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Table 1. Classification/staging system for acute kidney injurya 

Stage Serum creatinine criteria Urine output criteria 

1 Increase in serum creatinine of ≥ 0.3 mg/dl (≥ 26.4 mol/l) 
or increase to ≥ 150% to 200% (1.5- to 2-fold) from 
baseline 

Less than 0.5 ml/kg per 
hour for more than 6 hours 

2b Increase in serum creatinine to > 200% to 300%  
(> 2- to 3-fold) from baseline 

Less than 0.5 ml/kg per 
hour for more than 12 h 

3c Increase in serum creatinine to > 300% (> 3-fold) from 
baseline (or serum creatinine ≥ 4.0 mg/dl [≥ 354 mol/l] 
with an acute increase of > 0.5 mg/dl [44 mol/l]) 

Less than 0.3 ml/kg per 
hour for 24 hours or anuria 
for 12 hours 

a  Modified from RIFLE (Risk, Injury, Failure, Loss, and End-stage kidney disease) criteria. The staging system 
proposed is a highly sensitive interim staging system and is based on recent data indicating that a small 
change in serum creatinine influences outcome. Only one criterion (creatinine or urine output) has to be fulfilled 
to qualify for a stage.  
b 200% to 300% increase = 2- to 3-fold increase. 
c Given wide variation in indications and timing of initiation of renal replacement therapy (RRT), individuals who 
receive RRT are considered to have met the criteria for stage 3 irrespective of the stage they are in at the time 
of RRT. 

Mehta et al.,Critical Care 2007, 11:R31 (1) 





 
Figure 1. Schematic drawing of the tubules. Only the juxtamedullary nephrons have long loops of 
Henley. The medullary thick ascending limb (mTAL) and the S3 part (or the straight part) of the 
proximal tubuli are booth situated in the outer medulla and are susceptible of ischemia. 
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Figure 2. Sodium passively diffuses through the apical mem-
brane in to the tubuli cells. It is then actively pumped by Na+/K+-
ATPase through the basolateral membrane to the interstitium. 
From there it diffuses to the peritubular capillaries, drawn by the 
intra-vascular colloid osmotic pressure. The tight junctions hinder 
sodium leakage back to the tubuli, although some leakage oc-
curs. 

Figure 2 Sodium passively diffuses through the apical mem









  

Figure 3. The molecular structure of mannitol. 



Figure 4. The molecular structure of 
dopamine. 



Figure 5. The molecular structure of 
norepinephrine.
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Table 2. Patient characteristics. 

 
Post op 
(n=37) 

AKI   
(n=12) 

Preoperative characteristics   
Gender, n (% men) 34 (92) 9 (75) 
Age (year) 64.7 ± 1.8 68.8 ± 1.3 
BSA (m2) 2.0 ± 0.03 2.1 ± 0.07 
Preop LVEF (%) 58.7 ± 1.2 43.1 ± 6.3 
Diabetes, type 1/ type 2 0 / 6 0 / 2  
Hypertension, n (%) 19 (51) 9 (75) 
Preop s-creatinine (μmol/L) 83.2 ± 1.8 90.5 ± 3.9 
Preop treatement:   

ACE inhibitor, n (%) 18 (49) 8 (67) 
ß-blocker, n (%) 28 (76) 10 (83) 
Ca2+- antag, n (%) 6 (16) 1 (8) 

Euroscore 2.8 ± 0.3 7.6 ± 0.9 

Perioperative characteristics   
Type of surgery:   

CABG, n (%) 32 (86) 5 (42) 
Valve, n (%) 4 (11) 2 (17) 
Combined, n (%) 1 (3) 5 (42) 
Other, n (%) 0 0 

Non-elective, n (%) 0 3 (25) 
CPB time (min) 75.3 ± 5.5 183 ± 24  
Aortic cross-clamp time (min) 45.3 ± 3.1 104 ± 17 
ICU Higgins 1.4 ± 0.2 12.3 ± 1.3 
Preop, preoperative; LVEF, left ventricular ejection 
fraction; s-creatinine, serum creatinine; ACE, 
angiotensin converting enzyme; CABG, coronary 
artery bypass surgery; Non-elective, surgery 
performed within 24 hours after referral; CPB, 
cardiopulmonary by pass; ICU, intensive care unit. 
Data are presented as mean ± SEM



Table 3. Patient characteristics at inclusion for patients in Paper IV and the AKI group in Paper III. 

Pat Study Serum creatinine (µmol/L) SOFA IABP Norepi- Milrinone Furo- 

nr entry Pre-op Inclusion % increase score  nephrine  semide 

 Day µmol/L µmol/L µmol/L   µg/kg/min µg/kg/min µg/kg/min 
1 5 65 136 109 9 No 0.25 0 2.53 

2 2 107 209 95 10 Yes 0.16 0.24 1.02 

3 3 112 200 79 9 Yes 0.12 0.13 0.80 

4 4 91 151 66 12 No 0.14 0.18 0 

5 4 102 170 67 7 No 0.09 0 0.99 

6 6 78 145 86 9 No 0.43 0.43 0 

7 6 101 194 92 7 No 0.22 0 2.22 

8 2 90 146 62 10 Yes 0.33 0.44 3.70 

9 3 81 230 184 10 No 0.11 0.52 3.06 

10 6 93 210 126 7 No 0.32 0.25 1.05 

11 5 84 217 158 9 No 0.27 0 0.95 

12 2 82 135 65 10 No 0.33 0.26 3.21 

Mean 3.9 90.5 178.6 99.1 9.1 25% 0.23 0.31+ 1.95+ 
SEM 0.5 3.9 10.1 11.3 0.4  0.03 0.05+ 0.35+ 

Pre-op, preoperative; IABP, intra aortic balloon pump; SOFA, sequential organ failure assessment;  

+, mean and SEM among patients treated with the drug
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Figure 6. The renal vein catheter is guided via v cava inferior and positioned in the central portion of 
the renal vein. The position is verified with venography.

Renal vein catheter 



Figure 7. A recording of a continuous renal vein thermodilution blood flow measurement in 
AcqKnowledge. The upper graph reflects the temperature of the indicator (internal thermistor), while 
the lower reflects the temperature of the renal blood (external thermistor). A decrease in temperature 
induces an elevation of the graph. Three different measurements of booth graphs were used to 
calculate the RBF: 1. Calibration signal strength 2. Basal blood temperature 3. Temperatures at 
infusion of crystalloid solution. The three different measurement periods were defined manually and 
the program then calculated the mean signal strength for each period and each channel separately.  
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Formula 1. The formula to calculate RBFTD, corrected to body surface area (BSA). Subscript 
denotes internal thermistor (ind = indicator measurements) or external thermistor (blood = blood 
measurements). Superscript denotes calibration signal (cal) or registration signal (reg).  ΔT, 
change in temperature; K, catheter constants; UF, urine flow. 
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RVR =
MAP −CVP

RBF
RDO2 = RBF × CaO2

RVO2 = RBF CaO2 −CrvO2( )

RO2Ex =
CaO2 −CrvO2

CaO

FF =
RPF × 51CrEDTAa[ ] − RPF −UF( ) × 51CrEDTArv[ ]

RPF × 51CrEDTAa[ ]
GFR = RPF × FF

Na+ filtration = SNa ×GFR

Na+reabsorption = SNa ×GFR −UF ×UNa

FENa =
UF ×UNa

SNa ×GFR

PAHextr =
PAHa[ ] − PAHrv[ ]

PAHa[ ]

Formula 2. Abbreviations for additional renal calculations. RVR, renal vascular 
resistance; CaO2, arterial oxygen content; CrvO2, renal vein oxygen content; 
RDO2, renal delivery of oxygen; RVO2, renal oxygen consumption; RO2Ex, renal 
oxygen extraction; FF, filtration fraction; [51CrEDTAa], arterial concentration of 
Cr-EDTA; [51CrEDTArv], renal vein concentration of Cr-EDTA; Na+ filtration, renal 
sodium filtration; Na+ reabsorption, renal sodium reabsorption; SNa, serum 
sodium concentration; UF, urine flow; UNa, urine sodium concentration; FENa, 
fractional excretion of sodium; PAHextr, PAH extraction; and [PAHa] and [PAHrv] 
the arterial and renal vein concentration of PAH. 
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Figure 8. The experimental protocol for Paper I. Abbreviations: C, control; M, mannitol; MF, mannitol + 
furosemide. 

Experimental protocol 
The effects of mannitol and furosemide  

on renal circulation function and oxygenation  

= 

1.Blood gas + blood sample renal vein 
2.Blood gas + blood sample artery 
3.Blood gas PA catheter 
4.Thermodilution renal vein 
5.Thermodilution PA catheter 
6. Urine sampling 

Blood samples:  [PAH], [Cr-EDTA] 
Blood gas :  pH,pO2,pCO2,BE,S-Laktat,Hb, 
                   EVF,S-Na,S-K,B-glu,S-Ca, 
                   SaO2,SvO2,RvO2 
Thermodilution renal vein: RBF 
Thermodilution PA: CO, PCWP 
Urine: volume, U-Na 
Monitoring: systemic hemodynamics, temp  

 Inf furosemide 0,25 mg/kg*h 

 Inf mannitol 75 mg/kg*h 

Inf PAH and Cr EDTA 

Bolus mannitol, 225 mg/kg 

0 min +60 +90 -10 -70 

Bolus furosemide 0,25 mg/kg 

Renal vein  
catheter placement C1 C2 M1 M2 MF 
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Figure 9. Experimental protocol, Paper II.



Figure 10. Experimental protocol Paper IV.

 MAP 75 mmHg  MAP 75 mmHg 

Infusion  51Cr-EDTA 

60 120 240 min 0 min  

 MAP 60 or 90  MAP 90 or 60 

Blood pressure titration 

Randomises to MAP 60 mmHg before 90 mmHg or vice versa. 

180 

C:1 C:2 MAP60/90 MAP90/60 C:3 

Experimental protocol 
The effects of blood pressure regulation 

 on renal circulation, function and oxygenation 

Steady state 







Figure 11. A close correlation between changes in filtration 
fraction and renal oxygen extraction was found. Thus, when the 
filtration fraction increases (= the quotient GFR/RBF increases) 
the renal oxygen supply/demand is impaired, as seen by the 
increase in renal oxygen extraction



Figure 12. Mannitol increased GFR and thereby the reabsorptive workload. Consequently, 
mannitol also increased the sodium reabsorption, which led to an increase in renal oxygen 
consumption. Since RBF and the renal oxygen supply were unaffected by mannitol, this 
increase in oxygen consumption caused a deterioration of renal oxygen supply/demand, as 
seen by the increase in renal oxygen extraction (individual data). Addition of furosemide 
maintained GFR higher than control, while renal oxygen consumption and extraction returned 
to control value. (*)=p<0.052  **=p<0.01 ***=p<0.001. 

Renal sodium 
reabsorption 

Glomerulus filtration 

Renal oxygen consumtion Renal oxygen extraktion 



Figure 13. The renal effects of dopamine 2 and 4 µg/kg/min. While dopamine increased RBF, it 
had no effect on GFR or renal oxygen consumption. Consequently, dopamine improved total 
renal oxygenation, as seen by the decrease in renal oxygen extraction. Renal blood flow: upper 
line, RBF by infusion clearance; lower line, RBF by thermodilution. **=p<0.01 ***=p<0.001.  





Table 4. Renal variables obtained from the thermodilution and the infusion clearance 
techniques. 

 Control (n= 37) AKI (n=12) p Value 
RO2Ex 0.097 ± 0.004 0.163 ± 0.009 <0.001 
Urine flow (ml/min) 3.73 ± 0.39 4.04 ± 0.48 ns 

Thermodilution    
RBFTD (ml/min) 758 ± 40 477 ± 54 <0.001 

RVR (mmHg/ml/min) 0.097 ± 0.005 0.146 ± 0.015 0.01 

GFR (ml/min) 74.7 ± 4.7 32.3 ± 3.6 <0.001 

FF 0.148 ± 0.006 0.109 ± 0.014 0.022 

Na+-filtration (mmol/min) 10.2 ± 0.7 4.4 ± 0.4 <0.001 

Na+-reabsorption (mmol/min) 9.7 ± 0.7 4.0 ± 0.4 <0.001 

FENa 0.050 ± 0.007 0.099 ± 0.019 0.028 

RDO2 (ml/min) 110.0 ± 6.2 68.0 ± 7.2 <0.001 

RVO2 (ml/min) 10.4 ± 0.6 11.0 ± 1.1 ns 

Infusion clearance of PAH     
RBFIC (ml/min) 822 ± 40 496 ± 34 <0.001 

ERBF (ml/min) 779 ± 37 375 ± 35 <0.001 

RVR (mmHg/ml/min) 0.086 ± 0.004 0.131 ± 0.095 <0.001 

GFR (ml/min) 80.3 ± 4.2 33.6 ± 3.4 <0.001 

FF 0.148 ± 0.005 0.107 ± 0.014 0.017 

Na+-filtration (mmol/min) 11.0 ± 0.6 4.6 ± 0.5 <0.001 

Na+-reabsorption (mmol/min) 10.5 ± 0.6 4.2 ± 0.5 <0.001 

FENa 0.042 ± 0.004 0.093 ± 0.015 0.008 

RDO2 (ml/min) 120,1 ± 6.6 70.9 ± 4.5 <0.001 

RVO2 (ml/min) 11.4 ± 0.5 11.8 ± 0.8 ns 

PAH extraction 0.85 ± 0.01 0.68 ± 0.04 0.002 

Values are means±SEM. RO2Ex, renal oxygen extraction; RBFIC, renal blood flow 
assessed by infusion clearance; RBFTD, renal blood flow assessed by the 
thermodilution technique; ERBF, effective renal blood flow; RVR, renal vascular 
resistance; GFR, glomerular filtration rate; FF, filtration fraction; FENa, fractional 
excretion of sodium; RDO2, renal oxygen delivery; RVO2, renal oxygen consumption. 
 



Figure 14. Upper shows the individual data on the 
relationship between renal oxygen consumption and 
glomerular filtration rate for the control group and 
patients with acute kidney injury (AKI). Note that the 
slope of the regression line was significantly (p<0.04) 
steeper in the AKI group compared to control. 
Lower shows the individual data on the relationship 
between renal oxygen consumption (RVO2) and renal 
sodium reabsorption (Na+-reab) for the control group 
(RVO2 = 2.43 + 0.82 x Na+-reab) and patients with 
acute kidney injury (AKI) (RVO2 = 3.27 + 1.94 x Na+-
reab). Note that the slope of the regression line was 
significantly (p<0.004) steeper in the AKI group 
compared to control, while the intercepts of the 
regression lines did not differ significantly.  



Figure 15. There were no correlation between renal 
oxygen extraction and GFR in the AKI group, but 
renal oxygen extraction was higher in the patients 
studied early after surgery. This indicates that renal 
oxygen supply/demand is most affected in the early 
phases of AKI. 



Figure 16. Individual data on GFR in patients with and without diabetes mellitus. GFR was 
significantly higher at MAP 75 than MAP 60 in the non-diabetic patients. When MAP was raised from 
75 to 90 mmHg, this induced a small numerical increase in GFR in non-diabetic patients, while GFR 
numerically decreased 46 % in the two diabetic patients. 
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