thus be 
cleared from the blood convectively. The plasma ultrafi ltrate is replaced by a buff-
ered replacement fl uid, infused either before (predilution) or after the fi lter (postdi-
lution). In postdilutional hemofi ltration, clearance equals the ultrafi ltration rate, 
typically ranging from 10 to 30 mL/min, with 20–25 mL/kg/h being the current 
recommendation for renal replacement therapy. When using high-volume hemofi l-
tration, a clearance up to 85 mL/min can be reached, which makes the effi ciency of 
this technique equal to SLED [ 5 ]. However, for small water-soluble molecules, 
extracorporeal removal by hemodialysis is much more effi cient.  

19.5.2     Continuous Venovenous Hemodiafiltration (CVVHDF) 

 In continuous venovenous hemodiafi ltration (CVVHDF), a dialysis component is 
added to conventional hemofi ltration, by means of which the clearance can be 
increased [ 5 ]. However, the effi ciency of this technique is insuffi cient for the treat-
ment of intoxications.  
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19.5.3     Hemoperfusion 

 During hemoperfusion, the blood passes through a cartridge containing a sorbent mate-
rial. In order to be able to be removed by hemoperfusion, the toxic substance must have 
binding affi nity to the sorbent in the cartridge and a low volume of distribution 
(Table  19.2 ). Despite their effi cacy, the use of hemoperfusion cartridges has declined 
over the last 20 years due to limitations of their indications and shelf life [ 7 ,  12 ,  13 ].   

19.6     Intoxications for Which Extracorporeal Removal May 
be Indicated 

 Due to the characteristics required for extracorporeal removal, the number of sub-
stances suitable for this technique is limited. Drugs for which extracorporeal 
removal is indicated are summarized in Table  19.3  and will be discussed in alpha-
betical order. When an intoxication with one of these agents is suspected, consulta-
tion of a nephrologist and pharmacologist is warranted [ 7 ,  14 ].

19.6.1       Barbiturates 

 The physicochemical and pharmacokinetic properties of barbiturates determine 
their suitability for extracorporeal elimination [ 15 ]. Their protein binding ranges 
from 5 % for barbital to 70 % for secobarbital, and their endogenous clearance 
ranges from 3 mL/min for barbital to 53 mL/min for secobarbital. Although for all 
barbiturates extracorporeal clearance is higher than endogenous clearance, barbital, 
phenobarbital, and secobarbital are most suitable for this technique because of their 
low endogenous clearance [ 15 ]. The choice for extracorporeal treatment in case of 
barbiturate overdose depends on the severity of the toxicity rather than on the serum 
level and should be considered in cases of severe hypotension, respiratory depres-
sion, or deep and prolonged coma. Until recently, hemoperfusion was the treatment 
of choice. However, with the use of high-fl ux, high-effi ciency membranes, similar 
or even better elimination can be obtained with hemodialysis [ 16 ,  17 ].  

  Table 19.3    Substances for 
which extracorporeal removal 
may be indicated  

 Substance  Preferred method 

 Barbiturates  Hemoperfusion/hemodialysis 

 Lithium  Hemodialysis 

 Metformin  Hemodialysis 

 Salicylates  Hemodialysis 

 Theophylline  Hemoperfusion/hemodialysis 

 Toxic alcohols  Hemodialysis 

 Valproic acid  Hemodialysis 
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19.6.2     Lithium 

 Lithium is widely used in the treatment of bipolar affective disorders. It has a 
molecular weight of 74 Da, a distribution volume of 0.6–0.9 L/kg body weight, and 
it is not protein bound, which makes it an ideal substance to be removed by renal 
replacement therapy. With hemodialysis, an extraction ratio of 90 % and a clearance 
ranging from 63 to 114 mL/min can be achieved [ 18 ]. Hemodialysis is even more 
effective in removing lithium than the kidney itself, since 70–80 % of lithium fi l-
tered by the kidney is reabsorbed in the proximal tubule. Hemodialysis should be 
started in case of confusion, stupor, coma, or seizures. Although the serum lithium 
level is effectively lowered by hemodialysis, a rebound rise in serum levels occurs 
6–8 h after cessation of the treatment, since lithium redistributes to the circulation 
from the interstitial space [ 19 ]. Therefore, hemodialysis should be continued until 
the serum lithium level remains below 1 mEq/L.  

19.6.3     Metformin 

 The biguanide metformin is the most widely used oral antidiabetic agent in the 
world. Yet it carries the risk of metformin associated lactic acidosis (MALA), 
which usually occurs in cases of overdose or renal failure. Although rare, MALA 
carries a mortality risk of 50 % [ 20 ]. Metformin has a molecular weight of 166 Da, 
is not protein bound, and is excreted by the kidney by means of glomerular fi ltra-
tion and tubular secretion. Its renal clearance therefore exceeds the creatinine 
clearance and ranges from 552 to 642 mL/min, reaching a plasma elimination 
half-life of 1.5–4.7 h [ 21 ]. Metformin intoxication itself can induce acute renal 
failure, which aggravates toxicity. By means of hemodialysis, metformin can be 
removed with clearances up to 170 mL/min [ 22 ]. Extracorporeal treatment should 
be performed in cases of refractory lactic acidosis or impaired renal function 
[ 23 – 25 ].  

19.6.4     Salicylates 

 At therapeutic levels, salicylates have over 90 % protein binding, which decreases 
to 50–75 % at toxic levels, due to saturation. Salicylates are metabolized in the liver 
and excreted by the kidney. The elimination half-life is dose dependent, ranging 
from 2 h at a low dose to 30 h at a high dose. Treatment with hemodialysis should 
be started when the serum level exceeds 700 mg/L or when the clinical situation 
deteriorates (altered mental status, respiratory failure, pulmonary edema, severe 
acid-base disturbances, renal failure) [ 26 ]. Hemodialysis is recommended as the 
extracorporeal treatment of choice, since it more rapidly corrects metabolic acidosis 
and electrolyte disturbances [ 27 ].  
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19.6.5     Theophylline 

 Theophylline is more than 50 % protein bound and under normal conditions metab-
olized by the p450 enzyme in the liver. At therapeutic levels its elimination obeys 
fi rst order kinetics, while limitation of the enzyme capacity results in zero order 
kinetics at higher concentrations [ 28 ]. Since theophylline binds readily to charcoal, 
hemoperfusion is the treatment of choice. In acute toxicity, it should be started at 
serum levels greater than 90 μg/mL and in chronic intoxications at levels greater 
than 40 μg/mL in the presence of signs of severe toxicity. When hemoperfusion is 
not available, hemodialysis is also effective.  

19.6.6     Toxic Alcohols 

 The toxic alcohols include ethylene glycol, methanol, and isopropanol. Ethylene 
glycol is a compound used in antifreeze and windshield washer solutions. It is 
converted by alcohol dehydrogenase to glycolate, which causes renal failure and 
pulmonary and cerebral edema. Therefore, the mainstay of the treatment of ethyl-
ene glycol poisoning is the inhibition of alcohol dehydrogenase with ethanol or 
fomepizole [ 29 ,  30 ]. Hemodialysis should be started when signs and symptoms of 
severe toxicity are present (deteriorating vital signs, severe metabolic acidosis, 
acute kidney injury, pulmonary or cerebral edema) or when the serum level 
exceeds 0.5 g/L [ 30 ]. Hemodialysis effectively eliminates glycolate with an elimi-
nation half-life of 155 ± 474 min, compared with a spontaneous elimination half-
life of 625 ± 474 min [ 30 ,  31 ]. 

 Under physiological circumstances, methanol is metabolized by alcohol dehy-
drogenase to formaldehyde, and by aldehyde hydrogenase to formic acid, which 
is responsible for the acidosis and toxic manifestations. Therefore, the primary 
step in the treatment of methanol intoxication is inhibition of alcohol dehydroge-
nase with ethanol or fomepizole [ 29 ,  30 ]. The usual criteria for hemodialysis 
include severe acidosis, visual impairment, renal failure, electrolyte disturbances 
or a plasma methanol concentration greater than 0.5 g/L [ 32 ]. Hemodialysis does 
not substantially enhance the endogenous clearance of formate. The endogenous 
half-life of formic acid is 205 ± 25 min, whereas the hemodialysis half-life is 
185 ± 63 min [ 33 ]. 

 Isopropanol is a colorless liquid with a bitter taste, used in the manufacturing 
of acetone and glycerin. The minimal lethal dose for adults is approximately 
100 mL. Unlike ethylene glycol and methanol, most of the toxic effects of isopro-
panol are due to the parent compound itself. Isopropanol is metabolized to ace-
tone by alcohol dehydrogenase. The clinical signs of intoxication occur within 1 h 
of ingestion and include gastrointestinal symptoms, confusion, stupor, and coma. 
Severe intoxications may present with hypotension due to cardiac depression and 
vasodilatation [ 34 ]. Hypotension is the strongest predictor of mortality. Inhibition 
of alcohol dehydrogenase is not indicated, since acetone is less toxic than isopro-
panol. Hemodialysis is indicated for patients with an isopropanol level greater 
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than 4 g/L and signifi cant central nervous system depression, renal failure, or 
hypotension [ 34 ].  

19.6.7     Valproic Acid 

 Valproic acid is a 144 Da branched chain carboxylic acid primarily metabolized in 
the liver. At therapeutic levels it is 90 % protein bound, but protein binding decreases 
at toxic serum levels due to saturation. Valproic acid has a small volume of distribu-
tion (0.1–0.5 L/kg) and a plasma half-life of 6–16 h [ 35 ]. Clinical manifestations of 
toxicity vary from mild confusion and lethargy to coma and death. In addition to 
neurological symptoms, valproate can cause hypothermia, hypotension, tachycar-
dia, gastrointestinal disturbances, and hepatotoxicity as well as hypernatremia, 
hyperosmolarity, hypocalcemia, and metabolic acidosis. Valproic acid can be elimi-
nated by hemodialysis with an elimination half-life of 2–4 h [ 35 – 38 ]. Extracorporeal 
treatment is justifi ed in cases of refractory hemodynamic instability or metabolic 
acidosis [ 39 ].   

    Conclusion 

 In case of severe toxicity, renal replacement therapy is justifi ed if the technique 
is able to increase the total body elimination of the toxin by 30 % or more. The 
possibility for a toxin to be removed from the blood by means of renal replace-
ment therapy depends on its molecular weight, protein binding, volume of distri-
bution, and solubility in water. Hemodialysis is the most effi cient technique in 
terms of the clearance of water-soluble toxins with a low molecular weight. 
Rebound toxicity requires longer treatment times. 

 Key Notes 
•     In case of severe toxicity, renal replacement therapy is justifi ed if the tech-

nique is able to increase the total body elimination of the toxin by 30 % or 
more.  

•   The possibility for a toxin to be removed from the blood by means of renal 
replacement therapy depends on its molecular weight, protein binding, 
volume of distribution, and solubility in water.  

•   Hemodialysis is the most effi cient technique in terms of the clearance of 
water-soluble toxins with a low molecular weight.  

•   Drawbacks for the use of hemodialysis in intoxicated patients are rebound 
toxicity due to redistribution and hemodynamic instability.  

•   The risk of rebound toxicity and hemodynamic instability can be dimin-
ished by using sustained low effi ciency hemodialysis (SLED).  

•   Drugs suitable for removal by renal replacement therapy are barbiturates, 
lithium, metformin, salicylates, theophylline, toxic alcohols, and valproic 
acid.    
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  20      Pediatric CRRT 

             Zaccaria     Ricci       and     Stuart     L.     Goldstein     

20.1               Epidemiology of pCRRT and the ppCRRT Registry 

 Information available on pediatric patients requiring continuous renal replacement 
therapy (CRRT) is scant and partially deriving from the adult critically ill patients: 
in many cases pediatric CRRT (pCRRT) is prescribed according to local expertise 
and without the utilization of any specifi c recommendation. The prospective pCRRT 
(ppCRRT) registry was created in order to improve and increase observational 
information on pCRRT practice of several US centers and it is currently the only 
source, worlwide, which gathered the experience derived from hundreds of treated 
children [ 1 ]. The ppCRRT registry was founded in 2001 and comprises 13 pediatric 
centers in the USA. So far, the ppCRRT enrolled 344 patients with age ranging from 
1 day to 25 years and weights ranged from 1.3 to 160 kg; 11 different primary diag-
noses were described in the registry the most represented of which are sepsis, stem 
cell transplantation, cardiac disease, liver disease, and malignancies [ 1 ]. The overall 
survival of these patients was 58 % and it appeared to be signifi cantly reduced in 
patients with multiple organ dysfunction syndrome and fl uid overload, weighing 
less than 10 kg or receiving stem cell transplantation [ 1 ]. Provided this unique set of 
information (and other related to technical aspects such as position and size of dial-
ysis catheters, the association with fi lter lifespan or anticoagulation) the ppCRRT 
registry left several questions unanswered: optimal timing of pCRRT has still to be 
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clarifi ed (although it is now clear that it should be considered before fl uid is accu-
mulated in children), optimal dosing of CRRT prescription is currently unknown 
(even if, after adult experience and the possibility to easily achieve highest doses in 
such small patients, this may not be an issue signifi cantly affecting outcomes) and, 
above all, long-term outcomes of acute kidney injury (AKI) children undergoing 
CRRT are still to be explored (it is possible that patients surviving a CRRT treat-
ment suffer a reduced renal reserve with a signifi cant risk of becoming chronic renal 
failure patients).  

20.2     Timing to Start and Stop pCRRT 

 Although the analysis of timing of pCRRT may appear diffi cult due to the lack of 
prospective evidence, the lack of absolute indications for dialysis inception and the 
lack of a common defi nition of “timing”, as a common sense rule “timely” CRRT 
start has been advocated by several authors [ 2 ]. It seems particularly important that 
the pCRRT start occurs before the fl uid overload threshold of 10–20 % has been 
reached in an AKI pediatric patient [ 3 ]. A recent small retrospective observation of 
pCRRT patients undergoing extracorporeal membrane oxygenation (ECMO) 
showed that not only mortality is affected by the level of fl uid overload achieved at 
the time of CRRT start, but also that it seems hard to “force” fl uid removal in order 
to improve patient outcomes [ 4 ]. In light of this, a post hoc analysis of the RENAL 
trial showed that apart from what level of fl uid overload is reached at CRRT start 
(in adult patients), mortality was affected by the level of fl uid balance reached in 
the fi rst 48 h: critically ill adult patients tended to survive more if a negative level 
of fl uid balance was rapidly achieved [ 5 ]. In a large retrospective 10-year cohort 
analysis, a thorough analysis of timing of pCRRT initiation was recently attempted 
[ 6 ]. The authors defi ned timing as the time from intensive care unit (ICU) admis-
sion to CRRT initiation. They found that late initiators (>5 days) had higher mor-
tality than early initiators (≤5 days) with a hazard ratio of 1.56 (95 % confi dence 
interval: 1.02–2.37) with an increase of 5 % in mortality for every day of delay in 
CRRT initiation after adjusting for signifi cant confounders. On multivariable 
regression, independent predictors of mortality were also fl uid overload, indication 
for CRRT initiation (simultaneous presence of renal dysfunction and fl uid over-
load), severity of illness at ICU admission, and active oncologic diagnosis. 
Interestingly, according to pediatric-modifi ed risk, injury, failure, loss, and end 
stage (pRIFLE) classifi cation, the authors seemed to realize that many severe cases 
at ICU admission were more likely to be treated earlier (hence, most severe pRI-
FLE classes were more common in the survivor group); on the other side, if a 
patient slightly but signifi cantly progressed to higher AKI stages during the course 
of ICU admission, the treatment was delayed and a correlation between pRIFLE 
progression and time to CRRT start was found. It is possible that this subgroup of 
patients may receive the most benefi t from an earlier CRRT start. Pediatric CRRT 
has to be started before 5 days from ICU admission if a patient has AKI in order to 
be effective in terms of mortality [ 6 ].  
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20.3     The Modern Practice of CRRT in Infants 

 Currently, the two dialysis modalities most frequently used in infants are peritoneal 
dialysis (PD) and CRRT. PD is currently the RRT treatment of choice in neonates, 
unless specifi c contraindications are present (i.e. peritonitis, abdominal masses, or 
bleeding) [ 7 ]. PD uses peritoneum as a semipermeable membrane to achieve solute 
diffusion and plasma water ultrafi ltration: dialysate is infused through an abdominal 
catheter and after a period of so-called “dwell time”, waste solution is drained from 
the abdomen. Typically, in pediatric cardiac surgery neonates, in order to avoid 
excessive intra-abdominal pressure rise during dialysis solution infusion and to pre-
vent hemodynamic instability, a “low fl ow” prescription of 10 ml/kg dialysate is 
recommended [ 8 ]. Dwell times may vary from 10 to 30 min according to the need 
for higher to lower solute clearances. Water ultrafi ltration may be regulated by dial-
ysate tonicity (provided by glucose concentration, 1.36–2.5 %). PD is a simple and 
safe technique, which does not require dedicated technology or a steep learning 
curve and may be administered by ICU nurses without specifi c nephrologic exper-
tise. Nonetheless, it must be acknowledged that PD is limited by a relative lack of 
effi ciency especially in water removal which may be particularly relevant in severely 
overloaded patients. Furthermore, the most important side effects of PD in neonates 
may be interstitial fl uid accumulation in case of suboptimal dialysate drainage, 
hyperglycemia, and higher risk of peritoneal infection. PD is fi nally contra- indicated 
in patients with recent abdominal surgery or abdominal bleeding [ 7 ]. However, PD 
in the post-operative phase may be applied proactively and in a very early phase of 
oliguria or fl uid retention. PD has been recently showed to be associated with 
improved survival in a large cohort of post-cardiac surgery neonates if started in the 
fi rst 24 post-operative hours when compared with patients who received PD after 
the second post-operative day [ 9 ]. 

 Extracorporeal dialysis in children can be managed with a variety of modalities, 
including intermittent hemodialysis, and CRRT, delivered as hemofi ltration, hemo-
dialysis or hemodiafi ltration [ 10 ]. The choice of dialysis modality to be used is 
infl uenced by several factors, including the goals of dialysis, the unique advantages 
and disadvantages of each modality, and institutional resources. Intermittent dialy-
sis may not be well tolerated in infants because of its rapid rate of solute clearance 
and in particular in hemodynamically unstable pediatric critically ill patients. These 
children are generally treated by CRRT that seems to better provide both fl uid and 
solute re-equilibration and pro-infl ammatory mediators removal. Circuits with 
reduced priming volume together with monitors providing an extremely accurate 
fl uid balance are still not commercially available [ 10 ]. Post-heart surgery patients, 
in particular, are a peculiar and interesting model of acute water accumulation and 
infl ammation: they receive ultrafi ltration soon after cardiopulmonary bypass wean-
ing in order to remove water and infl ammatory mediators before the harmful effects 
of infl ammation and fl uid overload become clinically relevant [ 10 ]. Several studies 
showed a statistical difference in the percentage of fl uid overload of children with 
severe renal dysfunction requiring RRT. At the time of dialysis initiation, survivors 
tend to have less fl uid overload than non-survivors, especially in the setting of 
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MODS [ 11 ]. For this reason, in children now priority indication is given to the cor-
rection of water overload. In fact, differently from the adult patients where dialysis 
dose may play a key role, an adequate water content in small children is the main 
independent predictor of outcome. 

 With regard to the CRRT modality, Parakininkas, compared in vitro the solute 
clearance in three modes of CRRT at the low blood fl ow rates typically used in 
pediatric patients and concluded that post-dilution CVVH and CVVHD gave nearly 
equivalent clearances [ 12 ]. At the low blood fl ow rates used in pediatric patients, 
which raise concerns about high fi ltration fractions during post-dilution CVVH 
causing excessive hemoconcentration and fi lter clotting, CVVHD appeared to be 
the optimal modality for maximizing clearance of small solutes during 
CRRT. Nevertheless, if we consider the advantages of hemofi ltration with respect to 
hemodialysis on the clearance of medium and higher molecular weight solutes 
together with the increased risk of fi lter clotting, predilution hemofi ltration might be 
the preferred modality in small patients. There is no randomized trial guiding the 
prescription of CRRT in children: a small solute clearance of 2 L/h*1.73 m 2  may be 
recommended in children and it is typically utilized in the USA [ 13 ].  

20.4     Technical Aspects of pCRRT and Future Directions 

 In recent years, in spite of signifi cant advances in critical care technology, a truly 
pediatric CRRT system has never been developed. From one side, current CRRT 
machines have been equipped with pediatric circuits and lines demonstrating an 
attempt to comply with the specifi c requirements of the very small patient   . On 
another side, most machines if not all, are used off label when patients below 10 kg 
are treated. The small number of cases, together with the limited interest of industry 
to develop a fully integrated device specifi cally designed for the pediatric popula-
tion. Current CRRT machines present signifi cant limitations for the pediatric popu-
lation and in some cases, severe complications have occurred. In current practice, 
clinical application of dialysis equipment to pediatric patients is substantially 
adapted to smaller patients with great concerns about outcomes and side effects of 
such extracorporeal therapy. In these conditions, whereas adult critically ill patients 
receive renal support with modern devices and very strict safety features, smaller 
patients cannot rely on a very accurate delivery of therapy especially as far as fl uid 
balance is concerned. On the other hand, it is extremely diffi cult to treat a small 
infant with a dialysis monitor providing accurate blood fl ow rates in the range of 
10–50 ml/min and hourly ultrafi ltration error below 5 ml/h. The accuracy of current 
systems is much lower than requested and fatal errors may occur in the very small 
patient. Since manufacturers of dialysis or CRRT machines do not perform specifi c 
tests for treatments in patients weighing less than 10–15 kg and safety features in 
these patients are not specifi cally created, legal concerns may arise when operators 
decide to prescribe these therapies. The Cardio-Renal, Pediatric Dialysis Emergency 
Machine (CARPEDIEM) project was designed in Vicenza in order to create the 
basis for the conception of a renal replacement therapy equipment specifi cally dedi-
cated to newborns and small infants with a weight range of 2.0–9.9 kg and with an 
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approximate body surface area from 0.15 to 0.5 m 2 . In these patients, the total blood 
volume ranges from less than 200 ml to about 1 l meaning that total body water 
content varies from 1 to 5 l: in such conditions, circuits priming volumes should be 
reduced to a minimum level and roller pumps should be able to run at slow speed, 
maintaining a good level of accuracy together with the possibility of warranting 
lines integrity (small roller pumps running small tubes are expected to cause a quick 
decline in their performance) [ 14 ].  

20.5     CRRT in ECMO Patients 

 A peculiar and complex category of critically ill patient is the one requiring both 
RRT and ECMO. This clinical picture is frequently seen in the pediatric setting. 
AKI occurs to the vast majority of ECMO children, who suffered from severe car-
diac dysfunction (cardio-renal syndrome) or required aggressive mechanical venti-
lation (lung-renal syndrome). The CRRT circuit may be placed in parallel (blood 
fl ows in the same direction of the ECMO circuit) or in series (countercurrent to the 
ECMO circuit). Santiago and coauthors described how to connect the CRRT device 
into the ECMO circuit [ 15 ]: the inlet (arterial) line of the CRRT circuit was con-
nected after the ECMO blood pump by a three-way tap that was also used for the 
infusion of heparin, and the outlet (venous) line was connected to the circuit at 
another tap before the oxygenator. Differently from what suggested by the authors, 
the inlet of the CRRT machine may be connected after the ECMO pump and the 
fi lter outlet then returned to the ECMO circuit before the pump (into the reservoir, 
if present): the CRRT circuit, running countercurrent to extracorporeal assistance, 
allows the RRT blood to be aspired from the arterial ECMO section (where blood 
returns to the patient) and then to be infused into the venous ECMO section (where 
the patient is drained) [ 16 ]. This second set-up might reduce blood fl ow resistance 
and turbulence after the centrifugal pump and improve reservoir drainage when a 
roller pump is present. The blood recirculation induced by these circuit set-ups is 
negligible, considering that the CRRT to ECMO blood fl ow ratio is never superior 
to 0.1. Dr. Shaheen and colleagues [ 17 ] presented their experience with two differ-
ent subgroups of children: one group that required hemofi ltration alone and the 
other group that required both hemofi ltration and ECMO. Not surprisingly, the 
authors identifi ed a higher mortality rate in those patients requiring both CVVH and 
ECMO compared with those patients requiring hemofi ltration alone. The authors 
promoted the concept that certain therapies should be reserved to experienced 
teams. Performing CVVH in a heterogeneous population with large age and weight 
ranges poses signifi cant clinical and technical challenges. The low frequency of 
CVVH use in ECMO, as well as the use of other extracorporeal therapies, also 
raises problems with maintaining nursing skills. Objective clinical and biochemical 
markers for commencing CVVH alone or in combination with ECMO remain to be 
defi ned. Several studies, however, already showed safety and feasibility of this con-
nection in the pediatric setting [ 18 ] and, even if some worries on such diffi cult 
interaction have been raised (i.e. fl uid balance accuracy [ 19 ]), today the application 
of CRRT to all ECMO is indeed recommended by some authors [ 20 ,  21 ]: in a 
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matched control study, 15 ECMO newborns, with continuous hemofi ltration added 
to the ECMO circuit were matched with 46 historical controls. Time on extracorpo-
real assistance and on mechanical ventilation was signifi cantly reduced in the CRRT 
population: such strategy might improve fl uid balance management and capillary 
leak syndrome. Furthermore, according to these authors, fewer blood transfusions 
are needed and overall costs per extracorporeal membrane oxygenation run are 
lower.  

    Conclusion 

 AKI is a severe clinical condition that is further complicated in critically ill children 
by some peculiar problems of these patients. Early diagnosis, prevention, conserva-
tive measures, and renal replacement therapies are all part of a common approach 
that must be undertaken in these high risk patients. The outcomes may vary signifi -
cantly depending on the underlying disease, the severity of illness, and the time of 
intervention. A multidisciplinary approach should be encouraged to reach the best 
possible care of these patients and to utilize the highest levels of competence in each 
single branch of the intensive care medicine. So far, however, outcomes of critically 
ill children requiring CRRT are poor and strongly need a strategy for improvement. 
In this scenario, new technological advances such as miniaturized circuits and mem-
branes, accurate CRRT machines and effective prescription schedules promise to 
help the clinician in improving quality of treatment. 
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  21      Operational and Nursing Aspects 

             Ian     Baldwin     

21.1             Introduction 

 Continuous renal replacement therapy (CRRT) use in the ICU for over 25 years has 
yielded new nursing knowledge and a body of literature is building. This chapter 
provides a contemporary approach for training and education, useful to maintain 
competence in CRRT listing useful lecture topics and describes how when linked 
to simulation a powerful education process can occur. The most common question 
to experienced users – ‘which machine should I use’ – along with other technical 
questions for the CRRT machine and circuit are answered. Another concern is the 
lack of local information for CRRT users; policy and protocol documents are dis-
cussed as they are a foundation resource in the ICU using CRRT ensuring some 
safety and quality. As a key quality indicator, monitoring the fi lter ‘life’ is dis-
cussed to suggest this data point can represent success or failure for the many fac-
ets of CRRT use in the ICU. Finally, undertaking research and questioning use of 
CRRT not only provides feedback and useful clinical data but stimulates interest 
for this aspect of critical illness nursing. This approach develops a culture and 
nursing skills base where other blood purifi cation techniques may be possible and 
performed safely when needed.  

21.2     Training, Education and Prep for CRRT 

 As continuous therapies were introduced to the ICU during the 1980s and early 
1990s, much education and training was required [ 1 – 4 ]. This was because many 
ICU’s were undertaking a switch from intermittent to continuous treatment for 
acute renal failure support. Accompanying this change was moving responsibility 
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for patient care from the dialysis to ICU nurse or a collaborative approach sharing 
the work and expertise [ 5 – 7 ]. In many centres, the training and education was for 
large groups or entire ICU staffi ng cohorts, and accompanied by new purpose-built 
CRRT machines or the use of adapted or modifi ed blood pumps and intravenous 
pumps confi gured to provide CRRT but with limited automation and safety [ 8 ,  9 ]. 
The literature at this time refl ected information describing and defi ning CRRT, the 
basic technology used, differences in modes (diffusive or convective) and provided 
circuit diagrams to explain this, and outlined additional nursing care and tasks in the 
ICU [ 1 – 3 ,  10 – 12 ]. In current day, more than 25 years later with CRRT well imbed-
ded in the ICU and a nursing independence evident [ 13 – 16 ]. The education focus 
has been for smaller groups associated with ICU orientation for new staff and spe-
cialist training for nursing now taught a more established CRRT curriculum, and 
new learning for advanced treatments. In this case or when a smaller ICU begins 
CRRT with no background in artifi cial renal failure support, a 1-day or series of 
small presentations is appropriate [ 17 ,  18 ] and can include the topics listed in 
Fig.  21.1  provided in three sequential sessions with time variability depending on 
the audience demographic. The didactic delivery of these topics becomes a power-
ful approach when supplemented with simulation activities linked to live patient 
care and bedside clinical support [ 19 ,  20 ]. A recent report [ 21 ] suggests when simu-
lation is added to didactic CRRT education programmes, an improvement in CRRT 
functional time (fi lter ‘life’) is observed – a direct benefi t to users, less cost and 
better for patients [ 21 ].  

 CRRT machine vendors, product suppliers or conference websites can now pro-
vide many education recourses for CRRT in the ICU [ 22 ] and many of these free 
web-based offerings are suitable [ 23 ]. The key to successful CRRT education and 
training is nurses with a clinical background managing CRRT in the ICU and teach-
ing qualifi cations to conduct the teaching. This may require a nurse being allocated 
to this role within an award structure such as clinical nurse specialist (CNS) or 
where educators are in place for the wider ICU education [ 1 ,  19 ]. In addition to the 
teachers, identifying a small number of nurses as CRRT ‘champions’ for this initial 
training and the ongoing support when CRRT is in progress is a common and suc-
cessful approach [ 1 ,  17 – 19 ].  

CRRT :Suitable key education topics in sequence 

A.K.I. and critical illness

Theory of solvent and solute  removal

Techniques for CRRT

Fluids and fluid  balance

Anticoagulation

Machines and E.C. circuit

Patient care

Lectures 1.

Lectures 2.

Lectures 3.

  Fig. 21.1    Suitable schedule 
and sequence for CRRT 
education; grouped into three 
classes       
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21.3     Machines and Technology for CRRT: Selection 
and Other 

 The most common question asked of experienced nurses in the ICU where CRRT is 
performed frequently is their opinion for machine choice and other treatment 
 preferences. Depending on global location, regional availability, past or existing 
hospital contracts, leading physician input, and available budget, the choice will 
vary widely. Many suppliers are now offering fl exible contracts where the high 
 purchase cost is removed for acquisition of machines, but built into an anticipated 
consumables use contract over a number of years into the future. 

 While interface and appearance will differ, machines for CRRT mostly differ 
in the manner in which they control fl uids measurement to achieve fl uid balance 
[ 24 ,  25 ]. They all offer a version of pre-assembled disposable circuitry, colour 
monitor screen user interface with touch or control knob navigation and roller 
pumps to provide blood and fl uids fl ow [ 8 ,  26 ,  27 ]. An internal computer manages 
the system reliant on pressure readings, sensors and detectors from the circuit to 
facilitate correct software function from the priming phase and during use. This 
functionality is to detect errors preventing major failure likely to cause death such 
as air embolism [ 28 ] or fl uid imbalance [ 24 ,  25 ]. This is a complex requirement 
and generally done well by manufacturers. Figure  21.2  provides a generic circuit 

CRRT : generic circuit with machine sensors & detectors

Blood pump

Membrane

– pressure

Air detect

+ve+++

+pressure

+ve

Fluids

Waste

Blood leak Heater

P venous (to patient)
P arterial (from patient)
Puf - filtrate 
Pin – pre filter 

TMP (trans-membrane pressure) 
= Pin + Pv/2-Puf  

Pv

Pin

Pa

Puf

dialysate

post dilution

  Fig. 21.2    Circuit diagram for CRRT indicating sensors for pressure and detectors for air and 
blood. See Table  21.1  for normal ranges       
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diagram for any automated CRRT machine and circuit indicating key sensors and 
detectors with common pressure readings from the circuit linked into machine 
software. Table  21.1  indicates a suitable troubleshooting and shift check for any 
automated scale-based CRRT machine associated with this circuit diagram and 
the pressures – sensors indicated. 

   Fluid measurement is done by direct volume measurement technology along the 
fl uid pathways or by simple electronic scales assessing a change in substitution 
(decreasing weight) and waste (increasing) weights [ 24 ,  25 ]. A difference between 
these two measures is the fl uid ‘balance’; usually a loss, or more fl uid in the waste 
compared to the fl uid replacement. 

     Table 21.1    Nursing check list for CRRT when in use – during shift   

 Shift check and simple troubleshooting list: CRRT as CVVH using scales-automated CRRT 
machine 

 Check  Rationale 

 Machine position relative to patient with 
blood lines not too tight – stretched 

 Patient movement could cause excess drag on 
access catheter and securing tape 

 Brakes ON  Machine must have brakes on to prevent 
inadvertent movement and risk of above 

 Fluids: correct for k +  and both bags 
hanging from same point – height, both 
line clamps open 

 Fluids should empty at similar rate, minimise 
mixing, scales and balance alarms more likely if 
the bags hanging at different heights 

 Venous – bubble chamber full and 
inspect for clot 

 Adjust this up slowly, using preferred method. 
Keep full to trap gas/ air and allow for the level to 
fall during use with gas entry associated with 
bicarbonate fl uids (CO 2 ) when heated 

 Settings and alarms ( common settings ) 

 Blood fl ow – speed  200 ml/min standard 

 UF fl ow  2000 ml/h standard CVVH 

 Manual pre-dilution %  50:50 for CVVH 

 ‘Weight loss’ – fl uid loss rate ml/h  Check orders – fl uid loss target 

 Next intervention (h:min)  Time until fl uids bag change or bottle empty 

 Temperature setting  Default at 37 °C, maybe ↑↓ to patient need 

 Venous +10 ----+150 
 (infl uenced by blood fl ow rate and 
chamber clotting, access function – 
blue lumen) 

 This pressure always positive, measured on the 
return limb of circuit. ~50–100 mmHg 
 High pressure due to access kink or chamber 
clotting 

 Arterial −150 ---- –10 
 (infl uenced by blood fl ow rate and 
access function – red lumen) 

 This pressure always negative, measured on the 
outfl ow limb of circuit. ~−50 to –100 mmHg 
 Excessive negative due to access kink or poor 
access placement – internal, clot 

 Trans-membrane pressure (TMP) 
 = ( P  in  +  P  v )/2 –  P  uf  

 Indicative of clotting/clogging in the membrane. 
 Set at 200 mmHg initially. When 250 + , usually 
terminate treatment 

 Blood leak line – detector in place  Detects colour change – blood leak very rare but 
refl ects membrane failure – cease treatment 

 Anticoagulation and prescription orders  Check drug dose and orders correct 
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 Accuracy of the fl uids management and how this links into the user interface 
 setting for a desired treatment with accurate fl uid removal is the challenge for manu-
facturers to provide safety with suitable alarms systems for the user to be aware of 
error. This aspect of CRRT machines creates the most concern for safe use, particu-
larly in paediatrics with regulatory and published reports of morbidity and mortality 
due to fl uid setting error or failure to respond to fl uids alarms in adults, children and 
small babies [ 24 ]. When reviewing a number of different machines for purchase, a 
simple practical specifi cations table is useful. This allows the selection team to 
include the local preferences, required options and needs for comparison and review 
in order to support their fi nal decision. A selection team needs to be inclusive of 
nurses, doctors, pharmacy, biomedical or technical support, fund or budget manag-
ers and nurse teachers. Practical bedside use is an important consideration through-
out; therefore, machine footprint or monitor screen adjustment may need to be 
highly ranked in a selection table given the usual cluttered ICU bedside space or 
user interface with a focus on how easy the machine is to teach another nurse. 

 Another important consideration for machine choice is the disposable circuit 
necessary and how this is supplied and when fi tted connects the machine to the 
patient, and importantly the composition and size of the membrane used, and cost-
ing for all. The circuit tubing confi guration and quality of this vital component are 
often overlooked due to a focus on the software offerings and other options in a 
machine.  

21.4     Protocols and Policy for CRRT 

 A protocol for CRRT in the ICU means a document with instructions for use 
designed and prepared by clinicians in a specifi c ICU. Although key aspects of a 
CRRT protocol may be applicable to any ICU, the idiosyncrasies and local context 
needs to be added and incorporated into this important resource for safe use of 
CRRT in your ICU. Using the protocol from another ICU is a mistake and should 
not be done, but is a useful guide or example to develop your own [ 17 ]. The protocol 
will have a practical focus with most content devoted to ‘how to do’ CRRT with the 
patients in your care, the machine used and the CRRT method chosen [ 1 ,  5 ,  17 ,  19 ]. 

 Key headings for the protocol are set out in Fig.  21.3 . This document is usually 
read as a digital fi le via bedside computer and allows use of colour diagrams, may 
include hyperlinks to different sections of the document from key words or as an 
index function at the front of the protocol. This allows readers to fi nd what they 
need quickly. In addition, hyperlinks to other hospital policies and protocols rel-
evant to CRRT within a local network, intranet or Internet (http:WWW) make for 
fast and helpful referencing. Reviewing and updating the CRRT protocol is a 
time- consuming task and needs to be done in-line with latest evidence, how this 
may alter practice, changes to consumables used and any new techniques devel-
oped such as plasma exchange (PE) or other blood purifi cation methods; this is 
the role of a small interest group and the nurse and doctor champions or key 
experts in CRRT. Some sections of the protocol may be printed for single use or 
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laminated within plastic for use at a bedside by the nurse managing the CRRT 
repeatedly across several patients. Anticoagulation technique is a good example 
of this, where there may need to be drug infusion adjustments according to regular 
blood testing. Citrate anticoagulation is a good example where the ionised cal-
cium level requires maintenance and is checked frequently for adjustment to cal-
cium infusion supplementation [ 29 ,  30 ]. Reportable parameters for when 
acid–base and total calcium levels require intervention will also be included as 
they are not easy to remember and terminology and acronyms used may create 
confusion and error. There are some publications devoted to content of a CRRT 
protocol and provide a step-by-step approach beginning with criterion for starting 
CRRT, how to prepare the patient and the machine – circuit, connecting and 
beginning a treatment, manage and troubleshoot treatment in progress, commonly 
include a focus to anticoagulation approaches, and fi nally when and how to cease 
CRRT [ 15 ].  

Step by step approach for applying CRRT.

Machine set up, priming and patient
preparation. 

Treatment prescription, anticoagulation
orders. 

Key references, citations, key words, terms & definitions (hyperlink these) 

Introduction and indications for CRRT in the
ICU. Circuit diagrams for modes used. 

Nursing allocation, nursing care and 
management, documentation.

CRRT policy for the ICU

Who the policy applies to ?

Key contacts and personal

Related policies and guidelines, procedures.

Version no. & Date. Authorised by.

Fluids and fluid balance
Access catheters &  care

Patient care
Anticoagulation management

Starting, maintaining and stopping  a
treatment. 

Troubleshooting, common alarms, advanced
therapies. 

  Fig. 21.3    Policy and protocol concept map indicating key elements for CRRT in the ICU       
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 The protocol is not a machine instruction for use document and is different to the 
technical manual supplied with a machine; however, there may be some technical 
information in a manual useful to include in the protocol such as machine’s battery life, 
signifi cance of unusual error codes and maintenance or calibration requirements. 

 The protocol can be a useful educational tool, and should be used this way. 
Inclusion of research evidence with citations, weblinks, diagrams and tables will 
help keep the document limited in size and staff should be encouraged to have cop-
ies of the protocol. This will also help the reviewing team keep the protocol current 
and correct as these people will provide feedback if they encouraged to read, use 
and have their own copy.  

21.5     Teaching CRRT and Maintaining Quality 

 Maintaining expertise using CRRT in the ICU will be infl uenced by the frequency 
of use or number of cases treated annually and the size of the user pool. Some pro-
grammes utilize regular competency checks and assessments [ 20 ,  21 ] and where use 
is frequent this is not done allowing the constant exposure of nurses to CRRT use 
provide the competency process. Different levels of skills sets can be determined for 
nurse to patient allocation; therefore, controlling learning and providing some safety 
for the patient being managed by a nurse with the appropriate CRRT skills set [ 1 , 
 19 ]. In either case, when expert users or CNS nurses with CRRT expertise work 
adjacent to or close to new learners, they should be encouraged to review treat-
ments, teach and advise. Teaching can be achieved by reviewing treatments, their 
progress and anticipated problems with live use of CRRT at the bedside, at the time; 
the teaching ‘moment’ such as this will be remembered by the learner, gives them 
reassurance and ensures safety as small errors may be detected before they create 
changes to patient stability. Electrolyte control such as potassium levels or antico-
agulation dosing, for example. In addition to this framework and teaching culture 
among nurses in the ICU, pre-connection or preparation checklists, during use shift 
checklists (see Table  21.1 ), quick reference alarms and troubleshooting sheets avail-
able through bedside clinical information and e-protocol systems are very helpful to 
maintain skills and ensure standards are maintained. Regular group mini- simulations, 
review of incident or adverse events associated with CRRT, machine repair reports 
from technicians, tutorials, case presentations within an in-house education struc-
ture at nurse handover periods all ensure safety and quality is promoted [ 31 ]. 

 A quick and useful outcome measure for quality when using CRRT is to docu-
ment each hour the progressive ‘life’ of the circuit or haemofi lter [ 32 ]. This data 
point may be collected automatically on a screen monitor with most CRRT machines. 
However, if also recorded on ICU bedside charts with pen on paper or electronically 
as part of the routine vital signs observations for the patient, this provides an instant 
audit for current and previous treatments. This variable is commonly cited as the 
outcome measure for many studies assessing different anticoagulation techniques, 
but may also be considered a measure of access catheter function and blood fl ow 
reliability, machine technical function and staff user competence. Furthermore, time 
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between a circuit stopping and restarting or ‘downtime’ may be a measure of nurse 
expertise and the wider aspects of patient management in the ICU or the system of 
care generally. Long delays when using a continuous therapy will be associated with 
a loss of solute and fl uid balance control [ 33 ,  34 ]. As circuit life is reported widely in 
the literature and often without a clear defi nition, multicentre controlled trial data 
inform us that a median life of 21 h is common [ 35 ,  36 ]. Many clinical studies report 
much higher values as the mean or average is reported at 50–70 h [ 37 ,  38 ] and with-
out any clear defi nition. However, if any given circuit is functioning continuously for 
greater than 21 h, it could be concluded that standards and quality are being met, the 
patient solute and fl uid balance is being achieved and they are safe. Shorter and low 
circuit life such as 4–6 h refl ect signifi cant problems and a focussed review before the 
next treatment begins as high cost will be associated, and will eventually be a consid-
eration in the success of a CRRT programme if this is common and is not corrected. 
Figure  21.4  provides a concept graph to refl ect that successful CRRT is when circuit 
life or continuous function is greater than 20 +  hours. This is when most goals of 
CRRT are being met, usually due to all facets of the policy or protocol are being 
adhered to. Frequent clotting with circuit life at 6 h suggests there is a breakdown in 
the policy ideals somewhere. For example, failing access catheter, incorrect or insuf-
fi cient anticoagulation, user errors or poor competence, machine technical errors, or 
patient agitation and delirium and frequent alarms stopping blood fl ow. Any of these 
can cause the extracorporeal circuit for CRRT to fail.   

Solute, acid base,
electrolyte & fluid control
Cost efficient
(adequate RRT)

Hrs of cont. CRRT function

20 – 30+ hrs 

8-20 hr 

0 - 8 hr 

(Inadequate RRT)
Anaemia
Complications
High cost

Frequent clotting

Frequent Clotting/ ‘Traffic light’ concept map

Red
(failure)

Orange

Green
(success)

  Fig. 21.4    Filter life concept map to illustrate that fi lter life >20 +  hours refl ects effective CRRT and 
is an aim for successful CRRT program in ICU       
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21.6     Research 

 Research and quality activities are a useful component to a successful CRRT pro-
gramme. Asking questions and testing hypotheses for the many aspects of CRRT 
use will only improve standards of care and provide an appropriate focus to patient 
care. These activities engage clinicians in thinking closely about technique and out-
comes, safety and standards. A simple audit of fi lter life as previously discussed is 
an easy audit to complete monthly or for a number of patients to determine the 
median fi lter life in your ICU. Achieving fl uid balance, acid–base control, electro-
lyte control, ‘off-time’, can all be audited. This type of quality activity is usually 
without any consent process; however, other questions where comparison and an 
experiment is done will require ethics permission and informed consent. As the lit-
erature is sparse, many aspects of CRRT application exist without data and evidence 
despite over 25 years of clinical application. Best practice is not well revealed and a 
key interest group in the ICU may easily formulate useful research questions for a 
single centre study.  

21.7     Advanced Therapies 

 In some settings, basic nursing skills for CRRT use can be utilised for advanced and 
related therapies in the ICU such as plasma exchange (PE) [ 39 – 41 ], combined 
plasma fi ltration and adsorption (CPFA) [ 42 ] and the membrane adsorbing recircu-
lating system (MARS) [ 43 ]. These treatments are possible in the general ICU, but 
will require the skills and confi dence of experienced CRRT users, ICU physicians 
with an interest in blood purifi cation techniques and close liaison with the relevant 
biomedical supplier. Whilst CPFA and MARS are available, expensive and with 
limited data refl ecting best care [ 42 ,  44 ], PE is more likely to be prescribed in the 
ICU where some clear indications with data suggesting benefi t are available in 
apheresis guidelines [ 45 ]. The technique simply requires a plasma exchange (sepa-
rator) membrane inserted into the CRRT circuit set as convective clearance haemo-
fi ltration. This is plasma removal and plasma substitution, with no fl uid loss set; an 
exchange. As the treatment is usually completed after 4–6 h or when 2.5–3.5 l of 
plasma is exchanged in an adult, this form of blood purifi cation can be achieved in 
one nursing shift managed by an experienced ICU nurse with CRRT expertise. 
Some of these patients may then be further treated with CRRT in between PE treat-
ments by less experienced staff.  

    Conclusion 
 CRRT has now been available and performed by nurses in the ICU across mul-
tiple countries for over 25 years. Much has been learnt and a body of literature is 
building. However, much research is required to provide evidence for best prac-
tice in the ICU. This chapter has provided some brief insights into the issues of 
training and education useful to maintain competence in CRRT highlighting the 
useful lecture topics and how simulation with a practical focus led by CRRT 
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 champions  is essential. The most common question to experienced users – 
‘which machine should I use’ – along with some technical considerations for 
CRRT machines is outlined. The policy and protocol documents, best provided 
via e-systems are a foundation resource in the ICU using CRRT and provide 
much safety and quality if staff use them and can access these quickly. Quality 
indicators are numerous, but recording and monitoring fi lter ‘life’ when using 
CRRT is a quick and useful activity as this data can refl ect success or failure in 
the multilayered context of CRRT use in the ICU. Finally, undertaking research 
and other activities to investigate and question your use of CRRT will provide 
interest and focus to this aspect of critical illness nursing and lead nurses towards 
advanced skills for other blood purifi cation techniques.     
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