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DRAFT ARTICLE  

ABNORMALITIES IN HEPATIC VEIN FLOW PATTERNS ARE 

ASSOCIATED WITH DEVELOPMENT OF ACUTE KIDNEY 

INJURY AFTER CARDIAC SURGERY 

 

 

Abstract 

The contemporary definition of the diagnosis of acute kidney injury (AKI) is neither time-

sensitive, nor specific. AKI is notoriously multifactorial in origin and found to occur more 

commonly in cardiac surgery patients when compared to non-cardiac surgery patients. 

Cardiac surgery associated acute kidney injury (CSA AKI) carries substantial morbidity and 

mortality. Pursuits to timeously diagnose CSA AKI have, to date, not been actualized. We 

investigated the use of hepatic venous and right heart ultrasound parameters in predicting 

CSA AKI.  

 

Methods 

The study was a prospective contextual and descriptive two-center study. The sites of the 

study were Johannesburg, South Africa, and Aarhus, Denmark. Adult patients that satisfied 

inclusion criteria, between August 2019 and January 2020 were included, with a total of 152 

participants. Blood tests, clinical and ultrasound data were obtained pre-operatively, day-1 

and day-4 post-operatively. Hepatic vein, Inferior vena cava and right heart Doppler 

ultrasound parameters were obtained and analysed for abdominal venous hypertension and 

the development of AKI. 

 

Results  

The median (IQR) age of patients was 68 (55-73) years, predominantly male and the majority 

were hypertensive. Of 152 patients analysed, 54 (35 %) patients developed AKI. Among 

these, 37 (69 %) were classified as KDIGO stage I, 11 (20 %) in stage II, whilst 6 (11 %) 

were in stage III. Age [AOR 1.05, 95%CI 1.00-1.10 P=0.031], EuroSCORE II [AOR1.43, 

95%CI 1.14-1.80, P=0.005] and pre-operative serum creatinine [AOR 1.04, 95%CI 1.01-

1.08, P = 0.013] were predictive of AKI. Those who developed AKI had experienced longer 

cardiopulmonary bypass (CPB) times (P<0.001).  Pre-operatively hepatic vein S wave 

measurements were significantly higher in patients with AKI (P<0.05). On post-operative 
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day-1, hepatic vein flow ratios of patient with AKI were significantly decreased, driven by 

low S waves and high D waves, accompanied by significantly elevated central venous 

pressure (CVP) levels. CVP levels on day-1 (D1) post-operatively were predictive of AKI 

[AOR 1.31, 95%CI 1.11-1.55, P = 0.001]. 

 

Conclusion 

Pre-operative hepatic vein S waves were higher in those who developed AKI. This 

phenomenon seemed to precede the decrease in D1 hepatic flow ratios driven by low S waves 

and high D waves. The element of venous congestion was reflected by significantly elevated 

CVP values which were independently associated with AKI on D1. These parameters may 

reflect peri-operative circumstances including prolonged CPB times, and potential fluid 

management aspects that can be modified peri-operatively.  

  

Keywords: Cardiac surgery associated acute kidney injury, ultrasound, venous 

hypertension, venous congestion, hepatic vascular ultrasound, goal directed fluid 

therapy, IVC  
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Introduction  

Cardiac surgery associated acute kidney injury (CSA AKI) is a well-recognised post-

operative complication 1–11. It occurs in up to 40 % of adults post cardiac surgery 1. CSA AKI 

may complicate into the need for renal replacement therapy (RRT) 1,10, develop into chronic 

kidney disease (CKD), and result in mortality if not managed effectively 3,4,6,7,12. CSA AKI  

has been shown to increase hospital mortality five-fold 1 with rates ranging from 50 – 80 % 

once RRT has been instituted 13. Given the magnitude of its complications, improved 

methods of predicting and diagnosing CSA AKI are essential.  

 

The current consensus for the diagnosis of AKI is by Kidney Disease Improving Global 

Outcome (KDIGO) group 4 classification, which combines serum creatinine (SCr) and urine 

output values 4. This has proven to be non-specific and ineffective in predicting early kidney 

stress 3–6,8,9,11,14 . The clinical use of novel biomarkers 15–18 and ultrasound assessment for 

vascular congestion have been areas of recent research focus 2,5,14,15,19–30.  

 

The cause of CSA AKI is multifactorial 2,19,31. It is associated with abnormalities in perfusion 

of the kidneys and imbalances between the arterial and venous pressures 24,32–36. Current 

evidence guiding the enhanced recovery after cardiac surgery (ERAS Cardiac) 

recommendations puts emphasis on protection against kidney stress and injury, and on goal 

directed fluid therapy (GDT) as part of an effort to improve post-operative outcomes 37. Fluid 

overload leads to venous congestion and increased right atrial pressure (RAP) 33,38,39. RAP is 

transmitted retrogradely into systemic veins including hepatic veins.  

 

Hepatic venous waveforms are characterised by four waves; two are retrograde (“A” and 

“V”) and two are anterograde (“S” and “D”) 40 (Figure 1A and 1B). They can be categorised 

as continuous/normal (S>D), biphasic/venous congestion (S<D) and monophasic/ 

pathological/severe congestion 23,32–34,41. Retrograde waves are described as flow away from 

the inferior vena cava (IVC) and anterograde waves as flow toward the IVC 42. When venous 

congestion occurs, increased RAP is transmitted into the hepatic veins resulting in a less 

negative S wave 40, and as the pressure increases, S wave deflections approach the baseline, 

with a resultant decrease in S:D. 
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Figure 1A. Normal hepatic venous trace 42, 1B. Normal hepatic venous waveform  

  

 

It is imperative to diagnose kidney stress early before kidney injury sets in, in an effort to 

improve outcomes. The dilemma remains in finding modalities with assessment capabilities 

that can be used in diagnosing kidney stress timeously. Point-Of-Care ultrasound (POCUS) 

allows for assessment of fluid status, flow patterns and Doppler parameters 32. POCUS is 

useful for quantification of haemodynamic parameters in the heart, the major vessels such as 

the IVC, and hepatic vessels 32,43. In this study, we sought to describe the relationship 

between hepatic venous flow patterns and the development of acute kidney injury.  

 

Methods 

This was a prospective, contextual, and descriptive two-centre study. The study was a 

multimodality study investigating association between several ultrasound vascular parameters 

and development of AKI. Consecutive convenience sampling was used. The study locations 

were Charlotte Maxeke Johannesburg Academic Hospital (CMJAH), University of the 

Witwatersrand, South Africa (55 participants) and Aarhus University Hospital, Denmark 

(100 participants). Approval to conduct the study was obtained from the human research 

ethics committees of the University of the Witwatersrand (M190310) and the Region Central 

Denmark Ethical Committee (identifier: 1-10-72-267-18). Adults (age > 18 years) presenting 

for cardiac surgery were recruited. The exclusion criteria was: isolated aortic valve, 

reoperation surgery, insufficient ultrasonographic imaging, aortic balloon pump use 

intraoperatively, pre-operative dialysis or known end-stage renal disease, prior participation 

in the study, refusal to partake in the study and inability to give informed consent. The data 

collection process is shown in flow diagram (Figure 2).  

B A 
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Figure 2. Flow chart depicting the process of data collection 

#
South Africa, 

*
Denmark. Reasons for exclusion: 3 poor ultrasonographic data, 8 patients refused participation, 4 were 

unable to provide consent. 11 participants not scanned D4 post-operatively due to: 6 declined further participation, 3 

transferred to another facility, 2 no operators available to perform scan 

 

 

Ultrasound assessments were performed using a GE Healthcare S6 or S70 ultrasound system 

(Denmark) and Philips CX C50 (South Africa). Ultrasound data was collected by (SN) in 

South Africa and (JH) in Denmark. Hepatic venous ultrasound measurements were obtained 

with the patient lying supine, the curvilinear transducer aligned from the seventh to the tenth 

intercostal spaces on the right side, lateral to the midclavicular line. The hepatic vein was 

identified using Colour Doppler (CD), and Pulse-wave Doppler (PWD) applied to delineate 

flows. Hepatic venous flow waveforms were analysed, and flow classified into three patterns: 

normal, venous congestion and severe congestion. eGFR was calculated using the Cockcroft-

Gault equation. 

 

Statistical analysis 

Using information from an article published by Beaubien-Souligny and colleagues 24, it was 

determined that to obtain a power of 80 %, with an  of 0.05, a sample size of 152 patients 

would be adequate. Data was collected for 167 patients to allow for loss to follow up. Three 

patients were later excluded due to poor quality ultrasound data in South Africa and 12 in 

Eligible adults 
approached (n=167)

Included (n=152)

(52)#(100)*

Pre-operative 
assessment and data

Blood tests and 
clinical data

n=(152)

(52)#(100)*

Ultrasound data

n=(152)

(52)#(100)*

D1 post-operative 
assessment

Blood tests and 
clinical data

n=(152)

(52)#(100)*

Ultrasound data

n=(152)

(52)#(100)*

D4 post-operative 
assessment

Blood tests and 
clinical data

(n=152)

(52)#(100)*

Ultrasound data

(n=141)

(52)# (89)*

Excluded (n=15)

(3)#(12)*
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Denmark. Data analysis was performed with the assistance of a biostatistician, using Stata 

version 16 (StataCorp, USA). Normally distributed data were reported as means and 

standard deviations whilst non-normally distributed data was reported as medians and inter-

quartile ranges. Categorical data were presented as counts and proportions on a contingency 

table. A comparative summary of ultrasound and haemodynamic parameters was done 

between those who developed AKI and those who did not, at baseline, day-1 (D1) and day-4 

(D4) post-operatively. Comparisons between continuous independent variables were done 

using the Mann-Whitney test. Categorical variables were compared using Chi-square test. 

Where relevant, Fisher’s exact test was used to determine non-random associations between 

categorical variables. A univariable regression analysis was performed to determine 

association with AKI following which all parameters with a P value  0.1 and those deemed 

clinically relevant were included in a multivariable logistic regression analysis.   

 

Results 

Data for 152 patients were analysed. Their median (IQR) age was 68 (55-73) years. They 

were predominantly male (72 %), and the majority were hypertensive (67 %). The median 

(IQR) EuroSCORE II was 1.84 (1.22-3.5). Baseline ultrasound and clinical data is tabled 

(Supplementary Table 1). A summary of ultrasound data for both groups over the 4-day 

period are shown (Supplementary Table 2). The majority of patients had normal hepatic 

vein flow patterns pre-operative (75 %), on D1 (84 %) and D4 post-operatively (79 %). 

Overall, 54 (35 %) participants developed AKI. Among those who developed AKI, 37 (69 %) 

were classified as KDIGO stage I, 11 (20 %) in stage II, whilst 6 (11 %) were in stage III.  

 

Patients who developed AKI had significantly lower pre-operative eGFR (P=0.010), higher 

pre-operative serum creatinine (P=0.028) and EuroSCORE II values (P<0.001) (Table 1). 

Pre-operative hepatic vein flow patterns were comparable (Table 1). Patients who developed 

AKI presented with significantly higher hepatic vein S wave flow measurement while all 

other ultrasound parameters were comparable (Table 2). Those who developed AKI had 

experienced longer cardiopulmonary bypass times P<0.001.  
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Table 1. Comparison of baseline characteristics between those with AKI and No AKI 

 AKI (n=54) No AKI (n=98)  P 

Value 

Parameter N (%), mean (SD), median (IQR)   

Median Age (IQR) in years  68 (59-73) 67.5 (53-73) 0.67  

Gender  (Female) 16 (29.6) 27 (27.6) 0.79  

IDDM  18 (33.3) 20 (20.4) 0.08  

Smoker  25 (46.3) 46 (46.9) 0.94  

Hypertension  37 (68.5) 65 (66.3) 0.78  

Hypercholesterolaemia n 27 (50.0) 47 (48.0) 0.81  

Pre-operative eGFR 71 (56-84) 84 (70-90) 0.01  

Euro SCORE II 3.06 (1.48-6.16) 1.675 (1.15-2.43) <0.001  

Pre-operative Hb (g/dL) 9.1 (7.90-12.50) 9.15 (8.5-11.9) 0.40  

Pre-operative SCr (mmol/L) 90 (78-107) 81.5 (67-99) 0.03  

CPB time (minutes) 151 (112 – 207) 114 (89 -143) <0.001  

Pre-

operative 

Hepatic 

flow pattern 

 

Normal 7 (13.2) 17 (17.9)   

 

0.45  

Venous congestion  3 (5.7) 10 (10.5) 

Severe congestion 43 (81.1) 68 (71.6) 

Pre-

operative 

IVC (mm) 

Minimum 15.5 (14-17) 11 (9-14) 0.07  

Maximum 17.5 (17-21) 13 (12-18) 0.10  

Variation (%) 16.0 (11.8-42.3) 28.6 (14-36.4) 0.57  

Pre-operative TAPSE (mm) 21 (19 – 23) 22 (18- 24) 0.33 

Pre-operative RV Base (mm) 39 (34 – 45) 37 (33 – 41) 0.06 

*(Pre-op) Pre-operatively; (D1) Day 1; (D4) Day 4; (TAPSE) Tricuspid annular plane systolic excursion; (RV) Right ventricular; (CVP) central 

venous pressure; (IVC) inferior vena cava; (eGFR) estimated Glomerular filtration rate; (Hb) Haemoglobin; (CVP) central venous pressure. 

 

 

On post-operative D1 the hepatic vein flow ratio was significantly decreased in those who 

developed AKI vs those who did not (Table 2). There were no differences between groups on 

post-operative D4 (Table 2). Measurements of right ventricular (RV) base and tricuspid 

annular plane excursion (TAPSE) values were not different at all points. 
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Table 2. Comparative summary of ultrasound and haemodynamic data   

 

 AKI (n=54) No AKI (n=98) P 

Value 

Pre-operative Parameter N (%), mean (SD), median (IQR) 

Hepatic vein flow 

(m/s) 

 

S wave 0.21 (0.16-0.27) 0.19 (0.15-0.24) 0.04 

D wave 0.17 (0.13-0.26) 0.18 (0.12-0.22) 0.12 

Ratio 1.20 (0.71-1.61) 1.24 (0.73-1.50) 0.95 

Hepatic vein flow 

pattern  

 

Normal 7 (13.2) 17 (17.9)  

0.45 Venous 

congestion 

3 (5.7) 10 (10.5) 

Severe congestion 43 (81.1) 68 (71.6) 

IVC diameter (mm) 

 

Minimum 15.5 (14-17) 11 (9-14) 0.07  

Maximum 17.5 (17-21) 13 (12-18) 0.10  

Variation (%) 16.0 (11.8-42.3) 28.6 (14-36.4) 0.57  

TAPSE (mm) 21 (19 – 23) 22 (18 – 24) 0.33 

RV Base (mm) 39 (34 – 45) 37 (33 – 41) 0.06 

Day 1 Post-operative Parameter 

Hepatic vein flow 

(m/s) 

 

S wave 0.19 (0.15-0.27) 0.20 (0.16-0.25) 0.73 

D wave 0.26 (0.17-0.35) 0.23 (0.16-0.31) 0.21 

Ratio 0.57 (0.45-0.91) 0.78 (0.56-1.04) 0.01 

Hepatic vein flow 

pattern  

 

Normal 1 (1.9) 2 (2.1)  

0.55 Venous 

congestion 

9 (17.0) 11 (11.4) 

Severe congestion 43 (81.1) 83 (86.5) 

IVC diameter (mm) 

 

Minimum 18 (12-19) 14 (10-19) 0.67 

Maximum 23 (17-25) 16 (13-21) 0.14 

Variation (%) 24.4 (22.2-27.3) 13.3 (10-26.1) 0.25 

CVP (mmHg) 12.5 (10 – 16) 11 (8 – 13) <0.001 

Day 4 Post-operative Parameter 

Hepatic vein flow 

(m/s) 

 

S wave 0.21 (0.15-0.28) 0.20 (0.15-0.25) 0.44 

D wave 0.26 (0.12-0.36) 0.22 (0.12-0.31) 0.24 

Ratio 0.58 (0.46-0.85) 0.66 (0.40-0.90) 0.36 

Hepatic vein flow 

pattern  

 

Normal 1 (1.9) 5 (5.8)  

0.26 Venous 

congestion 

10 (19.2) 13 (14.9) 

Severe congestion 41 (78.9) 69 (79.3) 

IVC diameter (mm) 

 

Minimum 15 (15-17) 12.5 (11.5-13.5) 0.19 

Maximum 20 (18-21) 20.5 (15.5-22) 0.77 

Variation (%) 21.1 (18.2-28.6) 39.7 (21.6-50.9) 0.31 

TAPSE (mm) 11 (9 – 13) 12 (10 – 14) 0.34 

RV Base (mm) 37 (33 – 43) 36 (33 – 41) 0.62 

*(Pre-op) Pre-operatively; (RV) Right ventricular; (TAPSE) Tricuspid annular plane systolic excursion, (D1) Day 1; (CVP) central venous pressure; 

(IVC) inferior vena cava, (D4) Day 4; (TAPSE) Tricuspid annular plane systolic excursion; (IVC) inferior vena cava 

 

Age and EuroSCORE II were predictive of AKI in a multivariable regression analysis (Table 

3). Age, EuroSCORE II, pre-operative SCr and CVP levels were also independently 

associated with development of AKI in a model including day-1 parameters (Table 4).  
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Table 3. Factors associated with AKI pre-operatively  

Parameter UOR(95%CI) P value AOR(95%CI) P value 

Age 1.00 (0.98-1.03) 0.53 1.05 (1.00-1.10) 0.03 

Gender  Male 0.90 (0.43-1.88) 0.79 0.76 (0.23-2.56) 0.66 

Pre-operative eGFR 0.99 (0.98-1.01) 0.25 1.03 (0.99-1.06) 0.20 

EuroSCORE II 1.36 (1.15-1.60) <0.001 1.43 (1.14-1.80) 0.005 

Pre-operative SCr (mmol/L) 1.02 (1.00-1.03) 0.03 1.02 (0.98-1.05) 0.31 

Pre-operative hepatic 

vein flow (m/sec) 

S wave 198 (2.20-17886.1) 0.02 5.48 (0.00-948864.7) 0.78 

D wave 37.81 (0.68-2090.01) 0.08 293.9 (0.00-0.81) 0.37 

Ratio 1.13 (0.87-1.47) 0.36 1.78 (0.21-14.82) 0.60 

Pre-operative hepatic 

vein flow pattern  

Normal 1 (base reference)   1 (base reference)   

Venous congestion 0.73 (0.15-3.47) 0.69 0.23 (0.02-3.15) 0.27 

Severe congestion 1.54 (0.59-4.01) 0.38 1.18 (0.33-4.25) 0.80 

Pre-operative IVC 

diameter (mm) 

Minimum 1.04 (0.99-1.10) 0.12 1.34 (0.86-2.09) 0.20 

Maximum 1.04 (0.98-1.11) 0.18 0.80 (0.58-1.11) 0.41 

Variation (%) 0.50 (0.09-2.71) 0.42 162.85 (0.09-26.70) 0.18 

RV Base (mm) 1.05 (0.998-1.097) 0.06 1.03 (0.96-1.10) 0.83 

TAPSE (mm) 0.97 (0.90-1.05) 0.47 1.00 (0.902-1.100) 0.94 

*(TAPSE) Tricuspid annular plane systolic excursion; (RV) Right ventricular; (IVC) inferior vena cava; (eGFR) estimated Glomerular filtration rate; 

(SCr) serum creatinine, (UOR) unadjusted odds ratio, (AOR) adjusted odds ratio 

 

Table 4: Factors associated with AKI on D1 post-surgery 

Parameter UOR(95%CI) P value AOR(95%CI) P value 

Age 1.00 (0.98-1.03) 0.53 1.05 (1.00-1.10) 0.04 

Gender  Male 0.90 (0.43-1.88) 0.79 0.46 (0.14-1.49)  0.20 

Pre-operative eGFR 0.99 (0.98-1.01) 0.25 1.02 (0.99-1.05) 0.13 

EuroSCORE II 1.36 (1.15-1.60) <0.001 1.31 (1.05-1.65) 0.02 

Pre-operative SCr (mmol/L) 1.02 (1.00-1.03) 0.03 1.04 (1.01-1.08) 0.01 

D1 Hepatic vein flow (m/s) 

S wave 1.72 (0.03-107.50) 0.80 
 

D wave 33.69 (1.50-756.81) 0.03 

Ratio 0.41 (0.16-1.09) 0.07 0.39 (0.12-1.28) 0.12 

D1 Hepatic vein flow pattern  

Normal 1 (base)    

Venous congestion 1.64 (0.13-21.10) 0.71 0.22 (0.00-10.11) 0.44 

Severe congestion 1.04 (0.09-11.75) 0.98 0.20 (0.01-3.98) 0.29 

IVC diameter (mm) 

Minimum 1.04 (0.97-1.10) 0.28 
 

Maximum 0.98 (0.92-1.05) 0.64 

Variation (%) 1.20 (0.75-1.91) 0.44 1.32 (0.48-3.64) 0.60 

D1 CVP (mmHg) 1.20 (1.08-1.33) <0.001 1.31 (1.11-1.55) 0.001 

*(RV) Right ventricular; (IVC) inferior vena cava; (eGFR) estimated Glomerular filtration rate; (SCr) serum creatinine, (UOR) unadjusted odds 

ratio, (AOR) adjusted odds ratio 

 

Discussion 

Patients who developed AKI presented with higher hepatic vein S waves pre-operatively, in 

this current study. Patients with AKI developed significantly reduced hepatic vein flow ratios 

on post-operative D1 reflected as biphasic/venous congestion with S<D waves. We postulate 
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that this is a function of perioperative events including the inflammatory response and fluid 

management. This was accompanied by elevated CVP values on D1 post-operatively. The 

association between venous congestion and fluid overload has been elucidated 36,39,44,45 

previously. The pathophysiology encompasses hepatic and renal venous profiles, and their 

relationship to AKI 22,24,41,43,45,46. Recent work on haemodynamic assessment in critically ill 

patients emphasizes that the primary determinants of cardiac output are encountered in the 

venous circulation due to preload47, namely venous compliance, capacitance, resistance to 

venous return and right atrial pressure. As venous hypertension progresses, compliance 

decreases and the mean circulatory filling pressure increases47. The value of hepatic vein 

Doppler interpretation is thought to lie in the assessment of flow and velocity, not as a static 

measurement, but in combination with clinical acumen and dynamic parameters importantly 

the ratios of S:D waves. This modality has a potential for use in this regard, as the sole use of 

CVP for haemodynamic assessment has shown its limitations.  

 

The exploitation of this knowledge, coupled with the venous ultrasonographic profiles, as 

collective indicators of venous hypertension, may therefore afford clinicians a noninvasive 

modality of assessing volume status and inform management strategies aimed at mitigating 

the risk of AKI development. If used in combination with dynamic parameters, it could speak 

to the venous circulatory basis of GDT with specific haemodynamic goals including the 

avoidance of venous hypertension and undesirable recruitment of excessive stressed volume, 

which aligns with ERAS cardiac principles 23,31,32,41,47–50.  

 

Beaubien-Souligny and colleagues 24, have suggested venous congestion as an important 

contributing factor associated with development of AKI and that association is further 

supported by data suggesting that deteriorating kidney function in patients with 

decompensated heart failure is associated with increased CVP. They, however, also 

highlighted various challenges with utilising CVP as a bedside clinical tool to evaluate 

venous congestion, such as interobserver variability and the fact that central venous catheters 

may be removed earlier to minimise the risk of infections 24. The directive in utilizing 

POCUS should not be to focus on the static measurement of CVP per se, however, but rather 

to consolidate the knowledge that venous hypertension, reduced venous compliance together 

with congestion, can be detected using Doppler, and that these factors have been associated 

with the development of AKI32. It therefore may be advantageous to use multimodality non-
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invasive ultrasound parameters performed at bedside, in conjunction with other dynamic 

parameters and clinical acumen, to assess fluid status.  

 

The development of AKI is thought to be mediated by central venous hypertension 32,36,43, 

where the notion of increased “afterload” or venous congestion is placed on the kidney, 

resulting in reduction in renal blood flow and ultimately tissue pressure and damage 

(19,38,43). In this study we find that this phenomenon is reflected in reduced hepatic vein 

ratios which are reflected as S< D waves indicative of venous congestion. A study by Spiegel 

and colleagues 46, showed that an S wave to D wave reversal in hepatic vein flow had an odds 

ratio of 4.15 (95% CI 1.54–11.23%) for an increase in the likelihood of a major adverse 

kidney event (MAKE-30) event in ICU patients, where the MAKE-30 event was described as 

an elevation of the creatinine level to ≥ 200 % of baseline, the need for renal replacement 

therapy or death 46.  

 

There are several POCUS markers used to detect the high pressures associated with the 

congestive process 23,32, such as the assessment of large veins (IVC and internal jugular), as 

well as pressure changes in the hepatic and intra-renal veins 32,43. The clinical usefulness of 

POCUS in detecting significant venous congestion may be strengthened by combining the 

use of these markers 32 and interpreting their clinical significance. In this study, we 

investigated utilisation of hepatic venous flow Doppler, CVP, IVC, RV base and TAPSE 

measurements to predict the development of AKI after cardiac surgery. However, we did not 

find any associations between AKI and IVC, RV base or TAPSE measurements.  

 

The current study found an association between a higher EuroSCORE II and development of 

AKI. The EuroSCORE II is a well-established risk factor for development of AKI and has 

been reported in several studies 50–53. Furthermore, we found that the EuroSCORE II was 

independently predictive of development of AKI post cardiac surgery in two models, namely 

an adjusted and unadjusted odds ratio, including one pre-operative and another post-operative 

D1 parameters, P=0.005 and P=0.02 respectively. Similar to a previous study by Amini and 

colleagues 54, we found that increased age was predictive of development of AKI. It has been 

reported that the frequency of developing AKI in patients over 60 years of age may increase 

progressively in an age-dependant manner and could be three- to eightfold higher compared 

to younger patients 55. 
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A previous study conducted by the South African group of this study 56 found raised pre-

operative SCr to be a predictor of post-operative AKI. The current study yields similar 

results, albeit with the majority of patients enrolled in Denmark. SCr, together with age and 

ejection fraction, have been used in a risk stratification model, the ACEF criteria, to predict 

development of AKI 57 and found to be significant contributors. Chen and colleagues 58, 

compared the ACEF score with other risk scores (EuroSCORE II and Society of Thoracic 

Surgeons score) and found it to perform similarly. Patients who developed AKI had 

experienced significantly prolonged CPB times. CPB is known for inducing the stress 

response 1,10,31 which affects vascular integrity 3,8,11,19. The inflammatory milieu 

accompanying the stress response can lead to tissue oedema and fluid retention 38,39,44. This 

may be reflected as elevations in CVP levels 35,36. Elevated CVP measurements have been 

associated with an increased risk of mortality and AKI, with the odds of developing AKI in 

critically ill adult patients increasing for every 1mmHg rise in CVP 35. These intra-operative 

circumstances can be managed in line with guidelines that advocate for GDT and prevention 

of renal stress and injury.  

 

Limitations  

This was a two-center study with potential for inter-observer variability between study sites. 

Ultrasound parameters have a potential of being influenced by a multitude of factors and 

should be interpreted in the clinical context. CSA AKI has a complex aetiology, and this 

should be borne in mind.  

 

Strengths  

The study represents geographic and patient profile diversity, ensuring heterogeneous 

characteristics. The use of interdepartmental, inter-specialty, intercontinental investigators 

added expertise and wholistic review of the topic and data interpretation.  

 

Conclusion 

Hepatic venous ultrasound parameters pre-operatively and D1 were associated with AKI. 

Although these were not predictive of development of AKI in multivariable regression 

models, they could possibly be utilized in POCUS perioperatively to assist, in combination 

with clinical acumen and risk stratification, with early detection of AKI. D1 CVP values have 

indicated this progression in this study allowing for yet another point of possible mitigation 

when interpreted with the understanding of principles pertaining to venous compliance, 
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congestion, mean circulating filling pressure, not interpreted in isolation. ERAS Cardiac 

guidelines advocate for the use of GDT, to avoid deleterious effects of fluid overload and 

development of AKI. Hepatic venous ultrasound modality together with other ultrasound 

modalities aimed at evaluating fluid status, may add value towards the goal of preventing 

AKI development perioperatively.  
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Appendix 

Supplementary Table 1. Summary of pre-operative data  

Parameter Mean (SD)/ Median (IQR)/ N(%) 

Age (years) 68 (55-73) 

Weight (kg) 77 (68-90) 

Height (cm) 171 (9.4) 

Gender (M) 109 (72 %) 

Hypertension 102 (67 %) 

IDDM 38 (25 %) 

Hypercholesterolaemia 74 (49 %) 

Smoker  71 (47 %) 

Pre-op SCr (mmol/L) 85 (70-102.5) 

D1 SCr (mmol/L) 90 (75.5-102.5) 

D2 SCr (mmol/L) 87.5 (72-123) 

D3 SCr (mmol/L) 87 (69-113) 

D4 SCr (mmol/L) 83 (66-107) 

Pre-op K+ (mmol/L) 3.9 (3.7-4.3) 

D1 K+ (mmol/L) 4.6 (4.3-4.9) 

D4 K+ (mmol/L) 4 (3.7-4.3) 

Pre-op Na+ (mmol/L) 138 (11.4) 

D1 Na+ (mmol/L) 139 (3.5) 

D4 Na+ (mmol/L) 138 (3.5) 

Pre-op Hb (g/dL) 10 (2.7) 

D1 Hb (g/dL) 7.8 (2.2) 

D4 Hb (g/dL) 7.4 (1.9) 

Pre-op eGFR 78.9 (25.9) 

D1 eGFR 66.3 (21.4) 

D4 eGFR 77.8 (33.3) 

NO AKI 98 (65%) 

AKI GRI 37 (24%) 

AKI GRII 11 (7%) 

AKI GRIII 6 (4%) 

EuroSCORE II 1.84 (1.22-3.5) 

Pre-op Hepatic vein systole (m/s) 0.2 (0.08) 

D1 Hepatic vein systole (m/s) 0.2 (0.08) 

D4 Hepatic vein systole (m/s) 0.21 (0.1) 

Pre-op Hepatic vein diastole (m/s) 0.2 (0.1) 

D1 Hepatic vein diastole (m/s) 0.25 (0.14) 

D4 Hepatic vein diastole (m/s)  0.23 (0.12-0.33) 

Pre-op Hepatic vein ratio 1.23 (0.7-1.56) 

D1 Hepatic vein ratio  0.74 (0.52-1) 

D4 Hepatic vein ratio 0.64 (0.4-0.89) 

Pre-op Hepatic vein flow 

pattern 

Normal 111 (75%) 
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Venous congestion 24 (16%) 

 
Severe congestion 13 (9%) 

D1 Hepatic vein flow pattern Normal 126 (84%) 
 

Venous congestion 3 (2%) 
 

Severe congestion 20 (14%) 

D4 Hepatic vein flow pattern Normal 110 (79%) 
 

Venous congestion 6 (4%) 
 

Severe congestion 21 (15%) 

Pre-op IVC min (mm) 12.8 (3.6) 

D1 IVC min (mm) 15.4 (4.5) 

D4 IVC min (mm) 13.8 (4.2) 

Pre-op IVC max (mm) 16.5 (4) 

D1 IVC max (mm) 19 (4.9) 

D4 IVC  max (mm) 18.8 (4) 

Pre-op IVC Variation 24.9 (13.8) 

D1 IVC Variation 21.7 (8.4) 

D4 IVC Variation 32 (17) 

D1 CVP (mmHg) 11.3 (3.7) 

Pre-operative TAPSE (mm) 21.1 (4.4) 

Pre-operative RV Base (mm) 38.2 (7.5) 

D4 TAPSE (mm) 11.7 (3.3) 

D4 RV Base (mm) 37.7 (6.9) 

*(Preop) Pre-operatively; (D1) Day 1; (D2) Day 2; (D3) Day 3; (D4) Day 4; (TAPSE) Tricuspid annular plane systolic excursion; (RV) Right 

ventricular; (CVP) central venous pressure; (IVC) inferior vena cava; (SCr) Serum creatinine; (Hb) Haemoglobin; (Na+) Sodium; (K+) Potassium; 

(eGFR) estimated Glomerular filtration rate*(D1) Day 1; (CVP) central venous pressure; (IVC) inferior vena cava; (eGFR) estimated Glomerular 

filtration rate 

 

Supplementary Table 2. Summary of ultrasound data for both AKI and No AKI groups 

Parameter AKI 

Pre-op D1 D4 

Hepatic vein flow 

Median (IQR) (m/s) 

S Wave 0.21 (0.16-

0.27) 

0.19 (0.15-0.27) 0.21 (0.15-

0.28) 

D wave 0.17 (0.13-

0.26) 

0.26 (0.17-0.35) 0.26 (0.12-

0.36) 

Ratio 1.20 (0.71-

1.61) 

0.57 (0.45-0.91) 0.58 (0.46-

0.85) 

Hepatic vein Flow 

pattern n (%) 

Normal 7 (13.2) 1 (1.9) 1 (1.9) 

Venous 

congestion 

3 (5.7) 9 (17.0) 10 (19.2) 

Severe 

congestion 

43 (81.1) 43 (81.1) 41 (78.9) 

IVC diameter (mm) Minimum 15.5 (14-17) 18 (12-19) 15 (15-17) 

Maximum 17.5 (17-21) 23 (17-25) 20 (18-21) 

Variation 16.0 (11.8-

42.3) 

24.4 (22.2-27.3) 21.1 (18.2-

28.6) 

TAPSE  (mm)  21 (19 – 23) 11.5 (10 – 13) 11 (9 – 13) 

RV Base (mm)  39 (34 – 45) 38 (34.5 – 44.5) 37 (33 – 43) 
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*(Preop) Pre-operatively; (D1) Day 1; (D4) Day 4; (TAPSE) Tricuspid annular plane systolic excursion; (RV) Right ventricular; (CVP) central 

venous pressure; (IVC) inferior vena cava. 

 

  

CVP (mmHg)   12.5 (10 – 16) 12 (6 – 13) 

 No AKI 

Pre-op D1 D4 

Hepatic vein flow 

Median (IQR) (m/s) 

S wave 0.19 (0.15-

0.24) 

0.20 (0.16-0.25) 0.20 (0.15-

0.25) 

D wave 0.18 (0.12-

0.22) 

0.23 (0.16-0.31) 0.22 (0.12-

0.31) 

Ratio 1.24 (0.73-

1.50) 

0.78 (0.56-1.04) 0.66 (0.40-

0.90) 

Hepatic vein Flow 

pattern n (%) 

Normal 17 (17.9) 2 (2.1) 5 (5.8) 

Venous 

congestion 

10 (10.5) 11 (11.4) 13 (14.9) 

Severe 

congestion 

68 (71.6) 83 (86.5) 69 (79.3) 

IVC diameter (mm) Minimum 11 (9-14) 14 (10-19) 12.5 (11.5-

13.5) 

Maximum 13 (12-18) 16 (13-21) 20.5 (15.5-22) 

Variation 28.6 (14-36.4) 13.3 (10-26.1) 39.7 (21.6-

50.9) 

TAPSE (mm)  22 (18 – 24) 9 (7 – 12) 12 (10 – 14) 

RV Base (mm)  37 (33 – 41) 34 931 – 38) 36 (33 – 41) 

CVP (mmHg)   11 (8 – 13) 8 (6 – 12) 
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APPENDIX 1: Publication in SAJAA 

NOVEL MODALITIES FOR THE DIAGNOSIS OF CARDIAC 

SURGERY ASSOCIATED ACUTE KIDNEY INJURY: A 

NARRATIVE REVIEW OF THE LITERATURE 

 

Abstract 

  Acute Kidney Injury (AKI) is a common complication post cardiac surgery and increases 

mortality during hospitalisation five-fold. If present, it is an independent risk factor for 

progression to chronic kidney disease. When renal replacement therapy (RRT) is required, it 

carries a 50 % mortality rate for cardiac surgery associated (CSA) AKI. Given the dynamic 

nature of CSA AKI, it is imperative to implement preventative and management strategies to: 

prevent or limit ischaemia; reduce systemic inflammation; modify amenable pre- and peri-

operative risk factors; and address nutritional and fluid status at the pre-  intra- and post-

operative stages. Conventional modalities in the diagnosis of AKI have proven ineffectual in 

the timely diagnosis, and rely mostly on non-specific biometric parameters, namely a rise in 

serum creatinine, and a decrease in urine output. Novel biomarkers have promoted new ideas 

in the search for more effective, precise and reproducible tools to aid diagnosis. In addition, 

ultrasonic tools for renal, hepatic and portal vascular flow patterns using Duplex Doppler for 

venous flow parameters, together with renal arterial resistive index, have been used as novel 

predictors of peri-operative AKI. Although these parameters require further investigation, 

Duplex Doppler of the renal, hepatic, portal and cardiac systems appear to have promising 

results in the early detection of AKI. 

Keywords: Acute kidney injury, Cardiac surgery, Renal ultrasound, Portal ultrasound, 

Hepatic ultrasound, Duplex Doppler, NGAL, TIMP-2, IGFBP7, Venous congestion, Venous 

flow patterns, Resistive Index (RI), Intrarenal venous flow patterns, Portal pulsatility, 

NephroCheck   
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Introduction 

  The aetiology of AKI is multifactorial, however patients undergoing cardiac surgery are said 

to have a 40 % probability of developing AKI.1 It is a pervasive disease, whose diagnosis 

evades practitioners until significant functional reserve has been lost. The current diagnostic 

modalities are not time-sensitive in detecting potentially irreversible injury.1–12 Given the 

magnitude of this condition, as well as the considerable complications that can occur, such 

as: the requirement of renal replacement therapy (RRT); long-term renal dysfunction or 

chronic renal disease; and mortality, it is imperative to establish preventative measures and 

early diagnosis.2,3,13–15 Current common practice makes use of the Kidney Development 

Improving Global Outcomes (KDIGO) group classification system for diagnosis of AKI, 

however, these parameters have proven ineffectual for timely diagnosis. New modalities are 

constantly being investigated, including conventional testing, urinary and blood biomarkers, 

as well as the use of ultrasound.1–3,5,13,16–18 

 

Physiology Of AKI 

AKI is a well-recognized complication post cardiac surgery,1,3,13,14 which progresses to 

kidney dysfunction requiring RRT in 2-5 % of patients,15 chronic kidney disease (CKD) and 

mortality if not treated timeously and judiciously.1,3,13,16,19 Although AKI is multi-factorial in 

origin, its aetiology post cardiac surgery is compounded by unique considerations.  

The physiological profile of many patients presenting for cardiac surgery includes multiple 

co-morbidities, such as hypertension, diabetes, hypercholesterolaemia, chronic illness 

Figure 1 Pathophysiological interactions of Acute Cardiorenal Syndrome.
60
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(cardiac, hepatic, renal, peripheral vascular) and advanced age, all of which increase the 

likelihood of CSA AKI occurring.3,5,16 

Surgical factors also pose additional risk: the nature of the surgery (valvular, CABG, 

congenital deformity), complexity of the surgery, use and duration of CPB, CPB perfusion 

pressure, use of blood products, haemodynamic instability, ischaemia-reperfusion injury, 

aortic cross-clamping, intraoperative thrombo-embolic phenomena, arrhythmias, and 

myocardial infarction. All these increase the probability of CSA AKI occurring 

perioperatively.1,5,13,16,19–21 

  The pathophysiology of CSA AKI is presumed to originate predominantly intra-operatively, 

mostly due to acute tubular necrosis.2,3,5,22,23 Some of the factors at play are CPB-associated 

systemic inflammatory response, CPB pump pressure, damage to the endothelial glycocalyx, 

hypovolaemia and hypoperfusion, haemolysis, oxidative damage, sympathetic nervous 

system activation and the use of nephrotoxic agents (angiotensin converting enzyme 

inhibitors, contrast dyes).1,2,4,5,16,20,21 

 Whilst kidney arterial perfusion parameters have previously enjoyed attention with regards to 

intra- and post-operative anticipation and prediction of the onset of AKI,1,5,13,15,16,24–28 recent 

focus has turned to the venous system, particularly looking at venous congestion of the renal, 

portal and hepatic systems as possible predictors of AKI.26,29–38 

 

Conventional Biomarkers Of AKI 

  Serum creatinine (SCr) levels and urine production are the conventional biometric parameters 

used to stage AKI, but these are non-specific, delayed-response parameters that result in late 

diagnosis.3,4,22 These parameters have been used extensively in defining criteria, scores and 

classifications in the diagnoses of AKI. Previously, AKI was defined using the 

Risk/Injury/Failure/Loss/End-stage (RIFLE) criteria, which categorizes the exposure 

(risk/injury/failure), and the outcome (loss/end-stage).39 

  The Acute Kidney Injury Network (AKIN) criteria, was developed to follow the RIFLE 

criteria, which modified certain aspects of the RIFLE criteria, notably additions were to: the 

time period which was shortened from seven days to 48 hours; the initiation of RRT 

regardless of SCr levels; the removal of glomerular filtration rate from the classification 

system; lower SCr level threshold for diagnosis of AKI; and removal of the assumption of 

normal SCr levels in the absence of this information.39 In a retrospective analysis conducted 



 36 

by Bastin et al39 it was noted that AKI diagnosis using the AKIN criteria was associated with 

a significantly increased incidence of hospital mortality when compared to the RIFLE criteria 

(0.86 vs 0.78, P = 0.0009). 

  Currently, the most widely used criteria for AKI is that proposed by the KDIGO group3 

(Table I): 

 

 

Central to the contemporary management of AKI is early detection and institution of 

preventative measures. Preventative strategies, such as appropriate use of fluids including 

avoidance of positive fluid balance and renal venous congestion, nutritional optimization, 

avoidance of nephrotoxic agents, limiting CPB exposure, and use of experimental agents 

(calcium channel blockers, dexmedetomidine, high-dose steroids, fenoldopam), have been 

described.1,3,13–19 However, the current diagnostic criteria fail to assist in providing a timely 

diagnosis for some of these measures to be effective.1,3,4,6,13,16–19,24,39 

The need for a more sensitive, specific and real-time test/ biomarker of AKI is because SCr 

levels and urine production are not time-sensitive markers of AKI, as they may take up to 48 

hours to change after an insult has occurred.1,3,10,13,16,19,24 When trying to predict the onset of 

a disease, the use of a retrospective marker is not logical, especially one that can be as 

delayed as the rise in SCr. The change in SCr used in the KDIGO criteria to detect the 

occurrence of AKI, cannot be used to predict the occurrence of AKI before the insult occurs.3  

SCr alone may not assist with the evaluation of potentially damaged or at-risk renal cellular 

tissue.4,7–12 Its use, therefore, is significant in established disease, and cannot be used to pre-

empt or anticipate the onset of AKI. There is therefore a need for methods to predict or pre-

empt AKI, to ensure that the KDIGO preventative and supportive managements strategies 

can be implemented early.  

Table I. KDIGO Staging Classification system AKI3  
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Novel Biomarkers Of AKI 

  Novel biomarkers for diagnosis of AKI have been the focus of ongoing interest.6–9,11,12,40 

Biomarkers that have provoked discussion are Cystatin C, Neutrophil gelatinase-associated 

lipocalin (NGAL), Tissue inhibitor of metalloproteinase 2 (TIMP-2), Insulin-like growth 

factor binding protein 7 (IGFBP7), kidney injury molecule 1 (KIM-1), interleukin 18 (IL-18) 

and liver fatty acid-binding protein (L-FABP).6–9,11,12,25,40 Biomarkers that have gained the 

most attention as potentially useful from current practice are NGAL, TIMP-2 and IGFBP7.6–

9,11,12,40  

NGAL is a marker produced by the renal tubules and released into the bloodstream after an 

insult has occurred, and increased levels can be detected within two hours of the injury.6,7 

NGAL is a component of the innate immune system but has multiple functions in the human 

body.6,7 It is bacteriostatic, is involved in cellular pathway signalling and is embryologically 

important for the development of renal tissue.6,7 It is upregulated shortly after an insult to the 

kidney has occurred, and is thought to appear when structural damage has occurred to the 

renal tubular cells, but prior to established dysfunction.6,7 It is, therefore, present in urine and 

blood tests shortly after injury has occurred, however it is also produced by injured epithelial 

cells of liver, colon and lung.6,7  

Its use for CSA AKI in adults appears to have promising results, however when tested in the 

paediatric population it appeared disappointing.7 Given that it is a biomarker of cellular stress 

or injury, it is tested when AKI is suspected, and therefore not as surveillance pre-

operatively.6,7,12   

  TIMP-2 and IGFBP7 are two biomarkers that are indicators of cell cycle arrest.8,9,11,12,40 They 

are produced when the cell enters but fails to exit cell cycling, and their production results in 

G1 cell arrest, a known consequence of AKI, which results in inhibition of angiogenesis and 

endothelial cell proliferation.8,9,11,12,40 The combination of these two biomarkers, were shown 

to detect an increase in the risk of AKI seven-fold compared to NGAL (P<0.002).8,11,12,40 A 

laboratory test kit, the NephroCheck (Figure 2), which has been approved for use by the 

FDA, makes use of this combination (TIMP-2 and IGFBP7).8,12 It has been used to identify 

patients at risk of developing AKI following cardiac surgery, which could assist with the 

timely institution of preventative measures. Currently, the largest obstacle to its 

implementation in routine clinical practice is cost and availability.  



 38 

 

   Figure 2. The NephroCheck, an FDA-approved laboratory test. It is used to measure urinary levels of serum 

biomarkers present in patients who have, or develop, AKI.
41,42 

 

Novel Use Of Vascular Ultrasound In The Diagnosis Of AKI 

  The use of ultrasound has gained popularity due to its inherent properties.15,25–27,29,30,43–46 It is 

non-invasive, portable, well-tolerated by patients and produces real-time results.46–48 

Specifically, Duplex Doppler, a combination of Colour Doppler (CD) and Brightness mode 

ultrasonography, which gives descriptive information on flow patterns using hue and colour, 

has recently shown promising results as a novel technique to assist with early identification 

and prognostication of AKI.26–32,36,43–46,49–54 It has been used successfully to define venous 

and arterial renal parameters in the peri-operative period, such as the renal resistive index, 

renal venous flow patterns, portal pulsatility and portal venous flow.15,26,28–30,43–45,49,53,55  

These parameters are described individually below. 

 

ARTERIAL PROFILE: THE RENAL RESISTIVE INDEX  

The renal arterial resistive index (RI), as defined by Pourcelot’s formula53,56,57 has recently 

been used as a predictor of ensuing and persistent AKI.27,28,32,45,49,53 Resistive index is a 

measure of pulsatile blood flow that reflects the resistance to blood flow caused by 

the microvascular bed distal to the site of measurement.15,24,25,27,28,44,45,49,53 The formula53,56,57 

used to calculate resistive index is as follows:  

                           RI  =    v (systole) – v (diastole) 

                                                v (systole) 

https://en.wikipedia.org/wiki/Vascular_resistance
https://en.wikipedia.org/wiki/Blood_flow
https://en.wikipedia.org/w/index.php?title=Microvascular_bed&action=edit&redlink=1
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where v describes the velocity of blood flow. It is calculated using the intra-lobar/arcuate 

artery, where an average is taken using the cranial, central and caudal arteries.27,28,43,49,53 It 

can be performed pre- and post-operatively, to assist with clinical judgement and decision 

making. 

  

Resistive index 

(value) 

Description of flow 

0 Continuous 

1 Systolic present, diastolic absent 

>1 Reversed diastolic flow 

 

It is performed through the translumbar ultrasound windows with the patient lying supine, 

using a curvilinear probe (Figure 3,4). The probe is aligned to the eleventh and twelfth ribs 

on each side, along the anterior axillary line.46,47,55 A sagittal view of the kidneys can be 

obtained by rotating the probe from 0 to 45.46,47,55 Using CD, vessels can be delineated and 

pulsed wave doppler (PWD) applied, the RI can be calculated using the arterial waveform 

pattern.15,26,47,54,55 It can also be performed intra-operatively, with the use of a 

transoesophageal (TEE) probe as described by Bandyopadhyay et al58 through the trans-

gastric view using the corkscrew method. The method is only described for the left kidney as 

images of the right kidney are more difficult to obtain due to its anatomical position (Figure 

5).  

 

 

 

 

 

 

Figure 3. Illustration of probe position for renal vascular image acquisition (consent obtained from patient) 

 

Table II. Classification of resistive index
26,29,30,57
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Figure 4. Colour Doppler of the right kidney and its vessels (left) and Normal Doppler of interlobar artery with 

tracing depicting below (right)55  

The classification of flow patterns, in relation to RI, is tabulated (Table II). Using a cut-off 

value of > 0.70, the RI has been independently used to risk stratify morbidity, namely the 

development of sepsis, prolonged ventilation and the progression of heart failure.28,44 

In a systematic review by Ninet et al53, of 154 studies over 28 years, Doppler-based RI and 

prediction of reversibility of renal dysfunction were assessed. They found that RI could be 

used as a predictor of persistent AKI. 26,30,55 Use of this modality in cardiac surgery is still 

new.  

 

 

 

 

 

 

 

 

 

Bedside RI allows estimation of the renal vascular resistance, and a value > 0.70 has been 

found to be associated with an increased likelihood of major post-operative adverse 

outcomes.44  RI can be influenced by parenchymal and vascular abnormalities such as: 

variations in vascular compliance; heart rate and rhythm; increased intra-abdominal pressure; 

Figure 5. Illustration of the Corkscrew Technique using TEE to visualize renal vessels.58 
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and ureteric obstruction.17,28,49 More studies in this area are necessary. 

 

VENOUS PROFILE: RENAL, PORTAL AND HEPATIC FLOW PATTERNS   

In the venous system, Duplex Doppler and waveform analysis have been used to identify 

surrogates of renal venous congestion.26,30–32,36,55 Central venous pressure (CVP) is a 

component of right atrial pressure, and inferior vena cava (IVC) pressures are a component of 

CVP.31,36,50–52 An elevated CVP can, therefore, be indicative of venous congestion provided 

supradiaphragmatic causes of obstruction such as pneumothorax, cardiac tamponade and 

excessive positive end expiratory pressure are ruled out, or it can be a function of diastolic 

dysfunction.36,50–52  

Given the intimate relationship between the cardiac and renal axes, Doppler assessment of 

the cardiac system must be considered when investigating the renal system.50,51,59–61 Systolic 

and diastolic function of the heart can be calculated using Doppler, and can be used to stratify 

patients based on their echocardiographic features, as described by Choi et al61. Patients with 

more severe cardiac dysfunction (systolic or diastolic) had an increased risk of developing 

AKI as well as long term renal impairment.61  

Assessment of diastolic function can assist in differentiating between true diastolic 

dysfunction and volume overload, which results in elevated pressures in the abdominal 

venous system.50–52,61,62 A high CVP, secondary to venous congestion, has been shown to be 

associated with increased post-operative mortality.31,33–36,38,39,63 With these increased venous 

pressures, the IVC becomes non-compliant and right atrial pressures are transmitted 

throughout the cardiac cycle into the abdominal venous vasculature.28–31,48,55,57 Importantly, 

absolute values of IVC measurements do not accurately predict CVP measurements, but 

rather the IVC collapsibility and inspiratory-expiratory variations, which can discriminate 

between low/normal CVP and high CVP readings.26,30,31,36 

Under physiological conditions, renal venous flow is uninterrupted. In the face of venous 

congestion, it becomes biphasic, then monophasic, and finally completely discontinuous with 

severe congestion.26 Intrarenal venous flow (IRVF) patterns (see Figure 6) have been found 

to be strongly correlated with adverse clinical outcomes, and to independently predict 

increased risk of peri-operative AKI and mortality.26,30,55 The venous flow patterns are 

categorized based on the data captured from analysing the arcuate/intralobar veins cranially, 

centrally and caudally.26,30,47,55  
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The ideal positioning is with the patient supine, or in the left/right lateral decubitus positions, 

with the probe aligned with the eleventh and twelfth ribs, in the anterior axillary 

line.30,36,43,46,47 These measurements can also be obtained pre- and post-operatively as 

comparatives so as to detect the change in ultrasonographic data. These parameters can be 

obtained through standard translumbar renal ultrasound or TEE, with the use of PWD to 

categorize the flow patterns.30,47,48  

Portal venous flow (Figure 7) tends to be protected from backward venous pressure due to its 

anatomy, therefore, when differences between systolic and diastolic velocities exist, it is 

indicative of abnormal flow.29,30,36,55 With the patient in the supine position, or the left/right 

lateral decubitus position, the probe in the eight to eleventh intercostal spaces, midaxillary 

line, CD can be used to identify the Portal vein coronally, and PWD to determine the 

maximal systolic and diastolic flow velocities.36,47,48,55  

Figure 6. Intrarenal venous flow patterns of the right interlobar veins using Colour Doppler. 

Normal wave form pattern (left) showing continuous flow throughout the cardiac cycle vs Discontinuous 

biphasic venous flow with systolic and diastolic component (middle) vs Discontinuous wave form pattern (right) 

with flow only present during diastole.30  
  

   Figure 7. Duplex Doppler of Portal venous waveform patterns and pulsatility fraction30 
Normal portal flow (right) showing minimal differences between Vmax and Vmin, with lower pulsatility fraction  

vs abnormal variations (left) of flow velocities during the cardiac cycle (values of >50 % considered abnormal) 

where significant changes noted between Vmax and Vmin, resulting in higher pulsatility fraction (pulsatility 

fraction 18.4 % vs 66%). 
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When portal flow pulsatility [(systolic velocity – diastolic velocity) / systolic velocity] is > 50 

% it is considered a marker of venous congestion.29,30,36,55 It has been found to be an 

independent factor in predicting CSA-AKI, together with intrarenal venous flow 

patterns.29,30,55 When evaluated peri-operatively, it could provide information on the presence 

of congestion, if compared to pre-operative values.29,30,32 When used in conjunction with 

IRVF patterns, it assists in differentiating between supradiaphragmatic causes of venous 

obstruction, portal hypertension and true venous congestion, which can prove invaluable in 

the real-time setting of intra-operative decision making.15,29,30,32,55 

Hepatic venous flow pattern (see Figure 8), can also assist with the diagnosis and 

identification of venous congestion.29,30,36,55 With the patient in the supine position, the probe 

aligned from the seventh to tenth intercostal space, lateral to the midclavicular line, the 

hepatic vein can be identified using CD, and PWD used to categorize the flow  

pattern.29,30,36,47,55 Under physiological conditions, the hepatic vein has a systolic:diastolic 

ratio of > 1, which is reversed when venous congestion is present.29,30,55 When flow is 

significantly affected, the diastolic component of the cardiac cycle exceeds the systolic 

component, with attenuation of the systolic flow and eventually reversal of normal atrial 

flow.29,30,36,55  

These peri-operative ultrasonographic parameters, in varying combinations have been 

reviewed and shown interesting results, given the benefits of real-time changes and clear 

demarcations of indices, as outlined by the various formulae. The use of these 

ultrasonographic features to diagnose and predict ensuing AKI has recently been reviewed by 

Beaubien-Souligny et al55, in cardiac surgical patients, and have shown that the peri-operative 

comparative change within an individual, with the use of sound clinical judgement and 

Figure 8. Duplex Doppler of Hepatic venous waveform patterns.30 
Normal hepatic venous waveform (left) with systolic (S) component ≥ diastolic component (D) vs abnormal (right) 

with systolic component (S) < (D). 
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understanding of the interpretation of ultrasonographic detail, can be invaluable. 

 

Management Of AKI 

  The fundamental principle underlying the treatment of AKI is to treat the cause, and 

therefore, the importance of identifying and risk stratifying patients according to their 

predisposing and precipitating factors is imperative.2–5,13,16,64 Important directives to achieve 

in minimizing CSA AKI are to prevent or limit ischaemia, decrease inflammation, modify 

amenable risk factors, address nutritional status and manage fluid status appropriately.2–

5,13,16,64 The goal of early initiation of therapy is to limit the severity of the complications; it 

has been found, however, that initiation of RRT early in the treatment plan results in better 

outcomes for both CSA AKI and non-CSA AKI.1,14,33 

  The notion of fluid therapy is central to the prevention and treatment of AKI, yet, there is no 

standardised fluid management strategy.3,33,34 Positive fluid balance in critically ill patients 

results in worse outcomes, such as prolonged hospital stay, increased risk of respiratory 

failure requiring ventilation, and risk of long-term progression to renal dysfunction.33–35,63 

Fluid overload in patients with AKI has been shown to be an independent risk factor for 

mortality, regardless of the need for RRT, and cardiac surgery complicates the 

considerations, as it poses multiple risk factors that too can damage the endothelial 

glycocalyx, leading to “leaky” capillaries and rapid accumulation of fluid in the 

interstitium.5,33–36,63 

  The clinical conundrum, therefore, arises with patients who develop CSA AKI, and yet are 

fluid-replete, as nutritional requirements will still demand an intake of approximately 1 Litre 

per day, which cannot be counteracted by insensible losses alone, directing therapy to initiate 

RRT earlier, so as to avoid fluid overload.2–4,22,33–36,63 The lack of unanimity regarding 

specific fluid management strategies for patients with CSA AKI remains problematic. 

 

Conclusion 

  Novel techniques to diagnose AKI timeously are clinically relevant and important. Duplex 

Doppler appears to be showing promising results in RI, IRVF patterns, portal and hepatic 

venous flow, and cardiac profiles. Further investigations into these parameters, and possible 

use of biomarkers to correlate with the degree of AKI could prove to assist with earlier 

detection of CSA AKI. 
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APPENDIX 2: LITERATURE REVIEW  

Introduction 

This literature review will outline the relationship between cardiac surgery and Acute Kidney 

Injury (AKI). It will discuss risk factors, pathophysiology, prevention, diagnostic tools, 

treatment and fluid management in the face of AKI. It will explore arterial and venous 

ultrasound of the cardiac, hepatic, portal and renal systems, and discuss its’ utility in the peri-

operative period.  

   

1. Cardiac surgery and AKI 

1.1  Background 

Patients presenting for cardiac surgery are at an increased risk of developing AKI (1–6). 

Advanced age (> 65 years old), co-morbidities such as hypertension, diabetes and 

hyperlipidaemia are often the cause (1–4). Cardiac surgery on its own presents a unique 

spectrum of risk factors that predispose patients to develop AKI: the type of surgery, 

ischaemia-reperfusion, cardiopulmonary bypass (CPB), haemodynamic instability, the use of 

nephrotoxins, and oxidative stress (1–4). AKI is a common adverse event post cardiac 

surgery occurring in 30  40 % of patients (1,2). AKI post cardiac surgery has been found to 

increase mortality during hospitalisation five-fold (1), and as an independent risk factor for 

progression to chronic kidney disease (3). Renal replacement therapy (RRT) is necessary for 

2 – 5 % (1,2) of patients who develop cardiac surgery associated AKI (CSA AKI), and 

amongst these patients there is a 50 % mortality rate (6).  

 

The incidence of AKI is influenced by the type of cardiac surgery: coronary artery bypass 

graft (CABG) has the lowest incidence, 2 – 5 % in a review (2), and up to 30 % in valvular 

surgery, depending on race and gender (5). This can be attributed to the technical difficulty 

of the procedure, length of time spent in the operating room, exposure to, and duration of 

CPB, use of blood products, and degree and duration of haemodynamic instability (1–3,6). 

CABG itself also has different risk profiles, as off-pump versus on-pump surgery present 

distinct differences in probabilities of developing AKI (7,8). Complex surgery, septal defect 

repair, redo surgery, combined surgery, focal arrhythmic ablation, emergency surgery and 

many other procedures all carry varying risks of developing AKI (1,6,7,9). Importantly, the 

other complications associated with cardiac surgery, such as myocardial infarction, bleeding 

and coagulopathy, emboli and arrhythmias can also increase the risk of CSA AKI (8,9). CSA 
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AKI is thought to originate intra-operatively, and progress to acute tubular necrosis. There 

may, however, be pre- and intra-operative risk factors that can be addressed (1–4). 

 

CPB induces systemic inflammation, for a number of reasons that will be detailed below, 

which can damage the endothelial glycocalyx, leading to vascular permeability and fluid 

accumulation in the interstitium, ultimately resulting in fluid overload (1,2,6,10,11). This 

increases the complexity of managing fluid status in these patients, and can precipitously 

lead to AKI warranting RRT, as even small positive fluid balances can be harmful enough to 

necessitate initiation of RRT (2,10,12,13).   

 

Due to the complex nature of cardiac surgery, and the inherent risks, complications occur 

fairly frequently, and AKI associated mortality is in the range of 50 – 80 % (5). CSA AKI 

also increases the risk of infection, prolongs hospital stay and prolongs intensive care unit 

(ICU) stay (14,15). Clinical trials suggest that early institution of RRT in cardiac surgery 

patients with severe AKI may lower mortality and shorten ICU stay (1,16). 

 

1.2  Cardiorenal syndromes 

The cardiac and renal systems are intimately related in disease, despite the independence of 

organ function under normal physiological states (17,18). The term cardiorenal syndrome 

(CRS) was developed to better describe the cluster of symptoms and clinical disease that 

presents when these two organ systems adversely interact (17). The CRS is defined as 

“disorders of the heart and kidneys whereby acute or chronic dysfunction in one organ may 

induce acute or chronic dysfunction in the other” (17). There are five forms of cardiorenal 

syndrome (17) :  

I. Acute cardiorenal syndrome (Type 1)  

II. Chronic cardiorenal syndrome (Type 2)  

III. Acute renocardiac syndrome (Type 3)  

IV. Chronic renocardiac syndrome (Type 4) and  

V. Secondary cardiorenal syndrome (Type 5)  

Patients treated for acute or chronic heart failure have a 30 % chance of developing AKI 

(1,2), with the highest mortality occurring in patients undergoing cardiac surgery (17).  
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The aetiology of the CRS can be divided into four mechanisms: increased renal venous 

pressure, reduced renal perfusion, right ventricular dilatation and dysfunction, and lastly 

neurohormonal- activation of the renin angiotensin aldosterone system (RAAS) (17). 

However, the exact pathophysiology of the interactions between the cardiac and renal 

systems is not yet fully understood (19,20).  

Interestingly, renal venous congestion is a well-known concept, dating back to the 1930s, 

where Winton (21) found that an increase in renal venous pressure (regardless of cardiac 

output (CO) and renal blood flow) directly led to impaired renal function. Not only did the 

author discover this, but he also concluded that the renal impairment improved when the 

renal venous pressure was subsequently reduced (21). This highlights the importance of renal 

venous pressures on renal function. 

 

Traditionally, renal hypoperfusion has been thought to be secondary to sub-optimal CO 

(19,20), amongst other things. A study by Mullens et al. (19) found that the strongest 

haemodynamic determinant of worsening renal function was the presence of venous 

congestion. Moreover, the cardiac index (CI), which is the cardiac output (CO) divided by the 

body surface area, was found to have limited effect on renal function (19). The traditional 

assumption that impaired CO is the single most important factor leading to renal dysfunction, 

therefore should be reconsidered. This study also showed that in patients with persistent 

venous congestion, there was an increased risk of deteriorating renal function when compared 

to baseline function (19).  

 

2. Acute kidney injury 

2.1 Background 

AKI is a heterogeneous syndrome with multiple aetiologies, and devastating long-term 

consequences if not managed timeously (1–4,14,17,22,23). It is a dynamic condition that 

evolves from early reversible prerenal azotaemia, to established disease which requires 

intervention, and may result in long-term consequences such as chronic kidney disease and 

the need for RRT (4,24). AKI is associated with increased number of therapeutic 

interventions, morbidity, mortality, prolonged hospitalisation, and increased hospital costs 

(2,4).  

 

Due to the complex nature and origin of AKI, as well as the long-term ramifications of 

untreated AKI, the Kidney Disease Improving Global Outcomes (KDIGO) group (4) 
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recommend risk stratifying patients according to their susceptibilities and exposures, so that 

they may be managed accordingly, and therefore reduce the risk of AKI occurring. The 

KDIGO group also recommend further studies to validate scoring systems, namely in special 

situations such as cardiac surgery (4). There are limitations to the current diagnosis of AKI, 

as the standard parameters used (reduced urine output and increased serum creatinine (SCr)) 

are nonspecific and not always highly sensitive (3,4,6,14,15). 

 

AKI can occur due to changes in renal perfusion (1–4,14,22); accordingly, the use of 

ultrasound to define renal blood flow and identify venous congestion and arterial restrictive 

index have a potential for useful predictive value. Early detection of renal dysfunction, prior 

to progression to chronic renal disease, is a research priority, as the cost to patient, hospitals 

and society can be exorbitant (1–4,15,22,23). The accurate prediction of the development of 

AKI, as well as the early recognition and treatment of AKI, is therefore a matter of urgency 

(4,16).  

 

2.2 Risk factors associated with CSA AKI 

The risk factors for CSA AKI can be divided into three main categories, however, it must be 

noted that they are not separate entities, and there is significant overlap in some areas. 

Importantly, the presence of some of the risk factors pre-operatively greatly increase the 

likelihood of development of AKI post cardiac surgery (18). 

 

The non-modifiable patient risk factors are advanced age (> 65 years), ethnicity, female 

gender, features of metabolic syndrome (hypertension, diabetes, hyperlipidaemia), presence 

of chronic disease (cardiac, renal, hepatic, peripheral vascular), cardiogenic shock, critical 

illness and trauma (with regards to the development of crush syndrome) (1,3,4). 

The modifiable patient risk factors are anaemia (as defined by haemoglobin  

< 10g/dL), hypovolaemia, low haematocrit during CPB, venous congestion and sepsis 

(1,4,9,10,19). 

 

The non-modifiable surgical risk factors are the type of cardiac surgery, especially cardiac 

surgery warranting CPB, the duration of CPB, duration of aortic cross-clamping, complex 

cardiac surgery involving more than one region, hypoperfusion as a surgical and or 

anaesthetic technique, presence and duration of vasopressor and diuretic use, blood 
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transfusion requirements, the number of cycles of reperfusion and ischaemia, the extent of the 

systemic inflammatory response and oxidative damage (1,3,8,9,15) 

 

2.3 Pathophysiology of CSA AKI 

The aetiology of AKI is abundant in origin, therefore only the relevant aetiologies and their 

origins will be briefly described. CSA AKI itself has a multitude of causal factors that 

interact with each other and can exacerbate pre-existing renal dysfunction, or precipitate AKI 

in previously healthy patients (2,18,25). The major pathophysiological factors attributed to 

AKI post cardiac surgery are peri-operative renal ischaemia resulting in prerenal azotaemia, 

reperfusion injury or prolonged aortic cross-clamping, sympathetic nervous system activation 

(resulting in activation of RAAS), CPB-induced haemolysis and inflammation, oxidative 

stress and coagulopathy with increasing blood product requirements (1,18,25). The use of 

peri-operative nephrotoxic agents, such as angiotensin-converting enzyme inhibitors, 

aminoglycosides, loop diuretics and contrast dyes may also increase the likelihood of 

developing CSA AKI (18). 

 

Peri-operative renal ischaemia occurs secondary to hypoxic injury or hypovolaemia which 

result in cellular dysfunction and if not remedied timeously, to cell lysis and death (18,25). 

Sympathetic nervous system activation leads to activation of RAAS, and renal arterial 

vasoconstriction in an effort to maintain perfusion, which ultimately worsens the injury 

(9,18,25). Activation of RAAS also increases renal oxygen demand, and can lead to supply-

demand imbalance (1,6,9). 

 

Intra-operative renal blood flow is significantly influenced by CPB, as CPB induces non-

pulsatile blood flow (1,2). In normal physiological states, 20 % of CO is directed to the 

kidneys, with the majority of the blood flow going to the cortical glomeruli and hence being 

shunted away from the vasa recta (1). This occurs to maintain the solute balance that exists 

between the cortex and the medulla, but also predisposes this area to hypoxia (1,2,9). The 

resultant increased cortical perfusion that occurs during CPB may paradoxically precipitate 

ischaemia in the medulla, due to imbalance of the normal physiological flow (1). As the 

medulla normally functions at low oxygen tension, small alterations in renal blood flow may 

result in supply-demand imbalance, leading to ischaemia and cellular injury (1,2,9).  
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CPB can also cause AKI due to exposure of the red blood cell (RBC) to non-physiological 

surfaces resulting in haemolysis, and as a result of the shear forces applied to the RBC, 

mechanical breakdown occurs, leading to cell lysis and death (2,26). The free haemoglobin 

that results from mechanical breakdown during CPB causes injury to the kidney by inducing 

free-radical production, which leads to oxidative stress and damage, and the by-products 

lodge in the glomeruli and tubules, resulting in AKI (1,26).  

 

Aortic cross-clamping can cause reperfusion injury, as well as athero-emboli (2,18). The 

cross-clamping results in up to 50 % decrease in renal blood flow, regardless of the position 

of the clamps, and results in reduced capability of solute handling for > 24 hours (9). After 

the cross-clamp is released, the renal blood flow increases above normal values (reflex 

hyperaemia), however glomerular filtration rate (GFR) remains below 30 % of baseline for 

up to two hours (9). The athero-emboli stimulate an inflammatory response which can 

damage the glomeruli and tubular cells, resulting in activation of local cytokines and 

vasoconstriction, ultimately causing cellular damage (1,2,25). Once immune cells have been 

activated in the renal parenchyma, the inflammatory process ensues and eventually results in 

AKI and fibrosis (1,25).  

 

2.4 Prevention of CSA AKI 

The CSA AKI syndrome is complex and has multiple factors, therefore, focus must be placed 

on prevention and early treatment to improve clinical outcomes. To date, the preventative 

strategies for AKI are basic measures aimed at modification of the patient factors within the 

clinicians realm; namely judicious use of fluids, improvement of nutritional status, avoidance 

of venous congestion, limited CPB duration and avoidance of exposure to nephrotoxic agents 

(2–4,15). Of note, where possible and feasible, off-pump cardiac surgery, especially CABG, 

should be performed (4,6). 

 

Despite the importance of fluid management in patients with AKI, as well as post-operative 

cardiac surgery patients, there is still no universally proven and accepted fluid management 

strategy (4,10–13). The KDIGO group (4) recommend judicious use of crystalloid 

administration in the face of haemodynamic stability to prevent prerenal azotaemia and AKI. 

Studies have been conducted to elucidate the requirements of fluid management, and most 

advocate that a positive fluid balance should be avoided, as it is an independent risk factor for 

mortality (12,13,27). 
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Ultrasound is increasingly being utilised in the peri-operative period to delineate those at risk 

of developing AKI (23,24,28–32). Research is aimed at assessing fluid status using Doppler, 

and how the cardiac, hepatic, renal and portal venous systems transform in the face of 

congestion and fluid overload (10,27,31–35). In detecting venous congestion, preventative 

measures can be placed and an attempt to reduce CSA AKI instituted. Duplex Doppler has 

also been used to assess the renal arterial system and has been used to stratify those at risk of 

developing AKI, as well as to predict those who will have persistent AKI (36). Ultrasound is 

a useful tool when used in combination with clinical acumen and investigations to predict 

those at risk of developing AKI and can therefore be implemented as a preventative strategy 

for those undergoing high-risk surgery (1,24,29,31–33,36)  

 

Alternative forms of preventative strategies have looked at calcium channel blockers, 

Fenoldopam, sodium bicarbonate, dexmedetomidine, high-dose steroids and remote 

ischaemic pre-conditioning; however, none have shown conclusive evidence of protective 

capability (1,18).  

 

2.5 Diagnosis of CSA AKI 

AKI is an elusive disease that has no defining clinical characteristics and is relatively 

asymptomatic until the extremes of disease occur (18). CSA AKI presents a uniquely difficult 

set of circumstances as clinicians cannot rely on clinical signs or symptoms alone: there is a 

high risk of AKI occurring and yet there are limited diagnostic tests available to detect it 

(6,7,15,22). The contemporary consensus for classifying and diagnosing AKI is that defined 

by KDIGO (4) which uses SCr values and urine output production. Previously, the Risk of 

renal failure, Injury to the kidneys, Failure of kidney function, Loss of kidney function, and 

End-stage renal failure (RIFLE) and Acute Kidney Injury Network (AKIN) criteria were used 

to classify patients with AKI, and to date may still be used in combination with the KDIGO 

AKI guidelines(4), nonetheless, KDIGO recommend the use of their classification system, 

partly to add uniformity to the diagnosis of AKI. 

 

The KDIGO group classification of AKI is as follows (4). 

 Stage 1: Increase in SCr > 26.5mol/L; or 1.5 – 1.9 times baseline SCr level; 

or < 0.5ml/kg/hour urine production for 6 – 12 hours.  
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 Stage 2: Increase in SCr of 2.0 – 2.9 times baseline level; or 

 < 0.5ml/kg/hour for > 12 hours.  

 Stage 3: Increase in SCr of > 3.0 times baseline level; or SCr level of > 

354mol/L; or initiation of RRT; or < 0.3ml/kg/hour urine production for > 24 

hours; or anuria for > 12 hours. 

 

Neither urine output nor SCr provide the ideal diagnostic test for AKI, as urine flow rate is a 

poor measure of kidney function; decreased urine output is a nonspecific marker that can 

occur in multiple disease states, as well as in some states of normality (1–4,22,23). However, 

oliguria generally reflects a decreased GFR and so reduced urine output together with 

increased blood urea nitrogen (BUN) have been used as surrogates for decreased estimated 

glomerular filtration rate (eGFR) (3). In theory, oliguria can occur without a decrease in GFR 

(4).  Nonetheless, it is a non-specific marker of AKI, especially post cardiac surgery, where 

reduced urine output is a common finding (1–4). SCr values are better validated than oliguria 

in the diagnosis of AKI, but it can take up to 24 hours after an insult for the levels to change 

(1,4,6,15). It is also found to be elevated in other clinical conditions such as liver disease and 

is dependent on body habitus (4,25). 

 

Whilst eGFR is the most used test in clinical practice, it is problematic for a number of 

reasons: it is an estimation of the clearance of a biomarker, not a measurement; it tends to 

overestimate renal function when creatinine is used (until the eGFR < 60mls/min); no ideal 

biomarker has yet been found and it cannot be truly measured in humans (4,37). Measured 

GFR is not cost effective as the biomarkers used for the test (inulin, para-aminohippurate, 

iohexal, iothalamate) are expensive, and the test is labour-intensive for patient and the 

clinician, which makes it unsuitable for use in daily practice (38). It is an important test to 

assist in the diagnosis of AKI, but KDIGO guidelines (4) recommend the use of SCr and 

urine output in conjunction with eGFR, alternatively just SCr and urine output, as these 

variables can be measured as opposed to estimated. 

 

Multiple prediction formulae have been developed to estimate serum creatinine clearance: 

Modified Diet in Renal Disease (MDRD), Cockcroft-Gault and Chronic Kidney Disease 

Epidemiology Collaboration. These formulae were developed for stable patients with chronic 

renal insufficiency and thus are inappropriate to use in the diagnosis of AKI (3,38). 
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Furthermore, the prediction formulae have been shown to overestimate renal function at 

lower levels, and there is relatively little standardisation of laboratory technique used to 

estimate creatinine, leaving room for error (38).  

 

A urinary 24-hour creatinine clearance test is also a good measure of renal function, but again 

there are concerns with this investigation. Creatinine is filtered at the glomerulus freely and 

subsequently not reabsorbed but it is secreted at the tubules and thus tends to overestimate 

true filtration rate (9,38). Urinary creatinine clearance requires a 24-hour urine sample which 

has proven to be impractical as it is inconvenient to patients and therefore often inaccurate 

(38). 

 

Another urinary biomarker that has received attention recently is Cystatin C. It is produced 

by all nucleated cells in the human body, and is structurally defined as a low molecular 

weight protein (28). It too, like creatinine, is freely filtered by the glomeruli but it then should 

be totally reabsorbed by the proximal tubule (28). Any Cystatin C that is detected in the urine 

is thus an indicator of a tubulopathy (28). Studies to corroborate its use as a proxy for GFR 

are ongoing, but in a study conducted by Schnell et al (28), it was found that renal resistive 

index (RI) was a better predictive parameter for the development of AKI on Day 3 post 

polytrauma and or severe sepsis, than urinary or serum Cystatin C. Further investigation of 

the validity of Cystatin C is being explored.  

 

Novel biomarkers have been investigated recently, one being the urinary and plasma 

neutrophil gelatinase-associated lipocalin (NGAL). NGAL belongs to the lipocalin 

superfamily, and is produced in the kidney tubules after an insult has occurred (26,39). Both 

urinary and plasma NGAL levels have been shown to be accurate predictors of early kidney 

damage (3,26,39). Levels are clinically detectable up to two hours post kidney injury, which 

in comparison to SCr, is much earlier in the disease process (1,26,39). The prompt rise in 

NGAL levels makes it a promising biomarker for the early detection of AKI, and several 

studies have also looked into using it as a predictor of clinical severity and outcomes in 

patients who develop AKI (26,39). 

Newer biomarkers of AKI include tissue inhibitor of metalloproteinase 2 (TIMP-2) and 

insulin-like growth factor binding protein 7 (IGFBP7) (39–41). These two urinary biomarkers 

were combined in a single urinary test kit called the NephroCheck, approved by the Federal 
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Drug Administration, for use in critically ill patients at risk of developing AKI (40). The 

theory behind the use of these two biomarkers is that they are indicators of cell-cycle arrest 

(40,41). A known consequence of AKI is G1 cell-cycle arrest, which results in inhibition of 

endothelial cell proliferation and angiogenesis (40,41). The renal tubular cells secrete both 

TIMP-2 and IGFBP7 during phases of cellular damage (39,40). Therefore, when TIMP-2 is 

expressed in quantities great enough to be detected in urine sampling, it serves as a warning 

that AKI has possibly occurred (40,41).  

IGFBP7 is a cell-cycle arrest protein, that induces p21, leading to G1 cycle arrest (40,41). The 

effects of both these bio-proteins are pleiotropic and not confined to the kidney. It is 

important to note that the Federal Drug Administration approved the use of the NephroCheck 

only as an adjunct to other tests in critically ill patients at risk of developing AKI (40). It 

cannot be used as a single marker of AKI; in the Discovery (41,42), Sapphire (41,42) and 

Topaz (41,43) clinical trials the validity of the Nephrocheck was assessed. The Discovery 

trial (42) conducted three cohorts in patients with sepsis, shock and major trauma or surgery. 

This multicentre prospective cohort looked at which biomarkers, novel and standard, could 

best predict the development of AKI (42). It was found that above all current biomarkers, 

TIMP-2 and IGFBP7 were superior in detecting AKI, including current standards SCr and 

urine output (42).  

The follow-on trial, the Sapphire trial (41,42), was conducted in 35 sites, scattered throughout 

North America and Europe. The Sapphire trial included patients over the age of 21, who were 

critically ill but did not have AKI and who had been admitted to ICU within 24 hours (42,43). 

The objective was to ascertain if the results from the Discovery trial were indeed accurate; it 

looked at other novel biomarkers, such as kidney injury molecule 1 (KIM-1), NGAL, 

interleukin 18 (IL-18) and liver fatty acid-binding protein (L-FABP) (42). In comparison to 

the other biomarkers mentioned, the TIMP-2 and IGFBP7 combination outperformed the 

other markers, with an area under the curve of 0.80 (42).   

The Topaz trial (41,43), again looked to validate the use of these two biomarker. This trial 

used similar inclusion criteria as the Sapphire trial, however, it was conducted in 23 different 

American sites (43). The NephroCheck was noted to have a sensitivity of 89 % and a 

specificity of 46 % (40,43). The Topaz trial differed from the Sapphire trial in that the urine 

was sampled three times, instead of once, and was used on patients from a different centre, to 

try and increase the heterogeneity of the study sample (43). In a multicentre study, Bihorac et 
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al (41) found the sensitivity of the NephroCheck to be 92 %, but the specificity ranged from 

37 – 42 %, depending on the cut-off values applied. It is, therefore, necessary to use this test 

in the appropriate setting, in patients at moderate-high risk of AKI, so as to minimise the 

number of false positive tests. 

Multiple strategies or scoring systems have been proposed to predict the development of CSA 

AKI. The most validated scoring systems are the Cleveland Clinic Score (15), the Mehta 

score (44) and the EuroSCORE II (45). The Cleveland Clinic Score comprises 10 variables 

and has a score range from 0 – 17 (15). It is categorised as follows: low risk (0 – 2), 

intermediate risk (3 – 5), moderate risk (6 – 8), high risk (> 9) (14,15,22). The Cleveland 

Clinic Score was developed from the study conducted by Thakar et al. (15) where more than 

33 000 patients were enrolled; approximately half of the study group was used to develop the 

criteria for the scoring system, and the other half was then used to validate it.  

 

Although the Cleveland Clinic scoring system (15) has proven beneficial, there are some 

limitations to its use (7,14,22). Firstly, the Cleveland Clinic Score (15) was based on patients 

requiring open-heart surgery, therefore no percutaneous or minimally-invasive procedures 

were considered (14,22). Secondly, patients undergoing off-pump CABG were included in 

the study which may have added to confounding factors, as these patients are known to have 

a lower risk of developing AKI (14,22). Thirdly, it has not been validated in non-Western 

societies, although its use has been validated in one South Asian cohort by Rao et al. (14). 

Finally, a fundamental limitation of the Cleveland Clinic Score is that it does not predict 

milder forms of AKI (6,7,22). 

 

The Mehta Score also comprises 10 variables, however, it has a score range of 0 – 83 (44). 

This is troublesome, as it can be perceived as cumbersome and therefore, simpler methods 

have been proposed (22). Another limitation of the Mehta score is that it can only be used for 

patients undergoing CABG alone, mitral/aortic surgery alone, or the combination of the 

aforementioned alone, which restricts the patient population (7,22).  

 

Birnie et al. (7) set out in 2014 to develop a predictive scoring system for any stage of AKI, 

because as previously mentioned, the Cleveland Clinic Score (15) is not a good predictor of 

milder forms of AKI (6). The “any-stage” AKI score showed more favourable acumen than 

the Cleveland Clinic Score, and it was also found to be better calibrated (7). Despite this, the 
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Cleveland Clinic score (15), which was developed in the 2000s, and the Mehta score (44), 

which was developed in 2006, are used more often to predict clinical outcomes post cardiac 

surgery (7,15,22). 

 

The EuroSCORE II (45), which was published in 2012, is a revision of the original 

EuroSCORE (46), which was published in 1999, as a risk prediction model for cardiac 

surgery.  The revised score has 18 variables, some of which were added due to criticism of 

the original EuroSCORE undervaluing the influence of the intervention, and others (such as 

the definition of unstable angina requiring IV nitrates for diagnosis) were retracted due to 

advances in the medical field since 1999 (45).  

 

A comparative study was published which commended the EuroSCORE II on the addition of 

number of previous procedures performed, as well as the current procedure, ultimately 

resulting in a more robust scoring model (45,47). One of the limitations of the EuroSCORE II 

is that it is not procedure-specific, and may underestimate the risk in patients with rarer 

disease profiles due to its generalisability (45). It may also be inaccurate in the African 

setting, as only two of the 43 participating countries were African (South Africa and Sudan) 

where 25 were European, three were South American, three were North American and the 

remaining nine were Asian (45). 

 

2.6 Treatment of CSA AKI 

The treatment of AKI is dependent on its causal mechanism to a degree, although the end-

point in severe cases is RRT. It has been found in both population groups (CSA AKI as well 

as non-CSA AKI), that the initiation of RRT has better outcomes when initiated earlier in the 

course of AKI (1,12,16). The fundamental principle that the origin of the AKI must be treated 

is the reason why it is important to identify and risk stratify patients according to their 

predisposing factors, and treat the precipitating factors (4,18,25). Important directives are to 

prevent or limit ischaemia, decrease inflammation, modify amenable risk factors, and address 

both the nutritional and fluid status of the patient at the pre-, intra- and post-operative stages 

(1,4). To address the general well-being of the patient, KDIGO recommends avoiding 

hyperglycaemia and protein-calorie malnutrition (4).  

 

The notion of fluid therapy is central to the prevention and treatment of AKI. There is, 

however, no standardised fluid management strategy as yet (4,12,13). The recommended 
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fluid type for initial intravascular volume expansion in patients who have no evidence of 

haemorrhagic shock, is an isotonic crystalloid (4). Zarbock and Kellum (18), it was again 

noted that there is a lack of consensus regarding the amount of fluid administration necessary 

to maintain normal nutritional status but to avoid overload, as many patients will benefit from 

fluid restrictive regimens (12,13). The argument has been made, and proven, that fluid 

restrictive regimens result in better outcomes for critically ill patients, but, this poses a 

clinical conundrum for patients who have AKI, and yet are fluid-replete, as they are at high 

risk of developing fluid overload (12,27).  

 

In these unique circumstances, it is recommended that patients with severe oliguria or anuria 

begin RRT early, because if they are volume-replete, they will still require a nutritional 

intake of approximately 1 L/day and drug intake of approximately 500 mls/day (18). The 

fluid input in this circumstance, (severe oliguria or anuria) cannot be counteracted by 

insensible losses alone and therefore without RRT to assist with fluid reduction, these 

patients may become overloaded relatively quickly (12,48).  

 

2.7 Fluid management 

The principle of a positive fluid balance being detrimental to overall outcome in patients with 

AKI is well recognised, and importantly as little as 10 % (12) fluid overload has been shown 

to be sufficient to precipitate adverse outcomes (13,25). A positive fluid balance is defined as 

an increase of > 10 % baseline body weight (13). This can be calculated as follows:  

[(Sum of daily fluid intake – total output)/body weight] x 100 (13).  

A positive fluid balance results not only in an increased risk of mortality, but also an 

increased risk of adverse events, such as prolonged hospital stay, respiratory failure requiring 

ventilation, and a risk of progression to long-term renal dysfunction (13).  

 

It has been shown that restrictive fluid management strategies are valuable in the post-

operative patient by reducing the need for mechanical ventilation and cardiovascular 

complications (13,27). Cardiac surgery possesses multiple risk factors that can damage the 

endothelial glycocalyx, leading to “leaky” capillaries and rapid accumulation of fluid in the 

interstitium, resulting in fluid overload (10–12). Fluid overload in patients with AKI has been 

shown to be an independent risk factor for mortality, regardless of the need for RRT (11,12). 
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In an American study conducted by Bouchard et al. (13) that included patients from five 

different centres, fluid overload was found to be associated with an increased number of 

patients with multi-organ system failure, increased ventilator requirements and sepsis. 

Importantly, this study noted that percentage fluid accumulation in patients with AKI at the 

time of diagnosis was lower in the survivor group versus the non-survivor group (13). This 

data was corroborated by Payen et al. (12) in a European cohort which reviewed 198 ICU 

from 24 European countries, who found that the mean fluid balance in patients with AKI was 

significantly more positive than in patients without AKI. The same study found higher 

mortality rates in the patients with AKI than those without (60-day mortality 35.7 % versus 

16.4 %) (P < 0.01) (12). 

 

This information is significant, as it adds to the magnitude of the relationship between fluid 

accumulation and AKI specifically, not just in critically ill patients. The lack of unanimity 

regarding specific therapeutic fluid management strategies for patients with CSA AKI 

remains an issue, however, RRT should be instituted as early as possible in patients who 

require it (12,13,16). 

 

3. Ultrasound 

3.1 Background 

Ultrasound has been used in innovative ways to visualize the renal vasculature and try to 

predict which patients are at risk of developing AKI (23,24,28,33). Research is focusing on 

finding a link between renal vascular ultrasound parameters and renal function (33,49). 

Ultrasound has the ability to assess blood flow by using the Doppler principle, which can 

determine the shift of frequency that occurs when sound strikes moving RBC compared to 

stationary tissue (48,50). Stationary tissue returns echoes unchanged, however, echoes from 

the moving RBC return to the probe with small differences in frequency. The probe processes 

these differences (the shift) and then generates an image (48,51). Using the Doppler effect 

equation, the velocity of blood flow can be calculated if the parameters are rearranged (51).  

 

Ultrasound has gained popularity as it is non-invasive, portable, well tolerated by patients and 

produces results in real-time (48,51). The two types of vascular ultrasound wave propagation 

are continuous or pulsed wave Doppler; the names are attributed to the way in which the 

waves are transmitted (50). In continuous wave Doppler, the waves are transmitted 
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uninterruptedly from a segment of the probe while a separate segment is responsible for 

receiving signals; pulsed wave Doppler transmits waves in predetermined bursts, and then 

waits for the signal to return and be captured, so transmission and reception of the signal 

occur at different time intervals (50). Three types of Doppler imaging are used in 

cardiovascular ultrasound: Colour, Power and Spectral Doppler (48).  

 

Colour Doppler qualitatively indicates flow velocity; importantly, it cannot measure actual 

velocity, as corrections need to made within the processor for angulation to allow accurate 

measurement of quantitative velocity (51). A pixel is assigned to the direction of movement, 

and therefore the colour represents the direction of movement, whereas the hue indicates the 

velocity (48,50).  

 

Power Doppler is related to the signal strength, which in turn is related to the number of 

moving RBC at a particular point (50,51). The intensity of the signal is proportional to the 

volume of movement, which is portrayed by colour and hue, rather than the velocity or 

direction of flow (50). Therefore power Doppler cannot be used to quantitatively measure the 

velocity of blood flow (48,50,51). 

 

Spectral Doppler allows waveform analysis and can give quantitative information regarding 

velocity (48). The resistance inherent to a vascular bed can be measured using systolic and 

diastolic velocities (48,50). This principle is used in continuous and pulsed wave Doppler. 

 

Duplex doppler, a sub-parameter used in cardiovascular imaging, is a combination of Colour 

Doppler and Brightness mode (B-mode) ultrasonography; hence the name Duplex (52). 

Colour Doppler is highly influenced by the angle of the beam with regards to the interrogated 

territory, and therefore duplex Doppler is prone to the same errors (50,52). Duplex Doppler 

has an additional parameter of B-mode which anatomically delineates the vessel or territory 

in question using ultrasound, and combines it with the information gathered on flow, using 

colour Doppler (52). Duplex Doppler, therefore, affords a more intricately defined structural 

image with information regarding flow, that can be used for more precise diagnostic 

information when interpreted correctly (50,52).  
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When visualising the vasculature with Doppler, the arterial system can be explored, mainly 

using Duplex, Power and Spectral Doppler, and the venous system can be explored, mainly 

using Duplex and Colour Doppler (36,49,51,52). 

 

3.2 Arterial Doppler 

Spectral Doppler allows for an image to be created that is portrayed as a graph (velocity 

versus time), from which multiple parameters can be calculated (pulsatility index (PI), 

resistance index (RI) and systolic/diastolic (S/D) ratio) (51). Doppler-based renal RI is a 

parameter that has gained much attention recently, and it has favourable characteristics; it is 

quick, non-invasive and easily repeatable (23).  

 

The RI is an arterial parameter that is calculated by Pourcelot’s formula (53), and it reflects 

arterial compliance and resistance of the vascular bed in question. It is defined as (S – D)/S, 

where S represents the peak systolic value and D represents the peak diastolic trough (54). In 

the human vasculature, the interaction of arterial compliance and vascular resistance results 

in the natural amelioration of pulsatility, where total resistance to flow through the arteries 

down to the capillaries and veins, may be considered in series (53,54). The majority of the 

resistance is found within the arterioles and arteries, followed by the capillaries and then the 

veins (53). Due to this fact, the RI measurement from the main renal artery should be 

equitable to that of the interlobar or interlobular renal arteries (53).  

 

Studies show that RI may carry prognostic information incremental to GFR estimation (55). 

A study conducted by Lerolle et al. (29) showed that a high RI in patients with septic shock 

was predictive of AKI ensuing in future. Bedside RI allows estimation of the renal vascular 

resistance (24). In a study conducted by Dewitte et al. (24), they confirmed the notion 

proposed by Darmon et al. (56), that Doppler RI can be used to delineate patients in whom 

AKI will be persistent, as defined by an RI of > 0.795.  

In a study conducted by Giustiniano et al. (30) the RI was used as a marker for prediction of 

morbidity, including development of AKI, prolonged ventilation and sepsis. The study 

looked at complications post major surgery, using RI of  > 0.70 as the cut-off value, and 

found that in patients with RI values above this, the likelihood of adverse outcomes was 

greatly increased (30).  
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It is essential to be aware that the RI can be influenced by parenchymal and vascular 

abnormalities (55,56). It can be altered by vascular compliance, heart rate and rhythm, 

external compression by the probe or increased intra-abdominal pressure (55,57). Ureteric 

obstruction also affects the RI (57). Therefore, when interpreting RI, the above-mentioned 

factors must be taken into account before conclusions can be drawn. 

 

3.3 Cardiac Doppler 

Ultrasonography has been used to assess venous system flow (33,57,58). It has been used for 

monitoring and evaluation of the central venous (CVP) and right atrial pressures (RAP). CVP 

is a parameter that is often used in critically ill patients for haemodynamic observation. CVP 

provides a good estimation of RAP which translates to right ventricular preload, unless 

extenuating circumstances (such as severe tricuspid regurgitation, constrictive pericarditis, 

cardiac tamponade or inferior vena cava (IVC) obstruction) are present (10,58).  

 

Venous congestion from the right atrium, transmits high pressures to the IVC, the hepatic 

system, the renal system, and finally the portal system (10). The higher the IVC pressures, the 

less compliant the IVC becomes (10,58). Elevated CVP can be indicative of right ventricular 

diastolic dysfunction, and the transmitted pressure to the IVC can be measured using Doppler 

(10,31,32).  

  

Diastolic dysfunction can be graded, using pulsed wave Doppler, into three grades: delayed 

relaxation, pseudonormal filling and restrictive filling (59). This classification is based on the 

ratio between the early (E) ventricular filling wave and the atrial (A) contraction wave (59). 

Initally, delayed relaxation results in an E/A of < 1, which progresses to pseudonormal filling 

with an E/A 1– 2, finally followed by the restrictive filling pattern with an E/A > 2 (59). The 

associated flow measurement is known as the early ventricular filling deceleration time (DT), 

and is measured with Colour Doppler (59). Delayed relaxation is characterized by a DT > 

200milliseconds, pseudonormal filling by a DT 150 – 200milliseconds, and restrictive filling 

by a DT < 150milliseconds (59).The ventricular filling wave ratios and deceleration time can 

be significantly influenced by volume status (34,35,59).  
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Therefore, the information gathered from Doppler assessment of diastolic function can help 

to differentiate between patients with true diastolic dysfunction, and those who have volume 

overload, which can be transmitted to the venous system and result in venous organ 

congestion (34,35,59). 

 

In a study conducted Choi et al. (60) the systolic and diastolic dysfunction parameters were 

used in combination to review the odds ratio of developing AKI. This study found that 

patients with worse echocardiographic parameters had increased risk of AKI as well as 

developing long-term renal dysfunction (60). The poorer echocardiographic parameters also 

appeared to predict the outcome of long term renal dysfunction (60). 

 

3.4 Venous Doppler 

A high CVP (> 10mmHg) is often associated with overload status (12,19,58). Ilyas et al. (58) 

conducted a cross-sectional study from 100 medical ICU patients and found that there was a 

positive relationship between CVP and IVC diameters at minimum and maximum values, and 

an inverse relationship between CVP and IVC collapsibility. IVC collapsibility has been used 

to measure patients’ response to therapy in acute heart failure, and provides insight into the 

fluid status when used in combination with the range of CVP measurements, the IVC 

diameter, clinical picture and haemodynamic parameters (10,31,58).  

 

A non-compliant IVC can be indicative of venous congestion, where factors such as supra-

diaphragmatic obstruction (pneumothorax, cardiac tamponade), positive pressure ventilation, 

high positive end expiratory pressure and hyperinflation of the lung, have been excluded 

(10,31,58). It is also important to note that absolute values of IVC measurements do not 

accurately predict CVP measurements, but rather, IVC collapsibility and inspiratory-

expiratory variations can discriminate between low or normal CVP and high CVP (10,32,58).  

 

With increased venous pressure, and therefore a non-compliant IVC, the right atrial pressures 

throughout the cardiac cycle are conducted into the abdominal venous vasculature; namely 

the hepatic venous system, the portal venous system and the renal venous system (31,32).  

Hepatic venous flow patterns under physiological conditions have a systolic:diastolic of > 1, 

with a period of atrial flow reversal (10). In critically ill patients, the reversal of the 
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systolic:diastolic with enhanced atrial reversal should be interpreted, cautiously, as possible 

venous congestion (10).  

 

This occurs as the hepatic venous flow patterns with systolic:diastolic < 1 are seen in 

decompensated cardiac failure, which is known to cause venous congestion that transmits 

backward pressures from the right atrium, through the IVC and into the hepatic venous 

system (10,31,58). Unless the aforementioned extenuating circumstances co-exist in the 

critically ill patient, the use of the systolic:diastolic < 1 as a possible marker of venous 

congestion is reasonable, if interpreted holistically.  

 

The portal venous system is usually precluded from the backward pressures of venous 

congestion due to its anatomy; the liver sinusoids and splanchnic capillary bed are separate 

from the systemic circulation (10). Consequently, when a detectable difference in velocities 

between systolic and diastolic flows occur, it is abnormal and indicative of portal 

hypertension (10,31,32). Portal hypertension can be cardiogenic in origin, however, the other 

causes of portal hypertension, such as cirrhosis and portal thrombosis, must be excluded first 

(10,31).  

 

The portal pulsatility fraction [(Systolic velocity- Diastolic velocity/ Systolic velocity) x 100] 

value of > 50 % represents abnormal flow; this parameter was noted to be independently 

associated with AKI post cardiac surgery (31,32). In a prospective study by Beaubien-

Souligny et al. (32), the portal flow pulsatility was noted to be a marker of venous congestion 

and independently associated with occurrence of AKI post cardiac surgery. 

 

The concept of renal venous congestion as a consequence of fluid overload has been explored 

(10). Renal venous congestion occurs as a result of the “back pressure” that occurs when 

there is raised RAP, which translates to raised CVP, raised IVC pressure, and therefore, 

raised renal venous pressure (19,58). Blood flow in the interlobar veins, under physiological 

conditions, is uninterrupted (10). New evidence shows that when the CVP is elevated, or 

when there is renal venous congestion, flow becomes biphasic, then monophasic, and if left 

untreated, totally discontinuous (10). 
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In a study conducted by Iida et al. (33), they found that “intrarenal venous flow patterns 

(IRVF) patterns strongly correlated with clinical outcomes independent of right atrial 

pressure (RAP)”. The flow patterns were grouped into three categories using spectral Doppler 

analysis: continuous, biphasic and monophasic. In this heart failure study, Cox Proportional 

Hazard Model showed biphasic and monophasic IRVF patterns to be independent predictors 

of death from cardiac causes or unplanned hospitalisations from heart failure (HR 6.85 CI 95 

% 2.82 – 16.6 P < 0.001) (HR 17.8 CI 95 % 7.62 – 41.9 P < 0.001), biphasic and monophasic 

respectively (33).  

 

This was found to be independent of CVP, haemodynamic status, echocardiographic indices 

and RI (10,33). IRVF patterns appear to have promising results for predicting clinical 

outcomes, and thus require further studies to be conducted to better define the relationship. 

Another study looked at the relationship between power Doppler vascular indices and renal 

function, and found a significant correlation between eGFR and all three vascular indices- 

vascularisation index, flow index and vascularisation-flow index (49). The use of power 

Doppler reliably predicted renal function based on the vascular indices described (49). 

 

Doppler has limitations in that it is operator dependent and requires training (48,50,57). A 

pilot study by Schnell et al. (61) showed that there was good correlation between RI values 

obtained by senior operators when compared to those obtained by junior operators (r2 = 0.64; 

95 % CI, 0.48 – 0.76; P < 0.0001). The junior participants in the study were given a half day 

training program, which included lectures on Doppler and its limitations, as well as a 

practical session to gain the skill (61).  

 

3.5 Renal and portal venous ultrasound in the peri-operative period  

In a peri-operative study conducted by Beaubien-Souligny et al. (32), intrarenal venous flow 

was found to be an independent predictor of increased risk of AKI (HR 2.81 CI 95 % 1.42 – 

5.56 P = 0.003). The risk prediction improved with the addition of pre-operative risk factors 

and CVP at intensive care admission (32). The presence of portal flow pulsatility fraction 

post cardiac surgery was associated with the development of AKI (31). In a prospective 

perioperative study conducted by Beaubien-Souligny et al. (32) it was found that the addition 
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of portal flow pulsatility lead to a better assessment of CVP and venous congestion, and was 

found to have an association with intrarenal venous flow patterns.  

Bossard et al. (36) found that RI could predict the development of CSA AKI early after 

cardiac surgery, with a high sensitivity and specificity (94 % and     89 % respectively). An 

RI value of > 0.74 was noted to be superior to SCr and urine output in predicting AKI, and 

importantly, RI also correlated with the severity of the renal impairment (36). Stratification of 

patients requiring post-operative dialysis was also possible, using an RI value > 0.83 (36). 

Clinically, this is significant, as the raised RI value antedates the onset of AKI by 1 – 2 days 

(36). In summary, the timeous correction of AKI is of the utmost importance, prior to the 

development of established dysfunction.  
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APPENDIX 4: PROPOSAL 

4. Introduction 

 

Acute Kidney Injury (AKI) is a well-described complication post cardiac surgery (1–4), 

occurring in up to 40 % of patients (1).  AKI can lead to the requirement of  renal 

replacement therapy (RRT), and could result in chronic kidney disease (CKD) or death if not 

treated judiciously and timeously(1–7). RRT is needed in 2 — 5 % (8) of patients, and has 

been found to be an independent risk factor for mortality if present (3). The mortality 

associated with AKI post cardiac surgery ranges from 50 — 80 % (9). Patients presenting for 

cardiac surgery often have co-morbidities, such as hypertension, diabetes, hyperlipidaemia, 

chronic disease (cardiac, renal, hepatic, peripheral vascular) and are of advanced age, which 

all increase the likelihood of cardiac surgery associated (CSA) AKI developing (3–5). The 

recent focus has been on detecting venous congestion and perfusion, using ultrasound, to try 

and predict those at risk of ensuing CSA AKI. 

 

AKI is multi-factorial in aetiology; however, CSA AKI poses a unique set of additional 

considerations. These include type of cardiac surgery, the complexity of surgery, the use of 

cardiopulmonary bypass (CPB), the use of blood products, haemodynamic instability, 

coagulopathy, emboli, arrhythmias and myocardial infarction, which all contribute to the 

pathophysiology of CSA AKI (1–3,5,6,8,10). Intra-operative factors that contribute to the 

aetiology of CSA AKI are secondary to acute tubular necrosis, which may occur as a result of 

CPB-induced systemic inflammation, endothelial glycocalyx damage, hypovolaemia and 

hypoperfusion, oxidative damage, haemolysis, sympathetic nervous system activation, and 

the use of nephrotoxic agents such as angiotensin converting enzyme inhibitors and contrast 

dyes (1,3,5,10–13). Cardiac surgery induces systemic inflammation, which affects the renal 

system and can result in diminished perfusion from venous congestion, and ensuing AKI 

when this is complicated by hypovolaemia, emboli, aortic cross-clamping, the use and 

duration of CPB, cardiogenic shock and the need for vasopressor exposure (1,3,5,6,8,10–13). 

 

The complex interactions of the cardio-renal axes are well-recognized, which makes for 

challenging circumstances in preventing, diagnosing and managing CSA AKI 

(2,4,5,11,12,14). Until recently, the criteria required to diagnose this dynamic condition has 

been changing (4,13). Strategies aimed at managing AKI focus on preventative measures, 
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risk classification, early detection and treatment. Early and timeous diagnosis enables 

prepared management. Successful prediction of CSA AKI allows for proper optimization, 

vigilant monitoring and mitigation of risk factors, as well as early initiation of preventative 

and therapeutic interventions. This calls for ongoing trials in pursuit of therapeutic strategies. 

The current consensus on diagnostic criteria for AKI was proposed by the Kidney Disease 

Improving Global Outcomes (KDIGO) group (4), outlined below: 

 

KDIGO classification of AKI 

 Stage 1: increase in serum creatinine (SCr) > 26.5mmol/L; or 1.5 — 1.9 

times baseline SCr level; or < 0.5ml/kg/hour urine production for 6 — 12 

hours 

 Stage 2: increase in SCr of 2.0 — 2.9 times baseline level; or  

< 0.5ml/kg/hour urine production for more 12 hours 

 Stage 3: increase in SCr of > 3.0 times baseline level; or SCr level > 

354mmol/L; or initiation of RRT; or < 0.3ml/kg/hour urine production for 

more than 24 hours; or anuria for more than 12 hours 

 

Despite wide use of this classification system, research continues to focus on novel 

approaches to diagnose AKI, as these criteria use markers that are often non-specific, and can 

take up to 24 hours to reflect changes in renal function (1–4,8,11,15,16). Early detection of 

CSA AKI is central to contemporary management, and the current diagnostic criteria lags 

behind the cellular injury.  

 

Treatment strategies have looked at attenuation of ischaemia, reduction of intrarenal 

inflammation and supportive care, which includes the management of fluids, nutritional 

optimization, avoidance of exposure to nephrotoxic agents, limiting exposure to CPB, and the 

use of a pharmacological agents postulated to be renoprotective (calcium channel blockers, 

dexmedetomidine, fenoldopam, high-dose steroids) (1,4,11,12). Importantly, avoiding a 

positive fluid balance and renal venous congestion are key strategies in protecting renal 

function and long term outcome, because as little as a 10 % (17) positive fluid balance has 

been seen to result in adverse outcomes, such as prolonged hospital stay, prolonged 

mechanical ventilation and progression to chronic renal dysfunction (13,17–19). Although 

preventative measures have ranged from remote ischaemic pre-conditioning to drugs, such as 
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steroids, and fluid management, all have been met with controversial outcomes (1,4,11–

13,17–19).  

 

Stratification scores for AKI such as EuroSCORE II (20), the Cleveland Clinic Score (11) 

and the Mehta score (21) all aim to risk stratify patients, using clinical risk factors, and 

therefore may highlight those who will benefit from preventative strategies and earlier 

implementation of treatment if necessary (11,15,20,22,23). All of the classification systems 

have limitations, and are intended for use as a guide and aid to clinical acumen 

(11,15,20,22,23). Limitations include poor generalisability of procedure, outdated definitions, 

validation in Western societies with little validation in other societies and failure to predict 

mild early forms of AKI (11,15,20,22,23). 

 

Novel biomarkers used in diagnosing AKI include blood and urinary tests, such as Cystatin 

C, neutrophil gelatinase-associated lipocalin (NGAL), tissue inhibitor of metalloproteinase 2 

(TIMP-2), insulin-like growth factor binding protein 7 (IGFBP7), kidney injury molecule 1 

(KIM-1), interleukin 18 (IL-18) and liver fatty acid-binding protein (L-FABP) (24–29). Of 

the aforementioned, NGAL, TIMP-2 and IGFBP7 have gained the most attention as potential 

replacements for current biomarkers (24–27,29). NGAL is produced in the renal tubules after 

an insult has occurred, and levels are detectable within two hours (1,24,25). TIMP-2 and 

IGFBP7 are markers of cell cycle arrest; a known consequence of AKI, resulting in the 

inhibition of angiogenesis and endothelial cell proliferation (26,28,29). They have been 

combined for use in a single urinary test, NephroCheck, and have been found to have a 

sensitivity of 92 % (26). However, biomarkers have yet to be incorporated in preventative 

strategies. 

 

The focus of novel techniques to diagnose AKI has recently turned towards renal Doppler 

ultrasound (30–37). Vascular assessment by ultrasound is a novel, non-invasive measure of 

diagnosing AKI which is still under investigation. The recent peri-operative research has 

focused on venous congestion and perfusion as the predictive measure of ensuing AKI, 

mostly in the renal venous, hepatic system, portal system, as well as the arterial renal system 

(35,37,38). Ultrasound based flow assessment can be beneficial in timeous diagnosis of 

venous flow congestion or reduced perfusion, providing real-time insight into renal perfusion 

which could allow for optimization of perfusion and directed management (30–33,35–39).  
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Ultrasound uses the Doppler principle to assess flow, by determining the shift that occurs 

when sound strikes a moving red blood cell (RBC) compared to stationary tissue (40,41). By 

processing the information gathered by the probe, velocity of blood flow can be calculated, 

direction of flow established and waveform analysis of the vascular bed in question can be 

determined (41,42). Duplex Doppler, a combination of colour Doppler and Brightness mode 

(B-mode) ultrasonography, is able to anatomically delineate vasculature and combine it with 

information regarding flow and velocity (41). 

 

Duplex Doppler, together with spectral analysis, has been successfully used to define venous 

and arterial renal parameters in the perioperative period (31,34,35,37,41). The arterial 

resistive index (RI), as defined by Pourcelot’s formula (43), has recently been used as a 

predictor of ensuing and persistent AKI (33,36,44,45). Using a cut-off value of > 0.70, the RI 

has also been used as a predictor of morbidity, including the development of sepsis and 

prolonged ventilation (34).  

 

In the venous system, Duplex Doppler and waveform analysis have been used to identify 

renal venous congestion. Renal venous congestion occurs due to “back pressure”, which 

translates to raised venous pressures in the inferior vena cava (IVC) and right atrium (RAP) 

(46,47). An elevated central venous pressure (CVP) can be indicative of venous congestion or 

diastolic dysfunction, if supra-diaphragmatic causes of obstruction (pneumothorax, cardiac 

tamponade, excessive positive end expiratory pressure) have been ruled out (35,38,39,47,48). 

 

A high CVP has been associated with increased mortality post-operatively (17–19,39,47,49). 

With increasing CVP, the IVC becomes non-compliant, and the right atrial pressures are 

transmitted through the vasculature to the IVC, hepatic, renal and finally portal venous 

systems (31,31,35,38,39,47).  

 

The hepatic venous flow pattern, under physiological conditions, has a systolic:diastolic > 1 

(35,38,39). This pattern is reversed when venous congestion is present (39). There is also 

usually a period of atrial flow reversal, which enhances with venous congestion (39). 

 

Portal venous flow tends to be precluded from backward venous pressure due to its anatomy 

(39). Therefore, when a detectable difference between systolic and diastolic velocities exists, 

it is indicative of abnormal flow, that can be classified as cardiogenic or non-cardiogenic 
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portal hypertension (35,38,39). When the portal flow pulsatility is > 50 % it is considered 

abnormal and a marker of venous congestion (35,38). It has been noted to be an independent 

predictor of AKI post cardiac surgery, inclusive of intrarenal venous flow (IRVF) patterns 

(35,38,39).  

 

Under physiological conditions, renal venous flow is uninterrupted, however, when venous 

congestion is present, it becomes biphasic, then monophasic and finally, discontinuous if not 

corrected (31). New evidence shows that IRVF patterns strongly correlate with clinical 

outcome, and have been found to be an independent predictor of mortality (31), and an 

independent predictor of an increased risk of perioperative AKI occurring (35). 

 

5. Problem Statement 

 

The aetiology of AKI is multifactorial, however, patients undergoing cardiac surgery have a 

40 % chance of developing AKI (1). Given the magnitude of this problem, as well as the 

considerable complications that may occur, such as RRT or progression to chronic renal 

disease, it is a priority to establish preventative measures, identify patients at risk and assist 

with early diagnosis (2,4,7,13,37).  

 

Current consensus makes use of SCr values and urine output to diagnose AKI according to 

the KDIGO group classification system; these parameters have proven ineffectual for timely 

diagnosis, and are non-specific (1–5,50,51). A major contributing factor to renal injury 

during cardiac surgery is venous congestion and poor arterial perfusion 

(31,33,33,35,37,39,45,46,52,53).  

 

Biomakers have also been looked at with promising results, but none have been incorporated 

in predictive scores yet (24,26–29). Duplex Doppler has recently shown promising results in 

arterial RI, renal venous flow patterns, portal flow pulsatility and hepatic venous flow 

pattern, to assist with early identification of those at risk of developing AKI. Early diagnosis 

would allow for early optimization, increased vigilance in monitoring, early mitigation of risk 

factors and treatment (30,31,34,35,35,36,39,44–48,54,55). Investigating risk of development 

of CSA-AKI in cardiac patients at Charlotte Maxeke Johannesburg Academic Hospital 

(CMJAH) by any modality, including renal and hepatic ultrasound profiles has not been 

investigated.  
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6. Aim 

 

To investigate the risk of development of CSA AKI in adult patients presenting to Charlotte 

Maxeke Johannesburg Academic Hospital (CMJAH) using renal and hepatic ultrasound 

profiles. To determine the relationship between current KDIGO AKI criteria and ultrasound 

profiles in patients at risk of developing CSA AKI. 

 

7. Objectives 

 

 To determine the occurrence of AKI in patients undergoing cardiac surgery at 

CMJAH, over a four-day peri-operative period, using SCr levels and urine output as 

per KDIGO AKI criteria 

 To determine the renal venous flow pattern category pre-operatively, on the first day 

post-operatively and on the fourth day post-operatively 

 To calculate the renal arterial resistive index pre-operatively, on the first and fourth 

day post-operatively for the development of acute kidney injury  

 To determine the hepatic venous flow pattern pre-operatively, on the first day post-

operatively and the fourth day post-operatively 

 To determine the portal flow pulsatility pre-operatively, on the first day post-

operatively and the fourth day post-operatively 

 To determine the relationship between the hepatic and renal ultrasound parameters 

and renal outcomes, namely the occurrence of AKI and change in SCr values 

 

8. Research Assumptions 

 

The following definitions will be used in this study. 

 

Adult: a person 18 years and older 

Acute Kidney Injury: the KDIGO group definition will be used. AKI will be defined as an 

increase in the serum creatinine of equal to or greater than 26,5µmol/L from baseline for a 
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period of 48 hours or more, or a reduction in urine output of > 0.5ml/kg/hour for > 6 — 12 

hours (4) 

Resistive index: as per Pourcelot’s formula, the resistive index is defined as the peak systolic 

value (S) minus the peak diastolic trough value (D), divided by the peak systolic value (S)   

(S – D/ S) (56) 

Portal flow pulsatility: defined by the equation [(Systolic velocity- diastolic velocity)/ 

systolic velocity] (35,38,39) 

Duplex Doppler: the combination of pulsed Doppler spectral analysis and brightness mode 

ultrasonography (41) 

 

9. Demarcation of study field 

 

This study will be conducted at CMJAH in Johannesburg, Gauteng, South Africa. CMJAH is 

affiliated with the University of the Witwatersrand. The study will be conducted on patients 

presenting to CMJAH for cardiac surgery that satisfy the inclusion criteria, from August 

2019, until the sample size has been obtained, and that agree to participate in the study, after 

informed consent has been obtained. A counterpart study will be conducted at Aarhus 

University, Denmark, which will collect data from 100 patients. The studies will run 

concurrently, but independently. The data will be anonymised and then analyzed. 

 

10. Ethical considerations 

 

The Human Research Ethics Committee (HREC), the Graduate Studies Committee of the 

University of the Witwatersrand, as well as the National Health Research Committee will be 

approached and approval obtained prior to commencement of the study (see Appendix A). 

Permission will be requested from the Heads of Department of Anaesthesiology and CMJAH 

CEO (see Appendix B).  

 

This is a prospective study. Patient details will be collected and kept separately from the raw 

data once a study number has been assigned. The ultrasound analysis will be performed 

offline, the images will be numbered and no identifying patient details will be found on the 

images; they will not be used for distribution, and will only be used to extract data. 
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Patients presenting to CMJAH for cardiac surgery, that satisfy the inclusion criteria, will be 

invited to participate in the study. They will be given a patient information sheet (see 

Appendix E) that explains in appropriate terms, without the use of medical jargon, what the 

study hopes to accomplish and what data will be captured and used, and for what purpose. 

The patient information sheet also details that patients will receive no form of remuneration 

for participation, but will also not be disadvantaged in any way if they choose not to 

participate in the study. The patient information sheet also explains how the ultrasound 

examinations will be performed, where they will be performed and that they should not cause 

any harm to the patient. The Danish study have obtained their own consent, from Denmark 

Ethical Committee (identifier: 1-10-72-267-18), and the pooled anonymized data for analysis 

has been approved by HREC using the Material Transfer Agreement (MTA) document. 

 

The information sheet details the request for permission to access the results of the blood 

tests taken on a daily basis as routine in the CTICU, as well as the use of the clinical 

information captured by daily medical and nursing care charts. The information sheet 

provides the names and contact details of the principal investigator, the primary supervisor, 

and the chairperson of HREC. These are made available in case the participant feels anxious 

about the study process, the conduction of the study, or requires further clarification on the 

study details.  

 

If the patient agrees to participate in the study, they will be given an informed consent sheet, 

in the form of a tick sheet, that reiterates important points regarding consent and being a 

participant in the study. It is also clearly stated, and will be reiterated, that should the patient 

want to recuse themselves from the study at any point in time, they reserve that right. They 

will be appointed a participant number and raw data will be captured under the participant 

number only, with no identifiable patient details. 

 

No identifying details will be placed on data collection sheets, and to ensure confidentiality, 

only the supervisors and the researcher will have access to the raw data. The data will be 

stored in a password protected database for a period of six years. This study will satisfy the 

regulations set out by the Declaration of Helsinki (57) and the South African Guidelines for 

Good Practice (58).  
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11. Data Collection 

11.1 Research design 

 

The research design used for this study will be prospective, contextual and descriptive. 

A study design is the systematic planning and strategy formulated to conduct research (59).  

 

A prospective study is one in which research commences prior to the outcome occurring (59). 

This study is prospective as ultrasound images will be measured and then analysed later.  

 

A contextual study concentrates on a specific group/population/location (59). This study will 

focus on adults presenting for cardiac surgery to CMJAH that satisfy the inclusion criteria.  

 

A descriptive study aims information is described (59). Descriptive studies aim to define 

associations or relationships between variables being studied (59).  

 

11.2 Study population 

 

The study population will include adult patients presenting for cardiac surgery to CMJAH 

during the time period in which the study is being conducted, that satisfy the inclusion 

criteria and agree to participate in the study.   

 

11.3 Inclusion and Exclusion criteria 

 

Inclusion criteria for this study will be patients with ≥ 1 of the following risk factors: 

 age > 18 years 

 Surgery  

o Coronary artery bypass graft and/or valve surgery  

o Any valve surgery except isolated aortic-valve surgery 

o Redo surgery 

o Endocarditis 

 

Exclusion criteria for this study will be: 

 Insufficient ultrasonographic imaging of the kidneys  
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 Use of aortic balloon pumps intra-operatively 

 Known morphological kidney disease  

 Pre-operative dialysis 

 Patients with known end-stage renal disease 

 Prior participation in the study 

 Refusal to participate 

 

11.4 Study sample 

 

Sample Method 

The method of sampling in this study will be consecutive convenience sampling. Patients will 

be included in the study consecutively as they are presented for surgery (59). The study will 

include those patients that are available during the data collection period.  

 

Sample size 

The sample size calculation was performed with the assistance of a biostatistician. Based on a 

previous study showing an incidence of AKI of 33.8%, and assuming that patients with 

pulsatile intrarenal venous flow are at high risk to develop AKI (hazard ratio: 2.81, 

confidence interval, 1.42–5.56) it was determined that a sample size of 139 patients would 

have a statistical power of 80% to detect the expected difference in the risk of postsurgical 

AKI with a significance level of 95%. The number of adult cardiac patients operated on at 

CMJAH annually is approximately 240. We anticipate that prospective data collection for the 

whole study would take 10-15 months. Therefore, this study is fashioned to be an exploratory 

pilot study and aims to collect data on 50 patients for the purposes of a Masters in Medicine, 

with the aim of continuing the full study subsequently. A post-hoc power calculation of the 

study will be performed. The data will be anonymized, pooled and analysed, and separate 

projects will outline and write up objectives, answering different research questions. 

 

11.5 Collection of data 

 

Data collection sheet 
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The data collection sheet (see Appendix C) will contain the following information for the 

pre-operative, first day post-operatively and fourth day post-operatively: 

 Patient demographics 

o Age 

o Weight 

o Height 

o Gender 

o Race  

o Co-morbidities 

 Hypertension 

 Insulin dependent diabetes 

 Hypercholestrolaemia 

 Smoking exposure 

 Other  

 Type of surgery  

o Valvular (excluding isolated aortic valve surgery) 

o Coronary artery bypass grafting (CABG) 

o Other  

 Patient information  

o Daily fluid balance 

o Daily urine output 

o Central venous pressure (range) 

o Blood results (routinely taken in CTICU) 

 Serum creatinine (SCr) 

 Potassium (K+) 

 Sodium (Na+) 

 Pre-operative haemoglobin (Hb) 

 Ultrasound information 

o Renal  –  pre-operative, day-1 and day-4 

 Arterial 

 Resistive index measured in arcuate/intralobar arteries at 

the cranial, middle and caudal part of the kidney 

 Venous  
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 Flow pattern category measured in arcuate/intralobar 

arteries at the cranial, middle and caudal part of the kidney 

o Continuous 

o Biphasic discontinuous 

o Monophasic discontinuous 

 Maximal velocities measured in arcuate/intralobar arteries 

at the cranial, middle and caudal part of the kidney 

o systole (S)  

o diastole (D)  

o the ratio (S/D) 

o Hepatic –  pre-operative, day-1 and day-4 

 Venous measured in the hepatic vein 

 Maximal systolic velocity (S) 

 Maximal diastolic velocity (D) 

 Systolic:diastolic ratio (S/D) 

 Portal measured in the portal vein 

 Flow pattern classification based on pulsatility  

(> 50 % abnormal) 

 

Data capturing 

The researcher/principal investigator, Dr Pettey, will capture the raw data on a Microsoft 

Excel and REDCap (affiliated with the University of the Witwatersrand) spreadsheet after 

relevant authorities have granted permission, and the data will be kept confidential under a 

password encoded device (see Appendix D). The raw data will not contain patient identifying 

information, and will be assigned a participant number. The participant number and patient 

details will not be simultaneously accessible. 

 

The ultrasound examinations will be conducted by Ms Samantha Nel, a research cardiac 

ultrasound technician. Details of quality assurance for ultrasound parameters are contained in 

section 10 below. 

 

The ultrasound images will be captured offline, with no discernible patient information, and 

will be obtained using a curvilinear probe in the supine and lateral decubitus positions. The 
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principal investigator will obtain consent, clinical data and patient information prior to 

commencement of clinical duties, during working breaks or in personal time.  

 

11.6 Data analysis 

 

An Excel spreadsheet will be used to capture data. The data analysis will be performed in 

consultation with a biostatistician using Stata version 15 (StataCorp, USA). Averages will 

be represented in the form of means and standard deviation if normally distributed or 

medians and inter-quartile range if not normally distributed. The categorical data will be 

represented using categories and percentages.  

 

For continuous variables, results will be presented by means/standard deviations or medians 

and interquartile ranges, whereas for dichotomous variables, results will be presented in 

number. For continuous independent variables, comparisons between the two groups will be 

performed using the t test or the Mann-Whitney U test. Categorical variables will be 

compared using the X2 test. For comparison between more than three variables, will be 

performed using ANOVA or Kruskal-Wallis tests. 

 

12. Significance of the study 

 

The study will assist in providing information regarding detection of AKI early to allow for 

optimization of modifiable risk factors, vigilant monitoring and early treatment (1–4,7,12,13). 

In a high risk population, such as those undergoing cardiac surgery, the probability of AKI 

ensuing is higher than the average population and early detection, and therefore management, 

has been associated with better prognosis and outcomes (1–4,6,8,13,15,34,37).  

 

Novel techniques for diagnosing AKI early such as Duplex Doppler are needed as they  may 

offer a speedy non-invasive contemporary way of diagnosis, allowing for optimization and 

perioperative vigilance in monitoring and treatment (1–4,7,12,13). The intention of this study 

is to investigate this novel way of diagnosing AKI in our population, which has not been 

investigated before. If a novel way to identify AKI earlier is identified or to prognosticate 

those at risk of developing AKI, it could considerably reduce morbidity, mortality, and cost 

to patient, hospital and public health in general. 
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13. Validity and reliability of the study 

 

The validity of a study is defined as the accuracy with which the study methods and design 

define the research questions (59).The reliability of a study is defined as the reproducibility 

of the results when the study conditions are implemented in a different population/group (59). 

 

The validity and reliability of this study will be safeguarded by: 

 Selecting the appropriate study design 

 Selecting the appropriate study sample and size, which will be deduced in 

consultation with a biostatistician, for the parameters being statistically compared 

 The collection of data by the expert advisor will ensure standardisation, accuracy of 

data capture and quality control determining the inter/intra-observer variability, for 20 

patients, calculated pre-operatively, within a 24 hour time period 

 Checking data for input errors 

 Data analysis in consultation with a biostatistician to minimize incorrect analyses 

Reproducibility and validation of the method of renal and hepatic ultrasound assessment will 

be assured by training of Ms Samantha Nel, a research cardiac ultrasound technician in the 

Department of Cardiology, over a two week period (12 – 23 August) by Dr Johan Hermansen 

and Dr Peter Juhl-Olsen (from Denmark) who are experienced in renal and hepatic vascular 

ultrasound. Interobserver variability will be assessed by performance of 15 to 20 

examinations on patients in the cardiac pre-operative ward by the Ms Samantha Nel, Dr 

Johan Hermansen and Dr Peter Juhl-Olsen and comparison of images to see any differences. 

Inter-observer agreement will be determined for renal RI, and renal and hepatic venous 

patterns between the investigators.  

 

To assess the intra-observer reliability in the context of the study, Ms Samantha Nel, who 

will be the primary investigator of the ultrasound parameters will assess 15 to 20 patients 

twice each during this period in a blinded fashion and this data will be analysed 

independently by Dr Johan Hermansen to assess for reproducibility. 

 

14. Potential limitations of the study 
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Ultrasound images will be captured offline and are at risk of being lost should the electronic 

system collapse. Difficulty in obtaining images in patients with unfavourable ultrasound 

windows could be a challenge.  

 

The information obtained will be on patients at CMJAH only and therefore geographically 

dependent. The implication is that the information obtained may be contextual and therefore, 

not be extrapolated to other patients undergoing cardiac surgery  

Ultrasound images will be captured by one operator however data from these images will 

remain user dependent.  

 

15. Project outline 

 

16. Financial plan 

 

The University of the Witwatersrand Department of Anaesthesia will pay for the cost of 

printing and paper. The blood results will be from the National Health Laboratory Service, at 

no additional cost, as these are routine blood tests conducted on these patients in the CTICU, 
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used for monitoring. The ultrasound machine from the Department of Anaesthesia will be 

used, at no additional cost. 

 

  

Item Price per page Quantity Total 

Paper and printing R1 800 R800 

Photocopying R100 2 R200 

Total   R1000 
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Abnormalities In Hepatic Vein Flow Patterns Are Associated With 

Development Of Acute Kidney Injury After Cardiac Surgery Abstract The 

contemporary definition of the diagnosis of acute kidney injury (AKI) is neither 

time- sensitive, nor specific. AKI is notoriously multifactorial in origin and 

found to occur more commonly in cardiac surgery patients when compared to 

non- cardiac surgery patients.Cardiac surgery associated acute kidney injury 

(CSA AKI) carries substantial morbidity and mortality. Pursuits to timeously 

diagnose CSA AKI have, to date, not been actualized. We investigated the use 

of hepatic venous and right heart ultrasound parameters in predicting CSA AKI. 

Methods The study was a prospective contextual and descriptive two-center 

study. The sites of the study were Johannesburg, South Africa, and Aarhus, 

Denmark. Adult patients that satisfied inclusion criteria, between August 2019 

and January 2020 were included, with a total of 152 participants. Blood tests, 

clinical and ultrasound data were obtained pre-operatively, day-1 and day-4 

post-operatively. hepatic vein, inferior vena cava and right heart Doppler 

ultrasound parameters were obtained and analysed. Results The 

median (IQR) age of patients was 68 (55-73) years, predominantly male and the 

majority were hypertensive. Of 152 patients analysed, 54 (35 %) patients 

developed AKI. Among these, 37 (69 %) were classified as KDIGO stage I, 11 

(20 %) in stage II, whilst 6 (11 %) were in stage III. Age [AOR 1.05, 95%CI 

1.00-1.10 P=0.031], EuroSCORE II [AOR1.43, 95 %CI 1. 14 -1. 80, P=0.005] 

and pre-operative serum creatinine [AOR 1.04, 95%CI 1.01- 1. 08, P = 0. 013] 

were predictive of AKI. Those who developed AKI had experienced longer 

cardiopulmonary bypass (CPB) times (P<0. 001). Pre-operatively hepatic vein S 

wave measurements were significantly higher in patients 

with AKI (P<0.05). On post-operative day-1, hepatic vein flow ratios of patient 

with AKI were significantly decreased, driven by low S waves and high D 

waves, accompanied by significantly elevated central venous pressure (CVP) 

levels. CVP levels on day-1 (D1) post-operatively were predictive of 

AKI [AOR 1. 31, 95%CI 1. 11 -1. 55, P = 0.001]. Measurements of right 

ventricular (RV) base, tricuspid annular plane excursion (TAPSE) and inferior 

vena cava were not associated with the development of AKI (P>0. 05). 

Conclusion Pre-operative hepatic vein S waves were higher in those who 

developed AKI. This phenomenon seemed to precede the decrease in D1 
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hepatic flow ratios driven by low S waves and high D waves. The element of 

venous congestion was reflected by significantly elevated CVP values which 

were independently associated with AKI on D1. RV base and TAPSE 

measurements were however not associated with AKI. These parameters may 

reflect peri- operative circumstances including prolonged CPB times, and 

potential fluid management aspects that can be modified peri-operatively. 

Keywords: Cardiac surgery associated acute kidney 

injury, ultrasound, venous hypertension, venous congestion, hepatic vascular 

ultrasound, goal directed fluid therapy, IVC Introduction Cardiac surgery 

associated acute kidney injury (CSA AKI) is a well-recognised post- 

operative complication 1–11. It occurs in up to 40 % of adults post cardiac 

surgery 1. CSA AKI may complicate into the need for renal replacement 

therapy (RRT) 1,10, develop into chronic kidney disease (CKD), and result in 

mortality if not managed effectively 3,4,6,7,12. CSA AKI has been shown to 

increase hospital mortality five-fold 1 with rates ranging from 50 – 80 % once 

RRT has been instituted 13. Given the magnitude of its complications, 

improved methods of predicting and diagnosing CSA AKI are essential. The 

current consensus for the diagnosis of AKI is by Kidney Disease Improving 

Global Outcome (KDIGO) group 4 classification, which combines serum 

creatinine (SCr) and urine output values 4. This has proven to be non-specific 

and ineffective in predicting early kidney stress 3–6,8,9,11,14 . The clinical use 

of novel biomarkers 15–18 and ultrasound assessment for vascular congestion 

have been areas of recent research focus 2,5,14,15,19–30. The cause of CSA 

AKI is multifactorial 2,19,31. It is associated with abnormalities in perfusion of 

the kidneys and imbalances between the arterial and venous pressures 24,32–36. 

Current evidence guiding the enhanced recovery after cardiac surgery (ERAS 

Cardiac) recommendations puts emphasis on protection against kidney stress 

and injury, and on goal directed fluid therapy (GDT) as part of an effort to 

improve postoperative outcomes 37. Fluid overload leads to venous congestion 

and increased right atrial pressure (RAP) 33,38,39. RAP is transmitted 

retrogradely into systemic veins including hepatic veins. Hepatic venous 

waveforms are characterised by four waves; two are retrograde (“A” and “V”) 

and two are anterograde (“S” and “D”) 40 (Figure 1A and 1B). They can be 

categorised as continuous/normal (S>D), biphasic/venous congestion (SIn this 

study, we sought to describe the relationship between hepatic venous flow 

patterns and the development of kidney. Methods This was a prospective, 

contextual, and descriptive two-centre study. The study was a multimodality 

study investigating association between several ultrasound vascular parameters 

and development of AKI. Consecutive convenience sampling was used. The 

study locations were Charlotte Maxeke Johannesburg Academic Hospital 

(CMJAH), University of the Witwatersrand, South Africa (55 participants) and 

Aarhus University Hospital, Denmark (100 participants). Approval to 

conduct the study was obtained from the human research ethics committees of 
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the University of the Witwatersrand (M190310) and the Region Central 

Denmark Ethical Committee (identifier: 1-10-72-267-18). Adults (age > 18 

years) presenting for cardiac surgery were recruited. The exclusion criteria was: 

isolated aortic valve, reoperation surgery, insufficient ultrasonographic imaging, 

aortic balloon pump use intraoperatively, preoperative dialysis or known end-

stage renal disease, prior participation in the study, refusal to partake in the 

study and inability to give informed consent. The data collection process is 

shown in flow diagram (Figure 2). Eligible adults approached (n=167) Included 

(n=152) Excluded (n=15) (52)#(100)* (3)#(12)* Pre-operative D1 post-

operative D4 post-operative assessment and data assessment assessment Blood 

tests and clinical data n=(152) (52)#(100)* Ultrasound data n=(152) 

(52)#(100)* Blood tests and clinical data n=(152) (52)#(100)* Ultrasound data 

n=(152) (52)#(100)* Blood tests and clinical data (n=152) (52)#(100)* 

Ultrasound data (n=141) (52)# (89)* Figure 2. Flow chart depicting the process 

of data collection #South Africa, *Denmark. Reasons for exclusion: 3 poor 

ultrasonographic data, 8 patients refused participation, 4 were unable to provide 

consent. 11 participants not scanned D4 post-operatively due to: 6 declined 

further participation, 3 transferred to another facility, 2 no operators available to 

perform scan Ultrasound assessments were performed using a GE Healthcare S6 

or S70 ultrasound system (Denmark) and Philips CX C50 (South Africa). 

Ultrasound data was collected by (SN) in South Africa and (JH) in Denmark. 

Hepatic venous ultrasound measurements were obtained with the patient lying 

supine, the curvilinear transducer aligned from the seventh to the tenth 

intercostal spaces on the right side, lateral to the midclavicular line. The hepatic 

vein was identified using Colour Doppler (CD), and Pulse-wave Doppler 

(PWD) applied to delineate flows. Hepatic venous flow waveforms were 

analysed, and flow classified into three patterns: normal, venous congestion and 

severe congestion. eGFR was calculated using the Cockcroft- Gault 

equation. Statistical analysis Using a previous study by Beaubien-Souligny and 

colleagues 24, it was determined that to obtain a power of 80 %, with an ? of 

0.05, a sample size of 152 patients would be adequate. Data was collected for 

167 patients to allow for loss to follow up. Three patients were later excluded 

due to poor quality ultrasound data in South Africa and 12 in Denmark. Data 

analysis was performed with the assistance of a biostatistician, using Stata 

version 16 (StataCorp?, USA). Normally distributed data were 

reported as means and standard deviations whilst non-normally distributed 

data was reported as medians and inter-quartile ranges. Categorical 

data were presented as counts and proportions on a contingency table. A 

comparative summary of ultrasound and haemodynamic parameters was done 

between those who developed AKI and those who did not, at baseline, day-1 

(D1) and day-4 (D4) post- operatively. Comparisons between continuous 

independent variables were done using the Mann-Whitney test. Categorical 

variables were compared using Chi-square test. Where relevant, Fisher’ s exact 
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testwas used to determine non-random associations between categorical 

variables. A univariable regression analysis was performed to determine 

association with AKI following which all parameters with a P value ? 0.1 and 

those deemed clinically relevant were included in a multivariable logistic 

regression analysis. Results Data for 152 patients were analysed. Their median 

(IQR) age was 68 (55- 73) years. They were predominantly male (72 %), and 

the majority were hypertensive (67 %). The median (IQR) EuroSCORE II was 

1.84 (1.22-3.5). Baseline ultrasound and clinical data is tabled (Supplementary 

Table 1). A summary of ultrasound data for both groups over the 4-day period 

are shown (Supplementary Table 2). The majority of patients had normal 

hepatic vein flow patterns pre-operative (75 %), on D1 (84 %) and D4 post-

operatively (79 %). Overall, 54 (35 %) participants developed AKI. Among 

those who developed AKI, 37 (69 %) were classified as KDIGO stage I, 11 (20 

%) in stage II, whilst 6 (11 %) were in stage III. Patients who developed AKI 

had significantly lower pre-operative eGFR (P=0. 010), higher pre-

operative serum creatinine (P=0.028) and EuroSCORE II values (P<0. 001) 

(Table 1). Pre-operative hepatic vein flow patterns were comparable (Table 1). 

Patients who developed AKI presented with significantly higher hepatic vein S 

wave flow measurement while all other ultrasound parameters were comparable 

(Table 2). Those who developed AKI had experienced longer cardiopulmonary 

bypass times P<0.001. Table 1. Comparison of baseline characteristics 

between those with AKI and No AKI AKI (n= 54) No AKI (n= 98) P 

Value Parameter N (%), mean (SD), median (IQR) Median Age (IQR) in years 

68 (59-73) 67.5 (53-73) 0.67 Gender (Female) 16 (29.6) 27 (27.6) 0.79 IDDM 

18 (33.3) 20 (20.4) 0.08 Smoker 25 (46.3) 46 (46.9) 0.94 Hypertension 37 

(68.5) 65 (66.3) 0.78 Hypercholesterolaemia n 27 (50.0) 47 (48.0) 0.81 Pre-

operative eGFR 71 (56-84) 84 (70-90) 0.01 Euro SCORE II 3.06 (1.48-6.16) 

1.675 (1.15-2.43) <0.001 Pre-operative Hb (g/dL) 9.1 (7.90-12.50) 9.15 (8.5-

11.9) 0.40 Pre-operative SCr (mmol/L) 90 (78-107) 81.5 (67-99) 0.03 CPB time 

(minutes) 151 (112 – 207) 114 (89 -143) <0.001 Pre-operative Normal 7 (13.2) 

17 (17.9) Hepatic flow Venous congestion 3 (5.7) 10 (10.5) pattern Severe 

congestion 43 (81.1) 68 (71.6) 0.45 Pre-operative IVC Minimum 15.5 (14-17) 

11 (9-14) 0.07 Maximum 17.5 (17-21) 13 (12-18) 0.10 Variation 16.0 (11.8-

42.3) 28.6 (14-36.4) 0.57 Pre-operative TAPSE (mm) 21 (19 – 23) 22 (18- 24) 

0.33 Pre-operative RV Base (mm) 39 (34 – 45) 37 (33 – 41) 0.06 *(Pre-op) Pre-

operatively; (D1) Day 1; (D4) Day 4; (TAPSE) Tricuspid annular plane systolic 

excursion; (RV) Right ventricular; (CVP) central venous pressure; (IVC) 

inferior vena cava; (eGFR) estimated Glomerular filtration rate; (Hb) 

Haemoglobin; (CVP) central venous pressure. On postoperative D1 the hepatic 

vein flow ratio was significantly decreased in those who developed AKI (Table 

2). There were no differences between groups on post-operative D4 (Table 2). 

Measurements of right ventricular (RV) base and tricuspid annular plane 

excursion (TAPSE) values were not different at all points. Table 2. Comparative 
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summary of ultrasound and haemodynamic data AKI (n=54) No AKI (n= 98) P 

Value Pre-operative Parameter N (%), mean (SD), median (IQR) Hepatic vein 

flow S wave D wave Ratio 0.21 (0.16-0.27) 0.17 (0.13-0.26) 1.20 (0.71-1.61) 

0.19 (0.15-0.24) 0.18 (0.12-0.22) 1.24 (0.73-1.50) 0.04 0.12 0.95 Hepatic vein 

flow pattern Normal Venous congestion Severe congestion 7 (13.2) 3 (5.7) 43 

(81.1) 17 (17.9) 10 (10.5) 68 (71.6) 0.45 IVC diameter Minimum Maximum 

Variation 11 (9-14) 13 (12-18) 28.6 (14-36.4) 15.5 (14-17) 17.5 (17-21) 16.0 

(11.8-42.3) 0.07 0.10 0.57 TAPSE (mm) RV Base (mm) 21 (19 – 23) 39 (34 – 

45) 22 (18 – 24) 37 (33 – 41) 0.33 0.06 Day 1 Post-operative Parameter Hepatic 

vein flow S wave 0.19 (0.15-0.27) 0.20 (0.16-0.25) 0.73 D wave 0.26 (0.17-

0.35) 0.23 (0.16-0.31) 0.21 Ratio 0.57 (0.45-0.91) 0.78 (0.56-1.04) 0.01 Hepatic 

vein flow pattern Normal 1 (1.9) 2 (2.1) Venous congestion 9 (17.0) 11 (11.4) 

0.55 Severe congestion 43 (81.1) 83 (86.5) IVC diameter Minimum 18 (12-19) 

14 (10-19) 0.67 Maximum 23 (17-25) 16 (13-21) 0.14 Variation 24.4 (22.2-

27.3) 13.3 (10-26.1) 0.25 CVP (mmHg) 12.5 (10 – 16) 11 (8 – 13) <0.001 Day 

4 Post-operative Parameter Hepatic vein flow Hepatic vein flow pattern IVC 

diameter TAPSE (mm) S wave D wave Ratio Normal Venous congestion 

Severe congestion Minimum Maximum Variation 0.21 (0.15-0.28) 0.26 (0.12-

0.36) 0.58 (0.46-0.85) 1 (1.9) 10 (19.2) 41 (78.9) 15 (15-17) 20 (18-21) 21.1 

(18.2-28.6) 11 (9 – 13) 0.20 (0.15-0.25) 0.22 (0.12-0.31) 0.66 (0.40-0.90) 5 

(5.8) 13 (14.9) 69 (79.3) 12.5 (11.5-13.5) 20.5 (15.5-22) 39.7 (21.6-50.9) 12 (10 

– 14) 0.44 0.24 0.36 0.26 0.19 0.77 0.31 0.34 RV Base (mm) 37 (33 – 43) 36 

(33 – 41) 0.62 *(Pre-op) Pre-operatively; (RV) Right ventricular; (TAPSE) 

Tricuspid annular plane systolic excursion, (D1) Day 1; (CVP) central venous 

pressure; (IVC) inferior vena cava, (D4) Day 4; (TAPSE) Tricuspid annular 

plane systolic excursion; (IVC) inferior vena cava Age and EuroSCORE II were 

predictive of AKI in a multivariable regression analysis (Table 3). Age, 

EuroSCORE II, pre-operative SCr and CVP levels were also independently 

associated with development of AKI in a model including day-1 parameters 

(Table 4). Table 3. Factors associated with AKI pre-operatively 

Parameter UOR(95%CI) P value AOR(95%CI) P value Age Gender Pre-

operative eGFR EuroSCORE II 1.00 (0.98-1.03) Male 0.90 (0.43-1.88) 0.99 

(0.98-1.01) 1.36 (1.15-1.60) 0.53 1.05 (1.00-1.10) 0.79 0.76 (0.23-2.56) 0.25 

1.03 (0.99-1.06) <0.001 1.43 (1.14-1.80) 0.03 0.66 0.20 0.005 Pre-operative 

SCr (mmol/L) 1.02 (1.00-1.03) 0.03 1.02 (0.98-1.05) 0.31 Pre-operative hepatic 

S wave 198 (2.20-17886.1) 0.02 5.48 (0.00-948864.7) 0.78 vein flow D wave 

37.81 (0.68-2090.01) 0.08 293.9 (0.00-0.81) 0.37 Ratio 1.13 (0.87-1.47) 0.36 

1.78 (0.21-14.82) 0.60 Pre-operative hepatic Normal 1 (base reference) 1 (base 

reference) vein flow pattern Venous congestion 0.73 (0.15-3.47) 0.69 0.23 

(0.02-3.15) 0.27 Severe congestion 1.54 (0.59-4.01) 0.38 1.18 (0.33-4.25) 0.80 

Minimum Pre-operative IVC 1.04 (0.99-1.10) 0.12 1.34 (0.86-2.09) 0.20 

diameter (mm) Maximum 1.04 (0.98-1.11) 0.18 0.80 (0.58-1.11) 0.41 Variation 

0.50 (0.09-2.71) 0.42 162.85 (0.09-26.70) 0.18 RV Base (mm) 1.05 (0.998-
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1.097) 0.06 1.03 (0.96-1.10) 0.83 TAPSE (mm) 0.97 (0.90-1.05) 0.47 1.00 

(0.902-1.100) 0.94 *(TAPSE) Tricuspid annular plane systolic excursion; (RV) 

Right ventricular; (IVC) inferior vena cava;(eGFR) estimated Glomerular 

filtration rate; (SCr) serum creatinine. Table 4: Factors associated with AKI on 

D1 post-surgery Parameter UOR(95%CI) P value AOR(95%CI) P value 

Age Gender Pre-operative eGFR EuroSCORE II Pre-operative SCr (mmol/L) 

Male S wave 1.00 (0.98-1.03) 0.90 (0.43-1.88) 0.99 (0.98-1.01) 1.36 (1.15-

1.60) 1.02 (1.00-1.03) 1.72 (0.03-107.50) 0.53 0.79 0.25 <0.001 0.03 0.80 1.05 

(1.00-1.10) 0.46 (0.14-1.49) 1.02 (0.99-1.05) 1.31 (1.05-1.65) 1.04 (1.01-1.08) 

D1 Hepatic vein flow D wave Ratio Normal 33.69 (1.50-756.81) 0.41 (0.16-

1.09) 1 (base) 0.03 0.07 0.39 (0.12-1.28) D1 Hepatic vein flow pattern Venous 

congestion Severe congestion Minimum 1.64 (0.13-21.10) 1.04 (0.09-11.75) 

1.04 (0.97-1.10) 0.71 0.98 0.28 0.22 (0.00-10.11) 0.20 (0.01-3.98) IVC 

diameter Maximum Variation 0.98 (0.92-1.05) 1.20 (0.75-1.91) 0.64 0.44 1.32 

(0.48-3.64) D1 CVP 1.20 (1.08-1.33) <0.001 1.31 (1.11-1.55) 0.04 0.20 0.13 

0.02 0.01 0.12 0.44 0.29 0.60 0.001 *(RV) Right ventricular; (IVC) inferior 

vena cava; (eGFR) estimated Glomerular filtration rate; (SCr) serum creatinine. 

Discussion Patient who developed AKI presented with higher hepatic vein S 

waves pre-operatively, in this current study. They developed significantly 

reduced hepatic vein flow ratios on post- operative D1 reflected as 

biphasic/venous congestion with Sin patients with decompensated heart failure 

is associated with increased CVP. They, however, also highlighted various 

challenges with utilising CVP as a bedside clinical tool to evaluate venous 

congestion, such as interobserver variability and the fact that central venous 

catheters may be removed earlier to minimise the risk of infections 24. It 

therefore may be advantageous to use multimodality non-invasive ultrasound 

parameters performed at bedside to assess fluid status. The development of AKI 

is thought to be mediated by central venous hypertension 32,36,43, where the 

notion of increased “afterload” or venous congestion is placed on the kidney, 

resulting in reduction in renal blood flow and ultimately tissue pressure and 

damage (19,38,43). In this study we find that this phenomenon is reflected in 

reduced hepatic vein ratios which are reflected as S< D waves indicative of 

venous congestion. A study by Spiegel and colleagues 46, showed that an S 

wave to D wave reversal in hepatic vein flow had an odds ratio of 4.15 (95% CI 

1.54–11.23%) for an increase in the likelihood of a major adverse kidney event 

(MAKE-30) event in ICU patients, where the MAKE-30 event was described 

as an elevation of the creatinine level to ≥ 200 % of baseline, the need for renal 

replacement therapy or death 46. There are several POCUS markers used to 

detect the high pressures associated with the congestive process 23,32, such as 

the assessment of large veins (IVC and internal jugular), as well as pressure 

changes in the hepatic and intra-renal veins 32,43. The clinical usefulness of 

POCUS in detecting significant venous congestion may be strengthened by 

combining the use of these markers 32 and interpreting their clinical 
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significance. In this study, we investigated utilisation of hepatic venous flow 

Doppler, CVP, IVC, RV base and TAPSE measurements to predict the 

development of AKI after cardiac surgery. However, we did not find any 

associations between AKI and IVC, RV base or TAPSE measurements. The 

current study found an association between a higher EuroSCORE II and 

development of AKI. The EuroSCORE II is a well-established risk factor 

for development of AKI and has been reported in several studies 50–53. 

Furthermore, we found that the EuroSCORE II was independently predictive of 

development of AKI post cardiac surgery in two models, one including pre-

operative and another post-operative D1 parameters, P=0. 005 and 

P=0. 02 respectively. Similar to a previous study by Amini and colleagues 54, 

we found that increased age was predictive of development of AKI. It has been 

reported that the frequency of developing AKI in patients over 60 years of age 

may increase progressively in an age- dependant manner and could be three- to 

eightfold higher compared to younger patients 55. A previous study conducted 

by the South African group of this study 56 found raised pre- operative SCr to 

be a predictor of post-operative AKI. The current study yields similar results, 

albeit with the majority of patients enrolled in Denmark. SCr, together with age 

and ejection fraction, have been used in a risk stratification model, the ACEF 

criteria, to predict development of AKI 57 and found to be significant 

contributors. Chen and colleagues 58, compared the ACEF score with other risk 

scores (EuroSCORE II and Society of Thoracic Surgeons score) and found it to 

perform similarly. Patients who developed AKI had experienced significantly 

prolonged CPB times. CPB is known for inducing the stress response 1,10,31 

which affects vascular integrity 3,8,11,19. The inflammatory milieu 

accompanying the stress response can lead to tissue oedema and fluid retention 

38,39,44. This may be reflected as elevations in CVP levels 35,36. Elevated 

CVP measurements have been associated with an increased risk of mortality 

and AKI, with the odds of developing AKI in critically ill adult patients 

increasing for every 1mmHg rise in CVP 35. These intra-operative 

circumstances can be managed in line with guidelines that advocate for GDT 

and prevention of renal stress and injury. Limitations This was a two-center 

study with potential for inter-observer variability between study sites. 

Ultrasound parameters have a potential of being influenced by a multitude of 

factors and should be interpreted in the clinical context. CSA AKI has a 

complex aetiology, and this should be borne in mind. Strengths The study 

represents geographic and patient profile diversity, ensuring heterogeneous 

characteristics. The use of interdepartmental, inter-specialty, intercontinental 

investigators added expertise and wholistic review of the topic and data 

interpretation. Conclusion There were associations between pre-operative and 

D1 hepatic venous ultrasound parameters. Although these were not predictive of 

development of AKI in multivariable regression models, they present an 

additional non-invasive tool in an armamentarium of early detection of risk of 

javascript:void(0);
javascript:void(0);
javascript:void(0);
javascript:void(0);
javascript:void(0);
javascript:void(0);
javascript:void(0);
javascript:void(0);
javascript:void(0);
javascript:void(0);
javascript:void(0);
javascript:void(0);
javascript:void(0);
javascript:void(0);


 121 

AKI. D1 CVP values have indicated this progression in this study allowing for 

yet another point of possible mitigation. ERAS Cardiac guidelines advocate for 

the use of GDT, to avoid deleterious effects of fluid overload and development 

of AKI. Hepatic venous ultrasound modality together with other ultrasound 

modalities aimed at evaluating fluid status, may add value towards the goal of 

preventing AKI development peri-operatively. Acknowledgments The authors 
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Summary of pre-operative data Parameter Mean (SD)/ Median (IQR)/ N(%) 

Age (years) 68 (55-73) Weight (kg) 77 (68-90) Height (cm) 171 (9.4) Gender 

(M) 109 (72 %) Hypertension 102 (67 %) IDDM 38 (25 %) 

Hypercholesterolaemia 74 (49 %) Smoker 71 (47 %) Pre-op SCr (mmol/L) 85 

(70-102.5) D1 SCr (mmol/L) 90 (75.5-102.5) D2 SCr (mmol/L) 87.5 (72-123) 

D3 SCr (mmol/L) 87 (69-113) D4 SCr (mmol/L) 83 (66-107) Pre-op K+ 

(mmol/L) 3.9 (3.7-4.3) D1 K+ (mmol/L) 4.6 (4.3-4.9) D4 K+ (mmol/L) 4 (3.7-

4.3) Pre-op Na+ (mmol/L) 138 (11.4) D1 Na+ (mmol/L) 139 (3.5) D4 Na+ 

(mmol/L) 138 (3.5) Pre-op Hb (g/dL) 10 (2.7) D1 Hb (g/dL) 7.8 (2.2) D4 Hb 

(g/dL) 7.4 (1.9) Pre-op eGFR 78.9 (25.9) D1 eGFR 66.3 (21.4) D4 eGFR 77.8 

(33.3) NO AKI 98 (65%) AKI GRI 37 (24%) AKI GRII 11 (7%) AKI GRIII 6 

(4%) EuroSCORE II 1.84 (1.22-3.5) Pre-op Hepatic vein systole (m/s) 0.2 

(0.08) D1 Hepatic vein systole (m/s) 0.2 (0.08) D4 Hepatic vein systole (m/s) 

0.21 (0.1) Pre-op Hepatic vein diastole (m/s) 0.2 (0.1) D1 Hepatic vein diastole 

(m/s) 0.25 (0.14) D4 Hepatic vein diastole (m/s) 0.23 (0.12-0.33) Pre-op 

Hepatic vein ratio 1.23 (0.7-1.56) D1 Hepatic vein ratio 0.74 (0.52-1) D4 

Hepatic vein ratio 0.64 (0.4-0.89) Pre-op Hepatic vein flow pattern Normal 111 

(75%) Venous congestion 24 (16%) Severe congestion 13 (9%) D1 Hepatic 
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vein flow pattern Normal 126 (84%) Venous congestion 3 (2%) Severe 

congestion 20 (14%) D4 Hepatic vein flow pattern Normal 110 (79%) Venous 

congestion 6 (4%) Severe congestion 21 (15%) Pre-op IVC min (mm) 12.8 

(3.6) D1 IVC min (mm) 15.4 (4.5) D4 IVC min (mm) 13.8 (4.2) Pre-op IVC 

max (mm) 16.5 (4) D1 IVC max (mm) 19 (4.9) D4 IVC max (mm) 18.8 (4) Pre-

op IVC Variation 24.9 (13.8) D1 IVC Variation 21.7 (8.4) D4 IVC Variation 32 

(17) D1 CVP (mmHg) 11.3 (3.7) Pre-operative TAPSE (mm) 21.1 (4.4) Pre-

operative RV Base (mm) 38.2 (7.5) D4 TAPSE (mm) 11.7 (3.3) D4 RV Base 

(mm) 37.7 (6.9) *(Preop) Pre-operatively; (D1) Day 1; (D2) Day 2; (D3) Day 3; 

(D4) Day 4;(TAPSE) Tricuspid annular plane systolic excursion; (RV) Right 

ventricular; (CVP) central venous pressure; (IVC) inferior vena cava; (SCr) 

Serum creatinine; (Hb) Haemoglobin; (Na+) Sodium; (K+) Potassium; (eGFR) 

estimated Glomerular filtration rate*( D1) Day 1; (CVP) central venous 

pressure; (IVC) inferior vena cava; (eGFR) estimated Glomerular filtration rate 

Supplementary Table 2. Summary of ultrasound data for both AKI and No AKI 

groups Parameter Pre-op AKI D1 D4 Hepatic vein flow S Wave 0.21 (0.16-

0.27) 0.19 (0.15-0.27) 0.21 (0.15-0.28) Median (IQR) D wave 0.17 (0.13-0.26) 

0.26 (0.17-0.35) 0.26 (0.12-0.36) Ratio 1.20 (0.71-1.61) 0.57 (0.45-0.91) 0.58 

(0.46-0.85) Hepatic vein Flow Normal 7 (13.2) 1 (1.9) 1 (1.9) pattern n (%) 

Venous congestion 3 (5.7) 9 (17.0) 10 (19.2) Severe congestion 43 (81.1) 43 

(81.1) 41 (78.9) IVC diameter Minimum 15.5 (14-17) 18 (12-19) 15 (15-17) 

Maximum 17.5 (17-21) 23 (17-25) 20 (18-21) Variation 16.0 (11.8-42.3) 24.4 

(22.2-27.3) 21.1 (18.2-28.6) TAPSE (mm) 21 (19 – 23) 11.5 (10 – 13) 11 (9 – 

13) RV Base (mm) 39 (34 – 45) 38 (34.5 – 44.5) 37 (33 – 43) CVP (mmHg) 

12.5 (10 – 16) 12 (6 – 13) Pre-op No AKI D1 D4 Hepatic vein flow S wave 

0.19 (0.15-0.24) 0.20 (0.16-0.25) 0.20 (0.15-0.25) Median (IQR) D wave 0.18 

(0.12-0.22) 0.23 (0.16-0.31) 0.22 (0.12-0.31) Ratio 1.24 (0.73-1.50) 0.78 (0.56-

1.04) 0.66 (0.40-0.90) Normal 17 (17.9) 2 (2.1) 5 (5.8) Hepatic vein Flow 

Venous congestion 10 (10.5) 11 (11.4) 13 (14.9) pattern n (%) Severe 

congestion 68 (71.6) 83 (86.5) 69 (79.3) IVC diameter Minimum 11 (9-14) 14 

(10-19) 12.5 (11.5-13.5) Maximum 13 (12-18) 16 (13-21) 20.5 (15.5-22) 

Variation 28.6 (14-36.4) 13.3 (10-26.1) 39.7 (21.6-50.9) TAPSE (mm) 22 (18 – 

24) 9 (7 – 12) 12 (10 – 14) RV Base (mm) 37 (33 – 41) 34 931 – 38) 36 (33 – 

41) CVP (mmHg) 11 (8 – 13) 8 (6 – 12) *(Preop) Pre-operatively; (D1) Day 1; 

(D4) Day 4; (TAPSE) Tricuspid annular plane systolic excursion; (RV) Right 

ventricular; (CVP) central venous pressure; (IVC) inferior vena cava. 1 2 3 4 5 

6 7 8 9 10 11 12 13 14 15 16 

 

  

javascript:void(0);
javascript:void(0);
javascript:void(0);
javascript:void(0);
javascript:void(0);
javascript:void(0);
javascript:void(0);
javascript:void(0);
javascript:void(0);
javascript:void(0);
javascript:void(0);
javascript:void(0);
javascript:void(0);
javascript:void(0);
javascript:void(0);
javascript:void(0);
javascript:void(0);


 123 

APPENDIX 7 

Appendix A HREC certificate 

 

Gabriela Pettey 2 June 2019 
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Appendix B Permission letters 

7 March 2019 

Department of Anaesthesiology 

Charlotte Maxeke Johannesburg Academic Hospital 

Parktown 

2196 

 

Ms GM Bogoshi 

Chief Executive Officer 

Charlotte Maxeke Johannesburg Academic Hospital 

 

Masters in Medicine for Anaesthesiology Research Data Collection: Dr Gabriela Pettey 

 

Dear Ms Bogoshi, 

 

My name is Gabriela Pettey, and I am a Registrar in the Department of Anaesthesiology at the 

University of the Witwatersrand. My intention is to conduct a prospective study of patients 

undergoing cardiac surgery between the months of April to September 2019, and obtain 

ultrasound profiles of the renal, portal and cardiac systems. 

 

The aim of the study is to use Doppler in a novel approach to identify Acute Kidney Injury in 

post-cardiac surgery patients, by profiling their renal, portal and cardiac Doppler parameters pre-

operatively and post-operatively. The intention is to review the Doppler profiles and attempt to 

anticipate a rise in serum creatinine. 

 

I would, therefore, like to request your permission to conduct this study on patients that meet the 

inclusion criteria that are admitted to the Cardiothoracic Intensive Care Unit, so that I may meet 

the objectives defined by this study. This study will be a collaborative effort with international 

fellows, who will also seek permission to conduct their study. 

 

Thank you in advance, 

Dr Gabriela Pettey 
+27 82 888 38 28 
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Appendix C Data collection sheet 

 

The data collection sheet will contain the following information, or extracted variables, 

for the pre-operative day, first day post-operatively and fourth day post-operatively for 50 

patients; 

 Patient demographics 

o Age 

o Weight 

o Height 

o Gender 

o Race  

o Co-morbidities 

 Hypertension 

 Insulin dependent diabetes 

 Hypercholestrolaemia 

 Smoking exposure 

 Other  

 Type of surgery  

o Valvular (excluding isolated aortic valve surgery) 

o Coronary artery bypass grafting (CABG) 

o Other  

 Patient information  

o Fluid balance 

o Urine output 

o Central venous pressure (range) 

o Blood results 

 Serum creatinine (SCr) 

 Potassium (K) 

 Sodium (Na) 

 Haemoglobin (Hb) 

 Ultrasound information 

o Renal 

 Arterial 
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 Resistive index measured in arcuate/intralobar arteries at 

the cranial, middle and caudal part of the kidney 

 Venous  

 Flow pattern category measured in arcuate/intralobar 

arteries at the cranial, middle and caudal part of the kidney 

o Continuous 

o Biphasic discontinuous 

o Monophasic discontinuous 

 Maximal velocities measured in arcuate/intralobar arteries 

at the cranial, middle and caudal part of the kidney 

o systole (S)  

o diastole (D)  

o the ratio (S/D) 

o Hepatic 

 Venous measured in the hepatic vein 

 Maximal systolic velocity (S) 

 Maximal diastolic velocity (D) 

 Systolic:diastolic ratio (S/D) 

 Portal measured in the portal vein 

 Flow pattern classification based on pulsatility (>50% 

abnormal) 
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Appendix D Data collection 

 

Patient Number: [12345] 

 

Patient Demographics Variables 

Age (years) 
 

Weight (kg) 
 

Height (cm) 
 

Gender 
 

Race 
 

Co-morbidities Hypertension 

 
Insulin dependent diabetes 

 
Hypercholestrolaemia 

 
Smoking exposure 

 
Other 

  

Clinical information Value 

Fluid balance (mls) 
 

Urine output (mls) 
 

Central venous pressure (mmHg)  

 

Blood results Value 

SCr (µmol/L) 
 

K+ (mmol/L) 
 

Na+ (mmol/L) 

 
Hb (g/dL) 
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Type of assessment  

Pre-op / 1st day post-op / 4th day post op 

 

Surgery information Variables 

Type of surgery   

  Valvular 

  CABG 

  Other 

Date of surgery   

  Pre-operative 

  1st day post-operatively 

  4th day post-operatively 

 

Ultrasound information 

 

Renal Duplex (Arcuate, Intralobar) Specification Value/ pattern 

Resistive index (RI) Cranial 
 

 
Middle 

 

 
Caudal 

 
Intrarenal venous flow (IRVF) pattern classification Cranial 

 

 
Middle 

 

 
Caudal 

 
Maximal velocities- cranial Systole 

 

 
Diastole 

 

 
Ratio (S/D) 

 
Maximal velocities- middle Systole 

 

 
Diastole 

 

 
Ratio (S/D) 

 
Maximal velocities- caudal Systole 

 

 
Diastole 

 

 
Ratio (S/D) 
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Hepatic Duplex Specification Value 

Maximal velocities hepatic vein Systole 
 

 
Diastole 

 

 
Ratio (S/D) 

 
Portal vein Pulsatility ratio 
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Appendix E Patient information sheet 

Patient Information sheet 

 

Dear Sir/Madam  

 

My name is Gabriela Pettey. I am currently specializing in Anaesthesiology through the 

University of the Witwatersrand. Part of our training to become specialist doctors requires us 

to conduct a research project. My research topic is the use of ultrasound to detect acute 

kidney injury (kidney failure) after cardiac surgery (heart surgery). 

 

I would like to invite you to participate in the study- it is a voluntary process and should you 

choose not to participate, it will not cause you harm. It involves an ultrasound being done, 

which is a device used to take pictures of different organs in your body. The organs we would 

like to look at are the kidneys, liver, liver veins and the heart. The ultrasound is not painful, 

and takes approximately 15 minutes to do. We would like to do the ultrasound before your 

operation, on the day after your operation and four days after your operation.  

 

We will be conducting this study with a set of international doctors from Denmark. With 

your permission, we would like to anonymously share the information we gain from the 

ultrasound, your blood results and your hospital records with them, so that we have more 

information to compare. With this information, we will try to find specific features on the 

pictures of the organs that can help us to predict if acute kidney injury (kidney failure) could 

occur. 

 

There may be no direct benefit to you immediately from participating in this study, however, 

the study enables us to test whether our ideas are correct or not. This is beneficial in the long 

term, as acute kidney injury (kidney failure) occurs quite often (about 40 % of the time) after 

cardiac surgery (heart surgery). If we could find a way to prevent it from happening, we 

could make a difference in the future to other people who would be at risk of having acute 

kidney injury (kidney failure). 

 

During the ultrasound, pictures will be taken of your organs, but it will be anonymous, so 

there will be no information about you (name, ID number, telephone number, address) on the 
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pictures. Once we have the pictures, they will be kept in a safe location, and no one outside 

the study group will have access to them.  

 

While you are in hospital, your blood will be taken on a daily basis by the ward (Cardio-

Thoracic Intensive Care Unit) in which you will stay. The amount of blood that will be taken 

on each occasion should be no more than 4 teaspoons (20mls) and will usually only be taken 

once daily- unless it is taken for purposes outside of this study. With your permission, we 

would like to access this information to add information to our study about your kidney 

functions, your liver functions, your heart functions and your blood counts. This is the way 

that acute kidney injury (kidney failure) is currently diagnosed and so we need access to this 

information to add it to our ultrasound pictures. The results of your blood tests will again 

remain anonymous and only the results will be used in our study with no identifying 

information. 

We would also like to request permission to use the information that will be recorded on your 

hospital charts on a daily basis: your vital signs, weight, urine output, intravenous fluids, if 

you require dialysis, if any complications arise from the operation. 

 

If you feel uncomfortable during the ultrasound, or no longer want to participate in the study, 

you can decline to participate at any point. If you feel distressed or anxious about the study, 

we can put you in contact with a social worker or a psychologist at Charlotte Maxeke 

Johannesburg Academic Hospital. 

 

If you would like the results of the study, please contact me directly on the details below and 

I will send it to you. If you would like to contact me during the study process to ask any 

questions are clarify something my details are below. If you are concerned about the ethics 

within this study, or feel that your rights were violated during this study, please contact 

Clement Penny at Human Resources Ethics Committee at the University of the 

Witwatersrand on 011-717-2301 or email on Clement.Penny@wits.ac.za. 

 

Thank you for reading this information sheet. 

Dr Gabriela Pettey       Dr Palesa Motshabi 

(Principal investigator)     (Clinical Supervisor) 

0828883828        011-488-4344 

Gabi.Pettey@gmail.com      February 2019  

mailto:Gabi.Pettey@gmail.com
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Appendix F Consent form 

 

Evaluation of cardiac surgery associated acute kidney injury using ultrasound 

By Dr Gabriela Pettey 

 

I, ____________________________ (name of patient), give my permission to be included in 

this study. I understand that part of the study involves ultrasound being conducted prior to 

cardiac surgery, on the first day and fourth day post-operatively. I also understand that blood 

will be taken for examination daily.  

 

I, ____________________________ (name of patient), agree to participate in this study. I 

understand that there will be no compensation for my participation. I also understand that I 

am permitted to decline participation in this study at any point in time. 

 

I agree to the following (please circle applicable): 

 

Ultrasound to be conducted on the renal, hepatic, portal and cardiac systems pre-operatively 

YES NO  

Ultrasound to be conducted on the renal, hepatic, portal and cardiac systems post-operatively 

on the first and fourth days 

          YES    NO 

 

Blood tests being taken for evaluation pre-operatively, and on each day post-operatively 

         

YES NO 

 

The results of my ultrasound and blood tests being shared, anonymously, with other Doctors 

involved in this study 

  YES NO 

 

The information from my hospital records and charts during admission can be used, 

anonymously, for this study     

 YES NO 

 



 135 

The information I provide may be used, anonymously, in this study and future studies   

YES NO 

 

…………………………………… (signature) 

 

…………………………………… (name of patient) 

 

…………………………………… (date) 
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Appendix G Supplementary Table 1 

Supplementary Table 1. Summary of pre-operative data  

Parameter Mean (SD)/ Median (IQR)/ N(%) 

Age (years) 68 (55-73) 

Weight (kg) 77 (68-90) 

Height (cm) 171 (9.4) 

Gender (M) 109 (72 %) 

Hypertension 102 (67 %) 

IDDM 38 (25 %) 

Hypercholesterolaemia 74 (49 %) 

Smoker  71 (47 %) 

Pre-op SCr (mmol/L) 85 (70-102.5) 

D1 SCr (mmol/L) 90 (75.5-102.5) 

D2 SCr (mmol/L) 87.5 (72-123) 

D3 SCr (mmol/L) 87 (69-113) 

D4 SCr (mmol/L) 83 (66-107) 

Pre-op K+ (mmol/L) 3.9 (3.7-4.3) 

D1 K+ (mmol/L) 4.6 (4.3-4.9) 

D4 K+ (mmol/L) 4 (3.7-4.3) 

Pre-op Na+ (mmol/L) 138 (11.4) 

D1 Na+ (mmol/L) 139 (3.5) 

D4 Na+ (mmol/L) 138 (3.5) 

Pre-op Hb (g/dL) 10 (2.7) 

D1 Hb (g/dL) 7.8 (2.2) 

D4 Hb (g/dL) 7.4 (1.9) 

Pre-op eGFR 78.9 (25.9) 

D1 eGFR 66.3 (21.4) 

D4 eGFR 77.8 (33.3) 

NO AKI 98 (65%) 

AKI GRI 37 (24%) 

AKI GRII 11 (7%) 

AKI GRIII 6 (4%) 

EuroSCORE II 1.84 (1.22-3.5) 

Pre-op Hepatic vein systole (m/s) 0.2 (0.08) 

D1 Hepatic vein systole (m/s) 0.2 (0.08) 

D4 Hepatic vein systole (m/s) 0.21 (0.1) 

Pre-op Hepatic vein diastole (m/s) 0.2 (0.1) 

D1 Hepatic vein diastole (m/s) 0.25 (0.14) 

D4 Hepatic vein diastole (m/s)  0.23 (0.12-0.33) 

Pre-op Hepatic vein ratio 1.23 (0.7-1.56) 

D1 Hepatic vein ratio  0.74 (0.52-1) 

D4 Hepatic vein ratio 0.64 (0.4-0.89) 

Pre-op Hepatic vein flow 

pattern 

Normal 111 (75%) 
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Venous congestion 24 (16%) 

 
Severe congestion 13 (9%) 

D1 Hepatic vein flow pattern Normal 126 (84%) 
 

Venous congestion 3 (2%) 
 

Severe congestion 20 (14%) 

D4 Hepatic vein flow pattern Normal 110 (79%) 
 

Venous congestion 6 (4%) 
 

Severe congestion 21 (15%) 

Pre-op IVC min (mm) 12.8 (3.6) 

D1 IVC min (mm) 15.4 (4.5) 

D4 IVC min (mm) 13.8 (4.2) 

Pre-op IVC max (mm) 16.5 (4) 

D1 IVC max (mm) 19 (4.9) 

D4 IVC  max (mm) 18.8 (4) 

Pre-op IVC Variation (%) 24.9 (13.8) 

D1 IVC Variation (%) 21.7 (8.4) 

D4 IVC Variation (%) 32 (17) 

D1 CVP (mmHg) 11.3 (3.7) 

Pre-operative TAPSE (mm) 21.1 (4.4) 

Pre-operative RV Base (mm) 38.2 (7.5) 

D4 TAPSE (mm) 11.7 (3.3) 

D4 RV Base (mm) 37.7 (6.9) 

*(Preop) Pre-operatively; (D1) Day 1; (D4) Day 4; (TAPSE) Tricuspid annular plane systolic excursion; (RV) Right ventricular; (CVP) central 

venous pressure; (IVC) inferior vena cava. *(Preop) Pre-operatively; (D1) Day 1; (D2) Day 2; (D3) Day 3; (D4) Day 4; (TAPSE) Tricuspid annular 

plane systolic excursion; (RV) Right ventricular; (CVP) central venous pressure; (IVC) inferior vena cava; (SCr) Serum creatinine; (Hb) 

Haemoglobin; (Na+) Sodium; (K+) Potassium; (eGFR) estimated Glomerular filtration rate*(D1) Day 1; (CVP) central venous pressure; (IVC) 

inferior vena cava; (eGFR) estimated Glomerular filtration rate; (SCr) serum creatinine. 
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Appendix H Supplementary Table 2 

Supplementary Table 2. Summary of ultrasound data for both AKI and No AKI groups 

*(Preop) Pre-operatively; (D1) Day 1; (D4) Day 4; (TAPSE) Tricuspid annular plane systolic excursion; (RV) Right ventricular; (CVP) central 

venous pressure; (IVC) inferior vena cava. 

 

Parameter AKI 

Pre-op D1 D4 

Hepatic vein flow 

Median (IQR) (m/s) 

S Wave 0.21 (0.16-

0.27) 

0.19 (0.15-0.27) 0.21 (0.15-

0.28) 

D wave 0.17 (0.13-

0.26) 

0.26 (0.17-0.35) 0.26 (0.12-

0.36) 

Ratio 1.20 (0.71-

1.61) 

0.57 (0.45-0.91) 0.58 (0.46-

0.85) 

Hepatic vein Flow 

pattern n (%) 

Normal 7 (13.2) 1 (1.9) 1 (1.9) 

Venous 

congestion 

3 (5.7) 9 (17.0) 10 (19.2) 

Severe 

congestion 

43 (81.1) 43 (81.1) 41 (78.9) 

IVC diameter (mm) Minimum 15.5 (14-17) 18 (12-19) 15 (15-17) 

Maximum 17.5 (17-21) 23 (17-25) 20 (18-21) 

Variation 16.0 (11.8-

42.3) 

24.4 (22.2-27.3) 21.1 (18.2-

28.6) 

TAPSE  (mm)  21 (19 – 23) 11.5 (10 – 13) 11 (9 – 13) 

RV Base (mm)  39 (34 – 45) 38 (34.5 – 44.5) 37 (33 – 43) 

CVP (mmHg)   12.5 (10 – 16) 12 (6 – 13) 

 No AKI 

Pre-op D1 D4 

Hepatic vein flow 

Median (IQR) (m/s) 

S wave 0.19 (0.15-

0.24) 

0.20 (0.16-0.25) 0.20 (0.15-

0.25) 

D wave 0.18 (0.12-

0.22) 

0.23 (0.16-0.31) 0.22 (0.12-

0.31) 

Ratio 1.24 (0.73-

1.50) 

0.78 (0.56-1.04) 0.66 (0.40-

0.90) 

Hepatic vein Flow 

pattern n (%) 

Normal 17 (17.9) 2 (2.1) 5 (5.8) 

Venous 

congestion 

10 (10.5) 11 (11.4) 13 (14.9) 

Severe 

congestion 

68 (71.6) 83 (86.5) 69 (79.3) 

IVC diameter (mm) Minimum 11 (9-14) 14 (10-19) 12.5 (11.5-

13.5) 

Maximum 13 (12-18) 16 (13-21) 20.5 (15.5-22) 

Variation (%) 28.6 (14-36.4) 13.3 (10-26.1) 39.7 (21.6-

50.9) 

TAPSE (mm)  22 (18 – 24) 9 (7 – 12) 12 (10 – 14) 

RV Base (mm)  37 (33 – 41) 34 931 – 38) 36 (33 – 41) 

CVP (mmHg)   11 (8 – 13) 8 (6 – 12) 


