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Abstract
Background: Acute kidney injury (AKI) occurs in up to 50% of cardiac surgical patients and is often hemodynamically 
mediated. Point-of-care ultrasound is a non-invasive tool that has the potential to characterize intrarenal hemodynamics and 
predict the risk of AKI.
Objectives: We aimed to determine the predictive characteristics of intrarenal arterial and venous Doppler markers for 
postoperative AKI in cardiac surgical patients.
Design: This study is the secondary analysis of a prospective cohort study.
Setting: This study is carried out in a care academic cardiac surgical center in Montreal, Quebec, Canada.
Patients: Adult patients undergoing cardiac surgery with the use of cardiopulmonary bypass.
Measurements: Point-of-care ultrasound assessments were performed preoperatively and at intensive care unit admission. 
Arterial measurements included the renal resistive index (RRI) and intrarenal artery velocity-time integral normalized to peak 
systolic velocity (VTI/PSV). Venous measurements included intrarenal venous flow (IRVF) pattern and renal venous stasis 
index (RVSI).
Methods: We used area under the receiving operating characteristic curves (AUCs) with net reclassification index (NRI) 
and multivariable logistic regression to determine predictive characteristics for postoperative AKI. Furthermore, we used 
hierarchical clustering to identify potential groups with similar Doppler parameters and performed comparisons of patients’ 
characteristics and outcomes between groups.
Results: We included 136 patients with 47 (34.6%) developing postoperative AKI. At intensive care unit admission, arterial 
indices showed similar discrimination for the prediction of AKI (RRI: AUC = 0.64; 95% confidence interval (CI) = 0.55 to 0.74; 
and VTI/PSV: AUC = 0.67; 95% CI = 0.57 to 0.77). Venous Doppler indices including IRVF patterns (AUC = 0.64; 95% CI = 
0.53 to 0.74) and RVSI (AUC = 0.60; 95% CI = 0.50 to 0.71) also showed similar performance. The combined model of RRI and 
IRVF pattern (AUC = 0.69; 95% CI = 0.59 to 0.78) improved the prediction of AKI compared to either RRI (NRI = 0.50; 95% 
CI = 0.17 to 0.84) or IRVF pattern (NRI = 0.38; 95% CI = 0.04 to 0.70) alone. Through hierarchical clustering, we identified 
3 groups (1: low RRI, 2: high RRI/low RVSI, and 3: high RRI/high RVSI) with different patient characteristics and outcomes. The 
patient in group 3 had a higher risk of AKI and worse clinical outcomes compared with other groups.
Limitations: Single-center design in cardiac surgical patients limits generalizability.
Conclusions: Although more complex indices of intrarenal Doppler indices including the VTI/PSV and RVSI did not improve 
prediction of postoperative AKI, combining RRI and IRVF pattern improved risk prediction for AKI. Intrarenal arteriovenous 
Doppler subphenotypes identified patient groups at high risk of postoperative AKI.

Abrégé 
Contexte: L’insuffisance rénale aiguë (IRA) survient chez jusqu’à 50 % des patients qui subissent une chirurgie cardiaque et 
elle est souvent médiée par hémodynamique. L’échographie au point d’intervention est un outil non effractif qui a le potentiel 
de caractériser l’hémodynamique intrarénale et de prédire le risque d’IRA.
Objectif: Notre objectif était de déterminer les caractéristiques prédictives des marqueurs Doppler artériels et veineux 
intrarénaux pour l’IRA postopératoire chez les patients en chirurgie cardiaque.
Type d’étude: Analyse secondaire d’une étude de cohorte prospective.
Cadre: Centre universitaire de soins tertiaires et de chirurgie cardiaque à Montréal (Québec, Canada).
Sujets: Patients adultes opérés sous pontage cardio-pulmonaire.
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Mesures: Des échographies au point d’intervention ont été effectuées avant l’opération et à l’admission aux soins intensifs. 
Les mesures artérielles incluaient l’indice de résistance rénale (IRR) et l’intégrale vitesse-temps de l’artère intrarénale 
normalisée à la vitesse systolique maximale (IVT/VSM). Les mesures veineuses incluaient le profil veineux intrarénal (PVIR) 
et l’indice de stase veineuse rénale (ISVR).
Méthodologie: Nous avons utilisé la surface sous la courbe ROC (SSC) avec indice de reclassement net (NRI) et la 
régression logistique multivariée pour déterminer les caractéristiques prédictives de l’IRA postopératoire. Nous avons 
également utilisé le regroupement hiérarchique pour identifier des groupes montrant des paramètres Doppler similaires, 
puis nous avons procédé à la comparaison des caractéristiques des patients et des résultats entre les groupes.
Résultats: Nous avons inclus 136 patients dont 47 (34 %) ont développé une IRA postopératoire. À l’admission aux soins 
intensifs, les indices artériels (IRR et IVT/VSM) ont montré une discrimination similaire pour prédire l’IRA (SSC: 0,64 et 0,67 
respectivement, avec intervalles de confiance à 95 % (IC95) de 0,55 à 0,74 et de 0,57 à 0,77). Les indices Doppler veineux, 
soit le PVIR (SSC: 0,64; IC95: 0,53 à 0,74) et l’ISVR (SSC: 0,60; IC95: 0,50 à 0,71), ont également montré des performances 
similaires. Le modèle combiné IRR + PVIR (SSC: 0,69; IC95: 0,59 à 0,78) a amélioré la prédiction de l’IRA par rapport à 
l’IRR seul (NRI: 0,50; IC 95: 0,17 à 0,84) ou au PVIR seul (NRI: 0,38; IC 95: 0,04 à 0,70). Avec le regroupement hiérarchique, 
nous avons identifié trois groupes (groupe 1: IRR faible; groupe 2: IRR élevé/ISVR faible; et groupe 3: IRR élevé/ISVR élevé) 
montrant des caractéristiques et des résultats différents pour les patients. Les patients du groupe 3 présentaient un risque 
plus élevé d’IRA et des résultats cliniques moins bons que ceux des autres groupes.
Limites: Le fait qu’il s’agit d’une étude monocentrique chez des patients en chirurgie cardiaque limite la généralisabilité.
Conclusion: Les indices plus complexes du Doppler intrarénal, notamment l’IVT/VSM et l’ISVR, n’ont pas amélioré la 
prédiction de l’IRA postopératoire, contrairement au modèle combiné IRR + PVIR. Les sous-phénotypes des Doppler 
artérioveineux intrarénaux ont permis d’identifier des groupes de patients qui présentent un risque élevé d’IRA postopératoire.
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Introduction

Acute kidney injury (AKI) is a common complication fol-
lowing cardiac surgery, occurring in up to 50% of patients 
depending on the definition applied.1 Patients who experi-
ence AKI after cardiac surgery have poorer outcomes includ-
ing an increased mortality risk that remains elevated for at 
least 10 years following surgery.2 The mechanisms of AKI 
after cardiac surgery are multifactorial including hemody-
namic, mechanical (eg, cholesterol and air embolization), 
inflammatory (eg, oxidative stress), and other (eg, neurohor-
monal) factors.3-5 Hemodynamic contributors to AKI after 
cardiac surgery include low cardiac output, hypotensive 
states, and venous congestion that impair renal perfusion.4,6 
Therefore, a detailed assessment of intrarenal hemodynam-
ics has the potential to improve the prediction, prevention, 
and management of AKI by identifying cardiac surgical 

patients who may benefit the most from interventions aimed 
at hemodynamic improvement.

Point-of-care ultrasound (POCUS) is a rapid and non-
invasive bedside tool that has increasing application in the 
optimization of hemodynamics and renal perfusion in car-
diac surgical patients.7 Multiple intrarenal arterial and venous 
Doppler measurements have been defined to better charac-
terize intrarenal perfusion and potentially lead to more 
informed hemodynamic management decisions. Intrarenal 
arterial Doppler measurements include the renal resistive 
index (RRI) and intrarenal artery velocity-time integral 
(VTI), which aim to characterize intrarenal arterial flow and 
are predictive of AKI in cardiac surgical and heart failure 
populations.8,9 Intrarenal venous Doppler markers are poten-
tially useful assessments of renal venous congestion in car-
diac surgical patients, as venous congestion measured by 
elevated central venous pressure is known to be the primary 
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hemodynamic disturbance that leads to AKI in the decom-
pensated heart failure population.10 The most well-studied 
Doppler markers of intrarenal venous blood flow in the car-
diac surgical and acute heart failure populations include 
intrarenal venous flow (IRVF) patterns and renal venous sta-
sis index (RVSI).6,9,11-14

As ultrasound measures of intrarenal hemodynamics have 
rarely been collected concomitantly, the optimal arterial and 
venous Doppler markers to predict AKI and optimize renal 
perfusion are yet to be determined. Therefore, the objective 
of this study was to determine the predictive ability of intra-
renal arterial (RRI and VTI normalized to peak systolic 
velocity [VTI/PSV]) and venous (IRVF patterns and RVSI) 
Doppler markers for AKI after cardiac surgery. We hypothe-
sized that VTI/PSV and RVSI would be superior arterial and 
venous Doppler markers, respectively, relative to RRI and 
IRVF pattern to predict AKI. We further hypothesized that a 
combined model of arterial and venous Doppler markers 
would have significantly greater AKI predictive ability than 
isolated arterial or venous markers and may lead to the iden-
tification of more specific Doppler phenotypes.

Methods

Study Design

We conducted a secondary analysis of a prospective cohort 
study published previously.6 The study was conducted at a 
specialized cardiac surgery center in Montreal, Quebec, 
Canada. Briefly, patients 18 years and older scheduled to 
undergo cardiac surgery with the use of cardiopulmonary 
bypass were consecutively recruited to undergo POCUS stud-
ies conducted preoperatively, postoperatively, and then daily 
for 3 days. Patients with a critical preoperative state (aborted 
sudden death, preoperative cardiac massage, preoperative 
mechanical ventilation, preoperative vasopressor or inotrope 
support, or intra-aortic counterpulsation balloon pump before 
surgery), pre-existing AKI, severe chronic kidney disease 
(estimated glomerular filtration rate <15 mL/min per 1.73 
m2), renal transplantation, delirium before surgery, or condi-
tions interfering with Doppler evaluation of the portal system 
were excluded. Pulse-wave Doppler was used to assess portal 
vein, hepatic vein, and intrarenal arteries and veins. The study 
was approved by the Montreal Heart Institute ethics board. 
Written informed consent was obtained for all participants. 
We followed the Strengthening the Reporting of Observational 
Studies in Epidemiology guidelines.15

Population

In addition to the inclusion criteria of the original study, 
patients were excluded from this substudy if they did not 
have at least 1 successful evaluation preoperatively and upon 
intensive care unit (ICU) admission with interpretable arte-
rial or venous intrarenal pulse-wave Doppler images.

Data Collection

Demographic and clinical data were collected preoperatively 
including comorbidities, baseline estimated glomerular fil-
tration rate (calculated with Modified Diet in Renal Disease 
formula), the New York Heart Association functional classi-
fication score, baseline left ventricular ejection fraction, 
diuretic use, blood pressure, and European System Operative 
Score Risk Evaluation score (EuroSCORE II).16-18 
Intraoperative data included type of cardiac surgery, duration 
of cardiopulmonary bypass, urine output, vasopressor use, 
and cardiac index. Postoperative data included blood pres-
sure, pulmonary artery pressure, cerebral oximetry, vaso-
pressor support, NT-pro-BNP, AKI, delirium, 30-day 
mortality, and duration of ICU stay.

Intrarenal Doppler Arterial and Venous Flow 
Measurement

The method of ultrasound image acquisition is described 
previously.6 OsiriX DICOM Viewer (Pixmeo SARL, 
Switzerland, Version 13.0.1, 2022) was used to measure 
VTI/PSV and RVSI (Figure 1). The RVSI is calculated with 
the formula: (cardiac cycle time—venous flow time)/cardiac 
cycle time, as previously described.12 The VTI was divided 
by PSV to minimize variation in absolute VTI quantification 
due to Doppler insonation angle and vessel size, resulting in 
the creation of the VTI/PSV index. When patients had mul-
tiple Doppler scans recorded, the average VTI/PSV was cal-
culated by measuring the Doppler waveform from a single 
cardiac cycle from each scan. The RRI was calculated by the 
following formula: (peak systolic velocity − end-diastolic 
velocity)/peak systolic velocity. The IRVF patterns were 
classified based on the following: (1) continuous Doppler 
signals from systole to the end of diastole, (2) interrupted 
with signal both in systole and diastole, and (3) interrupted 
with signal only present in diastole. The IRVF pattern was 
considered abnormal when either pattern 2 or 3 was present. 
Intrarenal Doppler markers for each patient preoperatively 
and upon ICU admission were analyzed.

Reproducibility

Interobserver agreement was measured for RVSI. Two inves-
tigators (CG and WB-S) measured RVSI for 20 random stud-
ies without knowledge of the other observer’s measurements. 
The intraclass correlation coefficient (ICC) was calculated 
with 95% confidence interval (CI). This is a convenience 
sample, and no sample size calculation was performed.

Clinical Outcomes

The primary outcome was AKI as defined by the Kidney 
Disease Improving Global Outcomes (KDIGO) criteria as an 
increase of serum creatinine >26 µmol/L within a 48-hour 
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period or 50% from baseline creatinine within a week from 
cardiac surgery. Urine output AKI criteria were omitted due 
to the inconsistent reporting and accuracy of urine output 
data. Severe AKI was defined as an increase of 100% or 
more in baseline creatinine or to ≥354 µmol/L or initiation 
of kidney replacement therapy (KDIGO stage 2 or 3).19

Statistical Analysis

The association between IRVF patterns and RVSI was deter-
mined with a box plot, whereas RRI and VTI/PSV were 
compared using the Pearson correlation coefficient. The dis-
tribution of ultrasound parameters before and after surgery 
was compared using paired t-tests or Wilcoxon test for con-
tinuous variables according to the distribution of data and 
with the McNemar test for categorical variables.

To determine the ability of each Doppler marker assess-
ment at ICU admission after surgery to predict AKI, the val-
ues of RRI, VTI/PSV, RVSI, and IRVF patterns were used to 

generate receiver operating characteristic (ROC) curves. The 
results are presented in area under the receiver operating 
characteristic curves (AUCs) with 95% CIs for each Doppler 
marker.

To determine whether both arterial and venous markers 
remained associated with AKI after adjustment, a multivari-
able logistic regression model was created including both 
arterial and venous Doppler markers as predictors of AKI. 
The results are presented as odds ratio (OR) with 95% CIs. 
The predicted probabilities of AKI based on this multivari-
able model were exported for each patient and were used to 
generate an ROC curve analysis as previously described.

The AUCs were compared using the DeLong test. The 
improvement in predicting the risk of AKI between individ-
ual Doppler markers as well as with the multivariable model 
combining arterial and venous markers was assessed by 
computing the continuous net reclassification improvement 
(NRI) index with 95% CIs generated by bootstrap sampling 
(1000 iterations).

Figure 1.  Measurement of arterial and venous intrarenal Doppler markers. (A) Measurement of renal resistive index (RRI) and 
intrarenal artery velocity-time integral normalized to peak systolic velocity (VTI/PSV). (B) Identification of intrarenal venous flow (IRVF) 
patterns. (C) Measurement of the renal venous stasis index (RSVI). EDV = end-diastolic velocity; PSV = peak systolic velocity.
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Hierarchical clustering was used to identify potential cat-
egories based on the value of the RRI and RVSI at ICU 
admission. A Euclidean distance was used with complete 
linkage analysis. The number of clusters was decided through 
the visual analysis of the dendrogram. The characteristics 
and outcomes of patients included in each cluster are pre-
sented. Comparisons were made using 1-way analysis of 
variance (ANOVA) (or Kruskal-Wallis test, as appropriate in 
case of non-normal distribution) for continuous variables or 
chi-squared tests (or Fisher’s exact test as appropriate in case 
of low cell number <5). When a significant result was 
observed, post hoc comparisons were performed with the 
Bonferroni correction for multiple testing.

Throughout this article, data are presented in counts (%) 
and in mean ± standard deviation (SD) or median (interquar-
tile range [IQR]) based on the distribution of continuous 
variables on Q-Q plots. Data analysis was performed in 
SPSS version 2.6 and R (version 4.2) using the cluster pack-
age (2.1.6).20

Results

Patients’ Characteristics

After excluding patients without concomitant Doppler 
assessment of arterial and venous, the present study con-
sisted of 136 patients from the initial study cohort. Baseline 
characteristics are presented in Table 1.

Most participants had a normal RRI before surgery 
(0.71 ± 0.08), and few patients had an abnormal IRVF pat-
tern (6 [4.5%]) or high RVSI (median = 0.00 [IQR = 0.00-
0.05]). The distribution of RRI remained similar (0.70 ± 
0.09, P = .37) after ICU admission, although a significant 
reduction of the VTI/PSV was observed (0.48 ± 0.10 vs 
0.40 ± 0.11, P < .001). A greater proportion had an abnor-
mal IRVF pattern (41 [30.1%], P < .001), and a higher 
distribution of RVSI (median = 0.00 [IQR = 0.00-0.29],  
P < .001) was also observed after surgery compared with 
preoperative assessment. Interobserver reliability on the 
calculated value of RVSI was excellent (ICC = 98; 95% 
CI = 0.04 to 0.99).

During the week following cardiac surgery, 47 (34.6%) 
patients developed AKI and 9 (6.6%) developed severe AKI. 
During the 30 days following surgery, 1 participant died.

Individual Doppler Markers and Postoperative 
Acute Kidney Injury

Prior to cardiac surgery, neither arterial (RRI and VTI/PSV) 
nor venous (IRVF pattern and RVSI) Doppler markers pre-
dicted the development of postoperative AKI (Table 2 and 
Supplemental Figures S1, S3, S5, and S7).

The ROC analysis for arterial markers upon ICU admis-
sion (Supplemental Figures S2 and S4) showed similar dis-
crimination of AKI development for RRI and VTI/PSV 

Table 1.  Patient Characteristics.

All patients  
(N = 136)

Baseline characteristics  
Age (years) 66 ± 12
Female sex 34 (25.0%)
BMI (kg/m2) 28.9 ±4.7
Chronic hypertension 116 (85.3%)
Diabetes 46 (33.8%)
COPD 21 (15.4%)
eGFR (ml/min/1.73 m2) 76.3 ±20.1
-  CKD stage 3 (eGFR 60-30 mL/min/1.73 m2) 34 (25.0%)
-  CKD stage 4 (eGFR 29-15 mL/min/1.73 m2) 1 (0.7%)
NYHA class  
1 24 (17.9%)
2 46 (34.3%)
3 52 (38.8%)
4 12 (9.0%)
Baseline LVEF (%) 53 ±12
Diuretic use before surgery 45 (33.1%)
EuroSCORE II 2.84 (1.64-4.79)
Ultrasound parameters before surgery  
RRI 0.71 ± 0.08
VTI/PSV 0.48 ± 0.10
RVSI 0.00 (0.00-0.05)
IRVF pattern  
-Continuous 127 (95.5%)
- � Discontinuous with signal both in systole 

and diastole
4 (3.0%)

- � Discontinuous with signal only in diastole 2 (1.5%)
Intraoperative  
Type of procedure  
CABG 42 (30.9%)
One procedure other than CABG 36 (26.5%)
Two procedures or more 58 (42.6%)
Duration of CPB (minutes) 89 (68-117)
Ultrasound parameters at ICU admission  
RRI 0.70 ± 0.09
VTI/PSV 0.40 ± 0.11
RVSI 0.00 (0.00-0.29)
IRVF pattern  
Continuous 95 (69.9)
Discontinuous—both in systole and diastole 23 (16.9%)
Discontinuous—only in diastole 18 (13.2%)
Postoperative period  
AKI 47 (34.6%)
Severe AKI (stage ≥2) 9 (6.6%)
Delirium 26 (19.1%)
Death 1 (0.7%)
Duration of ICU stay (hours) 45 (23-71)

Note. AKI = acute kidney injury; BMI = body mass index; BP = blood 
pressure; CABG = coronary artery bypass graft; CPB = cardiopulmonary 
bypass; COPD = chronic obstructive pulmonary disease; DBP = diastolic 
blood pressure; eGFR = estimated glomerular filtration rate; ICU = 
intensive care unit; IRVF = intrarenal venous flow; LVEF = left ventricular 
ejection fraction; NYHA = New York Heart Association; RRI = renal 
resistive index; RVSI = renal venous stasis index; SBP = systolic blood 
pressure; VTI/PSV = intrarenal artery velocity-time integral normalized to 
peak systolic velocity.
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(RRIAUC = 0.64; 95% CI = 0.55 to 0.74 vs VTI/PSVAUC = 
0.67; 95% CI = 0.57 to 0.77, P = .38) and produced no 
improvement in classification (NRI = 0.32; 95% CI = −0.06 
to 0.69). The RRI and VTI/PSV were also significantly cor-
related (Pearson r = .49, P < .001) (Supplemental Figure 
S10).

The ROC analysis for venous markers upon ICU admis-
sion (Supplemental Figures S6 and S8) also showed similar 
discrimination of AKI development for IRVF patterns and 
RVSI (IRVFAUC = 0.64; 95% CI = 0.53 to 0.74 vs RVSIAUC 
= 0.60; 95% CI = 0.50 to 0.71, P = .19), although the use of 
RVSI resulted in a worsening of classification (NRI = −0.52; 
95% CI = −0.82 to −0.20). The correlation between IRVF 
patterns and RVSI is depicted in Supplemental Figure S9.

Combination of Doppler Markers and 
Postoperative Acute Kidney Injury

In the multivariable model combining arterial and venous 
Doppler assessment on postoperative day 0, a higher RRI 
and worsening IRVF were independently associated with 
higher odds of developing AKI (Table 3). The combined 
model of RRI and IRVF pattern (RRI-IRVFAUC = 0.69; 95% 
CI = 0.59 to 0.78) resulted in an improvement of the classi-
fication regarding the risk of AKI compared to either RRI 
(NRI = 0.50; 95% CI = 0.17 to 0.84) or IRVF pattern (NRI 
= 0.38; 95% CI = 0.04 to 0.70) in isolation (Figure 2).

In a sensitivity analysis, similar results were found for the 
multivariable model of RRI and RVSI on postoperative day 
0, with higher RRI and RVSI associated with higher odds of 
developing AKI (Supplemental Table S1). The combined 
model of RRI and RVSI (RRI-RVSIAUC = 0.69; 95% CI = 
0.59 to 0.78) was more predictive of AKI than either RRI 
(NRI = 0.50; 95% CI = 0.14 to 0.86) or RVSI (NRI = 0.38; 
95% CI = 0.04 to 0.73) in isolation (Supplemental Figure 
S11).

In sensitivity analysis, we compared the performance 
of the combined model to two validated prediction  
models. There were no significant differences in the dis-
crimination compared to either model (Supplemental 
Figure S12).

Table 2.  Performance of Intrarenal Doppler Markers to Identify Patients Who Will Develop Acute Kidney Injury After Cardiac 
Surgery.

Doppler markers

Preoperative ICU admission

AUC 95% CI P AUC 95% CI P

RRI 0.58 0.48 to 0.68 .12 0.64 0.55 to 0.74 .006
VTI/PSV 0.56 0.47 to 0.66 .23 0.67 0.57 to 0.77 .001
IRVF pattern 0.52 0.41 to 0.62 .77 0.64 0.53 to 0.74 .009
RVSI 0.54 0.44 to 0.64 .42 0.60 0.50 to 0.71 .046

Note. AKI = acute kidney injury; AUC = area under the receiver operating characteristic curve; CI = confidence interval; ICU = intensive care 
unit; IRVF = intrarenal venous flow; RRI = renal resistive index; RVSI = renal venous stasis index; VTI/PSV = intrarenal artery velocity-time integral 
normalized to peak systolic velocity.

Table 3.  Association Between Doppler Markers at ICU 
Admission and Postoperative Acute Kidney Injury.

Doppler markers OR 95% CI P

RRI (per 0.1 increase) 1.66 1.05 to 2.60 .03
IRVF pattern  
  Pattern 1 (reference) 1.0 - -
  Pattern 2 1.75 0.66 to 4.63 .26
  Pattern 3 4.60 1.51 to 14.01 .007

Note. Multivariable logistic regression model variables: RRI and IRVF 
pattern. CI = confidence interval, IRVF = intrarenal venous flow,  
OR = odds ratio, RRI = renal resistive index.

Figure 2.  Receive operating characteristic (ROC) plots for the 
prediction of postoperative AKI based on arterial and venous 
Doppler markers measured at intensive care unit admission. 
Renal resistive index (RRI), intrarenal venous flow (IRVF) pattern, 
and combined model of RRI and IRVF pattern.
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Identification of Subphenotypes Based on Arterial 
and Venous Doppler Markers

In exploratory analyses, we included RRI and RVSI as con-
tinuous variables in a hierarchical clustering process to  
identify groups with similarities regarding these parameters. 
This process led to the identification of 3 subphenotypes 
(Figure 3). Cluster 1 (39 [28.7%]) had a low RRI and vari-
able RVSI, cluster 2 (80 [58.8%]) with a higher RRI and low/
intermediate RVSI was most frequently found, and cluster 3 
(17 [12.5%]) had a high RRI and a high RVSI. The character-
istics of each group are presented in Table 4. Compared with 
cluster 2 (majority), patients in cluster 1 were younger with a 
lower burden of comorbidities, lower preoperative risk 
assessment (EuroSCORE II), and the shortest duration of 
ICU stay, whereas patients in cluster 3 were older and at 
higher risk. There were no differences between clusters in 
baseline eGFR, cardiac function (left ventricular ejection 
fraction [LVEF] %), or type of cardiac surgery. Patients in 
cluster 1 with low RRI required less intraoperative and post-
operative vasopressor support. Patients in cluster 3 with high 
RVSI had greater preoperative diuretic use, higher systolic 
pulmonary artery pressures at ICU admission, and higher 
postoperative NT-pro-BNP levels. The incidence of AKI was 
disproportionally higher in patients classified in cluster 3 
(64.7%) compared with patients classified in cluster 1 
(25.6%) or 2 (32.5%), although there was no difference in 
the frequency of severe AKI between clusters (Table 4).

Discussion

In a cohort of patients undergoing cardiac surgery with the 
use of cardiopulmonary bypass, we identified that intrarenal 
Doppler markers of arterial and venous flow are predictive of 

postoperative AKI independently of each other. The VTI/
PSV and RVSI, more complex markers of intrarenal arterial 
and venous flow, respectively, were not superior to the sim-
pler markers RRI and IRVF pattern in their prediction of 
postoperative AKI. Furthermore, the combined model of 
arterial and venous flow Doppler markers only demonstrated 
marginal improvement in the prediction of postoperative 
AKI relative to arterial and venous markers in isolation.

The RRI is a non-invasive marker of blood pulsatility that 
is simply measured at the bedside using intrarenal arterial 
systolic and diastolic flow velocities.21 Previous work has 
shown that the RRI is a useful marker for the prediction of 
postoperative AKI.8,22 In our cluster analysis, patients with 
low RRI were younger, had less hypertension and diabetes, 
and required less vasopressor support, which may all con-
tribute to improved renal perfusion and reduced risk of AKI 
in this subgroup. However, multiple intrarenal and extrarenal 
factors may influence RRI, including vascular compliance, 
cardiac function, and renal capillary wedge pressure, which 
may limit its predictive ability for AKI.21 The VTI is a more 
recently developed marker of intrarenal perfusion. Previous 
work in patients with decompensated heart failure demon-
strated that low VTI was associated with lower cardiac index 
and eGFR, suggesting it may be used as a non-invasive mea-
sure of renal perfusion.9 While a lower VTI was found to be 
associated with an increased risk of cardiac events in the 
heart failure population, this parameter had never previously 
been studied to predict the risk of AKI.9 Our study is the first 
to identify that a reduced VTI when normalized to PSV pre-
dicts postoperative AKI, further corroborating that VTI is a 
non-invasive measure of intrarenal perfusion. However, the 
utility of assessing VTI to optimize renal perfusion through 
fluid management and vasoactive and/or ionotropic medica-
tions in the perioperative setting remains to be determined 

Figure 3.  Hierarchical clustering based on the renal resistive index (RRI) and the renal venous stasis index (RVSI) at day 0 after cardiac 
surgery. (A) Dendrogram with the cutoff (blue line) used for cluster attribution. (B) Cluster membership and occurrence of acute kidney 
injury (AKI) in the postoperative period. The incidence of AKI was disproportionally higher in patients classified in cluster 3 (64.7%) 
compared with patients classified in cluster 1 (25.6%) or 2 (32.5%). (C) Schematic representation of typical Doppler waveforms in each 
cluster (1 = Low RRI, 2 = High RRI, Low RVSI, 3 = High RRI, High RVSI).
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Table 4.  Characteristics of Patients Based on the Arteriovenous Doppler Subphenotypes.

Cluster 1 low RRI  
(N = 39)

Cluster 2 high RRI/low 
RVSI (N = 80)

Cluster 3 high RRI/high 
RVSI (N = 17) P

Baseline characteristics  
Age (years) 60 ± 12 68 ± 12 74 ± 9 <.001a,b

Female sex 6 (15.4%) 20 (25.0%) 8 (47.1%) .04 b

BMI (kg/m2) 27 ± 4 30 ± 5 29 ± 5 .04
Chronic hypertension 27 (69.2%) 73 (91.3%) 16 (94.1%) .004a

Diabetes 6 (15.4%) 32 (40.0%) 8 (47.1%) .01a,b

COPD 3 (7.7%) 15 (18.8%) 3 (17.6%) .31
eGFR (mL/min/1.73 m2) 82 (67-89) 72 (62-89) 67 (57-82) .11
NYHA  
1 8 (21.1%) 16 (20.3%) 0 (0%) .04
2 19 (50.0%) 22 (27.8%) 5 (29.4%)
3 10 (26.3%) 33 (41.8%) 9 (52.9%)
4 1 (2.6%) 8 (10.1%) 3 (17.6%)
Baseline LVEF (%) 54 ± 12 53 ± 12 52 ± 13 .88
Diuretic use before surgery 6 (15.4%) 30 (37.5%) 9 (52.9%) .01a,b

Preoperative SBP (mm Hg) 125 ± 19 127 ± 17 119 ± 21 .27
Preoperative DBP (mm Hg) 69 ± 12 67 ± 11 63 ± 12 .16
EuroSCORE II 1.87 (1.18-3.24) 2.84 (1.87-4.35) 9.86 (4.36-12.1) <.001b,c

Ultrasound parameters before surgery
RRI 0.66 ± 0.07 0.72 ±0.07 0.78 ±0.08 <.001a,b,c

RVSI 0 (0-0) 0 (0-0) 0.11 (0-0.45) <.001b,c

IRVF pattern  
  Continuous 38 (97.4%) 77 (97.5%) 12 (80.0%) .03c

  Discontinuous both in systole and diastole 0 (0%) 2 (2.5%) 2 (13.3%)
  Discontinuous only in diastole 1 (2.6%) 0 (0%) 1 (6.7%)
Intraoperative  
Type of procedure  
  CABG 13 (33.3%) 28 (35.0%) 1 (5.9%) .09
  One procedure other than CABG 12 (30.8%) 20 (25.0%) 4 (23.5%)
  Two procedures or more 14 (35.9%) 32 (40.0%) 12 (70.6%)
Duration of CPB (minutes) 95 (72-125) 81 (60-111) 103 (82-121) .03
Urine output during surgery (mL/h) 73 (43-116) 63 (44-111) 60 (30-89) .63
Norepinephrine use during surgery (µg/kg/h) 3.3 (1.56-6.7) 5.3 (3.1-9.1) 8.5 (6.7-12.7) .001a

Cardiac index at the end of surgery (L/min/m2) 2.22 (1.75-2.61) 2.03 (1.64-2.23) 1.91 (1.65-2.17) .09
ICU admission  
Systolic BP (mm Hg) 115 ± 15 112 ± 12 113 ± 13 .59
Diastolic BP (mm Hg) 67 ± 8 56 ± 8 54 ± 6 <.001a,b

Systolic pulmonary artery pressure (mm Hg) 32 ± 7 38 ± 10 43 ± 12 .007b

Cerebral oximetry (%) (NIRS) 66 ± 7 64 ± 6 61 ± 6 .045b

Norepinephrine support (µg/kg/min) 0 (0-0.10) 0.02 (0-0.075) 0.100 (0.01-0.15) <.001a,b

Ultrasound parameters at ICU admission
RRI 0.59 ± 0.05 0.74 ± 0.05 0.80 ± 0.06 <.001a,b,c

RVSI 0 (0-0.06) 0.03 (0.00-0.23) 0.59 (0.50-0.72) <.001b,c

IRVF pattern  
  Continuous 34 (87.2%) 61 (76.3%) 0 (0%) <.001b,c

  Discontinuous both in systole and diastole 2 (5.1%) 17 (21.3%) 4 (23.4%)  
  Discontinuous only in diastole 3 (7.7%) 2 (2.5%) 13 (76.5%)  
NT-pro-BNP on postoperative day 1 (pmol/L) 812 (485-1464) 1417 (797-3001) 2132 (1850-5063) <.001a,b,c

AKI 10 (25.6%) 26 (32.5%) 11 (64.7%) .02b,c

Severe AKI (stage ≥2) 2 (5.1%) 5 (6.3%) 2 (11.8%) .64
Delirium 6 (15.4%) 16 (20.0%) 4 (23.5%) .78
Death 0 1 (1.3%) 0 1
Duration of ICU stay (hours) 24 (20-47) 46 (24-73) 50 (27-97) .004a,b

Note. Subgroup differences after the Bonferroni correction for multiplicity: aSignificant difference between clusters 1 and 2; bSignificant difference between 
clusters 1 and 3; cSignificant difference between clusters 2 and 3.
BMI = body mass index; BP = blood pressure; CABG = coronary artery bypass graft; COPD = chronic obstructive pulmonary disease; CPB = 
cardiopulmonary bypass; DBP = diastolic blood pressure; eGFR = estimated glomerular filtration rate; IRVF = intrarenal venous flow; LVEF = left 
ventricular ejection fraction; NIRS = near-infrared spectroscopy; NYHA = New York Heart Association; RRI = renal resistive index; RVSI = renal 
venous stasis index; SBP = systolic blood pressure.
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given its complexity and similar performance characteristics 
to the RRI.

Mechanistically, animal models have demonstrated that 
renal perfusion is dependent not only on arterial flow but 
also on renal venous pressure.23 Elevations in renal venous 
pressure reduce renal artery blood flow and increase neuro-
hormonal activation of the renin-angiotensin-aldosterone 
system, leading to reduced glomerular filtration rate and 
increased proteinuria.23 When assessed non-invasively by 
Doppler ultrasound, renal venous flow follows a predictable 
pattern of increasing discontinuity as right atrial pressure and 
venous congestion increases.24,25 The abnormal pattern of 
venous flow representative of severe venous congestion, 
characterized by a signal only restricted to a brief period dur-
ing diastole, has been associated with AKI following cardiac 
surgery.6 Unlike IRVF patterns which are categorical, the 
RVSI provides a continuous quantitative measurement of 
renal venous congestion. A higher RVSI, suggesting a greater 
degree of renal venous congestion, has been associated with 
AKI in both cardiac surgery and acute decompensated heart 
failure populations.12-14 However, whether RVSI is superior 
to IRVF patterns in predicting clinically important outcomes 
such as hospitalization, AKI, and mortality had previously 
remained uncertain.12,14 Here, we provided further evidence 
that a higher RVSI indicates worsening renal venous conges-
tion, as the patients in cluster 3 with high RVSI had increased 
preoperative diuretic use, higher systolic pulmonary artery 
pressures at ICU admission, and higher NT-pro-BNP levels 
in the postoperative period. Furthermore, the high RVSI 
cluster also experienced the highest rates of AKI at 64.7%, 
indicating that renal venous congestion either predisposes or 
directly contributes to the development of AKI. However, 
despite its more complex continuous measurement, the RVSI 
did not outperform the categorical IRVF patterns in the pre-
diction of postoperative AKI. Therefore, a more expedient 
qualitative interpretation of IRVF patterns appears to be a 
suitable alternative to the RVSI in understanding renal 
venous hemodynamics to implement interventions such as 
diuresis or inhaled pulmonary vasodilators that could possi-
bly mitigate the risk of postoperative AKI.26

Organ perfusion, including renal blood flow and glomeru-
lar filtrate rate, is dependent on both mean arterial pressure 
(MAP) and renal venous pressure.27 In a study of 11 patients 
with septic shock, increasing the MAP target from 65 to 75 
mm Hg significantly increased urine output and reduced 
RRIs, suggesting that individualized MAP targets based on 
RRIs may improve renal perfusion and function.28 In a study 
of 15 patients with acute heart failure, decongestive therapy 
with loop diuretics led to a significant improvement toward a 
continuous venous flow pattern in IRVF patterns and RVSIs 
without a significant change in RRIs.29 These data suggest 
that a combined analysis of intrarenal arterial and venous 
Doppler markers is necessary to fully capture a patient’s 
intrarenal hemodynamics and to implement therapies to 

improve renal perfusion such as vasoactive medications or 
decongestion with diuretics. Here, we found that our com-
bined model of RRI and IRVF pattern evaluating intrarenal 
hemodynamics on postoperative day 0 marginally improved 
the prediction of postoperative AKI when compared with 
each Doppler marker in isolation. Although the predictive 
performance of intrarenal Doppler markers was found to 
only be satisfactory for postoperative AKI, combined RRI 
and IRVF pattern monitoring may have a greater role thera-
peutically by assisting in optimization of intrarenal perfusion 
and warrants further study. Intrarenal Doppler may add to 
existing strategies, such as urine oximetry, goal-directed 
oxygen therapy on cardiopulmonary bypass, and continuous 
cardiac output monitoring, that aim to improve oxygen deliv-
ery to the kidney and optimize renal perfusion to prevent 
AKI in cardiac surgery.30-32

There are several limitations to this study. Urine output 
AKI criteria were omitted, and so AKI may have been 
underdiagnosed with the application of the serum creatinine 
AKI definition. Furthermore, patients were not subclassi-
fied based on AKI etiology, and so the predictive perfor-
mance may have been hindered by including patients with 
primarily non-hemodynamic AKI (eg, acute interstitial 
nephritis). The VTI/PSV and RVSI were calculated on 
images already acquired for another purpose, and the perfor-
mance could have differed if measurements would have 
been performed during primary data collection. Furthermore, 
although hierarchical clustering was used to provide a better 
description of combinations of arterial and venous Doppler 
markers, external validation would be required to determine 
whether these subgroups can be reliably found and truly rep-
resent subphenotypes. The single-center design in cardiac 
surgical patients also limits generalizability to other diverse 
patient populations.

Conclusions

In summary, we found that a combined approach to assessing 
intrarenal hemodynamics using both arterial and venous 
Doppler markers, such as the RRI and IRVF pattern, can be 
used to identify cardiac surgical patients at higher risk of 
hemodynamic AKI in the postoperative setting. We found 
that VTI/PSV is an arterial Doppler marker of renal perfu-
sion. However, its performance characteristics in the predic-
tion of postoperative AKI in cardiac surgical patients are not 
significantly greater than the simpler RRI. We demonstrated 
that the RVSI does not outperform the IRVF pattern as a 
venous congestion marker to predict postoperative AKI. We 
further characterized 3 subphenotypes of intrarenal arterio-
venous flow, with nearly two thirds of patients with high RRI 
and RVSI experiencing postoperative AKI. Future interven-
tional research is necessary to determine whether optimiza-
tion of these intrarenal Doppler markers reduces the risk of 
AKI in cardiac surgical and other populations.
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