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Introduction

The aetiology of AKI is multifactorial; however, patients under-
going 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 

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 perioperative risk factors; and address nutritional and fluid status at the pre- intra- and postoperative 
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 perioperative 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®

Novel modalities for the diagnosis of cardiac surgery associated acute kidney 
injury: a narrative review of the literature
G Pettey,  P Motshabi

Department of Anaesthesiology, Charlotte Maxeke Johannesburg Academic Hospital, University of the Witwatersrand, South Africa
Corresponding author, email: gabi.pettey@gmail.com

Figure 1: Pathophysiological interactions of Acute Cardiorenal Syndrome60

https://doi.org/10.36303/SAJAA.2020.26.2.2305
https://orcid.org/0000-0001-8983-0825P
https://orcid.org/0000-0001-9990-6336 


66South Afr J Anaesth Analg 2020; 26(2) http://www.sajaa.co.za

Novel modalities for the diagnosis of cardiac surgery associated acute kidney injury: a narrative review of the literature

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-recognised 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 multifactorial in origin, its aetiology post cardiac surgery is 
compounded by unique considerations. 

The physiological profile of many patients presenting for cardiac 
surgery includes multiple comorbidities, such as hypertension, 
diabetes, hypercholesterolaemia, chronic illness (cardiac, he-
patic, renal, peripheral vascular) and advanced age, all of which 
increase the likelihood of CSA AKI occurring (Figure 1).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 cardiopulmonary bypass (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 intraoperatively, 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 postoperative 
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 categorises 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 by Bastin et al.39 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 
optimisation, 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 
preempt or anticipate the onset of AKI. There is therefore a need 
for methods to predict or preempt AKI, to ensure that the KDIGO 
preventative and supportive managements strategies can be 
implemented early. 

Table I: KDIGO staging classification system AKI3 

Stage Serum creatinine Urine output

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

< 0.5 ml/kg/h for 
6–12 hours

2 2.0–2.9 times baseline < 0.5 ml/kgh for 
> 12 hours

3 3.0 times baseline
OR
Increase in serum creatinine to  
> 4.0 mg/dl (> 353.6 µmol/l)
OR Initiation of renal replacement 
therapy
OR
In patients < 18 years, decrease in 
eGFR to < 35 ml/min per 1.73 m2
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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 preoperatively.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 was 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. 

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 perioperative 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 formula used to calculate 
resistive index is as follows:53,56,57 

RI  =    v (systole) – v (diastole)
                       v (systole)

where v describes the velocity of blood flow. It is calculated 
using the intralobar/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 postoperatively to assist with clinical 
judgement and decision making. It is performed through the 
translumbar ultrasound windows with the patient lying supine, 
using a curvilinear probe (Figures 3 and 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 

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, AKI41,42

Figure 3: Illustration of probe position for renal vascular image 
acquisition (consent obtained from patient)
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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 intraoperatively, with the use of a 
transoesophageal (TEE) probe as described by Bandyopadhyay 
et al.58 through the transgastric 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). 

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

Table II: Classification of resistive index26,29,30,57

Resistive index (value) Description of flow

0 Continuous

1 Systolic present, diastolic absent

> 1 Reversed diastolic flow

In a systematic review of 154 studies over 28 years by Ninet et 
al.,53 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 postoperative 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; 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 analy-
sis 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 al.61 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 postoperative 
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

Figure 4: Colour Doppler of the right kidney and its vessels (top) and 
normal Doppler of interlobar artery with tracing depicting below 
(bottom)55 

Figure 5: Illustration of the Corkscrew Technique using TEE to visualise 
renal vessels58
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Under physiological conditions, renal venous flow is uninter-

rupted. In the face of venous congestion, it becomes biphasic, 

then monophasic, and finally completely discontinuous with 

severe congestion.26 Intrarenal venous flow (IRVF) patterns 

(Figure 6) have been found to be strongly correlated with adverse 

clinical outcomes, and to independently predict increased risk of 

perioperative AKI and mortality.26,30,55 The venous flow patterns 

are categorised based on the data captured from analysing the 

arcuate/intralobar veins cranially, centrally and caudally.26,30,47,55 

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 postoperatively 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 categorise the flow patterns.30,47,48 

Portal venous flow (Figure 7) tends to be protected from back-
ward 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 

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 perioperatively, it could 
provide information on the presence of congestion, if compared 
to preoperative 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 intraoperative decision making.15,29,30,32,55

Hepatic venous flow pattern (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 categorise 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 

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%).

Figure 6: Intrarenal venous flow patterns of the right interlobar veins 
using colour Doppler

Normal wave form pattern (top) showing continuous flow throughout the 
cardiac cycle vs discontinuous biphasic venous flow with systolic and diastolic 
component (middle) vs discontinuous wave form pattern (bottom) with flow only 
present during diastole30 
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attenuation of the systolic flow and eventually reversal of normal 
atrial flow.29,30,36,55 

These perioperative 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 al.55 in 
cardiac surgical patients and have shown that the perioperative 
comparative change within an individual, with the use of sound 
clinical judgement and 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 minimising 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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Figure 8. Duplex Doppler of hepatic venous waveform patterns30

Normal hepatic venous waveform (top) with systolic (S) component ≥ diastolic 
component (D) vs abnormal (bottom) with systolic component (S) < (D).
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